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se comen a los pequenos.
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SINOPSIS

Los margenes continentales representan una zona de fuertes interacciones entre el continente, el océa-
no y la atmosfera. Las condiciones hidrodinamicas de estos margenes a su vez controlan la dispersion
de los sedimentos en la plataforma continental y de estas hacia mar abierto. Dentro de los margenes
continentales, los caflones submarinos representan una de las zonas de intercambio mas intenso entre
el talud continental y la cuenca profunda, ya que actian como un importante conducto del material
hacia esta. Investigaciones anteriores han mostrado que los margenes continentales son un impor-
tante deposito de material organico particulado, en gran parte debido a los aportes de rios, que al ser
transportados a través de los caflones, representan una fuente de alimento clave para las comunidades
bentonicas profundas. Por este motivo, los caflones submarinos son lugares de especial interés para
investigaciones interdisciplinares sobre la interaccién geosfera-biosfera en el océano.

Dentro de este contexto y asociado principalmente al proyecto de investigacion espaiiol PROMETEO
se ha realizado la presente tesis, sobre el estudio de los flujos anuales de material particulado en la
columna de agua dentro del sistema del cafién submarino de Blanes, el caién submarino y su talud
sur adyacente. El objetivo del presente trabajo es caracterizar la variabilidad temporal y espacial de los
flujos de particulas y materia organica, asi como la biodisponibilidad y el valor nutricional de dicha
materia organica para las comunidades bentonicas de aguas profundas del margen catalan.

El estudio, se ha centrado en un periodo de muestreo de un afno de duracion, de Noviembre de 2008
a Noviembre de 2009. La medida directa de los flujos se ha realizado mediante el fondeo de 8 lineas
instrumentadas dotadas de trampas de sedimento y correntimetros a lo largo de dos transectos, uno
en el eje del cainon de Blanes y otro en su talud adyacente, a las mismas profundidades.

La evolucién temporal de los flujos de particulas muestra tres periodos distintos determinados por: 1)
la presencia de tormentas; ii) la conveccion del mar abierto y el florecimiento primaveral de fitoplanc-
ton; y iii) las entradas de aerosoles.

Los resultados obtenidos muestran que los flujos de masa fueron mas altos en el cafién (un orden de
magnitud), en comparacion con los del talud, en gran medida gracias a las entradas laterales por las
carcavas en los flancos del canén que canalizan el material re-suspendido en la plataforma continental.

Ambos habitats estuvieron fuertemente influenciados por las fuerzas atmosféricas y mostraron un
aumento de los flujos totales de masa durante los meses de otofio e invierno. La distribucion espacial
de los flujos de masa total y sus componentes principales (materia organica, carbonatos, épalo y li-
togénicos) pone de manifiesto los contrastes entre los dos dominios fisiograficos del area de estudio
(cafiones vs. talud).

Los flujos de carbono organico (OC) en el cafién y en el talud adyacente variaron en el periodo in-
vestigado, aunque no de manera simultanea en los dos ambientes. Mientras que la concentracion de
particulas de OC en el talud fue consistentemente mas alta que en el candn, los flujos de materia or-
ganica son relativamente altos dentro del cafidn a pesar de que la fraccion litogénica domina los flujos
de masa total (hasta 80%), lo que confirma su eficacia en la canalizacién de particulas organicas desde
la plataforma continental hasta el fondo.

En este estudio se muestra que la materia organica recogida por trampas de sedimentos en la primave-
ra tuvo un valor nutricional mas alto que a finales de otofio-invierno, y esta caracteristica es compar-
tida tanto por el canén como por la plataforma continental. Esta diferencia probablemente sea debido
a la floracion del fitoplancton en el area de estudio. Durante este periodo la composicién bioquimica
del carbono polimérico (BPC) se caracteriza por un aumento en la contribucién de lipidos en compa-
racion con la misma observada durante el periodo de tormenta, que esta caracterizado por un mayor
contenidos de proteinas en los sedimentos recolectados por las trampas.
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De acuerdo con la teoria del aprovechamiento (alimentacién, aprovisionamiento o forrajeo) 6ptimo
-optimum foraging theory de MacArtur and Pianka (1966), los resultados de este estudio sugieren
que, después de los eventos episddicos de invierno, los detritivoros de aguas profundas tendrian que
ingerir mas detritus para cumplir con sus requerimientos de alimento labil que durante la primavera,
cuando hay mds material fresco de las particulas en sedimentacion, asociado con las floraciones de
fitoplancton. Llegamos a la conclusion que, si bien los caiones submarinos, como el cainén submarino
de Blanes actiian como conductos principales para el material exportado fuera de la plataforma con-
tinental después de eventos episodicos de alta energia, el suministro de alimentos labil al ecosistema
bentdénico de aguas profundas esta conectado mayoritariamente a los procesos bioldgicos que ocurren
en la superficie del mar.

Nuestros resultados confirman el papel clave ecoldgico de los cafiones submarinos para el funciona-
miento de los ecosistemas de aguas profundas, y pone de manifiesto la importancia de los caflones en
la vinculacién de las tormentas episodicas y la produccion primaria que ocurren en la superficie del
mar hasta el fondo del mar profundo.
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ABSTRACT

Continental margins represent areas of strong interactions between the continent, the ocean and the
atmosphere. The hydrodynamic conditions of these margins control the dispersion of particles fluxes
toward the platform to the open sea. In continental margins, submarine canyons represent one of
the most intense exchange zones between the upper slopes to the deep sea, because canyons can act
as an important channel for the material to the seabed. Many previous studies have shown that the
continental margins may represent a reservoir of particulate organic matter, often derived from river
discharge, which, while being transported downslope, represent a key food source for the benthos.
Therefore, submarine canyons are places of special interest for interdisciplinary research on geosphe-
re-biosphere interactions in the ocean.

Within this context and mainly associated to the Spanish research project PROMETEO, has conduc-
ted a study, presented in this thesis mode, of the annual particulate fluxes in the water column in the
Blanes canyon system, which includes the submarine canyon and adjacent open slope. The objective of
this work is to characterize the temporal and spatial variability of total mass fluxes and bioavailability
of organic matter to the deep-sea benthos in the margin Catalan Western Mediterranean Sea.

In this study, for the first time, we have investigated the particles fluxes and their contents, the bioche-
mical composition and bioavailability of particulate organic matter during a sampling period of one
year (November 2008-November 2009) into the Blanes canyon and adjacent slope (Catalan margin,
northwestern Mediterranean Sea). Direct fluxes measurements were performed by the deployment of
8 mooring lines equipped with sediment traps and currentmeters along two transect, one along the
axis of the Blanes canyon and another along the adjacent slope at the same depth.

The temporal evolution of particle fluxes shows three different periods determined by the storms,
open ocean convection and phytoplankton bloom and aerosol inputs.

The results show that the mass fluxes were higher in the canyon (an order of magnitude), than in the
open slope, largely thanks to the lateral inputs by the gullies on the canyon flanks, that serve as channel
for re-suspended material from the shallower platform.

Both habitats were strongly influenced by atmospheric forces and showed an increase of total mass
fluxes during autumn and winter. The spatial distribution of total mass fluxes and its main compo-
nents (organic matter, carbonates, opal and lithogenic) shows the contrasts between the two domains
physiographic features of the study area (canyon vs. open slope).

Within the organic carbon (OC) fluxes, in the canyon and adjacent slope varied in the investigated
period, although not consistently in both environments. While the concentration of OC particles in
the open slope was consistently higher than in the canyon the organic matter fluxes are relatively high
within the barrel although lithogenic fraction dominates the total mass flows (up 80%), confirming
their efficacy in channeling organic particles from the shelf to the bottom.

In this study we show that the organic matter collected by sediment traps in spring had a higher nu-
tritional value than in late autumn-winter, and this feature was shared by both the canyon and the
adjacent open slope. This difference is likely to be due to the typical spring plankton bloom in the
study area. During this period the biochemical composition of BPC was characterized by increasing
lipid contributions compared with those observed during the storm period, characterized by higher
protein contents

According to the theory of optimum utilization, the results of this study suggest that after episo-
dic events winter detritivores deepwater detritus would have to eat more to meet their food requi-
rements labile than in spring, when more fresh material in particle sedimentation associated with
phytoplankton blooms. We conclude that while submarine canyons, like the barrel of Blanes act as
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major conduits for material exported from the continental shelf after episodic high energy events,
food supply labile deepwater benthic ecosystem is connected to the biological processes occurring at
the surface of the sea.

Our results confirm the ecological role of submarine canyons for the functioning of deep-sea ecosys-
tems, and highlight the importance of canyons in linking episodic storms and primary production
occurring at the sea surface to the deep sea floor.



PRESENTACION DE LA TESIS:
ESTRUCTURA, HIPOTESIS
Y OBJETIVOS

La presente tesis de doctorado, se enmarca dentro del proyecto nacional de investigacion titulado:
“Estudio integrado de Cafiones Submarinos y Taludes profundos del Mediterraneo Occidental: Un
habitat esencial (PROMETEO)”, realizado entre los afios 2009 y 2011. Dicho proyecto, planteaba una
investigacion multidisciplinar en el caién submarino de Blanes y su talud sur adyacente con especial
atencion a los factores y procesos que configuran el ambiente fisico y las comunidades biologicas de-
terminadas por éste.

Proyectos anteriores, en colaboraciéon con equipos europeos y norteamericanos (proyectos EURO-
MARGE-NB, EUROSTRATAFORM Y HERMES), en el margen nor-catalan y del Golfo de Ledn,
han demostrado el elevado nivel energético de los eventos de “cascading” de aguas frias y densas de
plataforma. El “cascading” de aguas densas de plataforma es un fenémeno conocido en otros mar-
genes continentales del mundo (Ivanov et al., 2004; Durrieu de Madron et al., 2005), pero no asi sus
efectos sobre el ecosistema profundo y la modelacién del relieve submarino. Tales eventos conllevan
la exportacion masiva de materia organica fresca hasta los niveles mas profundos del margen, con la
subsiguiente influencia, apenas entrevista hasta la fecha (Béthoux et al., 2002), en el funcionamiento
de los ecosistemas profundos a escala de cuenca (Canals et al., 2006).

A suvez, en las dos ultimas décadas se ha avanzado mucho en la descripcion de la biologia de algunas
especies y de las comunidades del talud profundo (Gage y Tyler, 1991; Tyler, 2003). El Mediterraneo
nor-occidental ha sido reconocido como una de las cinco regiones mas bien descritas del planeta en
cuanto a la biologia de sus grandes profundidades. Aun asi, la investigacion de las grandes profundi-
dades esta en una fase muy preliminar, ya que la gran mayoria de los estudios son de caracter descrip-
tivo, con un elevado desconocimiento de cuales son los procesos que ocurren en estas profundidades,
y los factores que los controla.

El proyecto PROMETEO estaba orientado al establecimiento de las relaciones entre las condiciones
hidrograficas, los flujos de materia (su composicion y biodisponibilidad de la materia organica) y los
ecosistemas profundos. La estrategia diseiada contempld la adquisicion simultanea, durante un ciclo
anual completo, de datos de hidrografia y de flujos de agua y particulas, y el recurso alimentario dis-
ponible para el bentos. El proyecto incluia el fondeo de sistemas de registro oceanografico y sedimen-
toldgico (correntimetros y trampas de sedimento) en relacion con la variabilidad estacional de dichas
condiciones abidticas y de la dindmica de los ecosistemas.



ESTRUCTURA

Esta Tesis Doctoral, ha sido confeccionada segtin la modalidad de compilaciéon de articulos publica-
dos y/o enviados a revistas, consta de 6 capitulos, referencias bibliograficas y anexos.

En el Capitulo 1 de introduccioén, se presenta la zona de estudio incluyendo una vision general de
trabajos realizados en esta zona de Mediterraneo y se describe la metodologia utilizada para la reali-
zacion de la Tesis Doctoral.

Los capitulos 2, 3 y 4 contienen el grueso de los resultados de la Tesis Doctoral que se presenta e in-
cluye 3 articulos publicados.

El capitulo 2 es el primer articulo cientifico de esta Tesis Doctoral titulado: “Multiple drivers of particle
fluxes in the bathyal zone of the North Catalan margin: Blanes submarine canyon and adjacent slope”
by Pilar Lopez-Fernandez, Antonio Calafat, Anna Sanchez-Vidal, Miquel Canals, Mar Flexas, Jordi Ca-
teura and Joan B: Company and (2013) Progress in Oceanography, Volume 118, Pages 95-107. En este
capitulo se presenta la distribucion de los flujos de sedimentos tanto dentro del cainén de Blanes como
en su talud continental adyacente, asi como la composicion de los mismos. En él se pone de manifiesto
las diferencias en la masa de los flujos de particulas y su composicion biogeoquimica, entre los dos
habitas y las diferentes reacciones de los mismos frente a los mismos procesos.

El capitulo 3, es el segundo articulo cientifico de esta Tesis Doctoral titulado: “Bioavailability of sinking
organic matter in the Blanes canyon and the adjacent open slope (NW Mediterranean Sea)” by Pilar
Lopez-Fernandez, Silvia Bianchelli; Antonio Pusceddu; Antoni Calafat; Anna Sanchez-Vidal; Roberto
Danovaro (2013) Biogeosciences, Volume 10, Pages 3405-3420. En este capitulo se estudia la diferencia
en la biodisponibilidad de la materia organica entre el caiion de Blanes y el talud adyacente, haciendo
una descripcion de los factores ambientales que pueden influir en dicha diferencia, asi como las reper-
cusiones para los ecosistemas profundos.

El capitulo 4, es el tercer articulo cientifico de esta Tesis Doctoral titulado: “Bioavailable compounds
in sinking particulate organic matter, Blanes Canyon, NW Mediterranean Sea: effects of a large storm
and sea surface biological processes” by Pilar Lopez-Fernandez, Silvia Bianchelli; Antonio Pusceddu;
Antoni Calafat; Roberto Danovaro; Miquel Canals (2013) Progress in Oceanography Volume 118, Pages
108-121. En este articulo se analiza el caindn de Blanes como via de transporte de materia organica
labil desde la plataforma continental hacia los sistemas benténicos profundos, y como el suministro de
alimentos 1abil al ecosistema benténico de aguas profundas esta conectado a los procesos bioldgicos
que ocurren en la superficie del mar, en particular la influencia de tormentas sobre el transporte y la
calidad de esta materia organica.

El Capitulo 5, se ha concebido como un resumen general de los resultados y una discusion integradora
de los resultados obtenidos y presentado en los capitulos anteriores.

Finalmente el Capitulo 6, contiene las principales conclusiones obtenidas en la Tesis Doctoral



HIPOTESIS Y
OBJETIVOS PRINCIPALES

La hipotesis de partida del presente trabajo es “la existencia de una diferencia significativa entre la
cantidad y composicion biogeoquimica de los flujos de particulas en dos ambientes marinos: el caién
submarino de Blanes y su talud continental sur adyacente”.

Para demostrar esta hipotesis se establecieron como objetivos principales:

a) Cuantificar y caracterizar el flujo de particulas de la zona batial (desde 300 hasta 1800 m) del siste-
ma del cainon submarino de Blanes (Canén de Blanes y su talud sur adyacente)

b) Cuantificar el flujo de materia y energia que llega al fondo (materia organica biodisponible) con el
fin de contribuir a determinar la interaccion de las condiciones ambientales con los ecosistemas del
Canon de Blanes.

Dichos objetivos permitirian caracterizar el comportamiento del caidén submarino de Blanes como
conductor del transporte de sedimento desde la zona de cabecera hasta la zona batial y evaluar el
impacto en el ecosistema profundo de los materiales transportados, con especial atencion a la zona
centrada en 1200 metros de profundidad, donde se sitia un maximo relativo de biomasa.
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CAPITULO 1 i
INTRODUCCION

11. INTRODUCCION

En el presente trabajo se estudia el trayecto que
sigue la materia organica desde las zonas mas
someras, hacia el fondo del océano, en particular
las fracciones de carbono orgéanico, generado en
las aguas superficiales o aportadas desde la costa
y su biodisponibilidad (grado de una sustancia
que se hace fisiolégicamente disponible a los te-
jidos del organismo, dependiendo de los indices
de absorcién, distribucién, metabolismo y ex-
crecién) para los organismos bentdnicos. Este
estudio se ha llevado a cabo en el Mediterraneo
Occidental y concretamente en el caiién subma-
rino de Blanes y su talud continental adyacente.

1.1.1. Margenes continentales

Los margenes continentales ocupan apenas un
7% de la superficie mundial del océano, sin em-
bargo, en las ultimas décadas se han ido acumu-
lando evidencias de que los margenes continen-
tales, juegan un papel importante en los ciclos
biogeoquimicos marinos (Bauer y Druffel 1992,
Weaver et al. 2004). Los margenes continentales
comprenden diferentes provincias geomorfold-
gicas que incluyen, la plataforma continental, el
talud continental, que puede estar inciso por los
cafones submarinos y/o presentar deslizamien-
tos en masa (Fig. 1.1) y el ascenso continental o
la fosa oceanica.

Plataforma Caiién
continental

submarino ;1,4

. Llanura abisal
continental

Figure 20.19
Understanding Earth, Sixth Edition
©2010W. H, Freeman and Company

Margen continental

Fig. 1.1. Esquema de las diferentes provincias geomorfologicas de los
mirgenes continentales. Modificada de “ Understanding Earth, Grotzin-
ger and Jordan, 2010. W.H. Freeman and Company”

Los margenes continentales representan una
zona de fuertes interacciones entre el continen-
te, el océano y la atmoésfera (Weaver et al., 2004).
Las condiciones hidrodinamicas de los marge-
nes a su vez controlan la dispersion de los flujos
de particulas sedimentarias en la plataforma y
hacia el mar abierto (Levin y Dayton, 2009).

La dindmica de los sedimentos de la plataforma
continental depende de la interaccion entre la
llegada de sedimento, principalmente de origen
fluvial, su transporte, distribucién y deposicién
por diferentes procesos hidrodinamicos (oleaje,
corrientes...). Procesos de alta energia o corta du-
racion, como las grandes tormentas, las corrien-
tes oceanicas y las corrientes de aguas densas de
plataforma, desempefian un papel importante
en la resuspension y transporte de sedimentos
a través de la plataforma continental y hacia la
parte superior del talud continental (Puig et al.,
2003; Ogston et al., 2000; Bourrin et al., 2008).
Los margenes continentales son las regiones
criticas de amortiguamiento entre la tierra y el
océano abierto. La alta productividad bioldgica
de las aguas costeras ligadas a los aportes de nu-
trientes de origen terrestre hacen de esta zona
una zona de deposicién preferencial de materia
organica (Walsh, 1991). La materia organica se
forma, inicialmente, como biomasa autétrofa y
se transforma a través de las multiples vias trofi-
cas en cada nivel de la cadena alimentaria mari-
na (Wassmann et al., 1998; Gehlen, et al., 2006).

El transporte de la materia organica particulada
en los margenes continentales se realiza a tra-
vés de flujos advectivos de particulas, los cua-
les, a su vez, estan influidos por el clima general
(Heussner et al., 2006), condiciones hidrodina-
micas locales (Bonnin et al., 2008) y la presencia
de diferentes héabitats bentonicos (Pusceddu et
al., 2010a). Dentro de los margenes continen-
tales, los caflones submarinos representan una
de las zonas de intercambio mas intenso entre
la plataforma, el talud continental y las cuencas
profundas, ya que actuan como un importan-
te conducto de material hacia el fondo del mar
(Canals et al., 2006; Sanchez-Vidal et al., 2012).
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1.1.2. Canones submarinos

Los cafiones submarinos son incisiones profun-
das en la plataforma y el talud continentales.
Estan presentes en la mayoria de los margenes
continentales, van desde ambientes costeros
a la llanura abisal (> 5000 m de profundidad).
El namero total de caflones submarinos aun no
esta claro. Algunas zonas de la plataforma conti-
nental, como el Mediterraneo noroccidental, se
caracterizan por la presencia de una extensa red
de cafiones submarinos. Los cafiones submari-
nos son conocidos desde hace siglos por los pes-
cadores, especialmente aquellos con la cabecera
del caiidn proxima a la costa. Este es el caso del
candn Blanes, cuya cabecera se encuentra situa-
da a 4 km de la costa. La presencia del caiidon
determina variaciones tridimensionales de las
corrientes y provoca el aumento del intercambio
de agua y sedimentos entre la plataforma y el ta-
lud continentales.

Los canones se caracterizan por flancos con una
pendiente mas o menos pronunciada y un canal
central. Los cafiones son considerados como
canales rapidos de transporte de material entre
el continente y la plataforma continental a los
ambientes de profundidad. El transporte de se-
dimentos a través de los caflones submarinos no
es constante ni unidireccional, caracterizandose
por periodos de transporte y resuspension, alter-
nando con intervalos pasivos durante los cuales
el sedimento se puede acumular en el fondo del
canal central, principalmente. En determinados
cafiones y debido a episodios meteoroldgicos
locales, el transporte hacia el fondo a través de
caiones submarinos se asocia a la presencia de
corrientes de aguas densas de plataforma (“cas-
cading”), estas pueden ser altamente energéticas
y ocasionar importantes consecuencias sobre
la estructura y el funcionamiento de la cadena
alimentaria, desde el fitoplancton hasta los mas
grandes metazoos (Canals et al., 2006; Company
et al., 2008; Pusceddu et al., 2010a).

El transporte de materia a través de los cafones,
no solo se realiza por el eje principal, también
tienen lugar aportes laterales desde la platafor-
ma, que pueden ocasionar un aumento con la
profundidad del flujo de masa transportado. En
un reciente trabajo de Pusceddu et al. (2010a),
llevado a cabo a lo largo del Mar Mediterraneo,
se sefiala que no todos los caflones submarinos
son canales activos de transporte de materia or-
ganica a la cuenca profunda y en ocasiones no
presentan diferencias significativas en el conte-
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nido de materia organica sedimentaria y com-
posicion bioquimica, con las plataformas adya-
centes a profundidades similares. La entrada de
materia orgdnica al interior del océano a través
de cafiones es sobre todo de periodicidad esta-
cional (Fabres et al., 2008), con los maximos flu-
jos de transporte asociados con las floraciones de
fitoplancton en las capas superiores de la colum-
na de agua (Pasqual et al., 2011) o con procesos
episodicos, como las tormentas (Palanques et al.,
2008; Sanchez Vidal et al., 2012) y el cascading
(Canals et al., 2006; Pasqual et al., 2010).

Las caracteristicas hidrodinamicas (por ejemplo
“upwellings” o afloramientos) de los cafiones
submarinos, pueden prolongar la residencia de
los nutrientes y las comunidades de plancton
en los alrededores del canon. Esto provoca un
aumento de la produccién primaria, teniendo
un efecto positivo en la poblacion de zooplanc-
ton que atraen a las larvas de peces y ceticeos
(Pusceddu et al., 2010a; 2010b). Los cafiones del
Mediterraneo occidental han sido identificados
como puntos calientes o “hot spots” de biodi-
versidad, ya que muchos procesos bioldgicos
son alterados o intensificados por ellos (Hickey,
1995; Gili et al., 1999). Ademas, los cafiones sub-
marinos sirven como refugios y areas de recluta-
miento de juveniles (Gili et al., 1999) y son cla-
ve para el mantenimiento de los recursos vivos
(Cartes et al., 1994; Sarda et al., 1994; Stefanescu
et al., 1994; Sarda and Cartes, 1997).

1.1.3. Transporte de materia organi-
ca

La mayoria de los animales que viven en el fon-
do marino profundo se basan en una cadena
alimentaria que comienza a cientos o miles de
metros por encima, en las capas superficiales del
océano. La fotosintesis, impulsada por la luz so-
lar, sustenta la vida vegetal microscdpica (fito-
plancton) en la superficie del mar, que a su vez
alimenta a las comunidades de origen animal y
microbiano a través de la columna de agua hasta
el océano profundo (Margalef, 1985). Durante
el hundimiento de la materia organica al fon-
do del mar, el transporte es mediado por flujos
advectivos de particulas, los cuales, a su vez, es-
tan influidos por el clima general (Smith et al.,
2008), las condiciones hidrodindmicas locales
y la presencia de diferentes habitats bentdnicos
(Pusceddu et al., 2010a). El resultado final es la
acumulacion de materia organica en la interfase
entre el agua y el sedimento. Se ha estimado que
solo del 1 al 3 % del carbono organico producido



por la fotosintesis en la capa fética es exportado
al fondo del mar (Lampitt and Antia, 1997). Este
hecho, ha llevado a la mayoria de los estudios so-
bre aguas profundas a concebir las profundida-
des del mar como un medio ambiente “a dieta’,
debido a la falta de productividad primaria local
y siendo alimentado por cantidades muy bajas
de particulas organicas pobres nutricionalmen-
te (Druffel and Robison, 1999). Desde un punto
de vista biogeoquimico, evaluar cémo las plata-
formas continentales exportan y concentran las
particulas de materia organica hacia la cuenca
profunda es un paso necesario para estimar su
influencia en los ecosistemas de aguas profundas
(Smith et al., 2008).

La materia orgdnica estd compuesta por un res-
tringido conjunto de elementos, cuatro de los
cuales (C, H, N y O) constituyen aproximada-
mente el 99% de su peso. Estos atomos se unen
formando cadenas y anillos para generar molé-
culas organicas (mondmeros). Ciertas combina-
ciones simples de dtomos (-CH,, -OH, -COOH
y -NH,) se presentan repetidamente en las mo-
léculas bioldgicas dando diferentes propiedades
fisicas y quimicas a éstas. Las pequefias molé-
culas a su vez se asocian entre ellas para formar
moléculas mas grandes denominadas macromo-
léculas (polimeros). Podemos decir que la mate-
ria organica esta compuesta por cuatro grandes
familias de macromoléculas: las proteinas, los
carbohidratos, los lipidos y los acidos nucleicos.

El valor nutricional de la materia organica (su
calidad) no es més que el potencial nutritivo o la
cantidad de nutrientes que el alimento aporta al
organismo. Es un valor dificil de medir, carente
de unidad de medicidn, y que depende de diver-
sos factores tales como la aportacion energética,
la proporcion de los macro y micronutrientes
que contienen -carbohidratos, proteinas, lipi-
dos..., y la capacidad de asimilacién de dichos
nutrientes (biodisponibilidad).

La calidad y cantidad de la materia organica en
los sedimentos superficiales se han considerado
de importancia en la determinacion de las can-
tidades de material potencialmente disponible
para los organismos de consumo, lo que afecta
la estructura de la comunidad benténica y el me-
tabolismo (Buchanan y Longbottom, 1970; Graf
et al., 1983;. Grant y Hargrave, 1987; Thompson
y Nichols, 1988). En efecto, la cantidad total
de materia orgdnica o carbono organico que se
deposita en el fondo, no son totalmente repre-
sentativos de la calidad de los alimentos, y dice

muy poco acerca de su disponibilidad para los
consumidores (Newell y Field, 1983; Bianchi
y Levinton, 1984; Misic y Covazzi-Harrigue,
2008; Pusceddu et al., 2009). Por lo que en pri-
mer lugar, es util realizar una clasificacién de la
materia organica de acuerdo a la disponibilidad
biolégica. Podemos separar la materia organica
en diferentes tipos o fracciones: 1) Fraccion re-
fractaria (acidos humicos y fulvicos y carbohi-
dratos estructurales) que representan moléculas
de materia organica adherida a particulas inor-
ganicas no aptas para el consumo, resistentes a
la descomposicion bioldgica y por tanto, de bajo
valor nutritivo. Es el depdsito de carbono mas
persistente, con potencial para ser almacenados
durante miles de afos en el interior del océano,
y 2) Fraccion biopolimérica de importancia para
la nutriciéon heterdtrofa (Fabiano y Pusceddu,
1998), compuesta de biopolimeros (carbohi-
dratos simples, lipidos y proteinas). Solo esta
fraccion de la materia orgdnica es directamente
utilizable como fuente de alimento por los con-
sumidores benténicos con un alto valor nutriti-
vo. Pero no toda la fraccion biopolimérica de las
particulas pueden ser rapidamente digerida por
los consumidores, generalmente menos del 15-
50% del carbono organico particulado (POC) se
compone de moléculas que son enzimaticamen-
te digeribles (Fabiano y Pusceddu, 1998). De ahi
que podamos dividir las moléculas en: a) molé-
culas semilabiles, las moléculas que pueden per-
sistir durante meses o aflos y son responsables
de la mayor parte de la materia organica biodis-
ponible que se exporta desde la zona fética hacia
mayores profundidades, y b) moléculas labiles,
moléculas que pueden ser utilizadas por los mi-
croorganismos heterétrofos en cuestion de dias
o incluso horas (Bauer et al., 1992; Kirchman et
al., 1993).

Para cuantificar los componentes que potencial-
mente son mas facilmente disponibles para los
consumidores (es decir, compuestos semildbiles
o labiles sensu Pusceddu et al., 2009), se utiliza
el carbono biopolimérico (BPC “biopolymeric
carbon”), que no es mas que la suma de car-
bohidratos, proteinas y lipidos convertidos en
equivalentes de carbono (mg C mg™) utilizando
los factores de conversion de 0,40, 0,49 y 0,75,
respectivamente. Ya que solo una fraccién de
BPC es rapidamente reactiva a la digestion he-
terotrofica (Pusceddu et al., 2003; Pusceddu et
al., 2009), la concentracién de carbono organi-
co biodisponible (BAOC “Bioavailable organic
carbon”) se calcul6 como la suma de proteinas y
carbohidratos digeribles convertidos en equiva-
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lentes de carbono mediante el uso de los mismos
factores que para sus cantidades totales (Dano-
varo et al., 2001; Pusceddu et al., 2003).

De acuerdo con Pusceddu et al. (2010), hemos
utilizado las relaciones de fitopigmentos:/BPC y
de proteina/carbohidrato como descriptores de
la frescura y la calidad nutricional de las particu-
las organicas, respectivamente (Pusceddu et al.,
2009; Pusceddu et al., 2010b).

El concepto de calidad y frescura o descompo-
sicion, estan relacionados, porque la calidad de
la materia organica cambia progresivamente con
la degradacion, es decir, el envejecimiento y los
cambios en la calidad estan vinculadas a una re-
sistencia cada vez mayor de las reservas de car-
bono orgéanico hacia la degradacién o minerali-
zacién microbiana.

Ya que los pigmentos fotosintéticos y sus pro-
ductos de degradacion se supone que son com-
puestos labiles en una perspectiva trofodinami-
co cuanto menor es su contribucién al OC en el
sedimento, mayor serd la edad del material orga-
nico. Por otra parte, ya que la fraccién o porcen-
taje de OC asociado con fitopigmentos también
se asocia tipicamente con una mayor fraccién
de compuestos enzimaticamente digeribles, es
decir, inmediatamente disponible para los ani-
males heterétrofos (Pusceddu et al., 2003), los
valores mas altos de esta relacién también seran
indicativos de una mayor calidad nutricional
(Dell’Anno et al., 2002). Ademas, puesto que el
nitrégeno es el factor mas limitante para la nu-
tricion heterotrofa y las proteinas (que se degra-
dan mas rapido que los carbohidratos) son com-
puestos ricos en nitrégeno, por lo que la relacion
proteina/ carbohidrato sera indicativa del enve-
jecimiento y del valor nutricional de la materia
organica (Danovaro et al., 1993; Dell ‘Anno et
al., 2002; Tselepides et al., 2000;. Pusceddu et al
., 2009).

Segun Danovaro et al., (1995, 2000) la distribu-
cidn de la meiofauna esta controlada por la ca-
lidad del alimento que reciben (expresado como
porcentajes de particulas labiles frente al total de
particulas de materia orgdnica). Los organismos
que buscan alimento deciden el tipo de alimento
o el tiempo que permanecen en un mismo lugar
en funcién de la cantidad de energia que obtie-
nen, la energia que gastan y el tiempo que in-
vierten en el proceso (Pianka, 1966).

@

La teorfa de la alimentacién Optima de MacAr-
thur y Pianka (1996) propone que la serie de es-
trategias que presentan los animales para captu-
rar, manipular, asegurar y consumir su alimento,
la seleccionan de forma que se maximice la tasa
costes/beneficios para la especie (MacArthur y
Pianka, 1966; Kamil et al., 1987).

Begon et al. (1988) resume este concepto dicien-
do que si un animal hace lo correcto al aprovi-
sionarse, explotando el alimento y obteniendo
energia de un modo econdémico, entonces sera
favorecido por la selecciéon natural ya que dis-
pondra de mas tiempo y energia para reprodu-
cirse con éxito, y podra dejar mas descendientes:
y si sus capacidades son heredables se extende-
ran, en el tiempo evolutivo, a toda la poblacion.

Para los organismos bentdnicos del ecosistema
de aguas profundas, dependientes de la produc-
cién primaria en las capas superiores del agua,
es crucial la cantidad y calidad de alimentos que
llegan al fondo del mar (Biihring and Christian-
sen, 2001; Smith et al., 2008). En el Mediterra-
neo, la produccion primaria se caracteriza por
una discontinuidad estacional con un periodo
corto de floracién de fitoplancton entre finales
de invierno y principios de primavera (Estrada
et al,, 1996). Ademas de la sedimentacion de las
capas superiores de agua, las corrientes de fondo
(distribucion horizontal o advectiva) juegan un
papel importante en la distribucion de la materia
organica en el fondo (Sokolova, 1997). En el Me-
diterraneo, en general, existe una disminucién
de la abundancia del bentos desde la plataforma
hacia profundidades abisales que se correlaciona
con una disminucion de la diversidad local (Rex,
1981; Hilbig et al., 2006). Esta diversidad, parece
estar regulada por la disponibilidad de materia
organica (biodisponibilidad) (Danovaro et al.,
1995). Sin embargo, los mecanismos que estan
detras de esta relacion, diversidad/biodisponi-
bilidad de la materia organica, no son tan ob-
vios. Desde principios de los afios 90, Rucabado
et al. (1991) y, en estudios posteriores (Sarda et
al., 2004) han detectado de forma persistente un
maximo de biomasa, alrededor de 1200 m de
profundidad, en la zona del Mediterraneo no-
roccidental. A su vez, Bianchelli et al., (2008)
ponen de manifiesto que los cafiones submari-
nos, por norma general albergan mayor bioma-
sa y biodiversidad que los taludes continentales
adyacentes. Existe un gran desconocimiento de



las causas de la zonacion de estas comunidades
y los estudios disponibles en el Mediterraneo en
los que se aborda esta problematica son muy es-
Casos.

En el presente trabajo, damos informacion de
los patrones de circulacion y de transporte de
la materia organica hacia la cuenca profunda,
asi como de su biodisponibilidad a lo largo del
tiempo, en dos habitat continuos pero con di-
ferentes caracteristicas tanto hidrodinamicas
como morfolégicas, el caién submarino de Bla-
nes y el talud continental sur adyacente.

1.2. ZONA DE ESTUDIO

1.2.1. El Mar Mediterraneo

El agua del Mediterraneo noroccidental, regién
que comprende la mitad norte de la Cuenca Al-
gero-Balear y que incluye el Mar Provenzal, el
Golfo de Ledn y el Mar Catalan, esta formada
principalmente por tres masa de agua de dife-
rente temperatura y salinidad. Estas masas de
agua son:

Agua Atlantica (AW, Atlantic water), agua su-
perficial de origen atlantico, con una temperatu-
ra que oscila entre los 15°-20°C y una salinidad
entre 36% y 36.5% segun la época del afio.

Por debajo de la AW, aproximadamente a 200-
400 m, se encuentra el Agua Levantina Interme-
dia (LIW, Levantine Intermediate Water) mas
salada y caliente. Se origina en la cuenca oriental
del Mediterraneo. La LIW tienen valores prome-
dio de temperatura de alrededor de 13.2°Cy de
salinidad de 38,50% y marca un maximo de la
temperatura y la salinidad en la mayor parte de
la cuenca occidental (Font et al., 1987)

La masa de agua mas profunda es el agua pro-
funda del Mediterraneo occidental (WMDW,
Weatern mediterranean Deep Water), se forma
en el Golfo de Ledn por la conveccion profun-
da de mar abierto durante los meses de invierno
(Millot, 1999). La WMDW tiene valores medios
de temperatura y salinidad de 12.80°C y 38.45%.

La circulacién de las corrientes marinas a lo lar-
go del margen continental del Mediterraneo no-
roccidental no es simple (Fig. 1.2). En general,
las corrientes muestran una variabilidad estacio-
nal en su intensidad ligada al caracter estacio-

nal de la circulaciéon general en toda la cuenca
(Font et al., 1995; Vidal- Vijande et al., 2011).
Esta complejidad se debe a varios mecanismos
como las variables atmosféricas, los efectos to-
pograficos y procesos dinamicos internos, que
conducen a fuertes corrientes costeras limitro-
fes, chorros inestables que arrojan vortices, gi-
ros de subcuenca permanentes y recurrentes y
los remolinos de mesoescala energéticos. Todas
estas estructuras interactian y dan lugar a una
variabilidad significativa de escalas temporales
(sub-mesoescala, mesoescala, estacional e inte-
ranual) (Pascual et al., 2013).

La circulaciéon general de Mediterraneo noroc-
cidental, se rige por la corriente del Norte, una
corriente baroclina formada por la AW, que flu-
ye sobre la LIW. La corriente del Norte descri-
be un flujo general ciclénico (anti-horario) a lo
largo del talud continental del noroeste del Me-
diterraneo (Millot, 1999). Esta corriente llega al
mar Catalan desde el Golfo de Ledn, siguiendo
el talud en direcciéon sudoeste. Ademas de este
flujo baroclino, la corriente del Norte, tiene una
componente barotrdpica que involucra toda la
columna de agua, incluyendo la LIW y la subya-
cente WMDW (Conan y Millot, 1995).

La corriente del Norte es una corriente asociada
a un frente de densidad cuya base se encuentra
entre 300 y 400 m. Tiene una estratificacion débil
por debajo de 600 m (Jorda et al., 2013), ademas
de la variabilidad espacio temporal, la corriente
del Norte presenta unas estructuras de mesoes-
cala tales como meandros y remolinos (Font et
al.; 1995; Flexas et al.; 2002; Casella et al., 2011)

Las observaciones realizadas por Conan & Mi-
llot (1995) frente a la costa de Marsella sugieren
que las variaciones estacionales en el transporte
asociado a la Corriente del Norte estdn ligadas
a los procesos de formacion de aguas profundas
en el Golfo de Le6n (Rubio et al., 2005). Duran-
te la primavera y el verano, la columna de agua
de todo el Mediterrdaneo occidental esta bien
estratificada con la termoclina situada entre los
20 y los 50 metros de profundidad. En invier-
no, la columna de agua se homogeneiza por el
efecto de la mezcla, factores como los vientos,
la presencia de masas de agua densa y la com-
pleja topografia de la plataforma junto con los
numerosos cafiones submarinos, provocan unos
patrones de circulacion complicados. La interac-
cion de la corriente del Norte con la topografia
local como los cafiones submarinos es relevante,
ya que puede causar movimientos verticales sig-
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Fig. 1.2. Esquema de la circulacion general superficial del mar Mediterrdneo (modificada de Millot et al., 1990; Durrier de Madron et al., 2010). La zona
de estudio, marcada con un circulo rojo, se situa en la trayectoria de la denominada corriente del Norte /CN-CLPC)o corriente Liguro-Provenzal_Ca-

talana.

nificativos (Boyer et al., 2006; Flexas et al., 2008).

La presencia de los caflones submarinos ejerce
una gran influencia sobre la corriente superfi-
cial, que junto a los fenémenos de mesoescala
cémo la aparicion de eddies anticiclonicos, pro-
venientes del norte, producen cambios en la cir-
culacion de la corriente (Rubio et al., 2005).

Los cafiones submarinos son sistemas complejos
en los que la interaccidn con la topografia mo-
difica la circulacion local. Por ejemplo, la inte-
raccion corriente-topografia que tiene lugar en
el borde del candén produce estructuras hidrodi-
namicas locales y contribuyen al intercambio de
aguas entre la plataforma y el talud (Schoenher,
1991; Allen et al., 2001; Sobarzoa et al., 2001;
Boyer et al., 2006a; Flexas et al., 2008 ), esta inte-
raccién asociada con movimientos verticales de
flujo afectan en el afloramiento o deposicién de
nutrientes, teniendo grandes implicaciones para
el ecosistema de las cuencas profundas (Sarda et
al., 1994).

1.2.2. Hidrografia del canén sub-
marino de Blanes

La cabecera del canén submarino de Blanes se
encuentra a 4 km frente a la costa catalana. El
Candn es uno de los més destacados en el Medi-
terraneo noroccidental, potencialmente afecta a
la trayectoria de la corriente Catalana, la conti-
nuacion de la corriente del Norte que fluye a lo
largo de la costa de Catalufia. La plataforma con-
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tinental de Blanes es una amplia llanura que lle-
ga a una distancia de costa aproximada de unos
35 km desde la orilla y alcanza una profundidad
de unos 200 m. El cafién submarino de Blanes,
por lo tanto divide el camino de la corriente Ca-
talana (Fig. 1.3).

Fig. 1.3. Situacion del candn de Blanes. Obsérvese como la cabecera del
canon de Blanes se hace paralela a la costa. Mas al norte se sittia el canén
de La Fonera o de Palamos.

Caracteristicas de mesoescala tales como mean-
dros y remolinos son recurrentes en la zona del
canon de Blanes y producen patrones de circu-
lacién tridimensionales altamente fluctuantes
dentro del canon. En particular, los meandros y
remolinos anticiclonicos de la corriente del Nor-
te tienden a ser profundos y , por lo tanto , sus
efectos se extienden hacia la parte mas profunda
del canén (Flexas et al., 2008).



La circulacion en la zona de estudio esta domi-
nada por un flujo general hacia el sur ciclénico
sobre el talud continental. La Corriente del Nor-
te presenta de 30 a 50 km de ancho, y se caracte-
riza por un perfil de velocidad vertical de 30 a 50
cm s en superficie, disminuyendo de forma casi
lineal con la profundidad, hasta una velocidad
de 10-15 cm s en el comienzo el talud (Lapou-
yade y Durrieu, 2001, Flexas et al., 2002).

El patrén principal de la circulacién profunda
(por debajo de 600 m) en el caidén puede ser
explicado por el ajuste de la corriente a la ba-
timetria caidn, que se ve favorecida por la baja
estratificacion a profundidades inferiores y cerca
de la pendiente. Cuando la corriente pasa sobre
el caindn, la columna de agua se estira y gana
vorticidad ciclénica, por lo que el flujo sigue la
batimetria. En el eje del caidn, cerca de la parte
inferior, el flujo estd fuertemente limitado por
las paredes del canon. La fuerza de Coriolis no
puede equilibrar el gradiente de presion barotro-
pico a gran escala y el flujo es en la direccion de
la fuerza del gradiente de presion (es decir, fue-
ra del caién) que conduce al hundimiento de la
masa de agua. Las aceleraciones de la corriente
entrante desde el talud podrian entonces tradu-
cirse directamente en intensificaciones del pa-
trén de velocidad en el canén (Jorda et al., 2013)

En el caiidn de Blanes, se observa un cambio
en la direccidn del flujo entre las aguas costeras
y las aguas de alta mar, las aguas costeras que
fluyen hacia al este y las aguas de alta mar que
fluyen hacia el suroeste. Esto crea una region de
alto esfuerzo cortante horizontal que junto a la
reduccion de las velocidades del este en el ca-
fén producen una extensa region de circulacién
anticiclonica, desencadenando el hundimiento
en la capa superior como resultado del vortice
(Granata et al., 1999). Esta corriente, caracteris-
tica en esta region, puede tener efectos relevan-
tes sobre el ecosistema marino debido a la in-
teraccion con la topografia del fondo. Estudios
anteriores han demostrado que el cainén de Bla-
nes tiene un pronunciado efecto en la vorticidad
del flujo, causando al flujo meandros con una
rotacion anticiclonica en las aguas superiores
del cafién y a continuacién una vez dentro del
mismo adquirir una rotacion ciclénica (Maso et
al., 1990;. Maso y Tintore, 1991). Sin embargo,
este patron tipico de flujo, después del desarro-
llo de una fuerte picnoclina en primavera, puede
ser alterado por un flujo de inversion en la capa
superior (Rojas et al., 1995).

1.2.3. Morfologia del candn subma-
rino de Blanes.

La cabecera del cainén de Blanes se encuentra
paralela a la costa intercalando carcavas en for-
ma de V y de U mediante divisiones lineales en
la parte superior de las paredes y con gradientes
de pendiente inferior a 15 ° (Lastras et al., 2011).
En la pared del sudoeste, las carcavas tienden
a ramificarse rdpidamente, convirtiéndose en
omnipresentes y desde el borde hacia el fondo
con respecto al eje del cafion. Por el contrario las
carcavas en la pared noreste siguen estando limi-
tadas a la parte inferior de la pared debido a aflo-
ramientos de capas sub-horizontales en la parte
superior del caién, los cuales pueden ser iden-
tificados mas de 5 km, a partir de la isobata de
500 m (Lastras et al., 2011). Estos afloramientos
crean una parte empinada de la pared de mas de
50 ° de pendiente entre 420 y 600 m de profun-
didad. Al aumentar la profundidad (>600 m), las
carcavas en la pared noreste aumentan su tama-
flo y al alcanzar una profundidad de mas de 750
m, las carcavas en forma de V empiezan a ocu-
par las dos paredes, con gradientes de pendiente
a menudo superior a 35° (Lastras et al., 2011). El
predominio de procesos de deposicion en contra
de los procesos erosivos favorece la presencia de
meandros en la morfologia del cafidn y el ensan-
chamiento en la base del canal. Sin embargo en
el curso medio del area este del caién de Blanes,
se han identificado conjuntos de cicatrices que
sugiere una interaccion entre ambos procesos
(sedimentacion y erosion) (Amblas et al., 2006)

1.3. MATERIAL Y METODOS

Con el fin de responder a los objetivos plantea-
dos se realizo un disefo experimental basado en
el muestreo de la zona de estudio mediante la
utilizacion de las denominadas trampas de sedi-
mento o de particulas de tipo secuencial. Dichas
trampas son contenedores para recoger las par-
ticulas que caen hacia el fondo del mar, coloca-
das a diferentes profundidades de la columna de
agua en lineas instrumentadas fondeadas.

1.3.1. Diseno experimental

Se fondearon ocho lineas instrumentadas duran-
te un afio en dos transectos diferentes. Cuatro
lineas fueron depositadas a lo largo del eje del
caion submarino de Blanes y cuatro en el talud
continental sur adyacente al caiién (BC y OS,
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respectivamente) (Fig. 1.4). Las lineas de mues-
treo fueron fondeadas a diferentes profundida-
des desde 300 hasta 1800 metros de profundi-
dad, asi en el cafién submarino se distribuyeron
en las profundidades siguientes: 300, 900, 1200
y 1500 m (BC300, BC900, BC1200 y BC1500).
Mientras en el talud continental se distribuyeron
en las profundidades siguientes: 900, 1200, 1500
y 1800 m (OS 900, OS1200, OS1500 y OS1800)
(figura 1.4).

Las ocho lineas de muestreo fueron equipadas
con trampas de sedimento Technicap PPS3/3 y
correntimetros Aanderaa RCM7/9 a 30 metros
por encima del fondo marino. Las trampas de
sedimento presentan una forma cilindrico-co-
nica con unas dimensiones de 2 m de altura y
una boca con un didmetro de 40 cm, lo que da
un indice de altura/diametro de 2.5 y un érea
de recogida de material de 0.125 m* Cada tram-
pa de sedimento estaba equipada con 12 tubos
colectores programados para recoger muestras a
intervalos de 15 dias durante 6 meses. Con el ob-
jetivo de aumentar la resolucién de muestreo de
las trampas del caién y del talud a 1200 metros
de profundidad, fueron programadas con inter-
valo de muestreo de 7-8 dias. El experimento
tuvo un éxito del 82 %, recogiendo 197 muestras
de las 240 totales.
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1.3.2. Procedimiento analitico

Antes de su utilizacion, el material de las tram-
pas es limpiado en profundidad. El colector ro-
tante fue limpiado con detergente y puesto en
remojo en una soluciéon de HNO, 0.5 M durante
una noche y aclarado varias veces con agua des-
tilada.

Para evitar la degradacion de los posibles orga-
nismos recolectados en los tubos colectores e
inhibir la actividad bacteriana, estos fueron re-
llenados con una solucién de agua marina filtra-
da y formol al 5%, neutralizada a pH 7.5-8 con
perborato de calcio.

Una vez recuperadas las muestras de las lineas
de fondeo, los tubos colectores fueron almace-
nados en oscuridad a 2-4°C hasta su posterior
procesado. Una vez en el laboratorio las mues-
tras fueron visualmente controladas y se extrajo
el sobrenadante. Cada muestra fue filtrada con
una malla de Imm para retirar los organismos
nadadores (“swimmers”) (aquellos organismos
que no caen gravitacionalmente a través de la
columna de agua). Los organismos inferiores a
Imm fueron retirados a mano mediante el uso
de una lupa microscépica.
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Fig. 1.4. Mapa batimétrico tridimensional del caiién de Blanes (fuente GRCGM), con la localizacion de las estaciones de muestreo. La nomenclatura de
las estaciones de muestreo es el siguiente: Cafién de Blanes (BC); talud adyacente (OS) y profundidad.
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Para obtener sub-muestras de igual volumen, se
utilizo una bomba peristaltica de alta precision,
a través de la division repetida de las muestras.
Finalmente las muestras se liofilizaron para su
almacenamiento antes de su analisis.

El flujo total de las muestras se calculo utilizan-
do la masa total, el drea de la boca recolectora de
la trampa y el intervalo de muestreo aplicando la
siguiente féormula:

TMF=MT/AxD = (g) / (m?) x (d) = gm>d"

Donde calculado de esta manera, un flujo es el
resultado de la velocidad de caida por la concen-
tracion de material.

F: Vx C (md') x (gm”): gm?d"') (Hon-
j0,1996)

TMEF= Flujo total de particulas;
MT= masa total
A= 4rea del tubo recolector (0.120 m?);

D= dias de muestreo

1.3.2.1. Analisis de los componentes prin-
cipales de las particulas recogidas (Materia
organica, Carbonatos, Silice biogénico y litogé-
nicos)

Los analisis de carbono total, nitrégeno total y
carbono orgénico se realizaron en los Servicios
Cientifico-Técnicos de la Universidad de Bar-
celona mediante un analizador elemental (EA
Flash series 1112 and NA2100).

Se colocaron aproximadamente 10 mg de mues-
tra liofilizada en capsulas de estano. El funcio-
namiento del analizador esta basado en la com-
bustion de las muestras por encima de 1000°C,
esta combustion produce la rotura de los com-
ponentes de la muestra. Los gases formados son
conducidos mediante helio a través de cataliza-
dores que reducen el nimero de especies gaseo-
sas resultantes. A continuacion los gases de CO,
resultantes, son analizados por un cromatografo
de gases por conduccién térmica.

Para la obtencién de carbono organico, se sigue
el mismo protocolo con la diferencia que pre-
viamente al analisis, la muestra fue atacada con
repetidas adiciones de 100 ul de HCl 6M para
la eliminaciéon completa del carbanato célcico

y posteriormente secada en la estufa, en capsu-
las de plata. Para el calculo de materia organica
(OM) en la muestra se adopto el factor de con-
version 2, respecto al contenido de carbono or-
ganico.

El contenido de carbono inorgéanico (IC) se cal-
culo mediante la diferencia entre el carbono total
y el carbono orgénico. El contenido de carbona-
to calcico se obtuvo a partir del carbono inor-
ganico utilizando la relaciéon de masa molecular
8.33 y asumiendo que todo el carbono inorgdni-
co se encontraba en forma de carbonato célcico.

El contenido de silice biogénica (6palo) fue ana-
lizado en dos pasos separados con extracciones
de carbonato sédico siguiendo el procedimiento
descrito por Fabres et al., (2000). El silicio y el
aluminio fueron medidos mediante un espec-
trometro de emision atémica-acoplado a un
plasma de induccién “Inductive Coupled Plas-
ma Atomic Emission Spectrometer” (ICP-AES).
Este proceso consiste en la vaporizacion, diso-
ciacién, ionizacién y posterior excitacion en el
interior de un plasma de los diferentes elemen-
tos quimicos.

El contenido de silice fue corregido de la pri-
mera disolucion usando la relacién Si/Al de la
segunda disolucidn, siguiendo el protocolo des-
crito por Kamatani and Oku (2000). El silice co-
rregido fue transformado en épalo utilizando el
factor de correccién 2.4 descrito por Mortlock
and Froelich (1989).

La fraccién litogénica se obtuvo asumiendo la
siguiente relacion:

% litogénico =100-(% material orgdnica+ % car-
bonato calcico+%-+6palo).

1.3.2.2. Composicion bioquimica (Proteinas,
Carbohidratos, Lipidos y Feopigmentos)

El uso de conservantes en las trampas de sedi-
mento para minimizar la influencia microbiana
(Gardner et al., 1989) puede causar algunos pro-
blemas analiticos en la determinacién de algunas
clases de compuestos organicos, pero trabajos
previos demostraron que el uso de formaldehido
como conservante no afecta a la determinacion
del contenido de proteina, carbohidratos y lipi-
dos, en comparacidn con las muestras sin tratar
(Wakeham et al., 1993; DelllAnno et al., 2002).
Todos los andlisis se realizaron por triplicado
usando aproximadamente 10 mg de muestra lio-

=



filizada y siguiendo los protocolos descritos por
Danovaro (2010). Se utilizé un espectrofotome-
tro (340>A>750 nm), este analisis se basa en la
diferencia de radiacién absorbida por una solu-
cién que contiene una cantidad desconocida de
soluto, y una que contiene una cantidad conoci-
da de la misma sustancia. Para la deteccion de
proteinas, carbohidratos y lipidos las muestras
pasaron por diversos procesos de coloracion y se
reportaron a valores equivalentes de albumina
de suero bovino (BSA, bovine serum albumin)
para proteinas, glucosa para carbohidratos y tri-
palmitina para lipidos.

Proteinas

La evidencia experimental en el laboratorio ha
demostrado que diversos protocolos proporcio-
nan resultados similares en términos de equiva-
lentes de BSA (Berges et al., 1993).

La cuantificacion del contenido de proteinas
se realizo mediante una modificaciéon del pro-
tocolo descrito por Hartree (1972) después de
las modificaciones de Rice (1982). Haciendo
reaccionar las proteinas con tartrato de Na-K'y
el reactivo de Folin-Ciocalteu en medio basico
(pH 10). La reaccion proporciona una colora-
cion azul, estable y cuya intensidad es propor-
cional a la concentracion de proteina en la solu-
cién de reaccion.

Carbohidratos

La concentracion de carbohidratos totales se de-
termino de acuerdo con Dubois et al. (1956) op-
timizado para sedimentos por Gerchacov y Hat-
cher (1972). Este analisis se basa en la reaccion
entre los azucares y fenol en presencia de acido
sulfarico concentrado. El método no es especifi-
co y determina las concentraciones de carbohi-
dratos totales, incluyendo la celulosa.

Lipidos

La determinacion de la concentracion total de
lipidos en muestras de sedimentos marinos se
lleva a cabo generalmente segin Bligh y Dyer
(1959) y Marsh y Weinstein (1966), modificada
para ser aplicada a la matriz de sedimento.

Pigmentos
Existen diferentes métodos para la evaluacion de
la concentracién de clorofila-a y feopigmentos

en sedimentos marinos, que pueden proporcio-
nar diferentes sub o sobreestimaciones (Pinck-
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ney et al., 1994), en parte debido a la importan-
cia relativa de los productos de degradacion de
las clorofilas “(Szymczak-Zyta y Kowalewska,
2007). Por esta razén, hemos sumado la concen-
tracion de clorofila-a y de feopigmentos y se des-
criben como fitopigmentos totales (Pusceddu et
al., 2010).

El analisis de los pigmentos se llevo a cabo de
acuerdo con Lorenzen y Jeftrey (1980). Los pig-
mentos se extrajeron usando 3-5 ml de aceto-
na al 90% como agente de extraccion durante
12 horas a 4 ° C, en oscuridad. A continuacion
las muestras se analizaron mediante fluorome-
tria. Para la estimacion de los feopigmentos, se
realizo una acidificacién con 200 pl de HCI 0,1
N de la muestra con el objetivo de degradar la
clorofila-a.

Proteinas enzimaticamente hidrolizables (la-
bil)

El protocolo fue desarrollado a partir del méto-
do propuesto por Mayer et al. (1995), original-
mente basado en la evaluacion de los aminoa-
cidos liberados desde el sedimento después del
tratamiento con enzimas proteoliticos. El pro-
cedimiento permite la evaluacion de la fraccién
digestible de proteinas en sedimentos marinos.
Esta se calcula como la diferencia entre las can-
tidades de proteina total y la proteina que resta
tras la eliminacion de la fraccién enzimatica-
mente digerida. Las muestras fueron incubadas
durante 3 hrs en una disolucién de enzimas k-
proteinasa y proteinasa en una matriz de fosfa-
to potasico. Después de la incubacién se sigue
el mismo protocolo realizado para el anlisis de
proteinas totales.

Carbohidratos enzimaticamente hidrolizables
(1abil)

El procedimiento permite la evaluacion de la
fracciéon de hidratos de carbono digeribles en
sedimentos marinos, se estima como la diferen-
cia entre los carbohidratos totales y los carbo-
hidratos que quedan tras la eliminacién de la
fracciéon enzimaticamente digerida (Danovaro
et al., 2001). Las muestras fueron incubadas du-
rante 2 horas en una disolucién de enzimas k-
proteinasa, proteinasa, a-amilasa, 3-glucosidasa
y lipasa en una matriz de fosfato potasico. Tras la
incubacion se sigue el mismo protocolo realiza-
do para el analisis de carbohidratos totales.



Carbono biopolimérico (semilabil)

El carbono biopolimérico (BPC) es un factor que
se utiliza para estimar la fracciéon de carbono or-
ganico potencialmente disponible para la inges-
tion de los organismos. Proteinas, carbohidratos
y lipidos fueron convertidos en equivalentes de
carbono usando los factores de conversion 0.40,
0.49 y 0.75 mg C mg™, respectivamente. (Fabia-
no et al., 1995).

Carbono biopolimérico enzimaticamente hi-
drolizable (labil)

El carbono biopolimérico enzimaticamente hi-
drolizable (BAOC) es una estimacion de la frac-
cién de carbono orgdnico rapidamente asimila-
ble por los consumidores bentdnicos, se define
como la suma de los equivalentes de carbono de
hidratos de carbono y proteinas hidrolizables.
Proteinas y carbohidratos enzimaticamente hi-
drolizables fueron convertidos en equivalentes
de carbono usando los factores de conversion
0.40 y 0.49 mg C mg’', respectivamente (Dano-
varo et al., 2001). Suponiendo insignificante la
contribucion de los lipidos hidrolizables.
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CAPITULO 2

MULTIPLE DRIVERS OF PARTICLE
FLUXES IN THE BLANES
SUBMARINE CANYON AND
SOUTHERN OPEN SLOPE: RESULTS
OF A YEAR ROUND EXPERIMENT

RESUMEN

El capitulo 2 presenta la distribucién de los flujos de particulas dentro del caiién de Blanes y en el ta-
lud adyacente, asi como la composicién de los mismos. Este capitulo pone de manifiesto la diferencia
de flujos en cuanto cantidad y composicion de los mismos en los dos habitats.

Para caracterizar la variabilidad temporal y espacial de los flujos de masa total en el caiidn submarino

de Blanes y el talud adyacente, se colocaron ocho fondeos equipados con una trampa de sedimento
cada uno, a las profundidades de 300, 900, 1200 y 1500 m a lo largo del eje del caién, y a 900, 1200,
1500 y 1800 m de profundidad en el talud adyacente, entre noviembre de 2008 y noviembre de 2009.
Los resultados obtenidos muestran que los flujos de masa fueron superiores en el caiién, desde 0,05
hasta 82,67 g m* d}, en comparacion con los del talud, que variaron desde 0,01 hasta 9,91 g m* d™.
Ambos habitats estuvieron fuertemente influenciados por las agentes atmosféricos y mostraron un
aumento de los flujos totales de masa durante los meses de otofio e invierno. La distribucion espacial
de los flujos de masa total y sus componentes principales (materia organica, carbonatos, épalo y li-
togénicos) pone de manifiesto los contrastes entre los dos dominios fisiograficos del area de estudio
(canon frente talud). La evolucion temporal de los flujos de particulas muestra tres periodos distintos
controlados por la presencia de tormentas, la conveccion del mar abierto y el florecimiento de fito-
plancton, y las entradas de aerosoles, respectivamente. A pesar de que la fraccion litogénica domina
los flujos de masa total (hasta un 80%), los flujos de materia organica son relativamente altos dentro
del caiodn, lo que confirma su eficacia en la canalizacién de particulas organicas desde la plataforma
continental hasta el fondo.
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ABSTRACT

To characterize the temporal and spatial variability of total mass fluxes in the Blanes submarine can-
yon and the nearby southern open slope, eight near-bottom sediment traps were deployed at 300, 900,
1200 and 1500 m along the canyon axis, and at 900, 1200, 1500 and 1800 m of water depth on the
southern open slope from November 2008 to November 2009. The results obtained show that mass
fluxes were higher into the canyon, ranging from 0.05 to 82.67 g m? d!, compared with those from
the open slope that ranged from 0.01 to 9.91 g m* d'. Both environments were highly influenced by
atmospheric forcing and showed increased total mass fluxes during autumn and winter months. The
spatial distribution of total mass fluxes and major constituents (organic matter, carbonate, opal and

lithogenics) highlights the contrasts amongst the two physiographic domains in the study area (can-
yons vs. open slope). The temporal evolution of particle fluxes shows three distinct situations succee-
ding each other along the year. These are determined by: 1) storms in autumn and winter, driving 60%
of the annual total mass flux in Blanes Canyon and 44% in the open slope stations, and also 60% and
40% of the annual OC flux in Blanes Canyon and the southern open slope, respectively; 2) open sea
convection in late winter and spring, which is accompanied by a phytoplankton bloom and drives 13%
of the settling OC in the canyon and 34% in the open slope; and 3) dust inputs and resuspension by
bottom trawling in late spring and ~summer months, driving 17% of the annual OC flux in the canyon
and 18% in the slope.
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2.1. INTRODUCTION

Continental margins are regions of high se-
diment accumulation as they receive large
amounts of terrestrial particles from fluvial
discharges and biogenic particles from mari-
ne primary productivity (Monaco et al., 1990;
Heussner et al., 1996). Continental margins are
characterized by complex successions of open
slope segments incised by submarine canyons
(Weaver et al., 2004). The continental slope is
a steep narrow fringe that separates the coastal
zone and the continental shelf from the deep
ocean. Submarine canyons are common features
on the margins of continents worldwide (Harris
and Whiteway, 2011 and references therein) and
are well known as natural conduits of sediment
from the deep margin and basin (Baker and Hic-
key, 1986; Carson et al., 1986; Durrieu de Ma-
dron, 1994; Gardner, 1989; Granata et al., 1999;
Hagen et al., 1996; Monaco et al., 1999; Durrieu
de Madron et al., 2000; Schmidt et al., 2001; Ep-
ping et al., 2002; Van Weering et al., 2002; Ca-
nals et al., 2006; Liu et al., 2009; Zuiiga et al.,
2009). Particle fluxes within canyons are usually
orders of magnitude higher than in the open slo-
pe (Puig et al., 2003; Martin et al., 2006; DeGeest
et al., 2008; Walsh and Nittrouer, 1999). Deter-
mining what drives the transport and deposition
of natural sedimentary particles in submarine
canyons including carbon is currently a major
topic in marine geology and biogeochemistry.

The role of submarine canyons in transferring
organic matter (OM) to the deep is especially
relevant in oligotrophic systems like the Medi-
terranean Sea (Pasqual et al., 2010; Zuniga et
al., 2009; Tesi et al., 2008). OM transport to the
deep is mediated by vertical and lateral (advec-
tion) fluxes of particles, which, in turn, are in-
fluenced by climate (Smith et al., 2009) and hy-
drodynamic conditions (Bonnin et al., 2008). In
this frame, submarine canyons represent places
of intense exchange between the shelf edge and
upper continental slope and bathyal-to-hadal
environments, eventually behaving as major for-
ced conduits of matter and energy to the deep
sea (Canals et al., 2006). Submarine canyons are
also considered biodiversity hotspots, and as
such are rich in endemisms and constitute pre-
ferential recruitment areas for many megafau-
na species (Gili et al., 1999, 2000; Sarda et al.,
2009). Environmental and topographic variabi-
lity are very high both within and between can-
yons (Hickey, 1995; Harris and Whiteway, 2011;

Wiirtz, 2012), which translates into the structure
and dynamics of biological communities (Gili et
al., 1999). Measuring such variability is critical
in understanding the dynamics of marine popu-
lations in submarine canyons (Sarda and Cartes,
1997).

The aim of this paper is twofold: first, to investi-
gate the temporal and spatial variability of near
bottom particle fluxes in the bathyal zone of the
Blanes submarine canyon and the southern open
slope from 300 to 1800 m of water depth and, se-
cond, determining the drivers and forcings dri-
ving that variability. To achieve this aim we used
near-bottom sediment trap and current meter
data obtained from instrumented moorings de-
ployed along the canyon and adjacent open slo-
pe to the south during one entire year. Hydrody-
namic (wave height)

and hydrological (river discharge) data are also
considered as they provide information on ex-
ternal forcings affecting the study area and tri-
ggering events that influence particle fluxes to
the deep.

2.2 GENERAL SETTING: PHY-
SIOGRAPHY AND METOCEANIC
CONDITIONS

The N-S oriented Blanes submarine canyon
is located in the North Catalan margin, where
a narrow continental shelf is deeply incised by
three main submarine canyons that are from N
to S Cap de Creus, La Fonera and Blanes canyons
(Amblas et al., 2006; Canals et al., 2013), the la-
ter being the target of this study. The head of the
Blanes canyon, at a depth of 60 m, is less than
4 km from the coastline. The width of the can-
yon increases with depth up to a maximum of
20 km at its deepest point. The canyon displays
a V-shaped cross section in the upper course,
indicating the dominance of erosion proces-
ses, and a U-shaped cross section in the lower
course, where depositional processes have pre-
vailed at least for the last millennia (Lastras et
al., 2011). Canyon wall height and morphology
play an important role in the variability of near-
bottom currents, with a highly variable flow at
the eastern smoother wall, and a prevailing offs-
hore-directed flow over the western wall forced
by a shallower and sharper topography than the
opposite wall (Zuiiga et al., 2009) (Fig. 1).

Both northern and eastern storms are common

’4_1‘



in the study area. Following Mendoza and Jime-
nez (2006), a storm in the study area is defined as
a violent atmospheric disturbance accompanied
by strong winds and other perturbations, such
as changes in atmosphere pressure, resulting in
a significant wave height (Hs) exceeding a thres-
hold of 2 m for a minimum duration of 6 h. Most
storms in the study area occur when winds blow
from the northern or eastern quadrants. Cold
and dry continental northern winds lead to ‘dry’
storms while warmer and humid marine eas-
tern winds originate ‘wet’ storms (Guillen et al.,
2006). Dry northern storms trigger high waves
offshore as the wind pushes the seawater off the
coast, whereas eastern wet storms push seawater
against the coast while inducing heavy rains
over the watersheds and subsequent increases
in river discharge. High breaking waves during
eastern wet storms often cause serious erosion
and infrastructure damage along the coastline.

Circulation in the study area is dominated by a
general southward cyclonic flow over the conti-
nental slope called the Northern Current (NC),
which is forced by the entrance of Atlantic Water
(AW) into the Mediterranean through the Strait
of Gibraltar and the boundary conditions im-
posed by the coastline perimeter and the sub-
merged physiography of the Western Basin. AW
temperature ranges between 15 and 20°C and
salinity between 36 and 36.5 psu (Millot, 1999).
Western Mediterranean Intermediate Water
(WIW) forms in winter in the Northwestern
part of the Western Mediterranean Basin, and is
identifiable as a relative temperature minimum
layer in Atlantic Water. Below the AW, at about
300-400 m, lies the saltier and warmer Levanti-
ne Intermediate Water (LIW), which originates
in the Eastern Mediterranean Basin. LIW has
mean values of about 14°C and 38.75 psu and
marks a maximum of temperature and salinity
in most of the Western Basin (Font et al., 1988).
The deepest water mass is the Western

Mediterranean Deep Water (WMDW), formed
in the Gulf of Lion by deep open ocean con-
vection during winter months (Millot, 1999).
WMDW has mean temperature and salinity
values of 13°C and 39 psu. The NC is associa-
ted to a shelf-slope density front that separates
the continent-influenced fresher waters over the
shelf from offshore saltier waters (Font et al,,
1995).

2.2.1. Experimental design

’E‘

Two transects of mooring lines were deployed
from November 2008 to November 2009 in and
out the Blanes submarine canyon. The first line
included four moorings that were distributed
along the axis of the canyon at 300, 900, 1200
and 1500 m of water depth (labeled BC300,
BC900, BC1200 and BC1500) while the second
transect consisted also of four moorings at 900,
1200, 1500 and 1800 m of water depth across the
open slope to the south of the canyon (labeled
08900, OS1200, OS1500 and OS1800) (Fig. 1).

Each mooring was equipped with a Technicap
PPS3 sediment trap and an Aanderaa RCM7/9
current-meter pair at 25 m above the bottom.
Each sediment trap had 12 receiving cups and
was programmed for a sampling interval of 15
days so that particles were continuously collec-
ted during 6 months. The only exception was
the two sediment traps at 1200 m, which were
programmed with a sampling interval of 7 to
8 days. The higher resolution data of these two
sediment traps has been averaged over 14 to 16
days intervals to get an equivalent resolution for
the whole set of samples. The success rate of the
overall experiment was 82%, with 197 samples
recovered from a theoretical maximum of 240
(Table 1). Gaps in the particle samples tempo-
ral series were caused by mechanical failures of
different types. The Technicap PPS3 sequential
sediment traps have a cylindrico-conical shape
with a height-diameter ratio of 2.5 for the cylin-
drical part and a collecting area of 0.125 m2.
Before the deployment, the rotary collector of
every trap was soaked in HNO3 0.5 M overnight
and rinsed several times with distilled water in
the laboratory. Receiving cups were filled with a
5% formaldehyde solution in 0.45 pum filtered sea
water buffered with sodium borate to avoid the
degradation of the collected particles because of
grazing and disruption by swimming organisms
eventually captured. Each currentmeter, deplo-
yed 2 m below the sediment trap, recorded cu-
rrent speed and direction with a sampling inter-
val of 30 minutes. For calibration purposes, SBE
911 Conductivity-Temperature-Depth (CTDs)
profiles were obtained over each mooring site
in October 2008, February, May, and September
2009.

2.2.2. Sample treatment and ana-
lytical procedures

After retrieving, the samples were stored in the
dark at 2-4°C until processed in the laboratory.
The supernatant was removed from each sam-
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g LONGITUDE LATITUDE DEVP’.}LE(F:TI) SAMPLING PERIOD INT%‘;“\"/;'E'{&S) SUCC%SG)S RATE
BC 300*' 253 43.38" 41° 39 36.66' 300 28/11/08 - 12/04/09 15-16 42
BC 900 2°54' 19.14" 41°34 12.72" 900 07/11/08-01/11/09 15-16 100
BC 1200 2° 50' 49.26" 41°31'15.06' 1200 07/11/08 -26/10/09 7-8 100
BC 1500 2° 52' 58.00" 41°27 28.80" 1500 07/11/08 -26/01/09 15-16 33
05900 2°49'7.80" 41°16/7.19" 900 07/11/08-01/11/09 15-16 100
0S 1200 2° 48'54.60" 41° 13 8.99" 1200 07/11/08 -26/10/09 7-8 98
0S 1500 2° 53' 48.00" 41°09' 0.59" 1500 13/05/09 - 01/11/09 15-16 50
05 1800 2°58'9.00" 41°04'52.19" 1800 07/11/08-01/11/09 7-16 100

Table 2.1. Location, water depths and sampling records of the moorings deployed in the Blanes Canyon (BC) and the adjacent southern open slope (OS).

Numbers to the right of BC and OS refer to water depth.

ple, the swimmers >1 mm were separated by wet
screening on a nylon mesh while those <1 mm
were handpicked under a dissecting microsco-
pe. A high precision peristaltic pump was then
used to obtain aliquots through repeated divi-
sion of cleaned raw samples. Every sample was
then centrifugated to eliminate salt and formal-
dehyde, freeze-dried and stored in the dark be-
fore analysis. Samples were then pounded to fine
powder. Total mass fluxes (TMFs) expressed in g
m-2 d-1 were calculated after the dry weight, the
trap collecting area and the sampling interval of
each sample. TMFs were calculated following
the formula

TMEF = Sample dry weight (mg) / collecting area
(m2) x sampling interval (days).

Due to the loss of some sediment trap samples,
time-weighted fluxes (TWFs) were calculated
for periods with complete series. TWFs were
calculated as

TWF= ZFi/ (collection area x Xdi),

being Fi the TMF in period i, and di, the num-
ber of collecting days of period i. This parame-
ter eliminates the disturbances due to the loss of
samples.

Total carbon (TC), organic carbon (OC) and
total nitrogen (TN) concentrations were measu-
red using an elemental analyzer EA Flash series
1112 and NA2100. Samples for OC determina-
tion were decarbonated with HCl 6M. Inorganic
carbon (IC) was calculated as the difference bet-
ween TC and OC from where calcium carbonate
(CaCO3) contents were obtained using the mo-
lecular mass ratio of 8.33 and assuming that all

’ﬂ‘

IC was in the form of CaCO3. OM contents were
calculated as twice the OC content. Opal (bio-
genic silica) was analyzed using a two-step ex-
traction of 2.5 h with 0.5 M Na2CO3 following
Fabres et al. (2002). Si and Al were measured
with an Inductive Couple Plasma Atomic Emis-
sion Spectrometer (ICP-AES), with the Si con-
tents of the first extraction corrected by the Si/
Al ratio of the second one (Kamatani and Oku,
2000). Corrected Si concentrations were trans-
formed to opal after multiplying by a factor of
2.4 according to Mortlock and Froelich (1989).
The lithogenic fraction was obtained assuming
that the percentage of lithogenics was equal to
100 - (%OM + %CaCO3 + %opal).

2.2.3. Data on external inputs and
oceanographic conditions

Daily river discharge of the Tordera River, which
opens near the Blanes canyon head, were obtai-
ned from the Can Sim¢6 gauging station located
at Fogars de la Selva, 12 km upstream of the river
mouth (Fig. 1). This gauging station is operated
by Agencia Catalana de 'Aigua (ACA).

Dry and wet dust deposition in mg m-2 were
obtained from the Dust Regional Atmospheric
Model BSC-DREAMS8b (Nickovic et al., 2001;
Pérez et al.,, 2006), which is run by the Barcelo-
na Supercomputing Center, for the box 41.00° to
41.50° N and 2.40 to 3.10°E, assuming no signi-
ficant variation across the study area. Total par-
ticles in the air in pg m-3 was supplied by Insti-
tut de Diagnosi Ambiental i Estudis de I'Aigua
(IDZAA-CSIC) from a station situated at 41.77°,
2.35°E, at an altitude of 720 m in the Montseny
massif, 25 km inland from the Tordera River
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mouth. Levels of aerosols were measured con-
tinuously with optical counters (GRIMM 1107),
and the integrated mass of particulate aerosols
with diameters up to 10 um was utilized to cha-
racterize the daily atmospheric scenarios in-
fluencing particulate matter levels, including the
detection of African dust outbreaks, following
the methodology reported by Pérez et al. (2008).

Significant wave height (Hs) was obtained from
the Xarxa d’Instruments Oceanografics i Meteo-
rologics (XIOM) Blanes metocean buoy situated
in the inner shelf 1.8 km offshore the Tordera
River mouth (Fig. 1).

Monthly averaged MODIS-Aqua estimated sea
surface chlorophyll-a concentrations (Chl-a,
mg m-3) were obtained through the European
Commission Environmental Marine Informa-
tion System (EMIS) for the box 41.00° to 41.50°
N and 2.40 to 3.10°E, assuming no significant va-
riation across the study area (emis.jrc.ec.europa.
eu/emis_1_0.php). Chlorophyll concentration
is a standaproduct from satellite-based optical
sensors, usually retrieved from empirical algo-
rithms using reflectance ratios at two or more
wavebands, and Aqua mission is a NASA-cente-
red contribution to the Earth Observing System
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international program.

2.3. RESULTS

2.3.1. Storms and hydrodynamic
conditions

Following Mendoza and Jimenez (2006), two
major storms occurred during the study period
from November 2008 to November 2009, the
first at the end of November 2008 and the se-
cond by the end of December 2008.

Two moderate storms also occurred in late in
January and April 2009. Finally, two milder
events with Hs close to 2 m took place by mid
September and late October 2009, thus totaling
six noticeable events (Fig. 2).

The first major one was a dry northern storm
starting the 28th of November 2008 with Hs
higher than 2 m for 20 h and peak values of 4
m, with no river discharge increase (Fig. 2). This
storm induced southeastward flowing (i.e. fo-
llowing the canyon axis) currents inside the can-
yon peaking at 22 cm s at BC900, 23 cm s at
BC1200 and 14 cm s at BC1500.

The second major was an eastern wet storm
that initiated the 26th of December 2008 with
Hs higher than 2 m for 65 hours, peak Hs of
4.6 m and maximum wave height in excess of
8 m. This was the most extreme storm ever re-
corded instrumentally in the area, with a return
period in excess of 100 years (Sanchez-Vidal et
al., 2012). Rainfall was intense and the Torde-
ra River reached a peak discharge of 50 m3 s-1
(Fig. 2). The storm coincided with an increase in
current speed in all stations within the canyon,
i.e. BC300 (up to 70 cm s*), BC900 (27 cm s™),
BC1200 (32 cm s!) and BC1500 (25 cm s!). In-
creased currents were directed SW (BC300) to
SSE-SE following the canyon axis (Figs. 1 and 3).
A few days delay in current peaks was observed
for the deeper stations, including open slope sta-
tions where current increase because of the 26th
of December 2008 storm was nonetheless lower.

The January and April 2009 moderate storms
surpassed the 2 m threshold for a few hours only
and Hs did not exceed 3.5 m. Both were noticed
only in two mooring stations inside the canyon,
which were BC900 (19 cm s') and BC1200 (28
cm s) for the end of January 2009 storm, and
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BC900 (23 cm s') and BC1200 (27 cm s™) for
the end of April 2009 storm. None of these two
storms translated into noticeable near-bottom
current speed increases in any of the open slo-
pe stations. While the January 2009 storm was
a wet one accompanied by increased river dis-
charge (up to 38 m3 s') with a few days delay
(Fig. 2), the April 2009 one did not record any
increase in river discharge.

Besides storm-related current speed variations,
currentmeter records in canyon stations showed
up and down currents following the canyon axis,
which is indicative of a strong bathymetric con-
trol (Fig. 3A). The annual mean current speed
decreased with increasing water depth, from
BC300 (7.7 cm st) to BC900 and BC1200 (7.0
and 6.7 cm s), and BC1500 (4.2 cm s!), while in
the open slope stations a decrease was also ob-
served from OS900 (5.5 cm s!) to OS1200 (3.0
cm s™') though a slight increase was noticed at
0OS§1800 (4.4 cm s™). Such weak values might be
close to the variability detection capability of the
currentmeters.The moorings registered the local
formation of Western Mediterranean Interme-
diate Water (WIW) in February 2009 inside the
canyon and the arrival of new WMDW between
March and May 2009 inside the canyon and at
the open slope too. In February 2009 the instru-
ments at 300 m inside the canyon recorded mi-
nimum water temperatures of 12.14 °C coupled
with an increased current speed up to 45 cm s
(Fig. 3). The arrival of new dense WMDW from
March to May 2009 was observed as an increase
in salinity (not shown) and a decrease in tem-
perature, with minimum water temperatures of
13.05°C and 12.95°C At BC1200 and OS900 (Fig
3). During an hydrographic survey performed in
May 2009 it could be observed that the plume of
new WMDW arriving at the open slope affected
the lower half of the water column, from about
600 m down to the bottom of the water column,
where turbidity was high (Fig. 4).

2.3.2. Primary production and dust
INnputs

Primary production in the NW Mediterranean
is markedly seasonal. Time series of Chl-a con-
centration during the monitored annual cycle
show two distinct periods: a first one with an in-
creasing trend from November 2008, when Chl-
a started to go up, to March 2009, when Chl-a
concentration peaked at 1.17 mg m-3, followed
by a second period marked by a decreasing trend
leading to very low Chl-a concentration from
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May to October 2009, with the highest year-
round values occurring from early February to
mid March 2009 (Fig. 2C).

Monthly total dust deposition was also highly
variable (Fig. 2D). Relatively low dust inputs
from November 2008 to mid February 2009 were
followed by higher inputs until November 2009.
Wet deposition had a maximum of 11.75 mg m™
by mid May (blue line in Fig. 2D). Dry depo-
sition presents four relative maximums in May,
June and two in July 2009, with values up to 3.33,
1.07,1.84, and 1.65 mg m?, respectively (red line
in Fig. 2D). PM10 levels reached maximum va-
lues of 0.05 mg m™ in late February-March 2009.
12% of the dust input was identified as Saharan
dust, which outbreaks were especially evident
during specific events from April to July 2009
(black dots in Fig. 2D).

2.3.3. Total mass fluxes

Basic statistics of TMFs (maximum, minimum
and standard deviation) as well as time-weighted
fluxes (TWFs) are shown in Table 2. TMFs and
TWFs in the canyon axis were generally one or-
der of magnitude higher than those from the ad-
jacent open slope. Average TMFs were 18.35 and
1.88 g m™d™ in the Blanes Canyon and the open
slope, respectively. Higher fluxes that certainly
occurred at BC300 and BC1200 in December
2008 are minimum estimates due to the over-
flow of the sediment traps by excess flux.

TWFs increased down canyon from 12.68 g m™

ORGANIC
MOORING sTATION  MASSFLUX QRGAES OPAL  CaCO, LITHOGENICS
gm?d’ % % % %
AVERAGE 1206 T68 161 3725 5962
Boson MAX 8267 384 419 4305 7827
o300 M 005 126 027 1914 5560
sD. 2567 067 132  7.00 691
TWETWC 1268 168 145 3705 5062
AVERAGE 14.75 1.96 036 2496 72.73
MAX 3530 222 217 3014 7563
BC900 M 017 182 001 2212 67.76
sD. 1063 010 059 187 187
TWETWC 1539 196 035 2496 7273
AVERAGE 22.52 21 125 2438 72.47
MAX 7538 272 484 2724 8254
B 1200 i 007 173 011 1418 7059
sD. 16.59 022 147 235 228
TWFE-TWC 23.82 211 1.04 2438 72.47
AVERAGE 2657 221 436 2460 6674
MAX 5119 260 724 2503 7220
BC 1800 i 607 198 092 2331  69.66
sD. 2011 023 274 066 266
TWETWC 2657 221 436 2460 6874
AVERAGE  3.43 300 164 2401 7154
MAX 991 515 339 2624 7401
05900 M 054 207 050 2264 6786
sD. 238 074 069 108 196
TWETWC 353 282 164 2401 7154
AVERAGE 220 312 192 2455 7040
MAX 591 557 563 2731 7530
081290 iy 027 234 051 2136 6646
sD. 170 097 125 166 248
TWETWC 229 312 192 2455 7040
AVERAGE 037 520 398 2445 6637
MAX 0.81 8.91 727 2837 72.06
OS 1500y 011 294 231 1899 6144
sD. 024 210 181 293 378
TWETWC 034 520 398 2445 6687
AVERAGE 0.78 3.74 408 2448 67.70
MAX 2550 1066 968 2764 7266
051800 iy 002 278 124 2001 60.06
S 084 226 227 205 422
TWETWC 078 374 408 2448 6770

Table 2.2. Total Mass Fluxes (TMF) (g m2 d1) in La Fonera (from Martin
et al,, 2006), Lacaze-Duthiers (from Pasqual et al., 2010), Cap de Creus
(from Pasqual et al., 2010) andBlanes canyons (year 2003-2004, from
Zuniga et al., 2009) compared to Blanes canyon in 2008-2009 (this stu-
dy). Numbers after the canyon name correspond to the year ofsampling.
Table 22.pdf

d!at BC300 to 15.39 g m* d* at BC900, 23.82 g
m*d*at BC1200 and 26.57 g m*d™* at BC1500,
even though TWFs at BC300 and BC1500 likely
are underestimated due to sediment trap clog-
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Fig. 2.5. Time-series of Total Mass Fluxes (TMF) (g m2 d1) (grey bars) and relative concentrations of major constituent as percentages of total weight,
with organic matter(OM) in red, opal in green, CaCO3 in blue and lithogenics in brown. (For interpretation of the references to color in this figure le-

gend, the reader is referred to the web versionof this article.).

ging after excess flux. In the open slope the lowest
and highest TMFs were recorded at OS1800
(0.01 gm=d"') and OS900 (9.91 gm=d™"). TWFs
decreased down slope from 3.53 at OS900 to
0.78 g m*d™* at OS1800. The temporal variabi-
lity of TMFs is also worth of attention. At the
BC300 station, which record extends from the
beginning of December 2008 to the beginning of
April 2009, maximum TMF values of 82.67 g m™
d! were measured by the end of December 2009
and beginning of January 2009 (Fig. 5). From
February to April 2009, fluxes decreased and re-
mained significantly low (i.e. below 2 g m> d™').
TMEF at BC900 was also high in December 2008

’4_8‘

(up to 35.29 g m* d'), decreased to 0.17 g m™
d! in April 2009 and then increased again up to
25.15 g m? d' in July 2009 (Fig. 5). Deeper in
the canyon axis, at BC1200, TMF was noticea-
bly high. In November 2008 TMF was 32.97 g
m?d”, increasing to 75.38 g m~ d! in December
2008, then decreasing to 0.07 g m™* d' in mid-
January 2009 to increase again in March 2009
when it peaked at 42.21 g m* d'. From March
2009 onwards TMF at BC1200 decreased again
showing a couple of minor relative increases in
late June-early July and from late August to mid
October 2009 (Fig. 5). TMF at BC1500, with



data from November 2008 to February 2009
only, increased up to 50.03 g m™ d™ by the end of
December 2008 and beginning of January 2009,
and showed a second increase up to 51.19 g m*
d"! in February 20009.

In the open slope TMF were significantly lower.
At 058900, two TMF relative increases were
observed in November-December 2008 and
March-April 2009, peaking at 5.76 g m* d! and
7.81 g m™d’, respectively. Then TMF decreased
continuously down to values close to 1 g m=d™.
At OS1200, TMF also increased up to 4.88 g m™
d' in November - December 2008, 4.70 g m=d"
in January 2009 and 5.91 gm™d™' in March 2009.
At OS1500 only samples from May 2009 to end
of October 2009 were recovered. TMF showed
slight augmentations in May 2009 (0.81 g m™
d") and July 2009 (0.68 g m* d™'). Finally, TMF
at OS1800 increased in December 2008 (2.15 g
m™* d') and beginning of April 2009 (2.50 g m™
d?).

2.3.4. Composition of settling par-
ticles

The lithogenic fraction was the dominant com-
ponent of settling particles in both the canyon
and the open slope, averaging 60-72% and 66-
72% of the TMFs, respectively. In all stations the
lithogenic fraction decreased in spring and sum-
mer (i.e. from May to August 2009), a tenden-
cy that was more pronounced in the open slope
environment.

The CaCO3 fraction was the second dominant
component of the settling particles in all sta-
tions, with average values close to 25% except
in the shallowest station, BC300, with 37.25%.
The CaCO3 content was slightly higher in can-
yon stations than in the open slope. Within the
canyon, the maximum CaCO3 contribution to
TMFs was found at BC300, with 43.05%, whi-
le the minimum was at BC1200, with 14.18%,
both extreme values obtained in wintertime, in
December 2008 and February 2009, respecti-
vely. The extreme values (18.99% and 28.37%) in
the open slope were measured in summer (July
2009) and autumn (October 2009) at station
0S1500 (Table 2).

The annual average OM content in the canyon
stations ranged from 2.21% at BC1500 to 1.68%
at BC300. Maximum and minimum contribu-
tions to the TMFs (3.84% and 1.26%) were re-
corded at BC300 in November and December
2008, respectively. In the open slope average OM
values ranged from 5.20% at OS1500 to 3.00%
at 05900, with a maximum value of 10.66% at
the OS1800 station and a minimum of 2.07% at
08900 (Table 2). Two or more OM peaks were
observed in the open slope stations for which
the entire record was available, while no peaks
were found in canyon stations (Fig. 5). OM ave-
rage content showed an increasing trend with
increasing water depth except for the deepest
station OS1800 (Table 2).

Opal concentrations within the canyon were
very low most of the time, with average values
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Fig. 2.6. Organic carbon contents (OC) to opal ratios for the particle trap samples recovered at the open slope (right) and inside the Blanes Canyon (left)
during differentsituations driving mass fluxes: storms (blue dots), offshore convection with phytoplanktonic bloom (green dots), Saharan dust inputs
(red dots) and in absence of any specificevent (black dots). Regression line between OC and opal during the spring bloom and when there is not any
significant event are also shown. (For interpretation of thereferences to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2.7. Total Mass Fluxes (TMF) (g m2 d1) in La Fonera (from Martin et al., 2006), Lacaze-Duthiers (from Pasqual et al., 2010), Cap de Creus (from
Pasqual et al., 2010) and Blanes canyons (year 2003-2004, from Zuiiga et al., 2009) compared to Blanes canyon in 2008-2009 (this study). Numbers after

the canyon name correspond to the year ofsampling.

ranging from 0.36% to 4.36% (Fig. 5 and Ta-
ble 2). The highest values within the canyon,
7.24% and 4.64%, were observed at BC1500 and
BC1200 in wintertime, in December 2008 and
January 2009, respectively. In the open slope sta-
tions opal concentrations were generally higher
and more variable than within the canyon (Fig.
5), with increasing averages with depth going
from 1.64% to 4.08% at OS900 and OS1800, res-
pectively. The maximum opal concentration of
9.68% in the open slope was recorded in June
2009 at OS1800.

24. DISCUSSION

Temporal variability of particle fluxes at all
stations during the monitoring period shows
the occurrence of three periods with increased
TMF caused by different types of drivers, which
are storms, dense shelf water formation, open
sea convection, dust inputs, phytoplanktonic
blooms and bottom trawling.

2.4.1. Impact of storm events on
particle fluxes

The months from November 2008 till the end
of January 2009 were characterized by unstable
weather leading to both dry and wet storms as-
sociated to strong winds, high seas and occasio-
nal heavy rainfall (Fig. 2). Usually the influence
of storms is system-wide, affecting all aspects of
particle remobilization, transport, and deposi-
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tion (Liu and Lin, 2004). During storms, high
wave energy mobilizes shelf sediments, leading
to an increased supply of particles to the subma-
rine canyon (Liu et al., 2006). In our study, for
each of the storms, strong winds triggering high
waves were likely to generate fast currents on the
shelf (Pedrosa-Pamies, 2013). Strong shoreward
winds caused a surge of seawater over and along
the coast that led to an intense, turbid alongsho-
re flow that was captured by the Blanes Canyon
head (Sanchez-Vidal et al., 2012). Such turbid
coastal flow could also have had a contribution
from the invasion of the shelf by the southwards
flowing NC. Furthermore, bottom shear stress
produced by high surface waves alone was
enough to resuspend shelf sediments down to an
abnormally large depth, thus increasing the den-
sity of the shelf water by particle loading thus
easing its flowing into and down canyon. Inside
the canyon, current speed increases up to 70 cm
s at BC300 and 32 cm s at BC1200 following
its axis were recorded. This demonstrates that
the canyon acted as a major conduit for shelf
sediment transport, as also shown by the high
suspended sediment concentrations recorded by
near-bottom transmissometers. The above-des-
cribed situation was particularly well illustrated
by the 26th of December 2008 exceptional eas-
tern storm, as described by Sanchez-Vidal et al.
(2012), and it was probably the case, though to a
lesser extent, of the storms occurring in Novem-
ber 2008 (dry northern storm) and January 2009
(wet eastern storm) too (Figs. 2, 4). The down
canyon transport of resuspended sediments con-
tinues until turbulence, current speed or density



are unable to maintain the particle load in sus-
pension, so that sand sized particles settle in the
upper reaches of the canyon, while the clay sized
particles are transported down canyon (Pedro-
sa-Pamies et al., 2013). This is evidenced by the
high particles fluxes recorded during the three
stormiest months of November and December
2008, and January 2009. Concurrent relatively
high TMFs were also recorded in the open slope
stations, though of lower magnitude (Fig. 5), su-
ggesting that particles were transported not only
down canyon but also across and possibly along
the open slope.

The measurement of fluxes at BC1200 inside
the canyon higher than those in the shallower
station BC900 suggest the lateral transfer of par-
ticles to the canyon axis along the gullies that
indent the middle canyon walls (Fig. 1), possi-
bly accompanied by smaller amounts released
by resuspension taking place between those two
stations. The marked increase of TMFs at the
deepest station BC1500 as a result of the last
storm in January 2009, compared to the sha-
llower stations where fluxes were higher after
the two previous storms, could be explained,
first, by a pronounced exhaustion of resuspen-
dable sediment in the shallowest system com-
partments after the earlier storms and, second,
by the remobilization of sediments temporarily
accumulated into the canyon at depths less than
1500 m. This explanation is somehow similar to
the one given for the transport of suspended se-
diment in torrential rivers experiencing a pro-
gressive reduction of the suspended load after
a succession of events (Alexandrov et al., 2003;
Hudson, 2003; Moreno et al., 2005; Rovira and
Batalla, 2006). This view is supported by the
comparison of TMFs in late January and early
February 2009 amongst all canyon axis stations:
the shallower stations show lower fluxes while
the deepest BC1500 station displays markedly
higher fluxes (Fig. 5). The common initial source
of particles and this step-by-step transport along
the canyon involving the resuspension of parti-
cles previously accumulated in its shallower rea-
ches (Pasqual et al., 2010) helps understanding
the lack of significant compositional differences
in between the fluxes associated to the various
storms that occurred during the winter stormy
period. During that period particle fluxes were
mainly composed of lithogenics with very mi-
nor opal contributions at the canyon stations
(Fig. 5). The low variability of OC contents and
its lack of relationship with opal concentrations

in the canyon stations (Fig. 6) suggest that opal
came probably from resuspended silica skeletal
fragments from the shelf.

Overall, the values measured during the winter
stormy period represent 60% of the TWFs recor-
ded in the Blanes canyon and 44% of the TWFs
in the slope stations. Accordingly, the stormy
period of 2008-09 contributed with 60% of OC
flux in the Blanes Canyon and 40% in the open
slope.

2.4.2. Impact of dense water forma-
tion and primary production on par-
ticle fluxes

In February 2009 a sudden drop in temperature
down to 12.14 °C and an increase in flow velocity
up to 50 cm s at BC300 indicate a WIW forma-
tion event, i.e., likely dense shelf water from the
Gulf of Lions spreading into the Blanes Canyon
as WIW. It is not the first time that dense shelf
waters from the Gulf of Lion reach the Blanes
Canyon (Zuiiga et al., 2009), a process that was
numerically modeled by Ulses et al. (2008). In
winter 2009, dense shelf waters cascading in the
Gulf of Lion was not particularly intense (Puig
et al., 2013), which is also reflected in the Bla-
nes Canyon where the event was of short dura-
tion and did not reach the deeper station (i.e. it
was not recorded at BC1200 and BC1500). The
sediment traps did not present any increase in
TMFs, though we cannot discard clogging of
the receiving cups as a consequence of previous
overflow of some traps, at least the BC300 one.

In March 2009 the recording of colder and sal-
tier waters at the open slope reflects the arrival
of new WMDW flowing along the continental
slope (Fig. 3). The new WMDW tongue was re-
corded over the slope from March to early May
2009, with current speeds up to 26 cm s* and
minimum water temperatures of 12.95°C (Fig 3
and 4). New WMDW forms under extreme win-
ter conditions in the Gulf of Lion and the Ligu-
rian Sea causing strong heat losses that trigger
either dense shelf water cascading or open-sea
deep convection, or both, as it is often the case
(Lopez-Jurado et al., 2005; Durrieu de Madron et
al., 2013). In the most offshore stations OS1200
and OS1800 the maximum fluxes of the whole
monitoring period were recorded in March 2009
(Fig. 5). We hypothesize that this was caused by
resuspension of fine seafloor sediments by open-
sea convection. Recent studies have shown that
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independently of resuspension and transport
by dense shelf water cascading into deep water,
high current velocities associated with open sea
convection have also the ability to resuspend
particles in the deep margin and basin (Martin
et al., 2010; Stabholz et al., 2012). The occurren-
ce of an open sea convection event in the Nor-
thwestern Mediterranean Sea in winter 2008-09
has been documented in CIESM (2009), Sta-
bholz et al. (2012) and Tamburini et al. (2013).
This situation translates into a decrease in the
biogenic components (OC and opal) of particle
fluxes at the onset of the event in March 2009.
After vertical mixing, re-stabilization of the sur-
face layer, and increased insolation, the marked
phytoplanktonic bloom usually occurring in late
winter-spring in the study area (Estrada et al.,
1996; Rossi et al., 2003) caused enhanced Chl-a
concentrations (Fig. 2) and increased the sett-
ling of bio-aggregates. Accordingly, settling par-
ticles were richer in OM and opal (Fig. 5). The
influence of pelagic sedimentation is more noti-
ceable in the open slope than inside the canyon
where it gets diluted because of its own charac-
ter as a dynamic preferential conduit of lithoge-
nics escaping from the shelf. In the open slope
opal concentrations explain 83% of OC variance
(Type-I lineal-regression, p<0.05), while no co-
rrelation amongst these two variables is found
in the canyon (Fig. 6). The persistent mixing
and homogenization of the particulate matter
inside the canyon due to its dynamic behavior
involving stronger currents prevents the seaso-
nal signal associated to pelagic sedimentation to
appear clearly (Fig. 7B). Overall, the 2009 open
sea convection event and associated primary
production contributed with 13% of OC flux in
the Blanes Canyon and 34% in the open slope.

2.4.3. Impact of atmospheric dust
entries on particle fluxes

From June to September 2009 the traps located
in the open slope recorded an increase in orga-
nic compounds (OC and biogenic opal) (Fig. 5)
without any obvious augmentation of superficial
chlorophyll-a concentration as observed from
satellite imagery imagery (Fig. 2). The origin
of fresh material inputs under this situation in
summer months could be perhaps explained by
the development of a deep chlorophyll maxi-
mum closely associated to the nutricline (Estra-
da, 1996). There are processes like windy events
carrying dust to the Northwestern Mediterra-
nean that may to a point compensate nutrient
depletion due to water stratification and sub-
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sequently support secondary blooms (Goutx et
al., 2000; Pasqual et al., 2011). These processes
have been identified as the cause of increased
sinking fluxes of biogenic particles by a number
of authors working in the Northwestern Medite-
rranean Sea (Zuiiga et al., 2007; Lee et al., 2009;
Ternon et al., 2010). Because of its proximity to
North Africa and the Sahara desert, the Medite-
rranean Basin is recurrently affected by the arri-
val of dust from these areas. Large amounts of
mineral dust are thus mobilized from the arid
regions of North Africa and injected into the at-
mosphere under favorable weather conditions
finally leading to deposition over land and sea
surfaces, the later contributing to pelagic sett-
ling all across the Mediterranean Sea (Guerzoni
etal., 1997, 1999; Ridame and Guieu, 2002). This
dust brings new nutrients such as dissolved in-
organic phosphorous and iron to Mediterranean
surface waters, and holds the potential to stimu-
late primary production during summer periods
even though the water column is stratified (i.e.
no inputs of nutrients from deep waters as there
is no vertical mixing).

By the end of spring and early summer 2009 the-
re was a noticeable arrival of Saharan dust (Fig. 2)
to the Northwestern Mediterranean area, which
paralleled the increase in biogenic components
that is visible in our open slope records. The
arrival of new nutrients may have stimulated an
early summer phytoplanktonic growth. Lopez-
Fernandez et al. (2013) pointed out that during
summer 2009 sediment trap samples showed an
increase in both phytopigment contents and nu-
tritional value of the particle fluxes comparable
to the spring bloom increases. Even though the
enhancement of the biological activity induced
by the deposition of Saharan dust was not visible
from MODIS (Fig. 2C), this should not be inter-
preted as a lack of marine biological response, as
tested by Volpe et al. (2009). Instead, it could be
caused by a lack of sensitivity of the satellite sen-
sors in detecting small chlorophyll-a variations,
or simply by the development of a subsurface
deep chlorophyll maximum, as pointed out by
Estrada et al. (1993). The biogenic particle flux
increase was more evident in open slope stations
due to their stronger pelagic influence and a
weaker influence of advected resuspended sedi-
ments. In addition, the higher slope of the OC
vs. opal correlation associated to the enhanced
arrival of Saharan dust compared to that of the
spring phytoplankton bloom (Fig. 6) suggests a



different phytoplankton community developing
due to dust fertilization, with less contribution
of opal indicating a shift from siliceous (diato-
maceous) to carbonate producing organisms.
This idea is supported by high CaCO3 concen-
tration in settling particles in the Blanes Can-
yon, pointing to the sedimentation of organisms
with carbonated shells, which is supported by
the visual inspection of the samples showing
abundant pteropods (Fig.4). This fact prompts a
combination of secondary production and sett-
ling of calcareous phytoplankton.

2.4.4. Impact of bottom trawling on
particle fluxes

Atthe end of the spring and beginning of summer
2009 a relative increase in TMF poorly loaded
with biogenic compounds was observed at 900
m depth in both domains, canyon and open slo-
pe and, to a lesser extent, at 1200 m depth. The
influence of trawling has been hypothesized to
be the cause of such unexpected high particle
fluxes occurring in summer months under calm
seas, low waves and weak river discharge (Puig
and Palanques, 1998; Palanques et al., 2005; Puig
et al., 2012). Indeed the Blanes Canyon and the
adjacent open slopes contain fishing grounds
where bottom trawling is commonly practiced.
The local trawling fleet fishes down to 800 m
depth (Ramirez-Llodra et al., 2010, their Fig. 1),
with the main effort concentrated along the nor-
thern open slope from late winter to early sum-
mer and over the eastern canyon wall from late
summer to mid-winter, with new fishing ground
being opened in the canyon head axis (Company
et al., 2008; Sarda et al., 2009). The western flank
of the canyon is not or poorly fished because of
its steep and rough topography (Ramirez-Llodra
et al., 2010). We hypothesize that the increase in
particle fluxes recorded at 900 and 1200 m in
summer 2009 could have been caused by bottom
trawling leading to the formation of resuspen-
sion clouds (Puig et al., 2012), followed by sub-
sequent particle settling, mostly made by litho-
genic material, directly over the fishing grounds
themselves or at short distance due to lowered
ocean dynamics during that time of the year.
Under more dynamic conditions, like the win-
ter ones, such man-induced resuspension and
settling events are less obvious or unnoticeable
likely due to either dilution amidst of naturally
larger fluxes or to farther transport by faster and

currents, or both.

Overall, the relative weight in the annual to-
tal OC flux by enhanced primary production
linked to dust inputs and by resuspension due
to bottom trawling, mostly occurring synchro-
nously in otherwise quiet late spring and sum-
mer months, is 17% in the Blanes Canyon and
18% in the open slope. Obviously, the synchro-
nic character of these two drivers, dust inputs
and intensified bottom trawling, prevents sepa-
rating the contribution of each of them to total
OC fluxes.

2.4.5. The annual particle flux vari-
ability

Data obtained in the Blanes submarine canyon
and the adjacent slope reveals clear differences
in the amount and the composition of settling
particles in canyon and slope environments. As
found in other submarine canyons nearby such
as La Fonera (Martin et al., 2006) and Cap de
Creus (Pasqual et al.,, 2010), particle fluxes in-
side the Blanes submarine canyon were always
higher (almost one order of magnitude) than
the fluxes recorded in the open slope at the same
depths (Fig. 5). This difference was stronger du-
ring and immediately after storm events, like
the ones of November and December 2008 and
January 2009 (Figs. 2 and 4). This reinforces the
view of deeply incised submarine canyons as
preferential conduits for particle fluxes because
of their topography (Gardner, 1989; Durrieu de
Madron, 1994) and enhanced hydrodynamics,
mainly during storm events (Palanques et al,
2005; Liu et al., 2006; Martin et al., 2006; San-
chez-Vidal et al., 2012).

On an annual basis, TWFs increased down can-
yon to 1500 m of water depth (Table 2 and Fig.
7). However, clogging of the receiving cups at
BC300 after the storm in late December 2008
may have biased TWF in this station, implying
that the observed down canyon increase should
be interpreted with caution for the upper can-
yon reaches. The results from the investigated
annual cycle apparently contradicts previous
work by Zuiiiga et al. (2009), who found a down
canyon particle flux decrease. In 2008-09 flux
values were significantly higher than those mea-
sured by Zuiiiga et al. (2009) for the annual cycle
2003-04. Our values range from 12.68 g m> d*
at 300 m of water depth to 26.56 g m=d™* at 1500
m in 2008-09, while those obtained by Zuiiga et
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al. (2009) vary from 13.98 g m? d" at 600 m to
3.82 gm™d! at 1700 m of water depth. Particle
fluxes in the canyon and slope in 2008-09 were,
therefore, one order of magnitude higher than
those in 2003-04. The number of storm events in
winter 2008-2009 that fed the canyon with high
amounts of sedimentary particles from the shelf
contrasts with a lonely storm in winter 2003-04.
This reveals the high interannual variability of
particle fluxes in the study area, mostly related to
atmospheric forcing eventually involving high
energy processes (see Section 5.1). A similar
down canyon increase in TWF was also detected
in the nearby La Fonera canyon where Martin
et al. (2006) and Palanques et al. (2006) sugges-
ted an influence by storm events and bottom
trawling activities too.

In the open slope, TWFs show the typical de-
crease with increasing distance from shore (Fig.
7). TWF values ranged from 3.53 g m™d™ in the
surface station OS900to 0.77 gm=d™ in OS1800.
This evidences that the influence of hydrodyna-
mic processes is much less in the southern open
slope compared to the Blanes Canyon, which is
in correspondence with a dominant hemipelagic
origin of particles reaching the open slope floor.

The composition of TMFs was in general rather
stable (Fig. 5), with a predominant (around
70%) lithogenic fraction. This tendency was
more prominent inside the canyon (Fig. 6),
where OC and opal contributions did not vary
significantly with changing TMFs. This points
to a strong homogenization of the particulate
matter transported within the canyon during se-
diment resuspension and settling cycles, but it
could also be that the resuspended particles are
already made of old and refractory material. In
contrast, OC and opal concentrations in settling
particles in the open slope present higher varia-
bility and decrease with increasing TMFs (Figs.
5 and 6), suggesting again that the main influen-
ce on particle fluxes in the open slope are hemi-
pelagic processes.

2.5. CONCLUSIONS

The spatial and temporal distribution of total
mass fluxes and fluxes of major components
allow differentiating two domains with dis-
tinct behavior in the study area: 1) the canyon
domain, where particle fluxes are influenced
by frequent lateral inputs from the continental
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shelf, the upper canyon reaches and the gullies
carved in the canyon flanks, and 2) the open slo-
pe, where seasonal trends become predominant
in determining the quantity and composition of
settling particles, which carry a clear pelagic sig-
nal.

This study reinforces the view that submari-
ne canyons act as preferential conduits for the
transport of particles from the continental
shelf to the deep margin and basin, in accor-
dance with previous works in different can-
yons of the Western Mediterranean Sea such as
Lacaze-Duthiers, Cap de Creus, La Fonera and
Foix canyons (Heussner et al., 2006; Martin et
al., 2006; Pasqual et al., 2010; Puig et al., 2000,
among others). At the same depths, particle
fluxes were one order of magnitude higher in the
Blanes Canyon than in the open slope. The high
amounts of sedimentary particles transported
through the Blanes Canyon can be explained by
the relatively large sediment drainage area (i.e.
the wide continental shelf to the north) opening
into the canyon, the incision length of the can-
yon into the shelf, the closeness of its head to the
shoreline and the proximity of the Tordera River
mouth. All this results in the release of conti-
nental and resuspended material mostly during
weather-driven high-energy events, which drive
the capture of high mass fluxes by the submari-
ne canyon. The transfer of particles to the mid
canyon and deeper can be further enhanced by
lateral inputs from a dense network of gullies
carved in the canyon flanks, including suspen-
sates released by bottom trawling in canyon
flanks themselves as shown by Puig et al. (2012)
in the nearby La Fonera Canyon. Particle inputs
by bottom trawling become evident especially
in the environmentally quiet summer months,
when they are not masked by the much higher
inputs resulting from natural, high-energy dri-
vers. In contrast, particle fluxes in the open slope
are more influenced by other types of hydrody-
namic forcing, such as (i) the arrival of recently
formed deep waters in the open Northwestern
Mediterranean Sea during convection events,
which might resuspend slope sediments, and (ii)
the sedimentation of biogenic particles produ-
ced during phytoplanktonic blooms and occa-
sional dust events.
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CAPITULO 3

BIOAVAILABILITY OF SINKING
ORGANIC MATTER IN THE
BLANES CANYON AND THE
ADJACENT OPEN SLOPE (NW
MEDITERRANEAN SEA)

RESUMEN

En el capitulo 3, se estudia a diferencia en la biodisponibilidad de la materia organica entre el caiidn
submarino de Blanes y el talud adyacente. En este capitulo se hace una descripcion de los factores
ambientales que pueden influir en dicha diferencia y la repercusién que supone para los ecosistemas
profundos.

Los cafiones submarinos son lugares de intenso intercambio de energia y de material entre la platafor-
may las cuencas adyacentes profundas. Para probar la hipétesis de que los cafiones submarinos activos
representan conductos preferenciales de alimentos disponibles para el bentos de aguas profundas, se
colocaron dos lineas de fondeo a 1200 m de profundidad desde noviembre 2008 hasta noviembre 2009
en el interior del candn de Blanes y en el talud adyacente (Margen catalan, Mar Mediterraneo norocci-
dental). Se investigaron los flujos de carbono organico (OC), la composicién bioquimica y calidad de
los alimentos en sedimentacion. Los flujos de OC en el caidn y en el talud adyacente variaron entre los
periodos de muestreo, aunque no de manera consistente en los dos sitios. En particular, mientras que
en el talud adyacente los flujos mayores de OC fueron observados en agosto de 2009, en el caiién los
flujos mas elevados de se produjeron en abril-mayo de 2009. Durante casi todo el periodo de estudio,
los flujos de OC en el cainén fueron significativamente mayores que los del talud adyacente, mientras
que la concentracion de particulas de OC en el talud fue consistentemente mds alta que en el caidn.
Este resultado confirma que los cafiones submarinos son vias eficaces de OC a las profundidades del
mar, las particulas transferidas son predominantemente de origen inorganico. Utilizando analisis es-
tadisticos multivariantes, fueron identificados dos grupos principales de periodos de muestreo: uno
en el caién que agrupa las muestras de trampas recogido en diciembre de 2008, coincidiendo con la
aparicion de una fuerte tormenta en la superficie del mar, y se asocia con el aumento de los flujos de
particulas nutricionalmente disponibles de la plataforma superior; y un segundo grupo que incluye las
muestras, tanto del caién y del talud recogidas en marzo de 2009, conjuntamente con la ocurrencia
de la floraciéon de fitoplancton estacional en la superficie del mar, y se asocia con el aumento de los
flujos de fitopigmentos totales. Nuestros resultados confirman el papel clave ecoldégico de los cafiones
submarinos para el funcionamiento de los ecosistemas de aguas profundas, y pone de manifiesto la
importancia de los cafiones en la vinculacion de las tormentas episédicas y produccién primaria que
ocurren en la superficie del mar hasta el fondo del mar
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ABSTRACT

Submarine canyons are sites of intense energy and material exchange between the shelf and the deep
adjacent basins. To test the hypothesis that active submarine canyons represent preferential conduits
of available food for the deep-sea benthos, two mooring lines were deployed at 1200 m depth from
November 2008 to November 2009 inside the Blanes canyon and on the adjacent open slope (Cata-
lan Margin, NW Mediterranean Sea). We investigated the fluxes, biochemical composition and food
quality of sinking organic carbon (OC). OC fluxes in the canyon and the open slope varied among
sampling periods, though not consistently in the two sites. In particular, while in the open slope the
highest OC fluxes were observed in August 2009, in the canyon the highest OC fluxes occurred in
April-May 2009. For almost the entire study period, the OC fluxes in the canyon were significantly
higher than those in the open slope, whereas OC contents of sinking particles collected in the open
slope were consistently higher than those in the canyon. This result confirms that submarine canyons
are effective conveyors of OC to the deep sea. Particles transferred to the deep sea floor through the
canyons are predominantly of inorganic origin, significantly higher than that reaching the open slope
at a similar water depth. Using multivariate statistical tests, two major clusters of sampling periods
were identified: one in the canyon that grouped trap samples collected in December 2008, concu-
rrently with the occurrence of a major storm at the sea surface, and associated with increased fluxes of
nutritionally available particles from the upper shelf. Another cluster grouped samples from both the
canyon and the open slope collected in March 2009, concurrently with the occurrence of the seasonal
phytoplankton bloom at the sea surface, and associated with increased fluxes of total phytopigments.
Our results confirm the key ecological role of submarine canyons for the functioning of deep-sea
ecosystems, and highlight the importance of canyons in linking episodic storms and primary produc-
tion occurring at the sea surface to the deep sea floor
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3.1. INTRODUCTION

Continental margins are the edges of continents
and represent a zone of strong interactions be-
tween the continent, the open ocean, and the
atmosphere (Weaver at al., 2004) These interac-
tions drive margin’s hydrodynamic conditions,
which in turn control the dispersal of particulate
matter fluxes on the shelf and towards the open
sea (Levin and Dayton, 2009). Many previous
investigations have shown that continental mar-
gins may represent a reservoir of particulate or-
ganic matter, often derived from river discharge,
which, while transported downslope, represent
a key food source for the benthos (Walsh, 1991).
Organic carbon (OC) transport to the deep sea
is mediated through vertical fluxes of particles,
which, in turn, are influenced by the general cli-
mate (Smith et al., 2009), local hydrodynamic
conditions (Bonnin et al., 2008) and the pres-
ence of different benthic habitats (Pusceddu et
al., 2010a). Among these, the submarine can-
yons indent the continental margins all over the
world (Harris and Whiteway, 2011) representing
the more intense zone of exchange between the
upper continental slope and bathyal-to-hadal
depths. Submarine canyons may act as a major
forced conduit of material to the deep sea (Ca-
nals et al., 2006).

A recent investigation carried out along the
Mediterranean Sea pinpointed that not all sub-
marine canyons are active conveyors of material
to the deep adjacent basin nor are characterized
by significant differences in sedimentary organ-
ic matter content and biochemical composition
when compared with the adjacent open slopes
at similar depths (Pusceddu et al., 2010a). Ba-
sically, such lack of consistency can be ascribed
to a recurrently missing temporal (seasonal)
replication of the data. It is indeed most likely
that the input of particulate organic material to
the ocean’s interior through canyons can be sea-
sonal (e.g., Fabres et al., 2008), with the highest
peaks associated with phytoplankton blooms in
the upper layers of the water column (Pasqual
et al, 2011) or with episodic events, including
storms (Palanques et al., 2008; Sanchez-Vidal et
al., 2012) and dense shelf water cascading (Tesi
et al., 2008; Pasqual et al., 2010; Pusceddu et
al., 2010b). In addition, the chemical composi-
tion of organic particles changes during sinking
because of the consumption by heterotrophic
plankton (including prokaryotes) (Hedges et al.
2001). It has indeed been estimated that about

10% of the primary production falls to a depth
0f 400 m, whereas only about 1% reaches 5000 m
(Murray, 1992). This, traditionally, has led most
deep-sea ecologists to conceive the deep sea as
“nutritionally deprived” environment, missing
local primary productivity and being fuelled by
very low amounts of nutritionally poor organ-
ic particles (Gage and Tyler, 1991; Druffel and
Robinson, 1999).

In recent years, the debate about the food limi-
tation of the deep-sea benthos has continued
and led to less conservative theories (Smith et
al., 2008; Glover et al., 2010; Soetaert and van
Oevelen, 2010). This has been mostly due to the
fact that several studies have pointed out that
the total amount of organic matter is not fully
representative of the food quality of particles
(Grémare et al., 1998; Misic and Covazzi-Har-
rigue, 2008; Pusceddu et al., 2009). Total OC is
indeed composed of a biopolymeric fraction,
made of biopolymers (including protein, car-
bohydrate and lipids) of relevance for hetero-
trophic nutrition (Fabiano and Pusceddu, 1998)
and a complex/geo-polymeric fraction, adhered
to inorganic particles and mostly refractory to
consumption (Mayer, 2004; Grémare et al., 2002;
Pusceddu et al, 2009). Early studies indeed
demonstrated that among biopolymeric com-
pounds, total proteins and lipids often explain
the largest proportion of variations in the mac-
ro- and meiofauna growth (Grémare et al., 1997;
Grémare et al., 1998) Moreover, not the whole
biopolymeric fraction of suspended particles
can be rapidly digested by metazoan consumers,
as, generally, less than 15-50% of particulate or-
ganic C is enzymatically digestible (Grémare et
al., 2003; Pusceddu et al., 2003; Grémare et al,
2005; Dell’Anno et al., this issue).

To our best knowledge, information about the
digestible fraction of sinking organic particles
towards the deep sea is practically not existent.
Indirect estimates have been made based on sed-
imentary data (DellAnno et al., 2000; Grémare
et al., 2005; Mayer et al., 1995; Vandewiele et al.,
2009), but direct measures on trap samples are
not available, yet.

In this study, we investigated the biochemical
composition of particulate organic matter and
its bioavailability to benthic consumers (using
an enzymatic approach enabling the determina-
tion of the potentially digestible fraction), set-
tling down along the water column during one
year-long (November 2008-November 2009)
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Fig. 3.1. Bathymetric map of Blanes canyon showing the location of the
mooring station in Blanes canyon axis (BC1200) and in the adjacent
southern open slope (0S1200). The location of Tordera River and the
meteorological buoy is also shown. Depth in meters.

intensive (weekly) sampling activity carried out
comparatively inside the Blanes canyon and on
its adjacent open slope (Catalan Margin, NW
Mediterranean Sea), at the same water depth.

3.2. MATERIAL AND METHODS

3.2.1. The study area

The Blanes canyon (Figure 1) is oriented in N-S
direction and located in the northern Catalan
margin (NW Mediterranean Sea). The Catalan
margin is characterized by very complicated sea-
floor topography, showing a narrow continental
shelf deeply incised by other canyons (Amblas
et al., 2006). The head of Blanes canyon is less
than 4 km from the coast, at 60 m depth. The

@

Tordera River mouth is located near the head of
the canyon. Occasionally, its main discharge cor-
responds to short-lived episodic floods (Rovira
and Batalla, 2006). The canyon has a V-shaped
cross section in the shoreward region character-
ized by a strong erosion, and a U-shaped cross
section collecting sediment deposition from
upper areas more offshore (Lastras et al., 2011;
Figure 1). Currents inside the canyon are strong-
ly influenced by the topography of the canyon
walls, with a highly variable flow in the smooth
wall at the East and a unidirectional offshore
flow over the western wall forced by its shallow
and sharp topography (Zuiiga et al., 2009).

3.2.2. Sampling of sinking particles

Two mooring lines were deployed for one year
(November 2008-November 2009) at two sta-
tions located at 1200 m depth, one inside the
canyon and one in the adjacent open slope (Fig-
ure 1). Each line was equipped with sediment
trap-current meter pairs, positioned at 25 m
above the sea bottom. Sediment traps (Techni-
cap PPS3) were equipped with 12 receiving cups
with a cylindrical-conical shape with a height/
diameter ratio of 2.5 and a collecting area of
0.125 m?* The traps were programmed with an
interval of 7 to 8 days, which resulted in 48 se-
quential samples per station till the end of the
monitoring period. Prior to the deployment, in
the laboratory, the rotator collector was cleaned
with detergent and rinsed several times with
distilled water. Receiving cups were filled with a
sodium borate buftered 5% formaldehyde solu-
tion in 0.45 um pre-filtered sea water to avoid
degradation of the collected particles.

In long term sediment traps, the use of preserva-
tive in the collecting cups is required to mini-
mize microbial influence (Gardner, 1983). This
may cause some analytical problems with the
determination of some classes of organic com-
pounds, but previous works demonstrated that
the use of formaldehyde as preservative does
not affect the determination of protein, carbo-
hydrate and lipid contents when compared to
untreated samples (Wakeham, 1993; DellAnno
et al., 2002). The only possible problem is the
lethal effect of the preservative on zooplankton
that can lead to collections which do not repre-
sent vertical fluxes. For this reason larger swim-
mers (including all organisms that do not fall
gravitationally through the water column but
enter actively the traps) were removed before the



analyses (Owens et al., 2013). After recovering,
samples were stored in the dark at 2-4 °C until
they were processed in the laboratory.

Once in the laboratory, the samples were visual-
ly checked and the supernatant removed. Swim-
mers were removed by wet sieving (using sea
water) on a 1-mm nylon mesh and hand-picking
under a dissecting microscope. A high precision
peristaltic pump was then used to obtain sub-
samples through repeated splitting of the rinsed
raw samples. After that, formaldehyde and salt in
excess were removed using centrifugation with
cold Milli-Q water to avoid organic matter ex-
plosion, and were then freeze-dried and stored
at 4°C in the dark until further analysis. After
ground to a fine powder, samples were weighed
and the total mass flux (TMF) calculated using
the dry weight, the trap collecting area and the
sampling interval. TMF were normalized to mg
m?2d".

3.2.3. Biochemical composition
and bioavailability of POM

Organic carbon (OC) concentrations in the sink-
ing particles were measured using an elemental
analyzer (EA Flash series 1112 and NA2100).
Organic carbon (OC) was obtained by acid di-
gestion with HCI 6M of the total carbon.

Biogenic silica (opal) was analyzed using two
segmented step extractions with 0.5 M Na,CO,,
according to Fabres et al. (2000). Si and Al were
measured using an Inductively Couple Plasma
Atomic Emission Spectrometer (ICP-AES).

Chlorophyll-a and phaeopigment analyses were
carried out according to Lorenzen and Jef-
frey (1980). Pigments were extracted (12 h at
4°C in the dark) from triplicate sub-aliquots of
the trap material (about 10 mg of freeze dried
material) and the sediment (10-20 mg lyophi-
lized sediment), using 3-5 ml of 90% acetone
as extractant. Extracts were analyzed fluoro-
metrically to estimate chlorophyll-a, and, after
acidification with 200 pl 0.1N HCI, to estimate
phaeopigments. Different methods for assessing
chlorophyll-a concentrations in marine particles
can provide different under- or over- estimates
(Pinckney et al., 1994), largely because of the
relative importance of the chlorophylls’ degra-
dation products, which are particularly abun-
dant in deep-sea sediments or particles sunk
into traps (Szymczak-Zyta and Kowalewska,
2007). For this reason, Chlorophyll-a and pha-

eopigment concentrations were summed up
and reported as total phytopigment concentra-
tions (Pusceddu et al. 2009). These were then
converted into C equivalents using a conversion
factor of 40 ug C pg chlorophyll-a' (Witbaard
et al., 2000; Van Oevelen et al., 2011). Protein,
carbohydrate and lipid particle contents were
analyzed spectrophotometrically as described
in Danovaro (2010) according to Rice (1982),
Gerchacov and Hatcher (1972) and Marsh and
Weinstein 1966, respectively, and concentra-
tions expressed as bovine serum albumin (BSA),
glucose and tripalmitine equivalents, respective-
ly. The fractions of protein and carbohydrate en-
zymatically digestible were assessed as described
in Danovaro (2010) according to Dell’Anno et al.
(2000) and reported as BSA and glucose equiva-
lents, respectively.

Total carbohydrate, protein and lipid contents
were converted into carbon equivalents (mg C
mg™') using the conversion factors of 0.40, 0.49
and 0.75, respectively, and their sum defined
as the biopolymeric organic carbon (BPC) (Fa-
biano et al., 1995). Bioavailable organic carbon
(BAOC) concentration was calculated as the
sum of digestible proteins and carbohydrates
converted into carbon equivalents by using the
same factors as for their total pools (Danovaro et
al. 2001; Pusceddu et al., 2003). The algal contri-
bution to BPC was calculated as the percentage
of total phytopigments, once converted into C
equivalents, to BPC concentrations.

According to Pusceddu et al. (2010a), we used
the algal contribution to BPC as a gross descrip-
tor of freshness of organic particles (Pusceddu et
al., 2000; 2009; 2010). The percentage fraction of
BAOC over BPC was used as a descriptor of OM
food availability for consumers (Pusceddu et al.,
2003; Danovaro et al., 2001).

3.2.4. Statistical analyses

To test for temporal variations in the rates of
fluxes, biochemical composition and bioavail-
ability of sinking particulate organic matter in
the Blanes canyon and the adjacent open slope
we used 2-way permutational analyses of vari-
ance (PERMANOVA; Anderson, 2001; McArdle
and Anderson, 2001). The design included two
orthogonal factors: seabed morphology (2 fixed
levels: canyon vs. slope) and sampling time (44
fixed levels, each corresponding to about one
week of particle collection by the trap). The anal-
yses were carried out for each variable separately
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Fig. 3.2. Current speed and direction plots at 21 mab in Blanes canyon (a) station and open slope (b). Radial axes in current direction polar plots are

equivalent to the y-axis of current speed plots (cm s7).

Station Mass %0C  %Opal CPE Total Labile Total Labile Total Biopolymeric  Bioavailable
flux protein  protein  carbohydrate  carbohydrate lipid C C
[em™2d7'] [%]  [%] [uge™'] [mge™'l (%] [mgg] (%] [mgg™']  [mgCg™] (%]
Average 22.90 1.1 1.1 49.27 2.43 17.1 2.85 55.1 1.62 3.55 235
Max 101.09 1.4 49 157.09 4.93 48.0 5.10 100.0 3.45 6.91 432
Blanes Min 0.05 0.7 0.0 18.29 0.66 1.2 1.04 6.9 1.02 1.75 11.6
canyon S.D. 18.34 0.1 1.3 31.52 1.04 13.0 0.89 242 0.49 0.96 6.9
C.V. 0.80 0.09 1.18 0.63 0.42 0.76 0.31 0.43 0.30 0.27 0.29
Total 1099.11 1.0 1.0 2217.24 116.56 17.1 136.90 55.1 78.00 170.37 235
N 44 44 44 44 44 44 44 44 44 44 44
Average 2.10 1.6 2.0 140.56 2.50 11.9 7.20 23.8 2.77 6.18 13.5
Max 7.36 3.5 7.2 572.97 7.09 54.5 23.69 64.6 7.58 16.46 50.5
Open Min 0.00 1.1 0.1 1.17 0.02 0.5 0.29 1.4 0.01 0.20 6.5
slope S.D. 1.94 0.5 1.4 138.64 1.78 113 4.52 12.7 1.62 3.35 9.4
C.V. 0.88 0.30 0.71 0.98 0.71 0.94 0.62 0.53 0.58 0.54
Total 98.85 1.6 2.0 6606.14 117.32 11.9 338.26 23.8 130.08 290.35 13.5
N 44 44 44 44 44 44 44 44 44 44 44

Table 3.1. Statistical parameters of total mass flux and biochemical composition of fluxes (Phytopigment, protein, carbohydrate, lipid, labile protein and
carbohydrate, biopolymeric and bioavailable carbon contents) from sediment traps located in the Blanes canyon and the adjacent open slope. S.D. refers

to standard deviation. C.V. refers to coefficient of variation.

under unrestricted permutation of raw data (999
permutations), after calculation of Euclidean
distances of normalized data. When significant
differences were observed, pairwise comparison
tests were carried out to assess the direction of
differences between the two morphologies at
each sampling time/period and among sampling
periods/times, separately for each seabed mor-
phology. The same designs and tests were used
to assess temporal variations in the composi-
tion of sinking organic matter across the can-
yon and the adjacent open slope. The analysis
was conducted including phytopigment, total
and hydrolysable protein, total and hydrolysable
carbohydrate and total lipid contents and using
999 permutation of residuals under the reduced
model. Further, to visualize patterns of variabil-
ity in the biochemical composition of sinking
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material bi-plot representations after a canoni-
cal analysis of principal coordinates (CAP) were
also produced. All statistical tests (PERMANO-
VA and the associated pairwise comparisons,
CAP and the bi-plots) were carried out using the
PRIMERG6+ software, using the PERMANOVA
and CAP routines.

3.3 RESULTS

3.3.1. Environmental conditions

Details on atmospheric assets during the study
period are described elsewhere (Lopez-Fernan-
dez et al., submitted). Indeed several sequen-
tial storms affected the study area in autumn
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Fig. 3.3. Time series of total mass, organic carbon and opal fluxes (mg m= d!) and relative organic carbon and opal contribution (black line represents
the % of the compound to TMF) from the sediment traps in the Blanes canyon and the adjacent open slope at 1200m depth.

2008-winter 2009 with the major storm being
recorded at the end of December 2008 (Sanchez-
Vidal et al., 2012). The storms, with increased
wave height and Tordera river discharge, trig-
gered increased current speeds along the Blanes
canyon (Sanchez-Vidal et al., 2012; Lopez-Fer-
nandez et al., 2013). In addition between March
and May 2009 the current meter, deployed in the
open slope recorded the intrusion of Western
Mediterranean Deep Waters (WMDW) (data
not shown). This water intrusion was originated
in the Gulf of Lions and travelled on the slope,
following the stream to the north. Such plume
was not recorded by the mooring deployed in
the canyon.

Opverall, inside the Blanes canyon, near-bottom
currents were generally strongly constrained by
its topography, oriented along the canyon axis in
both the up and down directions. Slope currents,
in contrast, did not show specific trends (Lopez-
Fernandez et al., 2013). Maximum current speed
was registered at the canyon mooring (up to 45.5
cm s in January 2009). The maximum current
speed on the slope (26.4 cm s™) was observed in

March 2009 (Figure 2 a-b).

3.3.2. Total mass, OC and opal flux

Total mass flux, OC and opal percentage contri-
butions to TMF in Blanes canyon and the adja-
cent open slope are summarized in Table 1 and
have been previously discussed by Lopez-Fer-
nandez et al. 2013, which focuses on the physi-
cal drivers of total mass and major components
fluxes (organic matter, carbonate, biogenic silica
and aluminosilicates contents) Throughout the
present paper, the Total Mass Flux (TMF) and
its elemental composition are provided as a gen-
eral framework for better interpreting biopoly-
meric and bioavailable OC fluxes. TMF and the
OC and opal percentage contributions to TMF
yielded highly contrasting values amongst the
canyon and open slope. The mean mass flux in
the canyon was consistently up to one order of
magnitude higher than that in the adjacent open
slope (Figure 3). Despite the differences in the
mass flux mean values and in variation ranges,
the two stations show similar variation coeffi-
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Table 3.2. Results of univariate and multivariate analyses of variance testing for habitat and temporal variability in fluxes and biochemical composition of

Variable Contrast df MS F P

Phytopigment Canyon vs. Slope (M) 1 54.298 3417 ™
Sampling Time (T ) 43 3253 115190 77
MxT 43 1589  562.63 7
Residuals 176 0.003

Algal fraction of BPC ~ Canyon vs. Slope (M) 1 32.79 3223 ™
Sampling Time (T ) 43 4254 21311 7
MxT 43 1.018 5097 7
Residuals 176 0.020

Total protein Canyon vs. Slope (M) 1 0.775 023 ns
Sampling Time (T) 43 2.239 2011 7
MxT 43 3.403 30.56 7
Residuals 176 0.111

Labile protein Canyon vs. Slope (M) 1 5.560 1.73 ns
Sampling Time (T ) 43 2.567 49.19 7
MxT 43 3.207 61.44
Residuals 176 0.052

Labile protein fraction ~ Canyon vs. Slope (M) 1 2.487 0.70 ns
Sampling Time (T) 43 2372 7495 M
MxT 43 3557 11241 7
Residuals 176 0.032

Total carbohydrate Canyon vs. Slope (M) 1 117.630 62.19 7
Sampling Time (T ) 43 1.421 8557 7
MxT 43 1.892 11388 77
Residuals 176 0.017

Labile carbohydrate Canyon vs. Slope (M) 1 8.289 2.70 ns
Sampling Time (T ) 43 2.335 1825 ™7
MxT 43 3.065 2396 7
Residuals 176 0.128

Labile carbohydrate Canyon vs. Slope (M) 1 104.580 4901 7

fraction Sampling Time (T) 43 1.381 3340 7
MxT 43 2.134 51.60 77
Residuals 176 0.041

Total lipid Canyon vs. Slope (M) 1 85979 4941
Sampling Time (T ) 43 2.190 4795 M
MxT 43 1.740 3811 7
Residuals 176 0.046

Biopolymeric C Canyon vs. Slope (M) 1 70.291 35.58 7
Sampling Time (T) 43 2.223 32.18 7
MxT 43 1.976 28.60 77
Residuals 176 0.069

Bioavailable C Canyon vs. Slope (M) 1 1.405 0.42 ns
Sampling Time (T) 43 2.053 13.03 77
MxT 43 3.386 2149 7
Residuals 176 0.158

Bioavailable fraction Canyon vs. Slope (M) 1 102.520 57.99 7

of BPC Sampling Time (T ) 43 1.720 2885 77
MxT 43 1.768 29.65 7
Residuals 176 0.060

Biochemical Canyon vs. Slope (M) 1 515.170 5570 7

composition Sampling Time (T ) 43 14.716 80.18 7
MxT 43 9.249 5039 7
Residuals 176 0.184

fluxes in the Blanes canyon and the adjacent open slope. =P <0.001; ns=not significant. df refers to degrees of freedom.
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cients (0.8 and 0.9, respectively) (table.1).

In the open slope TMF shows three maximum
peaks in mid-December 2008, mid-January and
March 2009 (5.4, 7.4 and 7.1 g m? d respec-
tively) and three minimum values in November
2008, January and end of June 2009 (1.4, 1.5 and
0.3 g m* d! respectively).(Figure 3).

In the Blanes canyon the fluxes increased sub-
stantially during winter. TMF shows four maxi-
mum peaks in December 2008, March, June and
October 2009 (101.1, 55.2,29.8 and 23.3 g m>d"!
respectively) and three minimum peaks in Feb-
ruary, mid-May and September 2009 (0.1, 8.8
and 7.5 g m™ d"' respectively) (Figure 3).

OC contribution to TMF in the open slope was
consistently higher than in the canyon, with four
relevant peaks in November 2008, and January,
April and August 2009 (2.2, 2.3, 2.4 and 3.5%,
respectively). OC contribution to TMF in the
canyon was relatively stable throughout the
study period (range 0.7-1.4%) with two apparent
peaks at the end of March and end of April (1.4%
and 1.3% respectively) (Figure 3 ).

Opal contribution to TMF in the open slope co-
varied with the OC contents, showing four rel-
evant peaks in November 2008 (2.5%), January
(3.7%), April (7.2%) and August (5.7%) 2009.
In the Blanes canyon the opal content of TMF
showed three relevant peaks in November 2008
(3.0%), January (4.7%) and October (4.9%) 2009
(Figure 3).

3.3.3. Biochemical composition
and bioavailability of OM

Phytopigment, protein, carbohydrate, lipid, BPC
and BAOC contents of sinking particles in the
study area are reported in Table 1. The 2-way
univariate ANOVAs revealed that the contents
of all investigated variables in sinking particu-
late material were significantly affected by the
interaction between the two tested factors (Time
x spatial) (Table 2).

3.3.3.1. Open slope

In the open slope, the contents of almost all
organic compounds show wide and significant
temporal variations, characterized by an increase
from March to April 2009, a decrease from May
to July 2009, and a maximum peak in August
2009 (Figure 4 a). Only total phytopigment and
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protein contents peaked early (in February 2009
and May 2009, respectively). Total carbohydrate
concentrations ranged from 3.8 to 23.7 mg g’
and displayed significant temporal variations
with significant peaks in April 2009 (11.7 mg
g') and August 2009 (23.7 mg g*). Overall, the
digestible fraction of carbohydrates was about
24% of the total carbohydrate pool, with a peak
(65%) in February 2009 (corresponding to 2.5
mg labile carbohydrates g'). Total protein con-
centrations ranged from 0.02 to 7.1 mg g, and
displayed three significant peaks at the end of
January (7.09 mg g'), in April (3.5 mg g"') and
at the end of July 2009 (3.5 mg g'). Labile pro-
teins represent on average about 12% of the to-
tal protein pool, with a maximum value of 54%
(corresponding to a concentration of 0.9 mg g™)
in December 2008. Total lipid concentrations
follow the same temporal pattern as the one
observed for total carbohydrates, ranged from
1.4 to 7.6 mg g with significant peaks in April
2009 (6.3 mg g'), and August 2009 (7.6 mg g).
Opverall, total particulate carbohydrates were the
dominant class of organic compounds with an
average contribution to the BPC around 46%,
followed by lipids (33%) and proteins (21%).
BPC represents about 35% of the total OC flux
in the open slope (range 1-51% with a 36% of
variation on an annual basis). A minor fraction
(on average 16%, range 6-50%) of BPC reaching
the sea bottom in the slope was enzymatically
digestible. Total phytopigment concentrations
explained only 23% of BPC variance (Type-I
regression, n=144, p<0.05), with the remain-
ing 67% of BPC reaching the open slope sedi-
ments being associated with non-algal sources.
BPC and BAOC covary significantly in the open
slope, with about 72% of BPC variance being ex-
plained by variations in BAOC contents (Type-I
regression, n=144, p<0.001).

3.3.3.2. Canyon

In the canyon, the contents of almost all organic
compounds show wide and significant tem-
poral variations, most of them were character-
ized by an increase from March to May 2009,
with a maximum peak in May 2009, and a de-
crease from June 2009 (Figure 4 b). Total car-
bohydrate contents ranged from 1.5 to 5.1 mg
g' and peaked in May 2009 (5.1 mg g'), when
the highest peak in labile carbohydrate content
(2.9 mg g') was also observed. Overall, enzy-
matically digestible carbohydrates in the fluxes
of the Blanes canyon were about 58% of the total
carbohydrate pool. Total protein concentrations



do not display any significant peak, though gen-
erally higher protein contents were observed in
April-May 2009 and ranged from 0.6 to 4.9 mg
g'. Overall, labile protein represented on aver-
age about 17% of the total protein pool, with a
relative peak in April 2009 (48%), correspond-
ing to 1.1 mg of labile protein g'. Total lipid
ranged from 1.0 to 3.5 mg g and followed the
same temporal pattern as the one observed for
total carbohydrate contents with higher values
in March-April 2009 (up to 3.5 mg g"'). In the
Blanes canyon, protein, carbohydrate and lipid
contributed, on annual average, almost equally
(almost 33% each) to the BPC flux. In the can-
yon, BPC represents, on annual average, about
33% of the total OC flux (range 20-49%, with a
17% of variation on an annual basis). About 24%
(range 11-43%) of BPC reaching the sea bot-
tom in the canyon was enzymatically digestible.
Total phytopigment concentrations explained
about 64% of BPC variance (Type-I regression,
n=144, p<0.05), with the remaining 36% of BPC
reaching the canyon sediments being associated
with non-algal sources. BPC and BAOC covary
significantly also in the canyon, with about 85%
of BPC variance being explained by variations
in BAOC contents (Type-I regression, n=144,
p<0.001).

3.3.3.3. Comparison between fluxes in the
open slope and the canyon

Pairwise comparison tests revealed that, for al-
most the entire study period, fluxes of all investi-
gated variables and the labile fractions of protein
and carbohydrate pools were significantly high-
er in the canyon than in the open slope (Figure
6). The same tests carried out on OM contents
(data not shown) reveal different patterns for
each investigated variable with contents in the
open slope higher than in the canyon being
more frequently observed. The PERMANOVA
tests (Table 2) revealed that the biochemical
composition of sinking particulate matter varied
between the canyon and the slope and, in both
sites, varied significantly with sampling time.
The bi-plot produced after the CAP analysis re-
veals that, during the study period, the biochem-
ical composition of fluxes in the canyon fluctu-
ated more widely than in the open slope. Two
major clusters were identified: one in the canyon
in December 2008 concurrently with the major
storm and associated with increased fluxes of
nutritionally important molecules (i.e., total and
labile proteins and labile carbohydrates). An-

other cluster included samples collected in the
canyon and the open slope in March 2009, con-
current with the early phases of the phytoplank-
ton bloom and associated with increased fluxes
of total phytopigments (Figure 7).

34. DISCUSSION

3.4.1. Mass fluxes in the Blanes
canyon and in the adjacent open
slope

While several studies on continental margins
differentiated between particle fluxes inside and
outside of submarine canyons (Puig and Pa-
lanques, 1998; Monaco et al., 1999, Martin et
al., 2006), there have been only few studies si-
multaneously assessing both seasonal and spa-
tial changes in the biochemical characteristics
of settling organic matter in the canyons of the
Mediterranean Sea (Tesi et al., 2008; Sanchez-
Vidal et al., 2009, Pasqual et al., 2001). Also, in-
formation on the readily degradable fraction of
sinking organic particles is practically not exis-
tent. Consequently, the present study constitutes
the first report considering synoptically seasonal
and spatial changes in the characteristics of the
settling organic matter, including its enzymati-
cally digestible fraction, in a Mediterranean sub-
marine canyon and its adjacent open slope. This
study is based on a biomimetic approach and in
spite of its limitations, this technique has pro-
vided for heterotrophic consumers, quantitative
information on the availability of food for many
benthic ecosystems (Mayer et al., 1995; Grémare
et al., 1997; Dauwe et al., 1999; DellAnno et
al., 2000; Danovaro et al., 2001; Grémare et al.,
2002; Grémare et al., 2003; Grémare et al., 2005;
Vandewiele et al., 2009, Bourgeois et al., 2011).

We report here that during the entire year of the
study, the mass fluxes in the axis of the canyon
were consistently one order of magnitude higher
than those in the adjacent open slope at equal
depth. Overall, the presence of canyons drasti-
cally alters the regional bathymetry by reduc-
ing the distance between terrestrial sediment
sources and the shelf break, introducing steep
slopes closer to the shoreline and intersecting
the along-shelf sediment transport system (Mul-
lenbach et al., 2004). Thus, submarine canyons
may capture inputs delivered through the river
mouths, littoral drift sediments and sediments
from relict shelf bodies (Lastras et al., 2011).
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Such striking difference has been already de-
scribed for the Blanes canyon, where the TMF
continuously increases from the head of the can-
yon at 300 m depth until 1500 m depth, unlike in
the adjacent open slope where the TMF decrease
with the distance to coast (Lopez-Fernandez et
al., 2013). Clearly there is a difference between
the flows in the two sampling stations due to the
location and distance of the “shelf-break” The
station OS 1200 situated at approximately 20 km
to the 200m isobaths, presents on average a TMF
of 2380.9 mg m* d!' with OC and opal fluxes on
average of 40.6 and 49.9 mg m d”', respectively
(1.7 and 2.1 % of the TMF, respectively). Howev-
er, in the station BC1200 situated around 10 km
to the 200m isobaths, these fluxes were higher,

m

22898.2, 240.6 and 269.6 for the TMFE, OC and
opal fluxes, and the OC and opal contribution
to the TMF were lower (1.1 and 1.2% respec-
tively). Nevertheless, it must be considered that
the pathway of organic and inorganic matter is
not solely driven by vertical settling from the sea
surface to the deep ocean, as a large proportion
of particulate matter is transported by lateral ad-
vection before deposition on the deep seafloor.
Therefore, we cannot exclude that a certain frac-
tion of the differences observed in TMF between
the canyon and the open slope could be ascribed
to the different distance from the coast of the
two sampling stations, which could have led
traps to intercept particles transported over dif-
ferent horizontal distances. In this regard, how-
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ever, Lopez-Fernandez et al. 2013, showed that
the Blanes canyon is mainly influenced by lateral
particle inputs, with a strong homogenization
process where the load of sediment has been di-
luted by terrigenous and resuspended material,
whereas the slope is more influenced by the ver-
tical transport, tightly connected with biological
processes occurring in the upper ocean layers.

The differences in mass flux between the canyon
and the adjacent open slope were accentuated
during storm periods. The repeated action of
high waves increased the shelf water density by
resuspension and caused down-canyon currents
promoting the transport of the suspended loads
through Blanes submarine canyon (Palanques et
al., 2006; Sanchez-Vidal et al., 2012).

The total mass flux for all the above mentioned
canyons, including the Blanes one, is typically
dominated by a lithogenic fraction. As a result,
the OC contribution to the TMF in the Blanes
canyon and the adjacent open slope is very low
(ranging 0.7-1.4% and 1.1-3.5%, respectively), in
concordance with studies carried out in other
Mediterranean continental margins indented by
submarine canyons (Martin et al., 2006, Pasqual
et al., 2010). The large dominance of the litho-
genic fraction in settling particles from both
the canyon and its adjacent open slope is in-
dicative of the presence of a conspicuous input
of material entering the trap either from ter-
rigenous inputs or sediment resuspension. This
hypothesis is corroborated by the presence of
relatively high concentrations of carbohydrates
in the trap samples, which represented on aver-
age 0.3% and 0.7% of TMF in the canyon and
open slope, respectively and 28.7% and 44.5%,
respectively of OC. Following the order of over-
all relative lability for biochemical classes as-

signed by Wakeham et al., 1997 (pigments>
lipids>proteins>carbohydrates) carbohydrates
represent the most refractory fraction of organic
compounds analyzed in this study.

3.4.2. Bioavailability of sinking or-
ganic particles

The biological material was present and evident
in both systems during the entire study period
and, in some cases, especially in the open slope,
contributed significantly to the particle down-
ward fluxes. The OC contribution to the TMF
generally decreased with increasing TME, con-
firming a preeminent dilution of organic inputs
with terrigenous and/or resuspended material,
which was even more accentuated inside the
canyon. At the same time, during this study, the
organic fraction of the TMF is generally higher
in the open slope than in the canyon axis. This
result would indicate that, despite the large input
of inorganic material reaching the sediments,
heterotrophic consumers in the open slope sedi-
ments may profit from a concentration of food
particles consistently larger than that available
in the canyon at equal depths. Nevertheless, our
results also show that the slope site was mainly
characterized by a remarkable seasonal variabil-
ity in the food quality of sinking particles, with
major peaks associated with the seasonal cycle
of biological production in the euphotic zone,
whereas the canyon site showed a more pro-
nounced temporal variability in the quantity of
sinking particles. This striking difference in the
quantity/quality of particles sinking in the can-
yon axis and the adjacent open slope is likely to
have conceivable consequences for the nutrition
of the deep-sea benthos inhabiting the two dif-
ferent habitats. A certain benthic organism liv-
ing inside the Blanes canyon would indeed need
to ingest more particles to fulfill its food require-
ments than another one living in the adjacent
slope, where the OC fraction of sinking particles
is consistently and almost constantly higher than
in the canyon. In fact, it can be roughly calcu-
lated that an animal in the canyon exposed to a
mass unit of sinking material can profit approxi-
mately 1% OC, which is about half the amount
that an animal in the slope receives. This result
indicates that deep-sea benthos in the canyon is
generally exposed to a rain of preeminently in-
organic material. Nevertheless, our data indicate
also that the labile (enzymatically digestible)
fraction of organic matter reaching the benthos
in the canyon is generally higher than that in the
open slope. Thus, the food limitation of the ben-
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thos inhabiting deep-sea sediments in the can-
yon, despite the dilution of OC in a preeminent-
ly inorganic matrix, is partly counterbalanced
by a higher organic matter bioavailability (8% of
OC is enzymatically digestible) than in the open
slope (5%).

According to the optimal foraging theory (Shoe-
ner, 1971; Pyke et al., 1977), our results suggest
that, although a heterotrophic organism liv-
ing in the canyon should spend more energy in
“searching” for OC that OC, once acquired, is
more labile than that more easily accessed by an
animal living on the open slope. This result in-
dicates that organisms facing particle transport
from the canyon are penalized by the mostly in-
organic flux, but can counterbalance this, profit-
ing inputs of more labile organic particles.

The results of this study, therefore, provides
new insights on the differential modalities that
deep-sea benthos inhabiting largely different
habitats (e.g., canyon vs. open slope) may ex-
perience to survive in a generally food depleted
environment. Our results confirm recent stud-
ies showing that elevated organic matter inputs
in canyons may favor the faunal contribution to
carbon processing and create hotspots of faunal
biomass and carbon processing along the con-
tinental shelf (Van Oevelen et al., 2011). How-
ever, whether these inputs have always a positive
effect on deep-sea benthos depends also on the
rates of sinking and the overall amount of sedi-
ment deposited on the deep-sea floor.

By rapidly conveying the organic material pro-
duced in the upper water column, submarine
canyons are able to often sustain more biomass
and biodiversity than the nearby open slope
areas (Bianchelli et al., 2008). Moreover, differ-
ences in biodiversity between canyons and open
slopes are generally larger in terms of faunal
community structure (i.e., beta diversity) than
in terms of species richness (Danovaro et al,
2009). These differences are mostly explained by
the availability of food particles in the sediment
(Danovaro et al., 2009), which in turn reflect the
nature, origin and food quality of inputs from
the upper water column (Danovaro et al., 1999).
Thus, our results allow hypothesizing that those
faunal differences between soft bottom sedi-
ments of canyons and neighboring open slopes
could be also the result of community adapta-
tions to different combinations of food quantity
and quality in the two different habitats.
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3.4.3. Hydrodynamic and climatic
controls of bioavailable organic
matter inputs to deep sea ecosys-
tems.

Whether the pattern of mass fluxes in the Blanes
canyon can be extrapolated to other submarine
canyons along Mediterranean margins remains
an open question. In fact, several Mediterranean
submarine canyons have been defined as major
conduits for OC to the deep-sea basin due to
local hydrodynamics conditions (Martin et al.,
2006; Palanques et al., 2008; Zuiiga et al., 2009).
Nevertheless, recent studies have also demon-
strated that different (even adjacent) canyons
may show large differences in the quantitative
and qualitative characteristics of sedimentary
organic matter, and that these differences are
not only related to the different morphological
features of different canyons, but can also de-
pend on the timing of sampling (Pusceddu et al.,
2010). In fact, canyons are often episodic event-
dominated systems (Palanques et al., 2012),
which means that the inputs of particles reach-
ing the interior of canyons are largely (some-
times stochastically) influenced by local climate
anomalies, involving river flood events, wind
dust inputs and high energy hydrodynamic pro-
cesses as sea-storms, dense shelf water cascad-
ing and deep ocean convection (Canals et al,
2006; Sanchez-Vidal et al., 2012; Palanques et
al., 2012), but also by primary production at the
surface (Danovaro et al., 2001). In this regard,
in fact, it must be considered that the sediment
transport through submarine canyons is neither
constant nor unidirectional, rather has a pulse-
like behavior (Palanques et al., 2012). One of
the most dramatic examples of pulsed processes
driving the transport of large amounts of sedi-
ment and organic matter to the deep sea occurs
during severe coastal storms which can be highly
efficient in transporting OC from shallow waters
on the shelf down to deep waters (Sanchez-Vidal
et al., 2012).

Variations in the biochemical composition of
sinking particles observed in this study during
the storm partially resemble the consequences
of dense shelf water cascading and severe coastal
storms on the availability of organic C for the
deep-sea benthos (Sanchez-Vidal et al., 2012).
The biochemical composition presents tempo-
ral variations during the sampling period, this
highlights the different sources of the organic
material arriving to 1200 m deep. During the au-
tumn-winter storms period our data present an



increase in total protein and labile contribution
to the BPC and low values of lipids, this behav-
ior is not observed during other seasons (Figure
5). In spring and summer, the hydrodynamic
conditions are less rough than in storm period,
these two seasons are marked by an increase in
lipids. Differences in biochemical composition
highlight the different structure in the commu-
nities on the water column (Figure 5). Lipids are
more readily available to consumers than pro-
teins (Taylor et al., 1986), so we could point out
that a large amount of labile particles arriving
during storms period, against an overwhelming
quantity of sediment transported, come by sedi-
ment resuspension from the continental shelf
and are redistributed towards the deep sea.

The possible advantage of a more labile food for
the deep-sea benthos receiving inputs forced by
climate anomalies at the sea surface could be
however counterbalanced and even canceled by
the physical and mechanical disturbance gener-
ated by the gravity flow of inorganic particles,
possibly suffocating the sea bottom (Pusceddu
et al., 2010; Pusceddu et al., 2013), so our results
confirm that severe coastal storms can have im-
portant and almost immediate consequences on
the functioning of the whole system down to the
deep seafloor (Sanchez-Vidal et al., 2012).

3.4.4. Synopsis and conclusions

In this study we show that the organic matter
collected by sediment traps in spring had a high-
er nutritional value than in late autumn-winter,
and this feature was shared by both the canyon
and the adjacent open slope (Figure 4 b, 6). This
difference is likely to be due to the typical spring
plankton bloom described by several authors in
the study area (Estrada et al., 1996; Rossi et al.,
2003). During this period the biochemical com-
position of BPC was characterized by increasing
lipid contributions compared with those ob-
served during the storm period, characterized
by higher protein contents (Figure 5). Along
with proteins, lipids can represent a preferential
source of energy for benthic feeders (Medernach
et al., 2001; Grémare et al., 1997). In the slope
(more influenced by pelagic sedimentation), the
increase in the nutritional value of sinking par-
ticles is magnified by the effect of the deep-sea
convection, that lead the injection of nutrients
up into the surface water.

In summer, sediment trap samples showed an

increase in the nutritional value of the sedi-
ment comparable to the increase during the
spring bloom. Lopez-Fernandez et al. (submit-
ted) pointed out during this period an input of
Saharan dust in the area. Fertilization process by
wind dust and a consequent increase in the sink-
ing flux have been previously described by sever-
al authors in the North-western Mediterranean
(Zufiga et al.,, 2008; Lee et al., 2009; Pasqual et
al., 2011 ). This dust brings new nutrients such as
inorganic phosphorous and iron to the surface
waters and could increase autotrophic produc-
tion, and hence the efficiency of the biological
C pump in oligotrophic oceans (Pulido-Villena
et al., 2008). The entrance of nutrients is more
accentuated in the open slope where the pelagic
processes are more clearly recorded.

While most of variability in the rates of particle
transport can be reliably explained with physi-
cal processes like hydrodynamism and climate
forcing, we cannot exclude that the differences
in the biochemical composition and bioavail-
ability of sinking particles in the Blanes canyon
and the adjacent open slope can be also modu-
lated by biological constraints in the water col-
umn (e.g. through grazing). Also, we note that
our inferences about the biochemical composi-
tion of particles should be considered with some
caution, as it has been demonstrated elsewhere
that the relative proportions of protein, carbo-
hydrate and lipid concentrations and estimates
of bioavailability can vary considerably depend-
ing on the analytical technique utilized (Hedges
et al., 2001). Nevertheless, our results, based on
a biomimetic approach, confirm that in both
the submarine canyon and the open-slope, the
bioavailable organic matter delivery towards
deep-sea ecosystems are strongly controlled by
hydrodynamic processes (sea-storms, dense-
shelf water cascading and offshore convection)
and annual bio-climatic controls (winter-spring
primary production bloom).
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CAPITULO 4

BIOAVAILABLE COMPOUNDS IN
SINKING PARTICULATE ORGANIC
MATTER, BLANES CANYON, NW
MEDITERRANEAN SEA: EFFECTS
OF A LARGE STORM AND SEA
SURFACE BIOLOGICAL PROCESSES

RESUMEN

El capitulo 4, describe el caiién de Blanes como via de transporte de materia organica labil desde la
plataforma continental hacia los ecosistemas profundos y cdmo el suministro de alimentos labiles esta
conectado a los procesos que ocurren en la superficie del mar, en particular a la influencia que tienen
las tromentas sobre el transporte y la calidad de la materia organica.

Para determinar si el caiién submarino de Blanes actia como un canal de compuestos organicos la-
biles al fondo del mar, se analizé el contenido de fitopigmentos, proteinas, carbohidratos y lipidos de
las particulas que sedimenta durante un periodo de 6 meses comprendido entre una tormenta grande
y la floracién primaveral de fitoplancton. Cuatro trampas de sedimentos fueron fondeadas, a 300,
900, 1200, y 1500 m de profundidad a lo largo del eje del caindén desde noviembre 2008 hasta abril de
2009. Los flujos de todas las variables del estudio (carbono organico, proteinas, hidratos de carbono y
lipidos) alcanzaron su maximo desde mediados a finales de diciembre. Después, los flujos de materia
organica en el caion superior disminuyeron hasta valores comparables (BC1200) o mucho mas bajos
(BC900) que los observados al comienzo del periodo de seguimiento. La fraccién algal biopolimérica
C (es decir, el porcentaje de contribucion de fitopigmentos al carbono biopolimérico, utilizado aqui
como un indicador de frescura particulas), va desde aproximadamente el 14 al 100%, pero fue gene-
ralmente baja (valor de la media aproximadamente 32%), y mostr6 los valores mayores de noviembre
a principios de diciembre de 2008 en todas las estaciones, a excepcion de la estaciéon a 1.200 m que
alcanzé su maximo en abril de 2009. Una fuerte tormenta que se produjo el 26 de diciembre 2008
determind un fuerte aumento en el transporte de la materia organica al fondo a lo largo del caién
de Blanes, aunque asociado a una disminucién de su calidad nutricional. Los valores de la relacion
proteina-carbohidrato (utilizada aqui como un indicador de la calidad nutricional de las particulas)
variaron de 0,4 a> 2,0, aumentando a finales de invierno principio de primavera a la profundidad de
900 y 1200 m en asociacion con la floraciéon de fitoplancton de primavera en aguas superficiales. El
material recogido por las trampas de sedimentos en primavera tenia un valor nutricional mads alto que
en otofio-invierno en ambas estaciones. De acuerdo con la teoria del aprovechamiento 6ptimo, los
resultados de este estudio sugieren que, después de los eventos episddicos de invierno, los detritivoros
de aguas profundas tendria que ingerir mas detritus para cumplir con sus requerimientos de alimen-
tos labil que en primavera, cuando hay mas material fresco de las particulas en sedimentacion, asocia-
do con las floraciones de fitoplancton. Llegamos a la conclusiéon que, si bien los caflones submarinos,
como el canén de Blanes actuan como conductos principales para el material exportado fuera de la
plataforma continental después de eventos episédicos de alta energia, el suministro de alimento labil
al ecosistema bentodnico de aguas profundas esta conectado a los procesos bioldgicos de la superficie
del mar.
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ABSTRACT

To ascertain whether the Blanes submarine canyon functions as a conduit of labile organic compounds
to the deep margin, we analyzed phytopigment, protein, carbohydrate and lipid contents of sinking
particles during a 6-months period comprised between a large storm event and the spring phyto-
plankton bloom.

Four sediment traps were deployed, at 300, 900, 1200, and 1500 m depth along the axis of the canyon
from November 2008 to April 2009. Fluxes of all study variables (organic carbon, proteins, carbohy-
drates and lipids) peaked from mid to late December. Afterwards, organic matter fluxes in the upper
canyon decreased to values comparable (BC1200) or much lower (BC900) than those observed at the
beginning of the monitoring period. The algal fraction of biopolymeric C (i.e. the percentage con-
tribution of phytopigments to biopolymeric C utilized here as an indicator of particles” freshness),
ranging from 14 to about 100%, was generally low (median value about 32%), and showed the highest
values from November to early December 2008 at all stations, except for the station at 1200m which
peaks in April 2009.

A severe storm that occurred the 26th of December 2008 determined a strong increase in the down-
ward transport of organic matter along the Blanes Canyon, though associated with a decrease in its
nutritional quality. Values of the protein to carbohydrate ratio (utilized here as an indicator of parti-
cles’ nutritional quality) ranged from 0.4 to >2.0, increasing from late winter to early spring at 900 and
1200 m depth in association with the spring phytoplankton bloom in superficial waters. The material
collected by sediment traps in spring had a higher nutritional value than in autumn-winter at both
stations. According to the optimal foraging theory, the results of this study suggest that, following
winter episodic events, deep-sea detritus feeders would need to ingest more detritus to fulfill their
requirements for labile food than in spring, when fresher material is derived from sinking particles
associated with phytoplankton blooms.

We conclude that whilst submarine canyons like the Blanes Canyon act as major conduits for material

exported from the continental shelf after high-energy episodic events, the supply of labile food to the
deep-sea benthic ecosystem is connected to biological processes occurring at the sea surface.
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4.1. INTRODUCTION

Over the last years, knowledge on the recent
shelf-to-slope export of particulate matter in
the Mediterranean Sea essentially derived from
measurements of particle fluxes by sediment
traps. Several studies have focused on deep-sea
food limitation and utilized measurements of
organic carbon (OC) and mass fluxes as proxies
of the amount of food reaching the deep seafloor
(Sanchez-Vidal et al., 2005; Tesi et al., 2008; Zu-
fiiga et al.,, 2009; Pusceddu et al., 2010b). Pre-
vious studies have measured the total organic
matter (OM), OC and nitrogen (N) contents of
sinking particles, and assumed that these were
proxies of food availability for deep-sea benthic
consumers (Buscail et al., 1995; Durrieu de Ma-
dron et al., 2000; Duineveld et al., 2001; Martin
et al., 2006). However, the response of consu-
mers to increased organic matter supply is in-
fluenced more by organic matter quality (e.g.
bioavailability) rather than by bulk concentra-
tion in the ecosystem (Cebrian et al. 1998, Huxel
1999). In fact, recent studies have suggested that
the benthos of the deep Mediterranean Sea is
not merely controlled by the amount of food re-
sources received as sinking particles, but rather
by its actual bioavailability to consumers (Dano-
varo et al., 2008). The bioavailability of OM for
deep-sea biota is related also to the origin (auto-
vs. heterotrophic) and lability (i.e. digestibility)
of sinking particles (Danovaro et al., 2001; Tesi
etal., 2008). However, assessing the OM fraction
that can be metabolized by heterotrophic con-
sumption is not an easy task. One approach is
to quantify the components that potentially are
more readily available to consumers (i.e., semi-
labile or labile compounds sensu Pusceddu et al.,
2009), such as lipids, proteins and non-structu-
ral carbohydrates (Medernach et al., 2001; Gré-
mare et al., 1997; Pusceddu et al., 2005a). In this
way, the OM semi-labile fraction can be sepa-
rated from the refractory fraction (Mayer, 1994;
Middelburg, 1999).

The exchange of matter and energy between con-
tinental margins and the deep basin has been the
subject of several studies in the Mediterranean
Sea (Monaco et al., 1999; Durrieu de Madron
et al., 2000; Pasqual et al., 2011). Continental
margins act both as a sink for particulate mat-
ter supplied by rivers and autochthonous bio-
logical production, and as a source of material
for the adjacent open ocean. However, the ex-
tent to which such material actually reaches the

ocean interior is not consistent along latitudinal
or longitudinal gradients, nor constant in time.
In addition, from the topographic viewpoint,
continental margins are characterized by com-
plex successions of open slopes, submarine can-
yons and landslide-affected areas (Weaver et al.,
2004). Among these, submarine canyons deeply
cut the continental slope and may extend to the
continental rise downwards and to the continen-
tal shelf upwards. Submarine canyons dissect
most of Europe’s continental margins, with some
of them opening their heads at relatively short
distances from the shoreline (Canals et al., 2004;
Amblas et al., 2006; Tyler et al., 2009; Lastras et
al., 2011). The physiographical location of some
submarine canyons makes them sites of intense
exchanges in between the shoreline, the conti-
nental shelf and the deep continental margin.
Canyons also affect local hydrodynamic con-
ditions and enhance productivity (Durrieu de
Madron, 1994; Monaco et al., 1999; Mullenbach
and Nittrouer, 2000; Puig et al., 2000, 2003; Ro-
gers et al.,, 2003; Bosley et al., 2004; Weaver et al.,
2004; Canals et al., 2006; Allen and Durrieu de
Madron, 2009; De Leo et al., 2010).

Deep-sea biota, for their energetic requirements,
depend to a large extent on allochthonous OM
inputs mainly represented by phytodetritus sin-
king from the upper water column (Pfannku-
che, 1993; Lampitt and Antia, 1997; Fabiano et
al., 2001). However, a large fraction of sinking
matter is lost during particle descent by hetero-
trophic consumption, dilution and dissolution.
As aresult, it has been assumed for decades that
deep-sea fauna is generally food-limited (Gage
and Tyler, 1991). In the last decade, this paradig-
matic assumption has been progressively cons-
trained. Some deep-sea sites act as hot-spots of
OM enrichment because of local hydrodynamic,
topographic or climatic conditions (Danova-
ro et al., 2001, 2003; Pusceddu et al., 2010). In
particular, some submarine canyons have been
identified as major conduits of material flushed
from the shelf and accumulated in the deep ad-
jacent basin (Monaco et al.,, 1999; Durrieu de
Madron et al., 2000; Schmidt et al., 2001; Epping
et al., 2002; Van Weering et al., 2002; Canals et
al., 2006; Zuiiga et al., 2009). However, such a
distinctive feature is not consistent in all subma-
rine canyons (Pusceddu et al., 2010). Therefore,
assessing how continental margins concentrate
and export particulate OM to the open ocean is
a necessary step to estimate their influence on
deep-sea ecosystems (Smith et al., 2008).
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Fig. 4.1. Bathymetric map of Blanes Canyon showing the location of mooring station BC300 to BC1500 along the canyon axis. The location of Tordera
River is also shown. Depthin meters. Mooring station codes are as follows: Blanes Canyon (BC) and water depth (three to four digits).

Submarine canyons in the Western Mediterra-
nean have been identified as hot spots of biodi-
versity where many biological processes are alte-
red or intensified (Hickey, 1995; Gili et al., 1999).
These canyons are also considered biodiversity
refuges (Gili et al., 1999) and key areas for the
recruitment and maintenance of living resources
(Cartes, 1994; Sarda et al., 1994; Stefanescu et al.,
1994; Sarda and Cartes, 1997). In the last years,
some large scale systematic investigations of vul-
nerable deep-sea habitats in continental margins
have been conducted. We investigated the quan-
tity and biochemical composition of OM of sin-
king particles in the Blanes submarine canyon
(BC) to verify whether it may function as a pre-
ferential conduit of labile organic compounds to
the deep margin and adjacent basin.

@

4.2. THE STUDY AREA

The N-S oriented BC is located in the North Ca-
talan margin (NW Mediterranean Sea) where it
deeply incises the continental shelf (Lastras et al.,
2011). The head of the canyon is less than 4 km
from the coastline, with the canyon rim at only
60 m depth. Tordera River opens in the coastli-
ne landward of the canyon head. It is a typical

Mediterranean torrential stream whose main
discharge corresponds to short-lived episodic
floods (Rovira and Batalla, 2006; Sanchez-Vidal
et al, 2013). BC has a rather complex topogra-
phy, a V-shaped cross section in its upper cour-
se, and a U-shaped cross section along its middle
and lower course, where it markedly meanders



(Fig. 1) (Lastras et al., 2011). The topography of
its walls plays a significant role in the variabili-
ty of currents within the canyon, with a highly
variable flow in the smoother eastern wall and
a unidirectional offshore flow over the western
wall (Zuniga et al., 2009).

4.3. MATERIAL AND METHODS

4.3.1. Sampling of sinking particles

Four mooring lines were deployed for six
months from November 2008 to April 2009
along a transect following the axis of BC. The li-
nes were deployed at four stations in the canyon
head (BC300), the upper canyon (BC900 and
BC1200) and the middle canyon (BC1500), with
numbers to the right of each station code corres-
ponding to water depth. Each line was equip-
ped with sediment trap-currentmeter pairs.
The sequential-sampling sediment traps have a
cylindrical-conical shape with a height/diame-
ter ratio of 2.5 and a collecting area of 0.125 m*.
All sediment traps were placed 25 m above the
bottom and equipped with 12 receiving cups.
Traps deployed at stations BC300, BC900 and
BC1500 m were scheduled for a sampling in-
terval of 15 days, thus yielding 12 samples each
during the 6-months long monitoring period.
The sediment trap deployed at station BC1200
m was programmed with a sampling interval of
7-8 days, thus yielding 24 samples in total during
the same 6-months monitoring period. Trap BC
300 has a bit delayed sampling period due to the
fact that it was accidentally caught by fishermen
and then replaced. Afterwards, the higher re-
solution data of BC1200 were averaged over 15
day’s intervals to get a resolution for the whole
monitoring period similar to that of the three
other traps. A total of 5 samples from BC300
and BC1500, and 10 samples from BC900 and
BC1200 have been analyzed, a larger number
of analyses having been prevented either by too
small sample volumes or occasional failure of se-
diment traps. Prior to deployment, the rotator
collector was cleaned with detergent and rinsed
several times with distilled water in the lab. Re-
ceiving cups were filled with a sodium borate
buffered 5% formaldehyde solution in 0.45 pm
pre-filtered seawater to avoid degradation of
the collected particles. After recovery, samples
were stored in the dark at 2-4 °C until they were
processed in the lab. Once there, samples were

visually checked and the supernatant removed.
Swimmers were separated by wet sieving on a
1-mm nylon mesh and handpicked under a dis-
secting microscope. A high precision peristal-
tic pump was then used to obtain subsamples
through repeated splitting of the cleaned raw
samples. After that, formaldehyde and salt in
the samples was cleaned through centrifugation
with cold Milli-Q water to avoid particles’ explo-
sion, and then freeze-dried and stored at 4°C in
the dark until further analysis. Total mass fluxes
(TMF) were normalized to mg m2d™.

4.3.2. Biochemical composition
and nutritional quality of settling
particles

In sediment traps remaining for long periods
into the water, the use of preservative in the co-
llecting cups is required to minimize microbial
influence (Gardner et al., 1983). Though this
may cause problems with the determination of
some classes of organic compounds, previous
comparative works with untreated samples de-
monstrated that the determination of protein,
carbohydrate and lipid contents is not affected
if the preservative is formaldehyde (Wakeham et
al., 1993; Dell’Anno et al., 2002). The only possi-
ble problem is the lethal effect of the preservati-
ve on zooplankton, which can lead to collections
that do not represent particle fluxes. For this
reason larger swimmers were removed before
analysis.

OC and N contents in the settled particles were
measured using an elemental analyzer (EA Flash
series 1112 and NA2100) according to Fabres et
al. (2002)

Chlorophyll-a and phaeopigments analyses
were carried out according to Lorenzen and Je-
ffrey (1980). Pigments were extracted after 12 h
at 4°C in the dark from about 10 mg of freeze
dried triplicate sub-aliquots of the trap material
using 3-5 ml of 90% acetone as extractant. Ex-
tracts were analyzed fluorometrically as such to
estimate chlorophyll-a and phaeopigments, the
later after acidification with 200 pl 0.1N HCIL.
Different methods for assessing chlorophyll-a
concentrations in marine sediments can provide
under- or over- estimates (Pinckney et al., 1994),
also because of the relative importance of chloro-
phyll degradation products (Szymczak-Zyla and
Kowalewska, 2007). For this reason, we summed
up chlorophyll-a and phaeopigment concentra-
tions (i.e. total phytopigments) (Pusceddu et al.,

m



2010). Total phytopigment concentrations were
converted into C equivalents using 40 as a con-
version factor. Although the C content of phyto-
pigments can vary between 30 to 100 (Pusceddu
et al., 2009), this factor was used for comparison
with previous deep-sea data (Pusceddu et al.,
2010b).

Protein, carbohydrate and lipid particle contents
were analyzed spectrophotometrically accor-
ding to Pusceddu et al. (2009) and concentra-
tions expressed as bovine serum albumin, glu-
cose and tripalmitine equivalents, respectively.
All analyses were performed on about 0.2 mg
2-5 sub-aliquots of trap material. More details
on the analytical procedures are reported in Da-
novaro (2010). Carbohydrate, protein and lipid
sediment contents were converted into carbon
equivalents (mg C mg-1) using the conversion
factors of 0.40, 0.49 and 0.75 respectively, and
their sum defined as the biopolymeric organic
carbon (BPC) (Fabiano et al., 1995). Although
only a fraction of biopolymeric C is rapidly reac-
tive to heterotrophic digestion (Pusceddu et al.,
2003; Pusceddu et al., 2009), there are several
evidences from a variety of pristine and impac-
ted marine environments that benthic fauna
variations are tightly linked with changes in the
quantity and composition of biopolymeric C in
the sediment as well as in sinking particles (Al-
bertelli et al., 1999; Pusceddu et al., 2007; Bian-
chelli et al., 2008; Pusceddu et al., 2009; Cerrano
etal., 2010; Duros et al., 2011; Mirto et al., 2011).
Phytopigment, protein, carbohydrate, lipid and
BPC fluxes were normalized to mg m=d™.

According to Pusceddu et al. (2010), we utilized
the contributions of phytopigment to BPC and
the values of the protein to carbohydrate ratio as
descriptors of freshness and nutritional quality
of organic particles, respectively (Pusceddu et
al., 2000; Pusceddu et al., 2009; Pusceddu et al.,
2010b). The ratio of total phytopigments (once
converted into C equivalents) to BPC is an es-
timate of the freshness of the organic material
deposited in the sediment: since photosynthetic
pigments and their degradation products are
assumed to be labile compounds in a tropho-
dynamic perspective, the lower their contribu-
tion to OC in the sediment the older the orga-
nic material is. Moreover, since the percentage
fraction of OC associated with phytopigments
is also typically associated with a higher frac-
tion of enzymatically digestible compounds (i.e.
promptly available for heterotrophs) (Pusceddu
et al., 2003), higher values of this ratio will also
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be indicative of a comparatively higher nutri-
tional quality (DellAnno et al., 2002). Since N
is the most limiting factor for heterotrophic nu-
trition and proteins (which degrade faster than
carbohydrates) are N-rich products, the protein
to carbohydrate ratio is indicative of ageing and
nutritional value of the OM (Danovaro et al,,
1993; DellAnno et al., 2002; Tselepides et al.,
2000; Pusceddu et al. 2009).

4.3.3. Statistical analyses

First, we analyzed the temporal variability in the
fluxes of all investigated variables in the four lo-
cations, separately, using a one-way analysis of
variance (ANOVA), using the time factor with
5-10 fixed levels as the unique source of varia-
tion. Each level refers to a sampling period equal
to 15 days of particles’ collection from Novem-
ber 2008 to April 2009. Sampling periods 1 to 3
correspond to late fall, 4 to 5 to early winter, 6 to
7 to late winter and 8 to 10 to early spring.

Then, the cross effects of sampling time and spa-
ce were assessed using samples collected during
the whole set of 10 sampling periods (November
2008 to April 2009) only from the traps at BC900
and BC1200 using a two-way analysis of variance
(ANOVA). The design included two factors: Sta-
tion (St), treated as a fixed factor with two levels
(at 900 and 1200 m depth) and Time (Ti), trea-
ted as a fixed factor orthogonal to stations, with
ten consecutive levels. In this case, when signi-
ficant differences were encountered among sam-
pling times in each trap and between sampling
depths at each sampling period, Student-New-
man-Keuls (SNK) post-hoc comparison tests
(at a = 0.05) were carried out. Before the analy-
ses, the homogeneity of variances was checked
whenever necessary using the Cochran’s test on
appropriately transformed data. Analysis of va-
riance (ANOVA) is sufficiently robust to the de-
partures from the assumption of data normality,
particularly with balanced designs and many in-
dependent estimates of sample variance. There-
fore, for those data for which the transformation
did not allow to obtain homogeneous variances,
these were not transformed and a more conser-
vative level of significance was considered (Un-
derwood, 1997).

The same designs were utilized to assess tempo-
ral vs. spatial variability in the biochemical com-
position of fluxes using distance-based permu-
tational (non-parametric) multivariate analyses
of variance (PERMANOVA) (Anderson, 2001;



McArdle and Anderson, 2001). The PERMA-
NOVA test is an analogous of the multivariate
analysis of variance (MANOVA), which is too
stringent in its assumptions for most ecological
multivariate data sets (Anderson, 2001). Non-
parametric methods based on permutation tests
such as the one performed by the PERMANO-
VA tool are preferable since they allow to par-
tition the variability in the data according to a
complex design or model and to base the analy-
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sis on a multivariate distance measure that is
reasonable for ecological data sets (McArdle and
Anderson, 2001). The analysis was based on Eu-
clidean distances of previously normalized data,
using 4999 random permutations of the appro-
priate units under the reduced model (Anderson
and ter Braak, 2003).

Univariate analyses of variance (ANOVA) and
SNK tests were conducted using the GMAV 5.0
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Station  Sampling period (15 days)  Start sampling period ~ OCF Proteins Carbohydrates  Lipids Phytopigments  Biopolymeric C
(mgm 2d7")  (mgm 2d7") (mgm 2d7") (mgm 2d7")  (mgm 2d7") (mgm ~2d7")
BC300 1 28/11/2008 95,11 28,46 56,54 17,79 0,76 52,43
2 09/12/2008 125,31 29,88 62,78 20,81 1,04 58,32
3 25/12/2008 520,81 108,60 266,83 59,57 1,26 218,86
4 10/01/2009 235,37 87,99 117,63 30,87 0,50 115,99
5 26/01/2009 5,05 1,71 2,57 0,78 0,01 2,53
BC900 1 07/11/2008 274,42 63,24 140,99 29,78 0,64 116,72
2 23/11/2008 283,20 58,47 109,09 30,14 1,10 99,45
3 09/12/2008 345,90 94,37 136,07 32,98 1,22 129,16
4 25/12/2008 269,54 65,33 105,97 29,82 1,04 100,42
5 10/01/2009 280,09 72,28 97,77 26,66 0,93 96,81
6 11/02/2009 30,78 10,17 8,21 2,82 0,08 10,21
7 26/02/2009 8,18 3,04 1,89 0,92 0,02 2,83
8 13/03/2009 7,39 2,76 2,11 0,96 0,02 2,86
9 28/03/2009 5,08 1,56 1,16 113 0,01 2,04
10 27/04/2009 31,85 9,99 8,67 4,42 0,10 11,56
BC1200 1 07/11/2008 328,40 80,58 108,55 48,56 0,70 121,84
2 23/11/2008 264,26 53,09 88,59 34,90 1,07 90,82
3 09/12/2008 761,12 168,61 250,89 98,51 2,82 264,26
4 25/12/2008 581,86 138,90 196,68 67,68 1,88 202,70
5 10/01/2009 87,57 48,66 49,74 19,32 0,49 58,32
6 11/02/2009 340,51 82,80 98,52 65,51 2,36 130,53
7 26/02/2009 440,82 105,87 153,02 99,02 6,32 191,60
8 13/03/2009 338,18 99,52 72,26 55,77 1,87 117,04
9 28/03/2009 280,07 90,57 103,64 74,47 2,58 142,86
10 27/04/2009 149,82 50,55 23,10 17,47 0,46 44,65
BC1500 1 07/11/2008 75,32 2717 22,55 8,41 0,26 28,23
2 23/11/2008 124,76 26,64 36,63 12,48 0,62 37,97
3 09/12/2008 160,02 37,88 45,26 18,75 0,81 51,39
4 25/12/2008 495,31 94,36 107,62 39,87 1,29 120,38
5 10/01/2009 300,49 56,82 69,79 24,72 0,98 75,46

Table 4.1. Total organic carbon (OCF) and main biochemical constituents fluxes (mean values) measured from November 2008 to April 2009 in sediment
trap samples from Blanes Canyon. Sampling periods (numbers 1 to 10) and the date of the beginning of the period (15 days-long). Mooring station codes

are as follows: Blanes Canyon (BC), water depth (three to four digits).

software (University of Sidney, Australia). The
PERMANOVA analyses were carried out using

the sub-routine included in the PRIMERG6+ soft-
ware.

44. RESULTS

4.41. Hydrology

During the monitoring period unstable weather
conditions were observed with low pressures
and easterly winds accompanied by intense ra-
infall and rough sea conditions. In November
and December 2008 several big storms affected

the North Catalan margin. One of them, occu-
rring the 26th and 27th of December, was the
most severe storm recorded over the last 25
years in the area. A buoy close to the BC head
recorded significant wave heights up to 5 m. Sin-
ce rainfall was intense the discharge of Tordera
River reached 50 m’ s (Lopez-Fernandez et al.,
2013; Sanchez-Vidal et al., 2012). Particle and

OM fluxes associated to November and Decem-
ber 2008 storms and floods were captured in all
mooring stations.

The highest mean current speeds during the re-

ported monitoring period, 9.2 and 8.6 cm s,
were recorded at stations BC900 and BC1200,

’9_4‘

respectively, even though the maximum current
speeds by far were measured at the canyon head
(BC300) in December 2008, with values up to
70 cm s, The lowest mean speed of all stations
(5 cm s™) was registered at the middle canyon
(BC1500), but the minimum current speeds co-
rrespond to BC1200 m situated at the upper can-
yon, with only 0.8 cm s™'. Current direction was
parallel to the canyon axis, with mean current di-
rection in the various stations towards the S-SE
(201°-230°), thus suggesting a strong bathyme-
tric control (Fig. 2), in line with numerous ob-
servations in other submarine canyons (Shepard
et al., 1979). Current direction at station BC300
in the canyon head was more variable.

The time series analysis of near-bottom current
intensities showed several days-long pulses oc-
curring during the entire monitoring period.
Generally, current velocity variations at the di-
fferent depths showed a similar pattern. Howe-
ver, on occasions intensifications registered at
300 m depth were decoupled from records at
1500 m depth. This was, for instance, the case
at the end of December 2008 and from 26th of
January to 11th of February 2009 (Fig. 2A). In
other cases, maximum current speeds close to
70 cm s-1 were recorded at the canyon head at
300 m depth while only about 45 cm s were
measured at both 900 and 1200 m depth.

During the monitoring period, the temperatu-
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re in the head of the canyon (BC300) fluctuated
between 13.3 and 14.9°C. Temperature remained
more or less steady with only very narrow varia-
tions (<0.5°C) at stations BC1200 and BC1500
in the upper and middle canyon (Figure 2B). No
temperature record is available for BC900.

4.4.2. Depth and time variability of
organic carbon flux

OC flux from November 2008 to April 2009 ran-
ged from 5.05 to 761.12 mg m™ day', values that
represent between 1 and 2 % of the TMF (Table
1). The lowest OC flux was recorded in February
2009 at BC300, while the highest was registered
by the mid-late of December 2008 in the upper
canyon at BC1200, also time coinciding with

high values BC900. At the head of the canyon
(BC300) and in the deepest station BC1500 the
top value was delayed to late December-begin-
ning of January (Figure 3). In all sampling sta-
tions, total OC flux fluctuated among sampling
periods, though with narrower temporal varia-
tions observed at the upper canyon (BC900).

4.4.3. Depth and time variability in
%lhe biochemical composition of
uxes

Estimates of the total fluxes of biochemical com-
pounds including phytopigments, proteins, car-
bohydrates, lipids and BPC in the four stations
along the BC axis are reported in Table 1.
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Variable Station Source df MS F SNK
Phytopigments BC300 Period 4 0.7126 66.3 - 3>2>1>4>5
Residual 10 0.0108
Total 14
BC900 Period 4 0.8056 3306 - 3>2,4>5>1>6,10,7,8,9
Residual 10 0.0024
Total 14
BC1200 Period 4 2.1336 13234 o 7>3>6>9>4,8>2>1>5,10
Residual 10 0.0016
Total 14
BC1500 Period 4 0.4482 517.2 e 4>5>3>2>1
Residual 10 0.0009
Total 14
Proteins BC300 Period 4 6051.9 19.2 - 3,4>2,1,5
Residual 10 315.94
Total 14
BC900 Period 4 31.648 2253 o 3>54,1,2>10,6>8,7,9
Residual 10 0.1405
Total 14
BC1200 Period 4 4548.7 20.2 e 3>4>7,1>6,2>9,8>5,10
Residual 10 2256
Total 14
BC1500 Period 4 10.6146 324 - 4>5>3,2,1
Residual 10 0.3275
Total 14
Carbohydrates BC300 Period 4 30674.9 33.38 e 3>4,2,1,5
Residual 10 9189
Total 14
BC900 Period 4 11262.5 106.9 e 1,3>2,4,5>6,10,7,8,9
Residual 10 105.4
Total 14
BC1200 Period 4 30.6789 57.2 o 3>4>7>6>9,1,2,8>5>10
Residual 10 0.5363
Total 14
BC1500 Period 4 13.9271 568.6 - 4>5>3>2>1
Residual 10 0.0245
Total 14
Lipids BC300 Period 4 1410.7 101.8 3>4>2,1>5
Residual 10 139
Total 14
BC900 Period 4 7.6934 3415 o 3,1,245>10>6>9,8,7
Residual 10 0.0225
Total 14
BC1200 Period 4 2503.9 54.0 e 3,7>9,4,6,81>2>5,10
Residual 10 46.4
Total 14
BC1500 Period 4 454.281 4413 . 4>5>3>2,1
Residual 10 10.2937
Total 14
Biopolymeric C BC300 Period 4 4.0000 88.8 o 3>4>2,1>5
Residual 10 0.7173
Total 14
BC900 Period 4 83129 127.1 e 3>1,2,45>6,10,7,8,9
Residual 10 65.4
Total 14
BC1200 Period 4 24.05 46.0 - 3>4,7>6,1,9>8>2>5,10
Residual 10 0.5223
Total 14
BC1500 Period 4 14.3851 776 - 4>5>3>2,1
Residual 10 0.1853
Total 14

Table 4.2. Results of the one-way ANOVA testing for differences in the quantity of organic matter in sediment trap samples from Blanes Canyon. df =
degree of freedom. MS = mean square. F = F value; P = probability level. <?><?><?>P < 0.001. <?><?>P < 0.01. <?>P < 0.05. Results of the SNK tests as-
certaining differences between sampling periods are also reported (n = 5 for BC300 and BC1500; n = 10 for BC900 and BC1200). Mooring station codes

are as follows: Blanes Canyon (BC) and water depth (three to four digits).

The one-way ANOVA revealed that fluxes of
labile compounds changed significantly among
sampling periods in all stations (Table 2), with
clear and significant peaks observed in mid De-
cember at the head and upper canyon stations
(BC300, BC900 and BC1200) and a delayed
peak in late December at BC1500. After Decem-
ber, fluxes in the traps at 900 and 1200 m depth
decreased down to values comparable or even
lower than those observed at the beginning of
the monitoring period.

The two-way ANOVA carried out on samples
collected over the entire monitoring period at
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the stations in the upper canyon (BC900 and
BC1200) revealed that the Space x Time inte-
raction had significant effects on the fluxes of
all labile compounds (Table 3). The a posteriori
SNK tests revealed relatively consistent temporal
changes at these two depths for all investigated
variables, but also significant differences bet-
ween fluxes at the two depths for most sampling
periods from November 2008 to April 2009.

The protein fraction of the OC flux represented
on average about 12% of the OC flux and ranged

from 9.3 % to 27.2% of the OC flux, at BC1500
m and BC1200, respectively, both values registe-
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Table 4.3. Results of the 2-way analysis of variance ANOVA testing for differences in organic matter quantity in sediment trap samples from BC900 and

= degree of freedom.

time. Res = residuals. df

BC1200during the ten 15 days-long sampling periods from November 2008 to April 2009. St = station. Ti

probability level. **P < 0.001. Results of SNK tests are also reported.

=Fvalue. P =

mean square. F

MS
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Trap Source df MS F P

BC300 Time 4 56164.8 326
Residual 10 1720.5
Total 14

BC900 Time 4 2266.1 53
Residual 10 428.8 20
Total 14

BC1200 Time 4 51908.1 31.8
Residual 10 1633.2
Total 14

BC1500 Time 4 10177.5 536
Residual 10 189.7
Total 14

Table 4.4. Results of the PERMANOVA testing for differences in the bio-
chemical composition of organic matter in sediment trap samples from
Blanes Canyon. df = degree of freedom. MS = mean square F = F value.
P = probability level. ***P < 0.001. **P < 0.01. *P < 0.05. Mooring station
codes are as follows: Blanes Canyon (BC) and water depth (three to four
digits).

red in January 2009 (Figure 3).

On average, carbohydrates were the dominat
biopolymeric compound of the OC flux at all
sampling stations. The carbohydrate fraction re-
presented on average about 14% of the OC flux,

1 2 3,4 5

varying from 6.2% to 23.8 % at the upper canyon
and the canyon head (BC1200 and BC300), in
April 2009 and November 2008, respectively. At
the head of the canyon (BC300), carbohydrates
were about 20% on average for all the monito-
ring period (Figure 3).

Lipid contribution to OC flux did not vary sig-
nificantly from one station to the other from
November 2008 to January 2009 (i.e., in the first
5 sampling periods) in contrast with the increa-
se observed in the upper canyon (BC900 and
BC1200) from February to April 2009 (i.e., in
the last 5 sampling periods). The lipid fraction
of OC flux represents on average 10% of the OC
flux and ranged from 6.0% to 19.9% at BC1500
m in January 2009 and BC1200 in March 2009,
respectively (Figure 3).

Phytopigments represented a fraction arround
16% of the OC flux on average for all traps and
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sampling periods. The algal fraction of biopo-
lymeric particles collected by the traps ranged
from 15% at BC300 in late December 2008 to
about 100% at BC1200 in March 2009 (Figure
3).

On average, biopolymeric C represented from
47 to 30% of the OC flux at the head and midd-
le canyon (BC300 and BC1500), respectively. At
BC300 m and BC1500 the biopolymeric fraction
of the OC flux was highest during November
2008 (sampling period 1) with a contribution to
the OC flux of 52.5 and 38.0%, respectively, and
then fluctuated during the following sampling
periods until January 2009. The BPC fraction
remained almost constant at BC900 (36.6 + 0.9
% on average) and showed two marked peaks at
BC1200 (66.5% and 50.6%) in January 2008 and
end of March 2009 (sampling periods 5 and 9)
(Figure 3).

Opverall, fluxes of phytopigments and BPC de-
creased throughout the entire monitoring pe-

riod. In particular, fluxes measured from Novem-
ber 2008 to January 2009 (in the first 5 sampling
periods) were significantly higher than those
observed from February 2009 to April 2009 (the
last 5 sampling periods). For all investigated va-
riables at the middle canyon, fluxes in BC1200
were significantly higher than those observed
at BC900 with some exceptions (i.e., phytopig-
ments and proteins in January 2009 -sampling
period 5-; carbohydrates in November 2008 and
January 2009 -sampling periods 1 and 5-). Both
phytopigment and BPC fluxes were not statisti-
cally different between the two traps at BC900
and BC1200 in November 2008 during sampling
period 1

Overall, the PERMANOVA revealed that the
biochemical composition of settling particles
varied significantly with time at all sampling
stations (Table 4). In particular, from November
2008 to January 2009 (first 5 sampling perio-
ds), settling particles at the head of the canyon
(BC300) were characterized by a slight increa-
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se with time in the protein contribution to BPC
(from 28 to 38 % of BPC), accompanied by a de-
crease of the lipid fraction (from 27 to 20% of BP)
and fairly constant values of the carbohydrate
contribution (around 45 %) (Figure 4A). At the
upper canyon (BC900) the increase with time of
the protein contribution to BPC from November
2008 to January 2009 (first 5 sampling periods)
( From 28 to 37 % of BPC) was accompanied by
a slight increase of the lipid fraction ( from 20
to 24 % of BPC) and a concurrent decrease of
the carbohydrate fraction (Figure 4B) ( from 51
to 41 % of BPC). At BC1200, the proteins con-
tribution increased considerably from Novem-
ber 2008 (sampling period 1) to January 2009
(sampling period 5) (from 30 to 41% of BPC)
to increase considerably in April 2009 (last sam-
pling period) (Figure 4C) ( values up to 53% of
BPC), carbohydrate decreased ( from 40 to 34
%of BPC) from December 2008 to January 2009
(sampling periods 3 to 5), whereas lipid contri-
bution fluctuated around the mean value obser-
ved from November 2008 to January 2009 (first
5 sampling periods) (28% of BPC) and peaked
in March and April 2009 with a contribution
of 40% of BPC in periods 7 and 9. In the trap
located at the deepest station at 1500 m depth,
from November to January (first 5 sampling pe-
riods), protein contribution to BPC decreased in
November 2008 to remain stable during Decem-
ber 2008 and January 2009, accompanied by an
slight increase in the lipid fraction ( from 22 to
28% of BPC) and by an invariant carbohydrate
contribution (Figure 4D).

The algal fraction of BPC settled in the sediment
traps was arround 50% However, at all sampling
stations the algal fraction of BPC varied signi-
ficantly with time, with generally higher values
observed in November 2008 and December
2008 (first 2 or 3 sampling periods) at stations
BC300, BC900 and BC1500 and in early March
2009 (sampling period 7) at BC1200 (Figure 5).
Values of the protein to carbohydrate ratio in
the trap material ranged from 0.4 to >2.0 and
exhibited significant temporal variability in all
investigated stations. In winter months (sam-
pling periods 4 to 7) this ratio increased at the
head of the canyon (BC300) and decreased at
the middle canyon (BC1500), while from late
winter to early spring (sampling periods 8 to 10)
it increased in upper canyon stations BC900 and
BC1200, so that a consistent tendency was not
observed (Figure 5).
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Fig. 4.6. Temporal changes in the biochemical composition of settling
particles in stations BC900 and BC1200 of Blanes Canyon. Reported
are percentage contributions of protein, carbohydrate and lipid to bio-
polymeric C. Fall (November 2008-December 2008, sampling periods
1 to 4); Winter (January-March 2009, sampling periods 5 to 8); Spring
(March-April 2009, sampling periods 9 to 10). Mooring station codes
are as follows: Blanes Canyon (BC) and water depth (three to four digits).
Not to scale.

4. 5. DISCUSSION AND CONCLU-
SIONS

Information about total mass and OC fluxes and
their biochemical composition has progressively
accumulated since the 70s (McCave 1975; Hon-
jo et al., 1982; Danovaro et al., 1999; Gooday,
2002). In this study, we show for a six months
period comprised between a large storm event in
winter and the phytoplantkton bloom in spring
that OC fluxes in the Blanes canyon are of inter-
mittent nature, with relatively short-lived winter



peaks (Lopez-Fernandez et al., 2013). The main
input of OC to the benthic compartment occu-
rred from December to January at all investiga-
ted sites in the canyon head, upper course and
middle course. Our results also indicate a shift
of peak fluxes from the canyon head and up-
per canyon to the middle canyon and, probably,
beyond as indicated by the top fluxes recorded
in January and February 2009 at the deepest
station BC1500 (Figure 3). These observations
are in good agreement with mass flux seasonal
patterns noticed in other submarine canyons of
the NW Mediterranean Sea, such as the Cap de
Creus, Lacaze-Duthiers, Aude, Herault and Petit
Rhone canyons (Fabres et al., 2008).

In contrast, much less information is available
on the biochemical composition of OM fluxes
in submarine canyons. Previous studies, such
as those by Tesi et al. (2010) and Pasqual et al.
(2011), have in general highlighted clear chan-
ges in the biochemical composition and nutri-
tional quality of settling OM, which have been
typically attributed to: i) pulses and timing of
biological production in the upper ocean (e.g.
Danovaro et al., 1999); and ii) local climate for-
cing modifying the relative importance of te-
rrigenous vs. marine OM contents (Tesi et al,,
2008; Sanchez-Vidal et al., 2009; Sanchez Vidal
et al,, 2012). In this regard, it has been generally
observed that coastal storms mediated pulses of
materials entering also by lateral advection after
escaping from the continental shelf and being
subsequently injected into the canyons’ interior,
usually involving a strong dilution of the organic
fraction within the total mass flux (Zuniga et al.,
2009, Sanchez-Vidal et al., 2012).

In this study, downward fluxes of phytopigments
and the whole spectrum of biopolymeric com-
pounds (proteins, carbohydrates and lipids; Ta-
ble 2, 3 and 4) vary significantly among sampling
periods. In particular, fluxes of all biochemical
compounds increased since the beginning of the
study, in November 2008, showed synchronous
or close peaks in winter at all stations, and de-
creased consistently afterwards. Variations in
the biochemical composition of sinking parti-
cles point out that the severe storm that occu-
rred the 26th of December 2008 in the study
area led to a strong increase in the downward
transport of OM in Blanes canyon (Sanchez-
Vidal et al., 2012). The associated inputs of total
OM entering the canyon’s interior were thus ac-

companied by increased fluxes of all labile com-
pounds. Nevertheless, we also found that peaks
in OC fluxes during such winter storm involved
a decrease in the percentages of biopolymeric
and algal fractions within these fluxes (Figure 3).

These results indicate that in the Blanes canyon
inputs of bioavailable food (sensu Danovaro
et al,, 2001) to the bathyal ecosystem are con-
siderably diluted both by the storm-triggered
large increase in OC flux and, mainly, in total
mass flux, itself composed mostly of lithogenic
particles (Lopez-Fernandez et al., 2013). He-
terotrophic organisms forage in such a way to
find, capture and consume food containing the
most available calories while expending the least
amount of energy possible. The optimal foraging
behavior (sensu McArthur and Pianka, 1966),
has been invoked several times to explain how
organisms living in food limited environments
— like the deep sea — can gain the needed energy
from very low organic C inputs (Jumars et al.,
1990). According to the optimal foraging theory
and from the point of view of benthic detritus
feeders, in spite of a larger amount of material
reaching the seafloor during storm events, the
search for suitable food source (optimal quan-
tity of labile food) might be more complicated
(McArthur and Pianka 1966). It might also be
that such large injections of diluted labile com-
pounds are available and consumed during
rather long periods of time, thus compensating
to some extent the “complications” for detritus
feeders during the first stages after such massive
injection occurred.

In spring only stations in the upper canyon
(BC900 and BC1200) can be compared (Fig. 3).
A common feature to both stations in spring is
that the OM collected by sediment traps had a
higher nutritional value than in late autumn-
winter (Figure 5). This difference may be attri-
buted to the spring planktonic bloom described
by several authors in the study area (Estrada et
al., 1996; Rossi et al., 2003). This hypothesis is
supported by the analysis of the biochemical
composition of biopolymeric C data combined
at the seasonal scale (Figure 6). From this pic-
ture, it clearly emerges that during spring bio-
polymeric C was characterized by increasing
lipid contributions when compared with the
two previous seasons. Along with proteins, li-
pids can represent a preferential source of ener-
gy for benthic feeders (Medernach et al., 2001;
Grémare et al., 1997). These results confirm that
in Blanes canyon the spring injection of organic



matter derived from sinking phytoplankton pro-
vides the benthos with highly nutritive food par-
ticles. Therefore, again following to the optimal
foraging theory, we can infer that deep-sea de-
tritus feeders would need to ingest less material
in spring than in autumn-winter to get the opti-
mal quantity of labile food. Recently, Pasqual et
al. (2011) illustrated the importance of seasonal
vs. episodic pelagic settling and continental shelf
advection events in controlling the exchange of
OM across the continental margin in the near-
by Gulf of Lion. Using pigments, lignin phenols
and amino acids as markers of marine and terri-
genous fluxes of OM, these authors observed a
progressive increase in OM degradation during
along-canyon particle transport. They also noti-
ced a strong decrease in the organic fraction of
TMF during a dense shelf water cascading event
that occurred in spring 2006. Our results from
BC strongly support the hypothesis that subma-
rine canyons act as principal conduits of mate-
rial entering the shallow continental shelf after
river floods and coastal storms, which involves
an episodic supply of OM with high nutritional
value to the deep-sea benthic ecosystem. The nu-
tritional value of such food supply is, at the same
time, tightly connected with biological processes
occurring in the upper ocean layers above the
continental shelf and slope.

Studies carried out mainly in the last two de-
cades have evidenced that continental mar-
gins all over the world ocean play a key role in
biogeochemical cycling and in supporting the
metabolism of deep-sea organisms (Bauer and
Druffel, 1998; DellAnno and Danovaro, 2005).
Sediment and OM transport through canyons
and adjacent open slopes is, nevertheless, neither
constant nor unidirectional. Sediments along
submarine canyons are in fact typically charac-
terized by fluctuating - even pulsing - inputs of
material from the upper continental shelf: these
can lead to sudden though temporary events of
accumulation of organic matter on the canyon’s
seafloor (Canals et al., 2006; Company et al.,
2008; Pusceddu et al., 2010a). Such a “pulsing
like” injection of material is confirmed also in
the Blanes canyon. The Catalan margin is in-
dented by a high number of submarine canyons
deeply influenced by the local climate forcing.
Our results, therefore, allow inferring that pro-
cesses taking place in submarine canyons along
the Catalan margin may control or, at least, have
a strong influence on benthic metabolism at the
whole basin scale in the NW Mediterranean Sea.
Moreover, we could also infer that the spatial
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heterogeneity associated to submarine canyons
likely shapes their own biodiversity, including
that of the deep-sea basin facing the canyons.
In this regard, for instance, recent investigations
have proven that canyons’ biodiversity along the
Mediterranean Sea margins contribute signifi-
cantly to maintain high levels of regional bio-
diversity, by hosting high numbers of exclusive
species (Bianchelli et al., 2008; Danovaro et al.,
2009; Bianchelli et al., 2010).

It comes out from our data that submarine can-
yons driven by intermittent pulses controlled
by meteorological forcings have a preeminent
role in transferring material from the highly
productive continental shelf to the nutritionally
depleted deep-sea, which is in agreement with
previous investigations (Tesi et al., 2010; Pus-
ceddu et al., 2010a; Sanchez-Vidal et al., 2012).
Such transport, as for BC, is crucial and its sig-
nificance could be compared to that of verti-
cal fluxes in the open sea. Nevertheless, during
high-energy events such as those described, the
quality of particulate food made available to the
deep benthic ecosystem decreases considerably,
mainly by dilution by high loads of lithogenic
material, thus involving a potential limitation
for feeding the deep-sea benthos.

Coastal storms have thus important effects on
the whole system from the ocean surface and
shallow continental shelf to the deep seafloor
(Sanchez-Vidal et al., 2012). Like for other high-
energy events (e.g. dense shelf water cascading or
wind-induced sediment resuspension; Pusceddu
et al., 2010a; Pusceddu et al., 2005a), changes in
food availability related to large coastal storms
can have major consequences on biodiversity
and ecosystem functioning in the deep-sea. So
that further targeted long-term investigations
on biosphere-geosphere interactions along con-
tinental margins and, more specifically, within
submarine canyons are needed to better un-
derstand the impact of atmosphere-driven high-
energy events over deep-water ecosystems as a
whole.
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CAPITULO 5

RESUMEN DE RESULTADOS Y

DISCUSION

A continuacion se presenta el resumen de los da-
tos (véase descripcion completa en los capitulos
2,3y 4) y la discusién sobre de la variabilidad
temporal de la magnitud y composiciéon de los
flujos de particulas dentro del sistema del canén
submarino de Blanes, poniendo especial aten-
cién a la biodisponibilidad de la materia organi-
ca para los consumidores del bentos.

51. FLUJO DE MASA Y COMPO-
SICION DEL MATERIAL PARTI-
CULADO

Los datos obtenidos en el cafién submarino de
Blanes y en el talud adyacente presentan grandes
variaciones tanto en composicion como en can-
tidad de particulas que llegan al fondo. Dentro
del caidn de Blanes, aunque la evolucion gener-
al del flujo de masa presenta patrones similares
en todas las profundidades (Fig. 5.1), se observa,
por ejemplo, un maximo del flujo de masa entre
diciembre de 2008 y enero de 2009 [83 g m™>d
a BC300, 35 g m?d"' a BC900, 75 gm?*d"' en
el BC1200, 50 g m? d' a BC1500], aunque los
datos de las trampas de 300 y 1200 posiblemente
se subestimaron debido a la obstruccion de las
trampas por un exceso de flujo. A partir de fe-
brero hasta abril de 2009 hubo una disminucién
en los valores de los flujos registrados [0.4 g m™
d-1en BC300,0.2gm™>d "' en BC900y 0.1 gm™
d-1 en BC1200]. De mayo a noviembre de 2009
se muestran dos maximos relativos, que tuvieron
lugar a principio de julio [25 g m™ d' en BC900
y21gm™d’en BC1200] y finales de septiembre
[18gm™>d'en BC900y 19 gm™d"'en BC1200].
Las muestras de las trampas BC300 y BC 1500
se perdieron después de abril y febrero de 2009,
por lo que no es posible realizar una descripcion
de un cuadro mas completo (Fig. 5.2).

El flujo de masa en el talud, muestra los valores
mas altos desde noviembre 2008 hasta abril 2009
con dos maximos, uno en diciembre de 2008-en-
ero de 2009 [9 gm™d’ en OS900,5 gm=d"' en
0S1200y 2 gm™d" en OS1800] y uno en mar-
zo-abril de 2009 [7 g m? d"' en OS900, 6 g m™*

d'en OS1200y 2 g m?d" en OS1800]. A partir
de abril de 2009 existe una disminucién general
hasta noviembre de 2009 con los valores mini-
mos en 0S900 [0.5 g m? d!] y OS1800 [0.02 g
m*d'], y flujos mas estables en OS1200 [2 g m™
d'] y 081500 [0.36 g m2 d-1].

En cuanto a la composicién de los flujos de masa
(Fig. 2.5y 5.2), la fraccion litogénica fue el com-
ponente dominante de las particulas en todos los
ambientes estudiados BC y OS, con un prome-
dio de contribucién al flujo de masa de 60-70% y
66-72% respectivamente. En todas las estaciones
la fraccion litogénica disminuyé en primavera y
verano (es decir, de mayo a agosto de 2009), ten-

dencia que esta mas acentuada en el ambiente
de talud.

El carbonato célcico (CaCO,) fue el segundo
constituyente dominante del flujo de masa en
los dos ambientes, con valores alrededor del
25% excepto en la estacién mas superficial,
BC300 con 37%. El contenido de CaCO, fue
ligeramente mayor en las estaciones de caioén
que en las del talud. En el caiién la contribucién
de CaCO, al flujo de masa total fue méxima en
la estacion BC300 (43%) en diciembre de 2008
y el valor minimo se registro en la estacion de
BC1200 (14%) en febrero de 2009. En el talud
los valores extremos (28% y 19%) se midieron
en otofio (octubre de 2009) y en verano (julio de
2009) ambos en la estacion OS1500.

Los porcentajes de los flujos de materia organica
fueron bastante estables desde la cabecera del
canon hasta las estaciones mas profundas, a lo
largo de todo el periodo de seguimiento, pre-
sentando los valores maximos y minimos de
3.84% y 1.26% en noviembre de 2008 y diciem-
bre de 2008 respectivamente, registrados am-
bos en la misma estacién, BC300. En el talud
la contribucién de materia organica al flujo de
masa fue mayor y mas variable que en el inte-
rior del cafién, con valores que van desde 2.07%
a 10.66% en las estaciones de OS900 y OS1800
respectivamente, ambos valores registrados en
junio de 2009.



La contribuciéon de dpalo al flujo total de masa
dentro del cafidn presenta dos picos maximos
de 4.64 y 7.24% en las estaciones de BC1200
y BC1500 respectivamente, ambos en invierno
(enero de 2009 y diciembre de 2008 respectiva-
mente). Mientras que en el talud el valor maxi-
mo se registro en junio de 2009 con un porcen-
taje de 9.67% en la estacion de OS1800.

Los resultados de las trampas de sedimento
ponen de manifiesto las diferencias entre las
muestras obtenidas dentro del caién submarino
y las obtenidas del talud adyacente. Estos dos do-
minios fisiograficos se diferencian en términos
de flujos de particulas tanto en magnitud como
en composicion de los mismos. Al igual que en
otros cafones submarinos cercanos como es el
caso de La Fonera (Martin et al., 2006) y Cap de
Creus (Pasqual et al., 2010), los flujos de masa
dentro del caién submarino de Blanes, fueron
siempre mayores (casi un orden de magnitud)
que los flujos de masa registrados en el talud a
las mismas profundidades. Esta diferencia se
hace mas evidente durante e inmediatamente
después de las tormentas, como las que tuvieron
lugar entre noviembre de 2008 y enero de 2009
(véase capitulo 2). Los flujos de masa dentro del
cafién de Blanes muestran como tendencia gen-
eral entre el otofio de 2008 y el invierno de 2009,
un aumento con la profundidad del agua (Fig.
2.5) confirmando el modelo de que los cafiones
submarinos actiian como canales preferenciales
de los flujos de particulas, debido a su topografia
(Gardner et al., 1989; Durrieu de Madron, 1994)
sobre todo durante los periodos de alta activi-
dad hidrodindmica (reforzamiento de corrientes
geostroficas, procesos de descenso de agua den-
sa de plataforma y grandes tormentas) (Martin
et al., 2006; Palanques et al, 2006; Sanchez-Vidal
et al., 2012).

Sobre una media anual, el fluyjo de masa den-
tro del candn, aumenta con la profundidad
hasta 1500 m. Sin embargo, la obstruccién de
las botellas receptoras en BC300 después de la
tormenta a finales de diciembre de 2008 pu-
ede haber sesgado la informacién sobre el flujo
de masa en esta estacion, lo que implica que el
aumento observado en el caiién de debe inter-
pretarse con cautela. Esto aparentemente con-
tradice el trabajo previo de Zuiiga et al. (2009),
donde encontraron una disminucién del flujo de
masa hacia el fondo. Nuestros datos en 2008-09,
muestran valores de flujo de masa significativa-
mente mas altos que los encontrados por Zuniga
et al. (2009) para el periodo 2003-04. Nuestros
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resultados muestran valores de flujo medio an-
ual de masa desde 12,68 g m? d'a 300 m de
profundidad, en la estacién mas somera, hasta
26,56 gm™d'a 1500 m, en la estacion mds pro-
funda, dentro del periodo de muestreo 2008-09
en contraste con los de Zuniga et al. (2009) du-
rante el periodo de muestreo 2003-04, con va-
lores que van desde 13,98 g m? d' a 600 m de
profundidad hasta 3,82 g m? d' a 1700 m. En
invierno 2003-04 solo tuvo lugar una tormenta,
en contraste con el nimero y la magnitud de las
tormentas de el invierno de 2008-2009. Estas
tormentas alimentaron al cafién con altas can-
tidades de particulas sedimentarias de la plata-
forma. Esta diferencia, pone de manifiesto la alta
variabilidad interanual de los flujos de particulas
en el area de estudio, en su mayoria relacionada
con diferentes escenarios meteorologicos que
implican la presencia de olas de alta energia y la
duracion de los mismos (ver capitulo 2 seccidon
5.2)

Procesos similares en la relacion entre el flujo
de masa y la profundidad dentro de un cafién
submarino, ha sido también descrito en el cafiéon
de La Fonera, cercano a nuestra zona de estudio.
En el caiidén de La Fonera, Martin et al., (2006)
y Palanques et al., (2006) sugieren que estos au-
mentos en el flujo de masa son provocados por
las entradas laterales de particulas a través de
las carcavas del flanco septentrional del cafién,
como resultado de la actividad de la pesca de
arrastre y el efecto de las tormentas en la plata-
forma adyacente.

En el talud adyacente, el flujo de masa total
muestra una disminucion con el aumento de la
distancia a costa. En consecuencia los valores
de flujo de masa van desde 3.53 gm> d’ en la
estacion mads somera OS900 a 0.77 g m> d' en
la estacion de OS1800. Esto sugiere una dis-
minucién de la influencia hidrodinamica y por
tanto en los aportes desde la plataforma, en la
sedimentacion de particulas a favor de una may-
or influencia hemipelagica.

La estabilidad en la composicion del flujo de
masa, con una fraccion predominantemente
litogénica (alrededor del 70%), en general, es
mas visible en el caiién, donde la contribucién
de materia orgdnica al flujo de masa no vari6
significativamente con la variacion del flujo to-
tal de masa (alrededor del 2%). Esto senala que
la materia particulada transportada dentro del
cafién, experimenta una fuerte homogeniza-
cién durante la resuspension y el transporte de
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Fig. 5.1. Flujo total de masa (g.m-2.d-1) en el canon de Blanes (BC) y en el talud adyacente (OS)en todas las estaciones de muestreo.

sedimento. Por otro lado, las concentraciones
de materia organica y 6palo en las estaciones del
talud adyacente, presentan mayor variabilidad
estacional y una disminucién de las mismas al
aumentar el flujo de masa. Lo que constata la
mayor influencia de los procesos hemipelagicos
y su variabilidad temporal.

5.1.1. Procesos hidrodinamicos y
atmosféricos que afectan los flujos
de particulas

Para una mejor visualizacién de la tendencia
temporal de los flujos de masa, hemos hecho
una representacion de los flujos totales de masa
para cada trampa de sedimento (Fig. 5.1). La
variabilidad temporal de los flujos de masa en
todas las estaciones durante el periodo de segui-
miento muestra la existencia de tres periodos,
donde el flujo total de masa aumenté por dife-
rentes procesos (Fig. 5.1). Entre los diferentes
procesos a los que podemos atribuir la variabi-
lidad temporal se incluyen: la presencia de tor-
mentas, los procesos de formacion de agua den-

sa, la conveccion de mar abierto, el florecimiento
fitoplanctonico, las entradas de polvo del Sahara
y la pesca de arrastre de fondo.

Impacto de las tormentas en los flujos de
particulas

Desde noviembre de 2008 hasta finales de enero
de 2009 la zona de estudio se caracteriz6 por un
clima inestable con el paso de tormentas secas y
himedas (véase descripcion en capitulo 2 sec-
cion 3.3) asociadas a fuertes vientos, oleaje alto y
ocasionalmente lluvias fuertes (Fig. 2.2). El paso
de una tormenta afecta a todos los aspectos de la
removilizacion, el transporte y la deposiciéon de
las particulas (Liu y Lin, 2004). Cada una de las
tormentas, estuvo asociada a persistentes vien-
tos y olas altas que probablemente generaron
fuertes corrientes en la plataforma, con la sufici-
ente fuerza para movilizar y suspender gran can-
tidad sedimentos (Pedrosa-Pamies et al., 2013),
originando un flujo de particulas hacia el fon-
do del mar por dentro del caién. Debido a los
fuertes vientos, se produjo una acumulacién de



la masa de agua a lo largo de la costa, este efecto
provoco un flujo intenso de turbidez que entré6
por la cabecera del canén de Blanes (Sanchez-
Vidal et al., 2012). Ademas, la tension en cizallas
producida por las olas en superficie dio lugar a
la resuspension de los sedimentos de plataforma
aumentando asi la densidad del flujo y facilitan-
do el transporte de las particulas en y por el ca-
nén. Dentro del cafidn la velocidad de corriente
registrada en el eje del caidén alcanzé 70 cm s™
en BC300 y hasta 32 cm s en BC1200. Esto se
puede interpretar como que el caindén actud de
conducto principal para el transporte de sedi-
mentos de plataforma, como también se deduce
por las altas concentraciones de sedimentos
suspendidos registradas por los transmisémet-
ros cerca del fondo. Este aumento, se noto es-
pecialmente durante la tormenta que tuvo lugar
el 26 de diciembre de 2008 (Sdnchez-Vidal et
al,, 2012), y probablemente también, aunque en
menor medida, en las tormentas que ocurrieron
en noviembre de 2008 y enero de 2009 (Figs.
2.2 y 2.4). El transporte de sedimentos re-sus-
pendidos hacia el fondo continué hasta que la
turbulencia fue incapaz de mantener la carga de
particulas en suspension y estas comienzan su
sedimentacion (Puig et al, 2003; Pedrosa-Pamies
et al, 2013). Prueba de ello es la gran cantidad
de particulas de sedimento recolectadas durante
los tres meses tormentosos entre noviembre de
2008 y enero de 2009. En las estaciones del talud
también se noté un aumento del flujo de masa,
aunque de menor magnitud, lo que sugiere que
las particulas fueron transportados hacia el fon-
do de la cuenca, no sélo a través del caidn, sino
posiblemente también a lo largo del talud adya-
cente (Fig. 2.5).

En el interior del cafidn, la estaciéon BC1200 re-
cibi6 un flujo total de masa mayor que en la es-
tacion BC900 mds somera, esto nos sugiere una
probable transferencia lateral de las particulas
respecto al eje del caindn por medio de las car-
cavas que recortan el flanco este del cainén. En
la estacion mads profunda del canén, BC1500, se
observa un aumento notable del flujo de masa,
como resultado de la ultima tormenta de enero
de 2009, en comparacion con las estaciones mas
someras donde los flujos eran mas altos después
de las dos tormentas anteriores, este resultado se
podria explicar en primer lugar, por un agota-
miento de los sedimentos susceptibles de ser
resuspendidos en las estaciones menos profun-
das, debido al paso de las tormentas anteriores
y, en segundo lugar, por la movilizacién de los
sedimentos acumulados temporalmente a pro-

fundidades inferiores a 1500 m de profundidad,
en la parte baja del cafién. Esta explicacion es de
alguna manera similar a la dada para el trans-
porte de sedimentos en suspension en los rios
torrenciales, que experimentan una reduccién
progresiva de la carga de particulas en suspen-
sién después de una sucesion de procesos (Alex-
androv et al,, 2003, Hudson et al., 2003 y, Rovira
y Batalla, 2006). Esta conclusion se refuerza al
comparar los de flujos de masa a finales de en-
ero y principios de febrero de 2009 en todas las
estaciones del eje del cafiéon, donde como hemos
mencionado anteriormente, las estaciones mas
someras muestran los flujos de masa mas bajos
o incluso nulos durante la tormenta de enero
de 2009, mientras que la estaciéon mas profunda
(BC1500) muestra flujos de sedimento notable-
mente mas altos (Fig. 2.5). Que las particulas
tengan una fuente inicial comun y el transporte
“paso a paso” a lo largo del candn, que implica
la resuspension de las particulas previamente
acumuladas en zonas menos profundas, ayuda
a la comprension de la falta de diferencias sig-
nificativas en la composicion entre los flujos
asociados a las diversas tormentas. Durante este
periodo de tormentas los flujos de particulas se
compone principalmente de material litogénico
con pequefas contribuciones de épalo en las es-
taciones de caidn (Fig.2.5). La baja variabilidad
de la materia organica y su falta de relaciéon con
las concentraciones de dpalo en las estaciones
de caidn (Fig. 2.6) sugieren que el 6palo llegd
probablemente a partir de fragmentos del es-
queleto de silice resuspendido de la plataforma.

En general, los valores registrados durante los
tres meses del periodo de tormentas representan
el 60% de los flujos de masa registrados en el ca-
i6n de Blanes y el 44% de los flujos de masa en
las estaciones del talud.

Impacto de la formacion de agua densa y el
florecimiento fitoplanctonico en los flujos de
particulas

En febrero de 2009 una disminucion repentina
de la temperatura hasta 12.14 °© C y un aumento
en la velocidad de la corriente de hasta 50 cm
s-1 en la estaciéon BC300 indican la llegada de
agua intermedia occidental (WIW), es decir,
agua densa de plataforma, probablemente desde
el Golfo de Ledn que se propaga hasta el caiiéon
de Blanes como WIW. No es la primera vez que
aguas WIW se describen en el caiién submarino
de Blanes, tanto mediante modelos fisicos de
circulacién (Ulses et al. 2008), como mediante la
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medida de variables fisicas, temperatura y salini-
dad (Zuiiga et al., 2009).

En el invierno de 2009, la cascada de aguas den-
sas de plataforma en el Golfo de Ledn no fuer-
on particularmente intensa (Puig et al., 2013),
esto también se refleja en el canén de Blanes,
ya que el acontecimiento registrado de WIW
fue de corta duracién y no llegé a las estaciones
mas profundas (no se registrd en las estaciones
BC1200 y BC1500). Las trampas de sedimentos
no presentaron ningtin aumento en los flujos de
masa, aunque no podemos descartar la obstruc-
cioén de los recipientes recolectores.

En marzo 2009, el registro de aguas frias y mas
saladas en las estaciones del talud (OS), se inter-
preta como el resultado de la llegada de la masa
de agua denominada Agua Profunda del Medi-
terraneo occidental (WMDW). La entrada de
esta masa de agua se registra en el talud desde
marzo hasta principios de mayo de 2009, junto
con un aumento de la velocidad de corriente de
hasta 26 cm s-1 y un descenso de la temperatura
del agua desde 13.1°C hasta 12.95°C (Fig. 2.3).

Esta masa de agua se forma bajo condiciones in-
vernales extremas en el Golfo de Leén y en el
Mar de Liguria. En invierno cuando el aire es
muy frio y sopla sobre el mar, enfria y evapora
el agua. En el Mediterraneo, la evaporacion es
tan grande que la salinidad del agua le permite
alcanzar una densidad tal que se hunde hasta el
fondo. Este proceso da lugar a lo que se deno-
mina conveccion profunda (Lopez-Jurado et al.,
2005).

En las estaciones mas alejadas de costa OS1200
y OS1800 los flujos maximos de todo el periodo
de estudio se registraron en marzo de 2009 (Fig.
2.5). Nuestra hipotesis es que esto fue causado
por el transporte o la resuspension de sedimen-
tos marinos finos por dichas aguas. Estudios
recientes han demostrado que, independiente-
mente de la resuspension y transporte por una
cascada de agua densa de la plataforma en aguas
profundas, las altas velocidades de las corrien-
tes asociadas con la conveccion profunda en alta
mar, también tienen la capacidad de volver a re-
suspender las particulas en el margen profundo
y la cuenca (Martin et al, 2010;. Stabholz et al,,
2012). A nivel geoquimico, esta situacion se tra-
duce en una disminucién de los componentes
biogénicos (OC y épalo) de los flujos de masa al
inicio del proceso.

Después de la mezcla vertical de la columna de
agua y la re-estabilizacion de la capa superficial,
tuvo lugar la floracién de fitoplancton (“bloom”
de fitoplancton). Este “bloom” ocurre por lo gen-
eral, a finales de invierno-primavera en el area de
estudio (Estrada et al, 1996; Rossi et al, 2003), los
nutrientes alcanzan aguas poco profundas debi-
do a la mezcla invernal y son el desencadenante
de la floracién de fitoplancton (Margalef, 1985).
La floracion de fitoplancton causé un aumento
en las concentraciones de Clorofila-a (Fig. 2.2) y
un aumento de la sedimentacion de las particu-
las biogenicas. En consecuencia, la composicion
de los flujos de masa que recogieron las trampas
de sedimento, era mas rica en materia organicay
opalo (Fig. 2.5). Durante los periodos del bloom
fitoplanctonico, las aguas superficiales se empie-
zan a calentar y se desarrolla la picnoclina. Una
vez que el fitoplancton ha agotado los nutrientes
disponibles, los organismos empiezan a morir y
hundirse. La influencia de la sedimentacion pe-
lagica es mas patente en el talud adyacente que
en el interior del cainoén, ya que en el cafién al
transportar mayor cantidad de particulas, la ma-
teria organica queda diluida. En el talud las con-
centraciones de dpalo explican la mayor parte de
la varianza del OC, mientras que no existe cor-
relacion entre estas dos variables dentro del ca-
non (Fig. 2.6). Esto es debido a la casi constante
mezcla y homogeneizacion de las particulas en el
interior del caién a causa de las fuertes corrien-
tes, que impiden que la senal asociada a la sedi-
mentacion pelagica sea evidente. (Fig. 2.6.B).

En términos generales, la conveccién en mar ab-
ierto de 2009 junto con la produccién primaria
asociada significo el 13% del flujo OC en el ca-
Nén de Blanes y el 34% en el talud

Impacto de las entradas de polvo atmosférico
sobre los flujos de particulas

Entre junio y septiembre de 2009 las trampas
situadas en el talud registraron un aumento en
compuestos organicos (OC y 6palo biogénico)
(Fig.2.5) sin ningin aumento evidente en la
concentracion de clorofila-a superficial obser-
vada en las imagenes de satélite (Fig. 2.2). El
origen de las entradas de materiales frescos bajo
esta situacion en los meses de verano podria ser
explicado por el desarrollo de un maximo de
clorofila profunda estrechamente asociado a la
nutriclina (Estrada, 1996). Ademas en el noro-
este del Mediterraneo se han descrito procesos
causados por la llegada de viento cargado de
polvo que pueden, hasta cierto punto, compen-
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sar el agotamiento de los nutrientes debido a la
estratificacion del agua y producir floraciones de
fitoplancton secundarias (Goutx et al., 2000; Zu-
fiiga et al., 2008; Pasqual et al., 2011).

Debido a la proximidad de la region mediter-
ranea al norte de Africa y al desierto del Sahara
en concreto, esta zona es afectada, recurrente-
mente, por este fenomeno de intrusiones de pol-
vo provenientes del Sahara. Grandes cantidades
de polvo mineral se movilizan desde las regio-
nes éridas del norte de Africa y se inyecta en la
atmdsfera en condiciones climaticas favorables,
lo cual lleva a su deposicion en el Mediterraneo
occidental (Guerzoni et al, 1997; Guerzoni et al,
1999; Ridame y Guieu, 2002). Dichos aportes
traen nuevos nutrientes, como hierro y fésforo
inorganico que se disuelve en las aguas superfi-
ciales del Mediterraneo, y estimulan la produc-
cién primaria durante los periodos de verano,
a pesar de que la columna de agua este estrati-
ficada (es decir, no hay entradas de nutrientes de
aguas profundas al no haber mezcla vertical).

(D) deposicion de polvo (linea) y deposicion de polvo del Sahara (puntos rojos).

Al final de la primavera y principios del verano
de 2009, hubo una llegada elevada de polvo del
Sahara (Fig. 2.2) a la zona del Mediterraneo
noroccidental y en paralelo, se registro un au-
mento de las componentes biogénicos visible
en las muestras recogidas por las trampas de
sedimento en el talud. La llegada de nuevos nu-
trientes pudo haber causado un bloom de fito-
plancton a principios de verano. En el capitulo
3 vemos como las muestras de las de trampa
de sedimentos del verano de 2009 muestran un
aumento en la concentracién fitopigmentos y a
su vez un aumento en el valor nutritivo de los
flujos de particulas comparable a las muestras
correspondientes a la del bloom de fitoplanc-
ton de primavera. El hecho de que la imagen via
satélite no registre un aumento de la clorofila-a
para este periodo, inducida por las entradas de
polvo del Sahara (Fig. 2.2), no debe interpretarse
como una falta de respuesta bioldgica marina,
sino como consecuencia de la falta de sensibili-
dad de los sensores del satélite en la deteccion de
variaciones muy pequefas de clorofila-a (Volpe



et al.,, 2009), o simplemente por el desarrollo de
un maximo subsuperficial de clorofila profundo,
como sefala Estrada et al., (1993).

El aumento de flujo de particulas biogénicas fue
mas evidente en las estaciones del talud, debido
a que la influencia pelagica es mayor y la advec-
cion lateral de sedimentos resuspendidos en esta
zona tiene menor importancia. Ademads, en la
correlacion OC vs. 6palo asociada a la llegada
de polvo del Sahara, la linea de regresion nos da
una pendiente mayor que durante el periodo del
bloom fitoplancténico de primavera (fig. 2.6) lo
que sugiere un cambio en la comunidad pelagica
entre el periodo de floracién y la fertilizacion por
aportes e6licos, con menos contribuciéon de 6pa-
lo, indicando un cambio de organismos produc-
tores de silice (diatomeas) por otros organismos
productores de carbonato. Esta idea es apoyada
por la alta concentracion de CaCO, en los flujos
de particulas en el Canidn de Blanes, que apuntaa
la sedimentacion de los organismos con conchas
carbonatadas, secundadada por la inspeccién vi-
sual de las muestras con abundantes pterépodos
(Fig.2. 4). Este hecho provoca una combinacién
de la produccion secundaria y el ajuste de fito-
plancton calcareo.

Impacto dela pesca de arrastre de fondo en los
flujos de particulas

No obstante la entrada de polvo del Sahara, no
justifica el aumento relativo en el flujo de masa
que se observo entre mayo y julio de 2009, en
las trampas situadas a 900 m de profundidad
en ambos dominios, cafién y talud y, en menor
medida, a 1200 m de profundidad Este flujo de
masa contenia poco material biogénico. La in-
fluencia de la pesca de arrastre se ha planteado
como hipétesis de ser la causa de tales inespera-
dos flujos de particulas que se producen en los
meses de verano, caracterizado por condiciones
de mar en calma, con olas pequefias y baja escor-
rentia superficial (Puig y Palanques, 1998;. Pa-
lanques et al, 2005; Puig et al,. 2012). De hecho,
el canon de Blanes y los taludes adyacentes con-
tienen caladeros donde el arrastre de fondo es
comunmente practicado.

La flota de arrastre local pesca hasta 800 m de
profundidad (Ramirez-Llodraetal., 2010, su Fig.
1), con el esfuerzo de pesca principal concen-
trado a lo largo del talud oriental desde finales
de invierno hasta principios del verano y sobre
la pared oriental y el eje del canén desde finales
de verano a mediados del invierno (Company et

120

al, 2008; Sarda et al, 2009). El flanco occidental
del cafién se usa poco para la pesca, debido a su
topografia escarpada y rugosa (Ramirez-Llodra
et al, 2010).

Nuestra hipétesis es que el aumento de los flujos
de particulas registradas a 900 m y 1200 m en
el verano de 2009 podrian haber sido causados
por la pesca de arrastre que conduce a la for-
macién de nubes de resuspension (Puig et al,
2012), seguido por la posterior sedimentacién
de las particulas, en su mayoria material litogé-
nico, directamente sobre los propios caladeros
o0 a corta distancia debido a la calma en dichas
profundidades durante esa época del ano. En
condiciones mas dindmicas, como las de invier-
no, tal resuspension, inducida por el hombre,
y su sedimentacién son menos evidentes o im-
perceptibles, probablemente debido a una dilu-
cién mas grande de los flujos en el medio o por
el transporte de las corrientes mas rapido y mas
lejos.

En general, el peso relativo en el flujo total anual
de OC de la produccién primaria vinculada a
las entradas de polvo y de resuspension debido
a la pesca de arrastre de fondo, que ocurre en su
mayoria al mismo tiempo, es del 17% en el ca-
nén de Blanes y el 18% en el talud. Obviamente,
el caracter sincrénico de estos dos factores, en-
tradas de polvo y la pesca de arrastre de fondo,
hace muy dificil separar con fiabilidad la contri-
bucién de cada uno de ellos con el total de los
flujos de OC.

52 COMPOSICION BIOQUIMICA
Y BIODISPONIBILIDAD DE LA
MATERIA ORGANICA.

Existen pocos estudios que evalian simul-
taneamente los cambios espacio-temporales
de las caracteristicas bioquimicas de la materia
organica en los cafiones submarinos del Mar
Mediterraneo (Tesi et al., 2008; Sanchez-Vidal et
al., 2009, Pasqual et al., 2011). Ademas, la infor-
macion sobre la fraccion de la materia organica
facilmente digerible (materia organica labil) en
muestras de trampas de sedimento es practica-
mente inexistente. El presente estudio constituye
el primer trabajo que considera sin6pticamente
los cambios estacionales y espaciales en las car-
acteristicas de la materia organica, incluyendo la
fraccién labil, en un caildén submarino del Medi-
terraneo y su talud adyacente. Este estudio se



basa en un enfoque biomimético (abstraccion de
un buen disefo de la naturaleza) y a pesar de sus
limitaciones, esta técnica ha proporcionado in-
formacién cuantitativa sobre los consumidores
heterétrofos y la disponibilidad de alimento
para muchos ecosistemas benténicos (Mayer
et al,, 1994; Grémare et al., 1997; DellAnno et
al., 2000; Danovaro et al., 2001; Grémare et al,,
2002; Grémare et al., 2003; Grémare et al., 2005;
Vandewiele et al., 2009, Bourgeois et al., 2011).
En este estudio se utilizaron las trampas de sedi-
mento situadas a 1200 m de profundidad, tanto
en el caiéon de Blanes como en el talud, con una
resolucion de 7/8 dias. Ademas se analizaron y
caracterizaron los componentes biopoliméricos
(semilabiles: proteinas, carbohidratos y lipidos)
la fraccién facilmente digerible de la materia
organica (proteinas labiles y carbohidratos la-
biles) y los pigmentos totales.
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Fig. 5.4. Serie temporal del contenido flujo de los compuesto organicos biodisponibles (mg g') de las trampas de sedimento a 1200 metros de profundidad

Para estudiar las variaciones temporales con los
datos anteriores se realizéd un analisis de vari-
anza multivariado con base en permutaciones
(PERMANOVA; Anderson, 2001; McArdle y
Anderson, 2001). El disefio incluyé dos factores
ortogonales: espacio-morfologia del lecho mari-
no (2 niveles fijos: canon vs talud) y el tiempo de
muestreo (44 niveles fijos, cada uno correspon-
diente a una semana de recoleccion de particulas
de la trampa) (véase capitulo 3 seccién 2.4).

Los resultados estadisticos revelaron que el con-
tenido de todas las variables investigadas en las
muestras (fitopigmentos, proteinas, carbohidra-
tos, lipidos, BPC y BAOC), fueron significativa-
mente afectados por la interaccion entre los dos
factores analizados (Tiempo x espacio) (Tabla
3.2).
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podemos decir que en el cainén de Blanes, las
proteinas, los carbohidratos y los lipidos con-
tribuyeron, en promedio anual, casi por igual
(casi el 33% cada uno) en el flujo de BPC. El
BPC represento, en promedio anual, aproxima-
damente el 33% del total del flujo de OC (del 20-
49%, con un 17% de variaciéon sobre una base
anual). Alrededor del 24% (del 11-43%) del BPC
que llegé al fondo del mar en el cafién era labil.
La concentracion total de fitopigmentos explica
aproximadamente el 64% de la varianza del BPC,
con el 36% restante del BPC asociado a fuentes
no-algales. El BPC y el BAOC covarian signifi-
cativamente también en el caién, con cerca del
85% de la varianza del BPC explicada por las va-
riaciones en el contenido de BAOC

En el caion, el contenido de casi todos los com-
puestos organicos muestran variaciones tem-
porales amplias y significativas, la mayoria de
ellos se caracterizan por un aumento de mar-
zo a mayo de 2009 (Fig. 5.4). Por ejemplo los
lipidos presentan un maximo en abril de 2009
(hasta 3,45 mg g) y lo carbohidratos totales en
mayo de 2009 (5,1 mg g'). El maximo de car-
bohidratos labiles (2,87 mg g”') también tuvo
lugar en mayo de 2009, representando alrede-
dor del 58% del total de carbohidratos Las con-
centraciones de proteinas totales no muestran
ningun maximo significativo, aunque se ob-
servé un mayor contenido de proteina durante
el periodo de abril-mayo de 2009 (alrededor de
4,9 mg g'). En general, las proteinas labiles rep-
resentaron en promedio alrededor del 17% del
total de proteinas, con un maximo relativo en
abril de 2009 (48%), lo que corresponde a 1,11
mg g-1de proteina labil.

En el talud, los carbohidratos totales fueron, en
general, la clase dominante de los compuestos
biopoliméricos, con un aporte medio al BPC en
torno a un 46%, seguido de los lipidos (33%) y
proteinas (21%). El BPC representa aproxima-
damente el 35% del total de flujo de OC en el
talud (del 1-51% con un 36% de variacion sobre
una base anual). Dentro del BPC que lleg6 al
fondo en el talud, solo un promedio del 16%
era labil (del 6-50%). La concentracion total de
fitopigmentos explica s6lo 23% de la varianza
de BPC, con el 67% restante del BPC asociado
a fuentes no-algales. E1 BPC y el BAOC varian
significativamente en el talud, aproximada-
mente el 85% de la varianza del BPC se puede
explicar por variaciones en el contenido de
BAOC.
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En el talud, el contenido de casi todos los com-
puestos organicos también muestra variacio-
nes temporales amplias y significativas, que se
caracterizan en general, para los carbohidra-
tos y lipidos, por un aumento de marzo a abril
de 2009 con maximos significativos en abril
de 2009 (11,7 mg g' y 6.34 mg g’ respectiva-
mente), una disminucién de mayo a julio de
2009, y un méaximo en agosto de 2009, con va-
lores de carbohidratos de 23,7 mg g’y de 7.58
mg g de lipidos (Figura 3.4).

Las proteinas y los fitopigmentos, presentan sus
maximos en enero de 2009 (7.09 mg g'), y mayo
de 2009 (0.57 mg g''), respectivamente.

La fraccion digerible de carbohidratos fue alred-
edor del 24% del total de carbohidratos, con un
maximo (65%) en febrero de 2009 (correspon-
diente a 2,48 mg g’ de carbohidratos labiles).
Las proteinas labiles representan en promedio
cerca de 12% del total de proteinas, con un valor
maximo de 54% (correspondiente a una concen-
tracion de 0,9 mg g') en diciembre de 2008.

Con objeto de analizar el efecto que tuvo el peri-
odo de tormentas en la calidad y el valor nutri-
cional dentro del caildén submarino de Blanes, se
ha estudiado la composicién bioquimica de la
materia organica, (fitopigmentos, proteinas, car-
bohidratos, lipidos y BPC) de las muestras re-
cogidas por las trampas de sedimento dentro del
canon submarino de Blanes (estaciones BC300,
BC900, BC1200 y BC1500) desde noviembre de
2008 hasta abril de 2009.

Los flujos de fitopigmentos y todo el espectro
de compuestos biopoliméricos (proteinas, car-
bohidratos y lipidos, Tabla 4.3) varian signifi-
cativamente durante el periodo de tormentas.
En particular, los flujos de todos los compues-
tos bioquimicos aumentaron desde el comienzo
del estudio, en noviembre de 2008, mostrando
maximos sincroénicos o cercanos en invierno
en todas las estaciones (carbohidratos, lipidos,
proteinas y pigmentos), y después disminuy-
eron consistentemente. Las variaciones en la
composicion bioquimica de las particulas sedi-
mentadas sefialan que la fuerte tormenta que se
produjo el 26 de diciembre de 2008 en el drea de
estudio produjo un fuerte aumento en la canti-
dad de materia organica transportada por el ca-
6n de Blanes.

La fraccién algal-BPC, indicador de la frescura
de la MO, calculada en las trampas de sedimento



durante el periodo de tormentas, fue general-
mente muy baja, no superior a 0,15%. Sin em-
bargo, en todas las estaciones de muestreo, la
fraccion algal-BPC varié significativamente con
el tiempo, con valores generalmente mas altos
en noviembre de 2008 y diciembre de 2008 en
las estaciones BC300 BC900, y BC1500 y a prin-
cipios de marzo de 2009 en BC1200 (Fig. 4.3).
Los valores de la relacion proteina-carbohidrato,
indicador de la calidad de nutricional, en las
muestras variaron de 0,4 a > 2,0 y mostraron
una variabilidad temporal significativa en todas
las estaciones investigadas. En los meses de in-
vierno (finales de diciembre hasta mitad de mar-
z0) esta proporcidn aument6 en la cabecera del
cainon (BC300) y disminuyd en la trampa mas
profunda del caiidn medio (BC1500), mientras
que a partir de finales de invierno a comienzos
de primavera (mitad de marzo hasta final de
abril) se increment6 en las estaciones de BC900
y BC1200, de modo que no se observoé una ten-
dencia consistente (Fig. 4.5). Esto puede estar
influenciado por el agotamiento pronunciado
del sedimento transportado paso a paso expli-
cado en el punto 5.1.

En general, las entradas correspondientes de
materia organica total en el interior del caidn,
fueron acompanadas, con un aumento de los flu-
jos de todos los compuestos biopoliméricos. Sin
embargo, también se encontr6 que los picos en
los flujos de OC durante la tormenta de invierno
implic6 una disminucién en los porcentajes de
las fracciones biopoliméricas y algal dentro de
estos flujos (Fig. 4.5)

5.2.1. Importancia trofica de los
flujos de masa en el Candn de
Blanes vs. el talud adyacente: bio-
disponibilidad de las particulas en
sedimentacion

Es evidente que hay una diferencia entre los flu-
jos en las dos estaciones de muestreo debido a su
ubicacién. La estacién OS 1200 situado a unos
20 km de la isobata de 200 m, presenta en pro-
medio un TMF de 2380.98 mg m™ d' y valores
de flujo de OC y 6palo de 40.57 y 49.87 mg m™
d' en promedio, respectivamente (1,70 y 2,09%
de la TME respectivamente). Por otro lado los
flujos en la estacion BC1200 situada a unos 10
km de la isébata de 200 m, presenta con va-
lores de 22.898,17 mg m? d para los flujos de
masa y 240,57 y 269,63 para los flujos de OC y
6palo, con una contribucién del OC y el d6palo

al TMF menor (1,05 y 1,18% respectivamente).
Debemos considerar que el camino que sigue la
materia organica e inorganica desde la superficie
del mar hasta el fondo de la cuenca no es soélo
debido a la sedimentacion vertical, ya que una
gran proporcion de las particulas es transporta-
do por adveccién lateral antes de la deposicién
en el lecho marino. Por lo tanto, no podemos ex-
cluir que parte de las diferencias observadas en
el TMF entre el caidn y el talud adyacente pueda
atribuirse a la distancia a costa de las dos zonas
de muestreo, esta variable podria haber llevado
alas trampas a interceptar particulas transporta-
das sobre diferentes distancias horizontales.

La entrada de sedimentos en la trampa de ori-
gen terrigeno o bien de material resuspendido,
es corroborada por la presencia de concentra-
ciones relativamente altas de carbohidratos en
las muestras, que representaron en promedio
0,3% y 0,7% del flujo total de masa en el talud y
el canon, respectivamente, y 28,7% y 44,5%, re-
spectivamente, del OC total. Siguiendo el orden
de la biodisponibilidad para los componente
bioquimicos segiin Wakeham et al. (1997) (pig
mentos>lipidos>proteinas>carbohidratos), los
carbohidratos constituyen la fraccién mas re-
fractaria de compuestos organicos analizados en
este estudio.

La presencia de una mayor fracciéon organica
en el flujo total de masa del talud que en el eje
del candn, parece indicar que, los consumi-
dores heterotrofos de los sedimentos del talud
se benefician de una concentracién de particu-
las de comida consistentemente mayor, que la
disponible en el caiién a igual profundidad. Sin
embargo, nuestros resultados también muestran
que el talud se caracteriza principalmente por
una notable variabilidad estacional en la calidad
de los alimentos de las particulas descendentes,
con maximos de concentracion asociados con
el ciclo estacional de la produccion bioldgica en
la zona eufética, mientras que el caiidn muestra
una mas pronunciada variabilidad temporal en
la cantidad de particulas que sedimentan. Esta
notable diferencia en la cantidad / calidad de las
particulas que entran en el eje del caion y el ta-
lud adyacente, probablemente tiene consecuen-
cias en la nutricion del bentos de aguas profun-
das que habitan en estos dos habitats. Es decir,
un organismo benténico que viva en el interior
del cainén de Blanes tendria que ingerir mas
particulas para cumplir con sus necesidades ali-
mentarias que otro que viviera en el talud adya-



cente, donde el porcentaje de particulas de OC
que sedimenta es casi siempre superior a la del
candn. No obstante, nuestros datos indican tam-
bién que la fraccion labil de la materia organica
que llega al bentos en el caién es generalmente
mas alto que en el talud. Por lo que el bentos que
habita en sedimentos de aguas profundas en el
caion, a pesar de recibir una menor concen-
tracion de particulas alimentarias, tienen una
mayor disponibilidad de materia organica labil.
De forma aproximada podemos calcular que
un animal dentro del caindn y expuesto a una
unidad de masa de material puede beneficiarse
de alrededor del 1% de particulas alimentarias,
mientras que un animal en el talud recibe aprox-
imadamente el doble de esta cantidad (1,7%). En
el cafidn, la dilucidn de estas particulas alimen-
tarias en una matriz principalmente inorganica
esta parcialmente compensada por una mayor
biodisponibilidad de la materia organica. El 8%
de las particulas alimentarias dentro del caiidn
son labiles, mientras que en el talud adyacente
solo el 5% es labil.

La forma de alimentacién de los organismos
heterdtrofos se basa en encontrar, capturar y
consumir alimentos con la mayor cantidad de
calorias disponibles gastando la menor cantidad
de energia posible (Shoener, 1971; Pyke et al,
1977). La teoria del “aprovisionamiento 6ptimo”
(McArthur y Pianka, 1966), se ha utilizado para
explicar como los organismos que viven en am-
bientes limitados de alimentos - como el mar
profundo pueden obtener la energia necesaria
a partir de un consumo muy bajo de materia
organica (Jumars et al, 1990). Por lo que a pesar
de que un organismo heterétrofo que viven en
el caindn debe gastar mas energia en “buscar”
particulas alimentarias, una vez adquiridas estas
particulas, son mas labiles que las particulas ali-
mentarias que recibe un animal que vive en el
talud adyacente, aunque tenga mas facil acceso
a ellas. Este resultado se traduce en que aunque
los organismos dentro del cafién sean penaliza-
dos por un flujo de particulas en su mayoria in-
organico, pueden contrarrestarlo aprovechando
aportes de mas particulas labiles.

Este estudio, proporciona nuevos conocimien-
tos sobre las diferentes modalidades que los or-
ganismos bentdnicos que habitan en diferentes
habitats profundos, pueden experimentar para
sobrevivir en un entorno con pocas particulas
alimentarias. Nuestros resultados confirman
recientes estudios que demuestran, que aportes
elevados de materia organica en los caflones pu-
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eden favorecer la contribucién faunistica y crear
“hot spots” de biomasa y de procesamiento de
carbon a lo largo del margen continental (Van
Oevelen et al.,, 2011). Sin embargo, que las entra-
das de materia organica tenga un efecto positivo
en el bentos, depende también de las tasas de
sedimentacién y de la cantidad global de sedi-
mento depositado en el fondo del mar.

Debido a que los cafiones submarinos actiian
como canal preferencial en el transporte de
particulas, y con ello de materia organica, estos
por norma general albergan mayor biomasa y
biodiversidad que los taludes adyacentes. (Bi-
anchelli et al., 2008). Por otra parte, las dife-
rencias en la biodiversidad entre los cafones y
el talud son generalmente mds grandes en tér-
minos de estructura de la comunidad faunistica
(es decir, la diversidad beta) que en términos de
riqueza de especies (diversidad alfa) (Danovaro
et al., 2009).

Estas diferencias se explican principalmente por
la disponibilidad de las particulas alimentarias
en el sedimento (Danovaro et al., 2009), que son
consecuencia de la naturaleza, el origen y la cali-
dad alimentaria de las particulas provenientes
de la columna de agua superior (Danovaro et
al., 1999). Por lo tanto, nuestros resultados nos
permiten plantear la hipotesis de que las dife-
rencias en la fauna sésil entre los sedimentos del
fondo de los caflones y el talud adyacente son
el resultado de las adaptaciones de las comuni-
dades bentonicas a las diferentes combinaciones
de cantidad y calidad de alimentos en los dos
habitats.

5.2.2. Control hidrodinamico y
climatico de las entradas de mate-
ria organica biodisponible para los
ecosistemas profundos

Si el comportamiento de los flujos de masa en
el canén de Blanes se puede extrapolar a otros
canones submarinos a lo largo de los margenes
del Mediterraneo sigue siendo una pregunta abi-
erta. Varios caflones submarinos del Mediterra-
neo han sido definidos como canales principales
para el transporte de OC hacia la cuenca pro-
funda debido a las condiciones hidrodinamicas
locales (Martin et al, 2006, Palanques et al, 2008;
Zuniga et al, 2009). Sin embargo, otros estudios
recientes han demostrado que diferentes cafo-
nes (incluso proximos) pueden mostrar grandes
diferencias en las caracteristicas cuantitativas y
cualitativas de la materia organica sedimentaria,



y que estas diferencias no sélo estan relaciona-
dos con las diferentes caracteristicas morfol6gi-
cas de los caflones sino que también, pueden
depender del momento del muestreo (Pusceddu
et al., 2010). De hecho, los cafiones submarinos
son a menudo sistemas dominados por procesos
episddicos (Palanques et al., 2012), lo que sig-
nifica que las entradas de particulas al interior
de los cafiones son en gran parte influenciadas
por las anomalias climaticas locales, incluyen-
do: crecidas fluviales, entradas de polvo edlico
y procesos hidrodinamicos marinos de alta en-
ergia, como las tormentas, cascada agua densa
de la plataforma y conveccién oceanica profun-
da (Canals et al, 2006; Sanchez-Vidal et al, 2012;
Palanques et al, 2012), ademas de la produccion
primaria en la superficie (Danovaro et al., 2001).
En este sentido, se debe considerar que el trans-
porte de sedimentos a través de cafiones subma-
rinos no es constante ni unidireccional, sino que
mas bien tiene un comportamiento alternante
intermitente (Palanques et al., 2012).

Uno de los ejemplos de los procesos que impul-
san el transporte de grandes cantidades de sedi-
mentos y materia organica a las profundidades
del mar se produce durante fuertes tormentas
costeras (Sanchez-Vidal et al 2012).

Nuestros resultados indicarian que en el cafién
Blanes las entradas de particulas alimentarias
(sensu Danovaro et al., 2001) para el ecosistema
batial se diluyen considerablemente con la ocur-
rencia de tormentas, ya que el aumento de flujo
OC es consecuencia de un aumento en el flujo
de masa total, principalmente compuesto de
particulas litogénicas.

Desde el punto de vista de un detritivoro
bentonico, a pesar de que existe una mayor can-
tidad de material organico al alcance en el fondo
del mar durante las tormentas, la busqueda de
una alimentacion adecuada (cantidad doptima
de nutrientes) puede ser mas complicada. Por
otro lado, podria ser que las grandes inyeccio-
nes de particulas alimentarias diluidas, estan
disponibles y se consuman durante periodos de
tiempo mas largos, compensando de este modo
las “complicaciones” para los consumidores de
detritus que sufririan durante las entradas ma-
sivas de particulas tras el paso de una tormenta.

Nuestros resultados indican que al igual que
para otros procesos de alta energia (por ejemplo,
durante cascadas de agua densa de la plataforma
(Pusceddu et al, 2005; Pusceddu et al, 2010a), los

cambios en la disponibilidad de alimentos en re-
lacién a las grandes tormentas costeras pueden
tener importantes consecuencias en la biodiver-
sidad y funcionamiento de los ecosistemas en las
profundidades del mar.

Durante el periodo de las tormentas de otofo-
invierno 2008-09 los datos muestran un aumen-
to de las proteinas totales y labiles y por tanto de
su contribucion al BPC y a su vez bajos valores
de lipidos, este comportamiento no se observa
en otras épocas del afio. En periodo de primav-
eray verano 2009, las condiciones hidrodindmi-
cas son menos energéticas que en el periodo
anterior, estos dos periodos estan marcados por
un aumento de los lipidos. Los lipidos son mas
biodisponibles para los consumidores que las
proteinas (Taylor, Karl y Pace, 1986). Podriamos
decir que las diferencias en la composicion bio-
quimica resaltan la diferente estructura de las
comunidades benténicas.

La posible ventaja de un alimento mas labil para
el bentos de aguas profundas que recibe las en-
tradas forzadas por las anomalias climadticas de
la superficie del mar, podria ser contrarrestada
e incluso cancelada por la perturbacion fisica y
mecanica generada por el flujo por gravedad de
las particulas inorganicas (Pusceddu et al. 2010;
Pusceddu et al. 2013), por lo que nuestros resul-
tados confirman que las fuertes tormentas cos-
teras pueden tener consecuencias importantes y
casi inmediata sobre el funcionamiento de todo
el sistema hasta el fondo marino profundo.

En el talud continental adyacente, a materia
organica recogida mediante trampas de sedi-
mentos durante la primavera tiene un valor nu-
tricional mas alto que a finales de otofio-invier-
no, esta caracteristica es compartida tanto en el
cai6én como en el talud continental adyacente
(Figura 3.4.b; 3.6). Esta diferencia es probable
que sea debido a la floracion de plancton de-
scrita anteriormente para el area de estudio (Es-
trada et al, 1996; Rossi et al, 2003). Durante este
periodo la composicién bioquimica de BPC se
caracteriza por el aumento de las contribuciones
de lipidos en comparacion con los observados
durante el periodo de tormenta, que se carac-
teriza por altos contenidos de proteina (Figura
3.5). Junto con las proteinas, los lipidos pueden
representar una fuente de energia preferencial
para los consumidores bentonicos (Medernach
etal, 2001; Grémare et al, 1997). En el talud, més
influenciado por la sedimentacién pelagica, el
aumento en el valor nutricional de las particulas



que sedimentan se magnifica, bien por el efecto
de la conveccioén de aguas profundas y la menor
llegada de material litogénico.

En verano, nuestros datos mostraron un au-
mento en el valor nutricional de los sedimentos
comparable al aumento durante la floracion de
primavera que podria ser el resultado de la fer-
tilizacion tras la entrada de polvo sahariano en
la zona (fig 2.2) Estas entradas de polvo saha-
riano coinciden con aumentos de la producciéon
autotrofa, y por lo tanto, la eficacia de la bomba
de carbono bioldgico en océanos oligotroficos
(Pulido-Villena et al., 2008).

Aunque la mayor parte de la variabilidad en las
tasas de transporte de particulas se puede expli-
car sin problemas con los procesos fisicos como
hidrodinamismo y el forzamiento climatico, no
podemos excluir el cambio que la composicion
quimica de las particulas organicas sufre durante
el hundimiento debido al consumo de plancton
heterdtrofos (incluyendo procariotas) (Hedges
et.al, 2001), por lo que las diferencias en la com-
posicion bioquimica y la biodisponibilidad de
las particulas en sedimentacion en el cafion de
Blanes y el talud adyacente pueden ser también
moduladas por las limitaciones bioldgicas de la
columna de agua.
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CAPITULO 6
CONCLUSIONES

El presente trabajo sobre los flujos de particulas en el sistema del caiién submarino de Blanes y en el
talud adyacente, nos ha permitido caracterizar dichos habitas marinos en funcién de la distribucion
espacio-temporal de flujos de masa, su composicion y el valor nutricional de la materia organica que

se deposita.

Se ha observado que tanto los flujos de masa, como su composicion, estan estrechamente
relacionados con distintos procesos atmosféricos e hidrodindmicos (como las tormentas,
la conveccion profunda, las entradas de polvo del desierto...etc.).

Se ha especificado para cada proceso las afectaciones en la calidad y cantidad de materia
organica biodisponible para los organismos de la cuenca profunda. Nuestros datos mos-
traron que la materia organica recogida en las trampas de sedimentos durante la primave-
ra tenia un valor nutricional mas alto que durante el periodo de tormentas. Ademas la en-
trada de polvo sahariano en la zona podria ser la causa del aumento del valor nutricional
de los sedimentos, en verano, comparable al aumento durante la floraciéon de primavera.
Por lo que podemos identificar los factores ambientales que potencialmente controlan la
diversidad y distribucion de los ecosistemas profundos en el Mediterraneo noroccidental.

Nuestros resultados apoyan el modelo de que los cafiones submarinos acttian como con-
ductos principales del material desde la plataforma continental hasta el fondo de la cuen-
ca, siendo los flujos de masa dentro del cafién submarino de Blanes, siempre mayores (casi
un orden de magnitud) que los flujos de masa registrados en el talud a las mismas pro-
fundidades. Las crecidas fluviales y las tormentas costeras suponen una fuente, episodica
pero, de gran magnitud de materia organica con alto valor nutricional para el ecosistema
bentonico de aguas profundas, como fue el caso del periodo del invierno del 2008 que
contribuyé con el 60% del flujo de OC en el Cafidn de Blanes y el 40% en el talud.

La transferencia de particulas en la zona del caién mas profundo puede ser favorecida
por las entradas laterales de sedimento debido a la densa red de carcavas en los flancos del
candn, incluyendo material resuspendido por la pesca de arrastre. Como se ve en la figura
2.7, el flujo anual de particulas recuperadas en el caiién submarino de Blanes a 1200 m de
profundidad es superior al resto de los flujos anuales recuperados en las demas estaciones
de muestreo.

El transporte de materia organica dentro del cafién de Blanes es crucial, y su importancia en la cadena
trofica puede ser comparada con la de los flujos verticales en el mar abierto. Estos aportes episddicos
de materia se traducen en importantes cambios a corto plazo en la biodisponibilidad de la materia
organica en el fondo marino del cafién de Blanes.

Durante los procesos de alta energia (como representa la tormenta estudiada del 26 de
Diciembre de 2008) la calidad de los alimentos disponibles para el ecosistema benténico
profundo disminuye considerablemente, principalmente debido a la dilucion por el alto
contenido de material litogénico, lo que implica una potencial limitacién para la alimen-
tacion de las comunidades bentonicas de aguas profundas.

La zona del talud adyacente esta mas influenciado por otros tipos de forzamiento hidrodi-
namico, tales como la llegada de aguas profundas asociadas a la conveccion de mar abier-
to, que puede resuspender sedimentos del talud, y a la aparicion del bloom fitoplancténico
y posiblemente eventos de polvo subsahariano.

En la zona de talud continental, la cantidad y composicién de las particulas en sedimen-



tacion estan determinadas por las variaciones estacionales y presenta una influencia pe-
lagica clara.

Los consumidores heterétrofos en los sedimentos del talud pueden beneficiarse de una
concentracion de particulas de comida consistentemente mayor que la disponible en el
caidn a profundidades iguales.

Cabe destacar, que la fraccion labil de materia organica que alcanza el bentos en el interior
del caién es mayor que en el talud adyacente. Las diferencias en la biodisponibilidad del
OC, pueden ser debidas a la diferencia en la tasa de transporte de particulas que llegan a
la parte inferior entre el caiidn (mas rapido) y el talud adyacente (mas lento).

Podemos resumir diciendo que la transferencia de materia en la zona del caiién submarino de Blanes
(y en especial de materia organica biodisponible) desde la plataforma continental, altamente produc-
tiva, hacia la cuenca profunda, esta fuertemente controlada por los procesos hidrodindmicos (tor-
mentas, cascadas de aguas densas y conveccion profunda) y los controles de bioclimaticos anuales
(“bloom” de producciéon primaria de invierno-primavera). Esto provoca diferentes combinaciones de
cantidad y calidad de alimentos entre el cafién y el talud adyacente, causando una diferencia faunistica
entre los sedimentos de los dos habitats tras las adaptaciones trdéficas de las comunidades del fondo.

Estos datos, ponen de manifiesto la “conexién” entre los procesos climaticos de superficie y las aguas
profundas, contribuyendo a cambiar nuestra vision paradigmatica del interior de los océanos como el
ultimo ecosistema de gran estabilidad.









NECESITO del mar porque me ensefia
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