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-Ama usted el mar, Capitin.

- ;84! (Lo amo! jEl mar es todo! Cubre las siete décimas partes del globo terrestre. |[...] En el mar
estd la suprema tranquilidad. El mar no pertenece a los déspotas. En su superficie pueden todavia
gjercer sus derechos inicuos, batirse, entredevorarse, transportar a ella todos los horrores terrestres.
Pero a treinta pies de profundidad, su poder cesa, su influencia se apaga, su potencia desaparece.
jAb! [ Viva usted, senor, en el seno de los mares, viva en ellos! Solamente ahi estd la
independencia. [ Abi no reconozco dueiio ni seiior! [ Ahi yo soy libre!

20.000 Leguas de Viaje Submarino
[Julio Verne]
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RESUMEN

La presente tesis doctoral tiene como objetivo estudiar la variabilidad temporal de la
productividad de cocolitoforos y la evolucion climatica en el mar Mediterraneo occidental
durante los ultimos 25 ka mediante el estudio micropaleontologico y geoquimico de registros
sedimentarios marinos. Los cocolitoforos son un grupo de algas unicelulares marinas y
conforman uno de los principales componentes del fitoplancton en los océanos actuales. Estos
organismos secretan placas calcificadas (cocolitos) que, tras su sedimentacion en los fondos
marinos, pueden preservarse en el registro fosil. La abundancia y diversidad de los cocolitéforos
estan altamente influenciadas por las condiciones ambientales en las que proliferan, por lo que
el estudio de los cocolitos preservados en el registro sedimentario aporta informacion 1til para la

realizacidon de reconstrucciones paleoambientales.

En esta tesis doctoral se han analizado las asociaciones cocolitoforales de dos testigos
sedimentarios pertenecientes al mar de Alboran: el testigo CEUTA10PCO08 que abarca desde 25
hasta 4,5 ka, y el testigo HER-GC-T1 que abarca desde 23,5 hasta 0 ka. También se han
analizado los registros de isotopos de oxigeno y temperatura superficial marina (TSM) de
ambos testigos y algunos registros de marcadores organicos del testigo HER-GC-T1. El estudio
combinado de todos los registros mencionados a alta resolucion ha permitido reconstruir la
variabilidad oceanografica y climatica del mar Mediterrdaneo occidental desde el Ultimo
Maximo Glacial (23 ka). También se han considerado las asociaciones cocolitoforales en un
conjunto de muestras de sedimento superficial con el objetivo de explorar el potencial de los
cocolitoforos para la reconstruccion cuantitativa de variables ambientales mediante el desarrollo

de funciones de transferencia.

La productividad de cocolitéforos en el mar de Alboran esta altamente influenciada por
procesos climaticos tanto globales como locales desde el Ultimo Méaximo Glacial. En términos
generales, se ha observado que la productividad ha sido mayor en el area mas proxima al
estrecho de Gibraltar, debido a la influencia del agua atlantica. Esta masa de agua resulta ser un
mecanismo transmisor de la sefial climatica del Atlantico norte a la region Mediterranea. Sin
embargo, a medida que el agua atlantica se mezcla con la mediterranea, los procesos locales y la
configuracion hidrografica ejercen una mayor influencia sobre la productividad de los
cocolitoforos. El estudio de los cambios observados en los registros de cocolitoforos, isdtopos
de oxigeno, TSM, etc., ha permitido contextualizar la variabilidad temporal de la productividad
de cocolitoforos y las dinamicas de la columna de agua dentro de cambios climaticos globales
conocidos como los estadiales asociados a los eventos Heinrich, el Belling-Allered o el

Younger Dryas.



Durante el Holoceno se ha observado que la productividad de los cocolitéforos en el testigo
HER-GC-T1 esta estrechamente ligada a otros procesos de origen fisico, como la produccion de
Agua Mediterranea Profunda Occidental en el golfo de Leodn y el control hidraulico que ejerce
el estrecho de Gibraltar. Los patrones de circulacion atmosférica son propuestos como
responsables ultimos de la variabilidad de la productividad de los cocolitoforos durante el
Holoceno. A este respecto, se ha observado una relacion entre los procesos fisicos arriba
mencionados y la Oscilaciéon del Atlantico Norte, resultado que pone de manifiesto la

teleconexion climatica existente entre el Atlantico norte y el mar Mediterraneo occidental.

Por ultimo, el estudio de la relacion existente entre los censos de cocolitéforos en muestras
de sedimento superficial procedentes del mar Mediterraneo occidental y las variables
ambientales asociadas a su columna de agua ha permitido el desarrollo de una funcién de
transferencia para la reconstruccion cuantitativa de la salinidad marina superficial (SMS) a alta
resolucion para los ultimos 25 ka en el mar de Alboran. La evaluacién estadistica del modelo de
regresion y calibracion y la comparacion de la reconstruccion obtenida con otros registros de
SMS localizados en la zona de estudio demuestran el elevado potencial de los cocolitoforos en
funciones de transferencia para realizar reconstrucciones ambientales cuantitativas. La funcion
de transferencia obtenida se propone como un nuevo indicador para reconstruir la variabilidad
de la SMS a partir de asociaciones cocolitoforales fosiles de otros testigos sedimentarios del mar

Mediterraneo occidental, especialmente para los tltimos 15 ka.



ABSTRACT

The presented thesis aims at studying the temporal variability of the coccolithophore
productivity and the climatic evolution in the Western Mediterranean Sea for the last 25 kyr
through the micropaleontological and geochemical study of marine sediment records.
Coccolithophores are marine unicellular algae and one of the main phytoplankton components
in the current oceans. These organisms secrete calcified scales (coccoliths) that, after their
sedimentation on the seafloor, may be preserved in the fossil record. Coccolithophore
abundance and diversity are highly influenced by the environmental conditions that prevailed at
time these organisms inhabited the ocean. Hence, the study of coccoliths preserved in the

sedimentary record provides useful information to perform paleoenvironmental reconstructions.

In this thesis, the coccolithophore assemblages from two sediment cores from the Alboran
Sea have been analyzed: the CEUTA10PCO08 core, which covers from 25 to 4.5 ka, and the
HER-GC-T1 core, which covers from 23.5 to 0 ka. Along with these data, oxygen isotopes and
sea surface temperature (SST) from both cores, together with several organic biomarkers from
HER-GC-T1 core have also been analysed. The combined study at high-resolution of all these
records has allowed reconstructing the oceanographic and climatic variability of the Western
Mediterranean since the Last Glacial Maximum (23 ka). The coccolithophore assemblages from
a set of sea surface sediment samples have also been studied in order to explore the potential of
coccolithophores to quantitatively reconstruct environmental variables by developing transfer

functions.

Coccolithophore productivity in the Alboran Sea has proved to be highly influenced by
global and local climatic processes since the Last Glacial Maximum. In general terms, it has
been observed that productivity was higher in the area closer to the Strait of Gibraltar, due to the
influence of the inflow of Atlantic waters. This water mass turned to be a transmitting
mechanism for the North Atlantic climatic signal to the Mediterranean region. Nevertheless,
other local processes and hydrographic configuration exert a major influence on
coccolithophore productivity in more distant areas. The study of observed changes in the
coccolithophore records, oxygen isotopes, SST, etc., has allowed to relate the temporal
variability of coccolithophore productivity and the water column dynamics to the well-known
global climate changes such as the stadials associated to the Heinrich Events, the Bglling-

Allerad or the Younger Dryas.

During the Holocene, it was observed that coccolithophore productivity in HER-GC-T1 core
location is closely related to other processes of physical origin, like the Western Mediterranean
Deep Water formation in the Gulf of Lions or the hydraulic control exerted by the Strait of

Gibraltar. Atmospheric circulation patterns are proposed to be responsible for variations in

I



Holocene coccolithophore productivity. In this regard, a relationship between the
aforementioned physical processes and the North Atlantic Oscillation has been observed. These
results highlight the climatic teleconnection that exists between the North Atlantic and the

Western Mediterranean regions.

Finally, the study of the current relationship between coccolithophore census counts from
surface sediment samples from the Western Mediterranean Sea and the associated
environmental variables has allowed the development of a transfer function to quantitatively
reconstruct sea surface salinity (SSS) at high resolution for the last 25 kyr in the Alboran Sea.
The statistical assessment of the regression and calibration model and the comparison of the
obtained reconstructions with other SSS records from nearby areas show good results
suggesting that coccolithophores have a great potential in transfer functions to perform
quantitative environmental reconstructions. The obtained transfer function is proposed as a new
proxy to reconstruct SSS variability from coccolithophore census counts from other sediment

cores in the Western Mediterranean Sea, especially for the last 15 kyr'.

" In this thesis geological date will be expressed in “annus” (a) and geohistorical duration will be
expressed in “years” (yr), and their related multiples, according to Aubry et al. (2009).
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INTRODUCCION Y JUSTIFICACION

El estudio de la variabilidad climatica desde el Ultimo Méaximo Glacial ha cobrado especial
relevancia a lo largo de las dos ultimas décadas debido a que es el periodo mas reciente, por lo
que el conocimiento en detalle de la variabilidad del sistema natural durante el mismo puede ser
de gran utilidad a la hora de predecir posibles escenarios climaticos futuros (IPCC, 2013). Sin
embargo, no basta Uinicamente con conocer dicha variabilidad. Es necesario identificar sus
causas y comprender los mecanismos de teleconexion que las transmiten de unas regiones a

otras.

El mar Mediterraneo occidental es una cuenca situada en latitudes medias, semi-aislada y
conectada con el océano Atlantico inicamente a través del estrecho de Gibraltar. En esta cuenca
las sefiales climaticas y oceanograficas se amplifican (Cacho et al., 2002) y son registradas en
los sedimentos marinos a mas resolucion que en océano abierto, donde se atentian mas
facilmente (Thunell y Williams, 1989). Por este motivo, el mar Mediterraneo occidental es una
zona idonea para el estudio a alta resolucion de las variaciones climaticas y oceanograficas que
lo caracterizaron en el pasado, asi como de los procesos de teleconexion entre latitudes medias y
altas. Diversos aspectos de la variabilidad climatica y oceanografica en esta region durante los
ultimos 25 ka han sido ampliamente estudiados por varios autores (Cacho et al., 2001; Jiménez-
Espejo et al., 2007; Frigola et al., 2008; Combouriecu Nebout et al., 2009; Fletcher et al., 2010;
Rodrigo-Gamiz et al., 2011). Sin embargo, y a pesar de la existencia de estudios previos sobre
su productividad primaria (Barcena et al., 2001; Colmenero-Hidalgo et al., 2004) aun se
disponen de pocas evidencias sobre la variabilidad de ésta a escala secular y los posibles

procesos que la controlan (Abrantes et al., 2012).

Los cocolitoforos son algas unicelulares marinas y uno de los principales componentes del
fitoplancton marino. Estos organismos producen placas calcificadas (cocolitos) que sedimentan
en los fondos oceanicos pudiendo llegar a preservarse en el registro fosil. El estudio de las
asociaciones de cocolitoforos y su abundancia en los sedimentos marinos proporciona una
valiosa informacion acerca de la productividad primaria de la region a la que pertenecen, ya que
estos organismos responden rapidamente a la disponibilidad de nutrientes. El estudio de estos
registros en combinacion con otros indicadores paleoambientales es de gran utilidad para
evaluar las condiciones ambientales en las que vivieron estas algas e identificar los procesos que

controlaron y/o influenciaron su productividad.

Los cocolitéforos son ampliamente utilizados para realizar reconstrucciones
paleoceanograficas cualitativas. Sin embargo, y a diferencia de otros organismos marinos como

los foraminiferos, las diatomeas, los radiolarios o los dinoflagelados, los cocolitoforos no se



utilizan de forma sistematica para el desarrollo de funciones de transferencia y la obtencion de
registros cuantitativos de las variables ambientales. Surge asi, por tanto, la necesidad de
explorar la adecuacion de estos organismos para el desarrollo y aplicacion de funciones de
transferencia con el fin de reconstruir de forma cuantitativa la variabilidad de ciertos parametros

ambientales en el pasado.

Esta tesis doctoral se centra en el estudio a alta resolucion de las asociaciones cocolitoforales
del mar Mediterraneo occidental en combinacién con registros de isotopos de oxigeno,
temperatura superficial marina y marcadores organicos durante los ultimos 25 ka con el fin de
describir su productividad y reconstruir la variabilidad climatica y oceanografica de esta region

a escala secular asi como identificar posibles procesos de teleconexion con el Atlantico norte.
HIPOTESIS DE TRABAJO

Los cocolitos preservados en los sedimentos oceanicos proporcionan informacion acerca de
la productividad primaria de la region y de las condiciones ambientales en las que vivieron estos
organismos. El estudio combinado de estos registros con los de otros indicadores
paleoambientales es de gran utilidad para la evaluacion de la variabilidad climatica y

oceanografica que controla o influye sobre la productividad de los cocolitoforos.
OBJETIVOS
Objetivos generales:

1.-Obtener registros a alta resolucion de la productividad de cocolitoforos, de temperatura
superficial marina e is6topos de oxigeno y de biomarcadores organicos del mar Mediterraneo

occidental a lo largo de la tltima deglaciacion.

2.-Identificar cambios regionales a diversas escalas temporales para reconstruir la
variabilidad oceanografica y ambiental del mar Mediterraneo occidental desde la ultima

deglaciacion.

3.-Contextualizar dicha variabilidad dentro de cambios globales conocidos para comprender

posibles procesos de teleconexion entre latitudes medias y altas.

4.-Explorar el potencial de los cocolitéforos para el desarrollo de funciones de transferencia
que permitan reconstruir variables ambientales desde el ultimo Ultimo Méaximo Glacial hasta el

presente.
Objetivos especificos:

1.1.-Caracterizar las asociaciones de cocolitoforos de los dos testigos sedimentarios del mar

de Alboran (Mediterraneo occidental).



2.1.-Identificar, a diferentes escalas temporales, los cambios acontecidos en la productividad,
la temperatura superficial marina, los is6topos de oxigeno y los biomarcadores organicos del

mar Mediterraneo occidental.

2.2.-Reconstruir posibles escenarios paleoceanograficos y paleoclimaticos que expliquen la

variabilidad encontrada.

3.1.-Comparar los registros obtenidos en el objetivo general 1 con otros de diversa naturaleza

procedentes de otras zonas del mar Mediterraneo y del océano Atlantico norte.

3.2.-Identificar y describir los posibles patrones de teleconexion entre las regiones del

Mediterraneo y del Atlantico norte.
4.1.-Caracterizar las asociaciones de cocolitoforos de las muestras de sedimento superficial.

4.2.-Evaluar las técnicas estadisticas necesarias para el desarrollo de una funcidén de

transferencia.

4.3.-Aplicar la funcion de transferencia obtenida al registro sedimentario fosil para la

reconstruccion de variables ambientales.
ESTRUCTURA DE LA TESIS DOCTORAL:
La presente tesis doctoral se divide en siete capitulos y seis anexos.

En el Capitulo 1 se realiza una introduccién a las dinamicas oceanica y atmosférica de la
zona de estudio y se explican los aspectos mas relevantes de las mismas. Se describen la
circulacion superficial, intermedia y profunda del mar Mediterraneo occidental. También se
explican las principales caracteristicas del mar de Alboran y los aspectos mas importantes
relativos a su productividad primaria y a la dindmica atmosférica. Por ultimo se abordan los
procesos de teleconexion con el océano Atlantico norte mas relevantes para el desarrollo de esta

tesis doctoral.

En el Capitulo 2 se realiza una introduccion a los cocolitoforos, principal objeto de estudio
en esta tesis doctoral. En el mismo se explican y describen sus principales caracteristicas, tipos
y ciclos de vida, asi como la ecologia, distribucion espacial y sistematica de las especies

consideras.

En el Capitulo 3 de describen los materiales empleados y las técnicas y métodos aplicados.
En el mismo se detallan las caracteristicas geoldgicas e informacion relativa a los dos testigos
sedimentarios estudiados, asi como su cronoestratigrafia. También se detalla la informacion
relativa a las muestras de sedimento superficial y los datos de variables ambientales utilizados
en la creacion de la base de datos para el desarrollo de la funcion de transferencia. Respecto a

las técnicas y métodos, se describen de forma general los empleados en los analisis

VIII



micropaleontologicos de las asociaciones cocolitoforales, en los analisis de is6topos de oxigeno,
de alquenonas y de biomarcadores organicos, y en el tratamiento estadistico de los datos. Este
capitulo se complementa con informacion adicional relativa a los protocolos empleados y que

han sido considerados en los anexos.

El Capitulo 4 lo compone el primer articulo cientifico del que la doctoranda es la autora
principal. En el mismo se abordan los objetivos generales 1 y 2 mediante el estudio a alta
resolucion de las asociaciones cocolitoforales pertenecientes a dos testigos sedimentarios del
mar de Alboran y su combinacion con los registros de isétopos de oxigeno, TSM vy

biomarcadores organicos durante los tltimos 25 ka.

+» Ausin B, Flores JA, Barcena MA, Sierro FJ, Francés G, Gutiérrez-Arnillas E,
Hernandez-Almeida I, Martrat B, Grimalt JO y Cacho I, (2015) Coccolithophore
productivity and surface water dynamics in the Alboran Sea during the last 25 kyr.
Palaeogeography,  Palaeoclimatology,  Palaeoecology 418: 126-140. DOI:
10.1016/j.palae0.2014.11.011

El Capitulo 5 lo compone el segundo articulo cientifico del que la doctoranda es la autora
principal. En el mismo se abordan los objetivos generales 1, 2 y 3 mediante el estudio de las
asociaciones cocolitoforales de un testigo sedimentario del mar de Alboran, los registros de
isotopos de oxigeno, TSM y biomarcadores organicos pertenecientes al mismo testigo y su
comparacion con indicadores paleoambientales pertenecientes a testigos de la misma cuenca

durante el Holoceno.

% Ausin B, Flores JA, Sierro FJ, Cacho I, Hernandez-Almeida I, Martrat B y
Grimalt JO. (2015) Atmospheric patterns driving Holocene productivity in the Alboran
Sea (Western Mediterranean): A multiproxy approach. The Holocene 25: 583-595. DOL:
10.1177/0959683614565952

El Capitulo 6 lo compone el tercer articulo cientifico del que la doctoranda es la autora
principal. En el mismo se abordan los objetivos generales 2, 3 y 4 mediante el estudio de las
asociaciones cocolitoforales pertenecientes a varias muestras de sedimento, el desarrollo de una
funcion de transferencia y su aplicacion a un testigo sedimentario del mar de Alboran para
reconstruir la salinidad marina superficial y describir su variabilidad a escala secular durante los

ultimos 25 ka.

¢ Ausin B, Hernandez-Almeida I, Flores JA, Sierro FJ, Grosjean M, Francés G,
Alonso B. High-resolution sea surface salinity reconstruction for the last 25 kyr in the
Western Mediterranean from a coccolithophore-based Transfer Function. Enviado para
publicacion el 25/02/2015 a Quaternary Science Reviews. En revision.

El Capitulo 7 resume las principales conclusiones derivadas de esta tesis doctoral.
VII



Finalmente, se presentan una serie de anexos. El Anexo I recoge las imagenes de los
cocolitos de los taxones mas representativos contemplados en esta tesis bajo el microscopio
optico. El Anexo II presenta el procedimiento detallado adoptado para la preparacion de las
muestras para el analisis micropaleontologico de las asociaciones cocolitoforales. El Anexo I1T
presenta el protocolo considerado para el analisis de isotopos estables de oxigeno. Por tltimo, el
Anexo IV presenta el protocolo seguido para el analisis de biomarcadores organicos que
también incluyen las alquenonas. El Anexo V presenta un listado de los acronimos utilizados en
este manuscrito. El Anexo VI presenta un indice general de los términos mas relevantes y las

paginas en las que se tratan mas a fondo.
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1.-DINAMINA OCEANICA Y ATMOSFERICA DE LA ZONA DE ESTUDIO

1.1.-EL MAR MEDITERRANEO

El interés humano y cientifico en el clima del mar Mediterrdneo estd motivado por la
convergencia en esta region de varios factores poblacionales, sociales, econdomicos y
ambientales. El mar Mediterraneo bafa las costas de 21 paises pertenecientes a Africa, Asia y
Europa, que cuentan con aproximadamente 400 millones de habitantes, de los cuales cerca de
145 millones habitan sus zonas costeras. Densamente poblada y sometida a un gran estrés

ambiental, la region mediterranea es potencialmente sensible al cambio climatico.

Sin embargo, el mar Mediterraneo también desempefia un papel relevante dentro del sistema
climatico global, constituyendo una fuente de humedad y un reservorio de calor para las zonas
continentales que lo rodean y siendo el origen de gran parte del agua salina que circula por los

niveles intermedios del océano Atlantico (Lionello et al., 2006).

El mar Mediterraneo (Figura 1.1) esta limitado por Europa al norte, Asia al este y Africa al
sur. Se localiza en latitudes medias, entre los 30° y los 45° norte y los -5° y los 35° de longitud
este. Su superficie abarca 2,5 km’, extendiéndose 3.700 km longitudinalmente y 1600 km
latitudinalmente. Su profundidad media es de 1.500 m alcanzando una profundidad maxima de
5.150 m en el mar Jonico. Es una cuenca parcialmente aislada, conectada con el océano abierto
unicamente a través del estrecho de Gibraltar. Cuenta con un balance hidrico negativo (Béthoux,
1979), lo que significa que la evaporacion de agua superficial a la atmésfera excede a la suma
de la precipitacion y los aportes fluviales. La pérdida evaporativa oscila entre 500 y 700 mm
anuales (Mariotti et al., 2002) y es compensada por la entrada de un flujo neto de agua atlantica
(500 mm a™) restringido por el estrecho de Gibraltar (Bethoux, 1980; Fenoglio-Marc et al.,
2013), de manera que las variaciones globales del nivel del mar ejercen un control adicional
sobre la hidrografia del Mediterraneo (Bryden y Kinder, 1991). Al tratarse de una cuenca de
concentracion, las sefales climaticas y oceanograficas se amplifican (Cacho et al., 2002) y
pueden estudiarse en los sedimentos marinos del mar Mediterraneo a mayor resoluciéon que en

océano abierto (Thunell y Williams, 1989).

En resumen, su localizacién en latitudes medias y sus peculiaridades fisicas, morfologicas e
hidrolégicas, hacen del mar Mediterraneo una zona idonea para el estudio a alta resolucion de
las variaciones climaticas y oceanograficas que lo caracterizaron en el pasado, asi como de los

procesos climaticos de teleconexion entre latitudes medias y altas.

La presencia de golfos, islas y peninsulas dota al mar Mediterraneco de una compleja
morfologia, posibilitando su subdivisiéon en dos subcuencas principales: la occidental y la

oriental (Figura 1.1).



CAPITULO 1: dindmica ocednica y atmosférica de la zona de estudio

B 50
100
250
500
750
- 1000
1250
. 1500
2000
2500
3000
3500
4000
4500
5000

45°N

40°N

Profundidad (m)

35°N

30°N

10°W 0° 10°E 20°E 30" E

Figura 1.1. Mapa del mar Mediterraneo y sus dos subcuencas principales.

1.2.-EL MAR MEDITERRANEO OCCIDENTAL

El mar Mediterraneo occidental (Figura 1.2a) esta delimitado al este por el estrecho de
Sicilia de 400 m de profundidad y al oeste por el estrecho de Gibraltar. Este ultimo abarca un
sistema de umbrales y estrechos confinados en 14,5 km de ancho y 290 m de profundidad,
jugando asi un papel determinante en la conexion entre el mar Mediterraneo y el océano

Atlantico.

El Mediterraneo occidental puede dividirse en otras subcuencas de menor tamafio. De este a
oeste y de norte a sur: el mar Tirreno, la cuenca Liguro-Provenzal, el mar Catalano-Balear, la
cuenca Argelina y el mar de Alboran (Figura 1.2a). Este tltimo cobrara especial relevancia en el

desarrollo de esta memoria.
1.2.1.-Dinamica oceanica actual

1.2.1.1.-Circulacion superficial

Desde los proyectos pioneros “Dénde va?” (The Donde Va Group, 1984) y “The Western
Mediterranean Circulation Experiment” (La Violette, 1990) la circulacion oceanica del mar
Mediterraneo occidental ha sido objeto de numerosas investigaciones. Debido al signo negativo
de su balance hidrico presenta una circulacion superficial de caracter anti-estuarino,
conformando asi una zona transicional donde el Agua Atlantica (Atlantic Water [AW]) entra en
superficie en forma de chorro conocido como chorro Atlantico (Atlantic Jet [AJ]) (Garcia-

Lafuente et al., 1998). El AJ* describe dos giros anticiclonicos en el mar de Alboran: los giros

2 1 r J O . . .
Se utilizaran los acronimos de la nomenclatura anglosajona por razones de consistencia con el resto del
texto.
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occidental y oriental (Western Anticyclonic Gyre [WAG] y Eastern Anticyclonic Gyre [EAG]

respectivamente) caracterizados por una alta variabilidad temporal (Cheney y Doblar, 1982).

Profundidad (m)
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Figura 1.2. Mapa del mar Mediterraneo occidental. a) Patron esquematico de circulacion superficial.
Distribucion espacial del promedio anual desde 1995 hasta 2012 de: b) temperatura superficial marina
(°C) (Locarnini et al., 2010) y ¢) salinidad superficial marina (ups) (Zweng et al., 2013). Datos extraidos
del World Ocean Atlas 2013 (WOA 13) y representados con el software Ocean Data View (Schlitzer,
2014). Leyenda: AlJ: Atlantic Jet, AW: Atlantic Water, MAW: Modified Atlantic Water, AC: Algerian
Current y NC: Northern Current.

A medida que el AJ discurre hacia el este, la AW se mezcla con el agua superficial
mediterranea que encuentra a su paso, formando el Agua Atlantica Modificada (Modified
Atlantic Water [MAW]) y ocupando los primeros 100-200 m de la columna de agua de todo el
mar Mediterraneo (Millot, 1999). En el estrecho de Gibraltar la MAW se caracteriza por una
salinidad media de 36,5 unidades practicas de salinidad (ups) y una temperatura de 18,5 °C
mientras que al norte del mar Mediterraneo occidental alcanza 38,2 ups y 17 °C (Figura 1.2.b,
¢). Sin embargo, tanto los valores absolutos como la distribucion espacial de propiedades como
la temperatura pueden estacionalmente (Figura 1.3). El efecto de la estacionalidad afecta a la
distribucion espacial y los valores absolutos de otras variables ambientales como el oxigeno o
los nutrientes. Por el contrario, la salinidad no presenta variaciones estacionales notables (Figura

1.3).
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Figura 1.3. Variacion estacional de la temperatura (°C), la salinidad (ups), el oxigeno (mL/L) y los
nitratos (umol/L) a 10 m de profundidad entre el verano (julio-septiembre) y el invierno (junio-marzo) en
el Mediterraneo occidental. Datos promediados entre 1995 y 2012 extraidos del World Ocean Atlas 2013
(WOA 13) y graficados con el software Ocean Data View (Schlitzer, 2014).

La MAW fluye hacia el este a lo largo del margen continental norteafricano formando la
Corriente Argelina (Algerian Current [AC]) (Millot, 1985). Esta corriente genera meandros y
remolinos de varios kilémetros de diametro o “eddies”, dando lugar a una de las regiones mas
energéticas de todo el mar Mediterraneo (Millot, 1999). Parte del volumen de la MAW deja al
4
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este el estrecho de Sicilia y contintia circulando por el mar Tirreno a lo largo de la costa

occidental de la peninsula italiana.

En su camino, la MAW ve aumentada su salinidad y su temperatura (Figura 1.2.b, c) y fluye
como la “Corriente del Norte” (Northern Current [NC]) por la cuenca Liguro-Provenzal hacia el
mar Catalano-Balear (Millot, 1992). En esta region la morfologia de los taludes continentales
modifica la direccion de la NC que dibuja pequefios eddies anticiclonicos a su paso. El frente
Catalan al norte y el frente Balear al sur delimitan la NC, separando sus aguas calidas y salinas
de los aportes fluviales del rio Ebro y de la MAW mas reciente que circunda el margen sur de
las islas Baleares (Estrada y Margalef, 1988; Font et al., 1988). La NC entra en el mar de
Alboran donde se encuentra con el flujo energético de la MAW mas reciente, desviandose

finalmente hacia la costa de Argelia (Millot, 1999).

1.2.1.2.-Circulacion en profundidad

La circulacion en profundidad en el mar Mediterraneo occidental puede simplificarse
mediante un modelo de tres capas que considera las masas de agua mas caracteristicas de esta

cuenca y con mayor relevancia para la realizacion del presente estudio (Figura 1.4).

Bajo la capa mas superficial ocupada por la MAW fluye el Agua Intermedia Levantina
(Levantine Intermediate Water [LIW]) de este a oeste hacia el estrecho de Gibraltar a 200-600

m de profundidad.

La tercera capa y mas profunda (600-3000 m) la ocupa el Agua Mediterranea Profunda
Occidental (Western Mediterranean Deep Water [WMDW]) que fluye junto a LIW hacia el
estrecho de Gibraltar (Parrilla et al., 1986) (Figura 1.4).

La LIW y la WMDW tienen un origen termohalino, ya que se producen por conveccion a
consecuencia de diferencias de temperatura y salinidad de las masas de agua involucradas en su
formacion. La LIW se forma en la cuenca oriental, frente a la costa turca meridional, en el giro
de Rodas (Lascaratos et al., 1993). En esta zona la tasa de evaporacion es muy elevada, dando
lugar a aguas muy salinas (> 38,5 ups) que se hunden y fluyen hacia la cuenca occidental a
través del canal de Sicilia (Figura 1.4). La WMDW se forma en mar abierto frente a las costas
del golfo del Leon (Figura 1.2a) (MEDOCGROUP, 1970). La accion continua de los vientos
Tramontana (componente norte) y Mistral (componente noroeste) sobre dicha region induce un
flujo de calor y humedad desde la superficie oceanica hacia la atmosfera que precondiciona la
inestabilidad de las masas de agua superficiales (Mertens y Schott, 1998; Rixen et al., 2005;
Font et al., 2007; Smith et al., 2008). Estos vientos frios y secos producen la evaporacion de la
MAW, que se vuelve mas densa y finalmente se hunde formando la WMDW. Esta masa de agua
discurre en profundidad hacia el estrecho de Gibraltar, en sentido opuesto a la MAW (Millot,

1999).
5
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Figura 1.4. Esquema de la circulacion profunda de las principales masas de agua del mar Mediterraneo y
sus valores de salinidad y temperatura medios anuales promediados desde 1995 hasta 2012,
correspondiente a la seccion marcada con lineas rojas en el mapa superior de la figura. Modificada de
Cramp y O'Sullivan (1999). Datos extraidos del WOA13 (Locarnini et al., 2013). Leyenda: AW: Atlantic
Water, MOW: Mediterranean Outflowing Water, LIW: Levantine Intermediate Water, WMDW: Western
Mediterranean Deep Water, EMDW: Eastern Mediterranean Deep Water. Modificada de (Cramp y
O'Sullivan, 1999).

Tanto la LIW como la WMDW fluyen hacia el Atlantico en profundidad saliendo por el
estrecho de Gibraltar como una nueva masa de agua calida y salina llamada Flujo de Salida
Mediterraneo (Mediterranean Outflowing Water [MOW]). Una vez en el Atlantico, la MOW
discurre como una lengua salina a 600-2.500 m de profundidad hacia el oeste y hacia el norte,

contribuyendo a la formacion del Agua Profunda del Atlantico Norte (North Atlantic Deep
Water INADW)).

1.3.-EL MAR DE ALBORAN
1.3.1.-Hidrografia del mar de Alboran

El mar de Albordn es la subcuenca mas occidental del mar Mediterraneo, donde la
confluencia del AJ con los giros WAG y EAG forma un patréon de circulacion superficial que
constituye una de sus muchas particularidades (Figura 1.5). Este sistema no es permanente, ya
que los giros pueden variar tanto espacial como temporalmente, si bien es cierto que el WAG es
mas estable (Cheney y Doblar, 1982; Heburn y La Violette, 1990; Perkins et al., 1990; Garcia-
Lafuente et al., 1998; Baldacci et al., 2001; Vargas-Yaifiez et al., 2002). Cuando uno o ambos
giros estan presentes, situacion mas frecuente en verano, el AJ discurre alrededor de los mismos

y hacia el este. Cuando los giros desaparecen, usualmente en invierno, el AJ fluye paralelo a la
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costa africana septentrional, una situacion denominada “modo costero” o “coastal mode”

(Vargas-Yaiiez et al., 2002).

35°N
W 6'W 5°W 4"W 3'W 2°W "W

Figura 1.5. Mapa del mar de Alboran y sus principales caracteristicas hidrograficas. Las estrellas rojas
representan la localizacion de los testigos de sedimento utilizados en esta memoria: HER-GC-T1 y
CEUTAI10PCO0S8. Leyenda: AW: Atlantic Water, Al: Atlantic Jet, MAW: Modified Atlantic Water,
WMDW: Western Mediterranean Deep Water, WAG: Western Anticyclonic Gyre, EAG: Eastern
Anticyclonic Gyre.

La convergencia de la AW y la MAW en el limite septentrional de ambos giros genera dos
frentes de densidad: el frente de Malaga asociado al WAG (Cheney, 1978) y el frente de
Almearia-Oran asociado al EAG (Tintoré et al., 1988).

Los dos testigos sedimentarios utilizados en este trabajo (HER-GC-T1 y CEUTA10PCO08) se
localizan en el area de influencia del AJ y el WAG, por lo que este giro cobrara especial

importancia en el desarrollo de esta tesis (Figura 1.5).
1.3.2.-Productividad en el mar de Alboran

La AW entrante es pobre en nutrientes, al igual que la MAW y al contrario que las aguas
profundas que abandonan la cuenca (Macias et al., 2006). Los mas de 200 metros que ocupa la
MAW abarcan la mayor parte de la capa fotica, lugar en el que los productores primarios
realizan la fotosintesis. A consecuencia de esta escasez de nutrientes el mar Mediterraneo se
caracteriza por una oligotrofia generalizada y baja productividad primaria. Sin embargo, este

caracter oligotrofico no es extrapolable al mar de Alboran (Figura 1.6), donde la presencia de



CAPITULO 1: dindmica ocednica y atmosférica de la zona de estudio

los giros WAG y EAG, sus frentes asociados y otros procesos fisicos conllevan un aumento de
la productividad biologica.

Estacionalmente, los maximos de concentracion de nutrientes y de biomasa algal se dan en
primavera, mientras que los minimos se dan en verano (Bosc et al., 2004; Ramirez et al., 2005)

(Figura 1.7).

Producciéon primaria anual (gC*m -2%a-1)
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Figura 1.6. Mapas de la concentraciéon media anual de: a) clorofila-a superficial (mg*m™) y b)
produccién primaria anual (gC*m™>*a™) en el mar Mediterraneo. Modificado de Bosc et al. (2004).
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Figura 1.7. Medias estacionales de la concentracion de clorofila-a (mg*cm™) en el mar de Alboran entre
los afios 2000 y 2013 correspondientes al conjunto de imagenes de satélite AQUA MODIS. Imagenes
extraidas de http://www.juntadeandalucia.es/medioambiente/.

En esta subcuenca el afloramiento (upwelling) (ascension vertical por la columna de agua) de
aguas profundas, frias y ricas en nutrientes, fertiliza la capa fotica (Macias et al., 2006)

posibilitando la eclosion de productores primarios.

El afloramiento de aguas profundas y otros procesos responsables de inyectar nutrientes en la
capa fotica pueden estar motivados por procesos fisicos de diversa naturaleza. En el mar de

Alboran, y para el estudio que nos ocupa, se destacan los siguientes:

i) La fertilizacion del AJ mediante intensa mezcla vertical en el estrecho de Gibraltar. La
elevada velocidad horizontal del chorro es la responsable de distribuir por adveccion los
nutrientes a otras zonas de Alboran y provocar la respuesta biologica (Ruiz et al., 2001; Navarro

etal., 2011).

ii) El desplazamiento hacia el sur del AJ. Esto dejaria un “espacio” al norte del chorro que
seria ocupado por el afloramiento de aguas mas profundas (Garcia-Gorriz y Carr, 1999; Sarhan

et al., 2000; Navarro et al., 2011).

iii) Los vientos de poniente que soplan a lo largo de las costas meridionales espafiolas
desplazan las aguas costeras mar adentro. El espacio que dejan es ocupado después por las
aguas inmediatamente mas profundas (Garcia-Gorriz y Carr, 1999; Sarhan et al., 2000; Navarro
et al., 2011). Este proceso se llama “afloramiento costero”, dominante en la plataforma

continental del noroeste del mar de Alboran.
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1.3.3.-Importancia de los factores atmosféricos en el mar de Alboran

Las variaciones de presion atmosférica a nivel del mar cobran especial relevancia (Cheney y
Doblar, 1982; Candela y Lozano, 1991; Garcia-Lafuente et al., 1998, entre otros) a la hora de
explicar el estrecho acoplamiento entre los procesos fisicos y biologicos en el mar de Alboran
(Echevarria et al., 2002; Macias et al., 2006; Jordi et al., 2009; Vazquez et al., 2009) descritos
en la seccion anterior. Estas fluctuaciones dirigen el intercambio de aguas restringido por el
estrecho de Gibraltar (Garcia-Lafuente et al., 2002) y la intensidad de los vientos en el

Mediterraneo occidental (Leaman y Schott, 1991).

Las conclusiones de los muchos trabajos que han investigado esta conexion (Macias et al.,
2008) pueden resumirse de la siguiente manera: una reduccion de la presion atmosférica a nivel
del mar provoca una intensificacion de los ponientes y aumento del influjo atlantico. Por el
contrario, un aumento de la presion atmosférica provoca un debilitamiento de los ponientes y

una reduccidn del flujo atlantico.
1.4.-TELECONEXION ATMOSFERICA CON EL ATLANTICO NORTE

El término “clima mediterraneo” se incluye como referente en la clasificacion de los tipos de
climas de la Tierra (K&ppen, 1900), utilizandose para describir el clima de aquellas regiones
caracterizadas por inviernos suaves y humedos y veranos calidos y secos. Debido a la
localizacion del Mediterraneo, este patron general sufre variaciones espaciales y temporales
dirigidas por las dindmicas climaticas tanto de latitudes medias, como la Oscilacion del
Atlantico Norte (North Atlantic Oscillation [NAO]) (Figura 1.8), asi como de latitudes
tropicales, como Oscilacion del Sur de El Nifio (El Nifio-Southern Oscillation [ENSO]) y los
monzones (Trigo et al., 2006).

Entre éstas, la NAO cobra especial relevancia en relacion a la dinamica climatica del
Mediterraneo occidental. En términos generales, se trata de un patron de variabilidad
atmosférica que afecta a la region del Atlantico norte y los continentes adyacentes (Hurrell,
1995), especialmente en invierno (diciembre-marzo), produciendo grandes cambios
atmosféricos y oceanicos (Hurrell y Deser, 2009). El indice NAO expresa este patron bipolar
midiendo la diferencia de presion a nivel del mar en invierno entre el centro de bajas presiones
de Islandia y el centro de altas presiones de Azores (Figura 1.8). La fase negativa se
corresponde con un debilitamiento de dicho sistema y una migracion hacia el sur del cinturon de
de ponientes, provocando inviernos suaves y himedos en el sur de Europa. Por el contrario, la
fase positiva de la NAO se corresponde con un refuerzo del sistema de presiones entre Islandia
y Azores: el cinturon de vientos de componente oeste (ponientes) se desplaza hacia el norte y

los inviernos en el sur de Europa son frios y secos (Trigo et al., 2004; Hurrell y Deser, 2009).
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NAO NEGATIVA

Figura 1.8. Esquemas de las fases negativa y positiva del indice de la Oscilacion del Atlantico Norte
(North Atlantic Oscillation [NAO]). La fase negativa (imagen superior) muestra los centros de presiones
B y A (bajas y altas presiones respectivamente) debilitados. La fase positiva (imagen inferior) muestra los
centros de presiones B y A reforzados.

En el contexto del Mediterraneo occidental, la influencia de la NAO ha sido observada en
relacion a las variaciones del nivel del mar (Tsimplis y Josey, 2001; Gomis et al., 2006),
temperatura superficial del mar (sea surface temperature; SST) (Baez et al., 2013)
precipitacion, descarga fluvial y reservorios de agua (Rodo et al., 1997; Mariotti et al., 2002;
Trigo et al., 2004; Vicente-Serrano et al., 2011) y el flujo neto de AW en el estrecho de
Gibraltar (Fenoglio 2013).
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2.-COCOLITOFOROS

2.1.-INTRODUCCION

Los cocolitoforos son un grupo de algas pardas unicelulares perteneciente al filo Haptophyta
y la clase Prymnesiophyceae (Hibberd, 1976). Incluyen todas las algas haptophytas que en
algin momento de su ciclo de vida producen escamas calcificadas con las que cubren su célula

llamadas cocolitos.

Estas algas habitan la parte superior de la columna de agua y a pesar de tener un tamafio
inferior a las 30 um son uno de los componentes mayoritarios del fitoplancton marino llegando
a alcanzar el 10 % de su biomasa total (Tyrrell et al., 2009). Algunas especies como Emiliania
huxleyi pueden proliferar y alcanzar los 10 millones de especimenes por litro. Una eclosion de
estas algas microscopicas puede abarcar vastas extensiones de océano y tefir de verde lechoso

su superficie haciéndose visibles desde el espacio (Figura 2.1).

10 km

Figura 2.1. Imagen satelital de una eclosion o bloom de E. huxleyi, en las costas de Cornwall, Inglaterra,
tomada el 24 de julio de 1999  por el satélite = LANDSAT. Fuente:
http://ina.tmsoc.org/galleries/colourcoccos/source/z00-1_bloom _summer 99 .htm. Imagen de wuna
cocosfera de E. huxleyi (arriba a la izquierda) al microscopio electronico. Fuente:

http://www.southampton.ac.uk/oes/.

El interés cientifico en estos diminutos organismos reside en el papel que desempefian dentro
de varios ciclos biogeoquimicos. Los cocolitéforos fijan grandes cantidades de CO, atmosférico

transforméandolo en materia organica mediante la fotosintesis. Son productores de dimetilsulfuro
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(DMS), un importante formador de nucleos de nubes (Keller, 1989; Malin y Erst, 1997).
También son productores de diversos compuestos organicos como las alquenonas, moléculas de
carbono de cadena larga cuyos ratios dependen de la temperatura superficial marina (Miiller et
al., 1998). A su vez, contribuyen al secuestro y almacenamiento de CO, atmosférico en los
sedimentos marinos mediante la formacion de cocolitos y su transporte a los fondos oceanicos

(Honjo, 1976).

De preservarse, los cocolitos pasan a formar parte del archivo sedimentario convirtiéndose
en indicadores estratigraficos clave (Lloyd et al., 2011) y almacenando con ellos una valiosa
informacion para la reconstruccion paleoclimatica y paleoceanografica del ambiente en el que

vivieron.

El término “nanofosiles calcareos” engloba a todas las formas extintas del nanoplancton
calcareo. A excepcion de los individuos retrabajados, la mayoria de los especimenes estudiados
en esta tesis doctoral cuentan con representantes vivos en los océanos actuales, por lo que el
término empleado para referirse a los mismos sera “cocolitoforos”. El término “especimenes
retrabajados” (reworked specimens) se empleara para designar aquellos individuos
pertenecientes a niveles estratigraficos mas antiguos que los estudiados. Estos individuos fueron
removilizados y posteriormente transportados por diferentes mecanismos desde su lugar de

sedimentacion original hasta el area de estudio, donde sedimentaron de nuevo.
2.2.-ESTRUCTURA CELULAR

La mayoria de los cocolitéforos son organismos unicelulares moviles o estaticos de forma
cocoide. Algunas de las estructuras internas celulares mas importantes contenidas en el
protoplasma son: el nucleo, los cloroplastos, las mitocondrias y el aparato de Golgi (Figura 2.2).
Normalmente los cloroplastos son uno o dos y contienen clorofila @ + ¢ como pigmentos

principales, ademas de carotenoides como la diadinoxantina o la fucoxantina (Brand, 1994).

Recubriendo el protoplasma se encuentra el periplasto, una pared celular formada por varias
capas de pequefias escamas que pueden tener origen organico o inorganico (Figura 2.2) y de
cuya sintesis se encarga el aparato de Golgi (Kiermayer y Romanovicz, 1981; Billard y Inouye,

2004).

Las escamas de origen totalmente organico son pequeiias y finas y aparecen inmediatamente
después del protoplasma. Las escamas de origen inorganico son mas grandes y robustas y son
visibles al microscopio optico. Estas escamas son los cocolitos, los cuales se imbrican entre si y
se disponen normalmente conformando una unica capa externa a las capas organicas que recibe

el nombre de cocosfera.

Algunas especies de cocolitoforos moéviles presentan un par de flagelos sin apéndices

filamentosos (Figura 2.2) en la parte apical (Green y Hori, 1994). El aparato flagelar, lejos de
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ser una estructura simple, es considerado como una caracteristica evolutiva y por tanto de

importancia filogenética (Pienaar, 1994).

FLAGELO

HAPTONEMA

APARATO DE
COCOLITO

PROTOPLASMA

CLOROPLASTO

PLACA ORGANICA

MITOCONDRIA

Figura 2.2. Representacion esquematica de la estructura celular general de los cocolitéforos. Modificada
de Young y Henriksen (2003).

Otra particularidad de los cocolitoforos es la presencia del haptonema en aquellas células con
un estadio movil (Figura 2.2). Los primeros estudios se refieren a ¢l como un tercer flagelo
central, hasta que Manton (1964) la reconocidé como otra estructura. Se trata de un organo
multifuncional, de tamafio variable en funcion de la especie y capaz de doblarse, rotar o
enrollarse. Estd compuesto por un nimero variable de microtubos que aumenta hacia la base y
estd rodeado parcial o completamente por reticulo endoplasmatico. Junto a los flagelos forma el
aparato flagelar, si bien es cierto que algunos cocolitéforos presentan un haptonema muy

reducido o vestigial.
2.2.1.-Cocolitos y sus tipologias

Generalmente la cocolitogénesis es un proceso secuencial que comienza con el crecimiento

del cocolito dentro o en las proximidades del aparato de Golgi (Pienaar, 1994) (Figura 2.2).
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Cuando el cocolito ha completado su calcificacion es expulsado a la superficie de la célula

(Figura 2.3) cerca del polo flagelar (Paasche, 2001).

Alison it Taylur st al, (2007)

Alisun it Taylor ztal (4007) Alizun i, Taylur 2t al, (2007)

Figura 2.3. Cocolitogénesis en Coccolithus pelagicus subsp. braarudii. Imagenes tomadas del video
producido por Dr. Alison Taylor de Marine Biological Association, Plymouth. Fuente:
http://ina.tmsoc.org/nannos/cpelmovie/index.html. a) Formaciéon intracelular de un cocolito de C.
pelagicus. b) Expulsién del cocolito recién formado al exterior de la célula. ¢), d y e) Formaciéon
intracelular del siguiente cocolito. f) Expulsion sucesiva de los cocolitos para la formacion de la
cocosfera.

La funcion de los cocolitos es desconocida. Algunas de las hipdtesis incluyen la proteccion
de la célula ante predadores, virus y bacterias, el control de la absorcion de luz o de la
flotabilidad de la célula y la regulacion de procesos bioquimicos (Young, 1994; Flores y Sierro,

2007).

La morfologia, estructura y ordenacion de los cocolitos son exclusivas de cada especie por lo
que dichas caracteristicas se utilizan como principal criterio de clasificacion. La orientacion de
las unidades cristalinas de cada cocolito bajo la luz polarizada del microscopio optico produce
una figura de interferencia que permite diferenciar los cocolitos a nivel de especie (Winter y

Siesser, 1994; Thierstein et al., 2004).
A continuacion se describen los 3 tipos existentes de cocolitos:

1) Heterococolitos: cocolitos formados por unidades cristalinas de calcita de formas y

tamarios variables (Figura 2.4a). Dichos cristales se disponen radial y verticalmente formando
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un cocolito ovalado que consta de un borde y un area central, la cual puede estar vacia o
presentar estructuras complejas (Young y Henriksen, 2003; Flores y Sierro, 2007). Se
distinguen tres tipos de heterococolitos en funcion de las unidades cristalinas que los forman
(Figura 2.4b):

a) TIPOS DE COCOLITOS

HETEROCOCOLITO HOLOCOCOLITOS NANOLITOS

b) TIPOS DE HETEROCOCOLITOS

MUROLITO
Borde

«— Area central —

Borde

>

Area central

PLANOLITO

AT

ZE IS Borde
ISR
% IS

<«—Area central—>

Figura 2.4. Tipologia de los cocolitos. a) Tipos de cocolitos. b) Tipos de heterococolitos. Fuente:
http://ina.tmsoc.org/Nannotax3/index.php?dir=Coccolithophores. Modificada de
http://ina.tmsoc.org/terminology/3coccoliths.htm.

e Murolitos: tienen forma de cuenco y presentan un area central dilatada rodeada de una

pared perpendicular variable.

e Placolitos: tienen forma de disco y su borde se compone de dos escudos (distal y

proximal) separados por un tubo.

¢ Planolito: tienen forma de disco pero se componen de un unico escudo de manera que el

borde y el area central quedan en el mismo plano.
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i1) Holococolitos: cocolitos formados por numerosos cristales de calcita, pequefios e
idénticos unos a otros que forman una placa ovalada (Young y Henriksen, 2003; Flores y Sierro,

2007) (Figura 2.4a).

iii) Nanolitos: este grupo incluye todas las estructuras calcareas que difieren de las anteriores
(Young y Henriksen, 2003; Flores y Sierro, 2007). Como ejemplos actuales, se encuentran los

cocolitos de los génereos Florisphaera (placas) (Figura 2.4a) y Braarudosphaera (pentalitos).
2.3.-CICLO DE VIDA

Como ocurria con las caracteristicas morfoldgicas de los cocolitoforos, la complejidad de sus
ciclos de vida y sus fases son muy variables entre especies. De manera general su ciclo de vida

es heteromorfico, alternando dos fases: una fase diploide con células que presentan dos copias

de cada cromosoma (2n) y una fase haploide con células que contienen una sola copia (n)

RAA

(Figura 2.5).

MEIOSIS
(division de 1 célula diploide
produciendo 4 células haploides)

HETEROCOCOLITOS
HOLOCOCOLITOS

MITOSIS
division de 1 célula haploide
produciendo otra célula idéntica (haploide)

MITOSIS
division de 1 célula diploide
producicndo otra célula idéntica (diploidc),

\_—/

SIN(,}A;/I_IA\

(union de 2 células haploides
para producir 1 célula diploide)

Figura 2.5. Representacion esquemadtica del ciclo de vida de un cocolitéforo. 2n= célula diploide, n=
célula haploide. Modificado de Flores y Sierro (2007).

La transicion de la fase diploide a la haploide se produce por meiosis, dando lugar a cuatro
células hijas haploides con una copia idéntica de cromosoma. La transicion de la fase haploide a
la diploide se produce por singamia, donde dos células haploides se combinan dando lugar a una
célula diploide (Flores y Sierro, 2007). Ninguna de estas fases es necesariamente dominante, y
en ambas puede darse reproduccion asexual por mitosis, aparentemente de forma indefinida,
hasta que algin factor ambiental desencadena la transicion a la fase alternante del ciclo de vida

(Young y Henriksen, 2003).
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Las células diploides pueden ser moviles o estaticas y presentar heterococolitos, mientras
que las células haploides suelen ser moviles y pueden presentar holococolitos, nanolitos o

escamas organicas.
2.4.-ECOLOGIA Y DISTRIBUCION
2.4.1.-Factores limitantes

Los cocolitéforos son organismos autétrofos y por lo tanto habitan inicamente en la capa
fotica pues dependen de la existencia de luz para realizar la fotosintesis (Zondervan, 2007). Su
distribucion también esta altamente relacionada con la disponibilidad de nutrientes como el
fosfato y el nitrato (Zondervan, 2007), si bien numerosas especies pueden proliferar en aguas

oligotroficas.

Otros factores ambientales como la salinidad y la temperatura de las masas de agua afectan a
su desarrollo, de forma que cada especie puede mostrar un rango de tolerancia y un Optimo

especificos.

2.4.2.-Distribucion espacial

Diversidad

-120° -90° -60° -30° 0° 30° 60° 90° 120° 150° 180° -150°

ZONAS BIOGEOGRAFICAS DE LOS COCOLITOFOROS:

I I ] = ]

Templada Subtropical Tropical
o transicional o central o ecuatorial

Subartica Subantartica

Figura 2.6. Zonas biogeograficas de la distribucion espacial general de los cocolitoforos (Mclntyre y Bé,
1967; Okada y Honjo, 1973). Modificada de Flores y Sierro (2007).

De manera muy general, la distribucion espacial que siguen los cocolitos atiende a la
diferenciacion de cinco zonas biogeograficas principales definidas por su latitud: subartica,

templada o transicional, subtropical o central, tropical o ecuatorial y subantartica (Figura 2.6).
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Dichas zonas fueron establecidas por Mclntyre y Bé (1967) en el océano Atlantico y por Okada
y Honjo (1973) en el océano Pacifico.

Tabla 2.1. Asociaciones cocolitoforales caracteristicas de cada zona biogeografica. Modificada de Jordan
y Chamberlain (1997). Los taxones considerados en esta tesis doctoral estan marcados con un asterisco
().

Subartica

Algirosphaera robusta, Balaniger balticus, Calciarcus alaskensis, Calciopappus caudatus,
Coccolithus pelagicus*, Emiliania huxleyi*, Papposphaeraceae, Quaternariella obscura,

Syracosphaera boreales, Wigwamma spp.
Templada o transicional

Balaniger balticus, Calcidiscus leptoporus®, Coccolithus pelagicus®, Emiliania huxleyi*,
Ericiolus spp., Gephyrocapsa spp.*, Helicosphaera spp.*, Reticulofenestra spp.,
Syracosphaera spp*.

Subtropical o central

Alisphaera spp., Alveosphaera bimurata, Canistrolithus valliformis, Emiliania huxleyi*,
Florisphaera profunda®, Gephyrocapsa oceanica®, Gladiolithus spp., Hayaster perplexus,
Helicosphaera spp.*, Navilithus altivelum, QOolithotus fragilis*, Pontosphaeraceae®,
Reticulofenestra sessilis, Rhabdosphaeraceae*, Solisphaera spp., Syracosphaeraceae*,
Tetralithoides — quadrilaminata, Turrilithus  latericioides, ~Umbellosphaera  spp.*,

Umbilicosphaera spp.*, Vexillarius cancellifer
Tropical o ecuatorial

Alisphaera spp., Calcidiscus leptoporus®, Emiliania huxleyi*, Gephyrocapsa spp.*,
Florisphaera profunda*, Gladiolithus spp., Reticulofenestra sessilis

Subantartica

Calciarcus alaskensis, Ericolus spp., Papposphaeraceae, Quatermariella obscura,

Wigwamma spp.

En la tabla 2.1 se observan asociaciones cocolitoforales tipicas de cada una de las zonas
biogeograficas mencionadas. De la misma se desprende que la distribucion de muchas especies
no esta restringida a una Unica zona biogeografica, como es el caso de E. huxleyi, la cual puede

encontrarse en asociaciones subarticas, templadas, subtropicales o tropicales.
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2.4.3.-Distribucion vertical

Los nutrientes, la luz y la temperatura son algunos de los factores principales que determinan
la distribucion vertical de las especies cocolitoforales. La variacion de estos factores en la
columna de agua determina la profundidad de la nutriclina, la capa fotica y la termoclina
respectivamente (Tabla 2.2). La mayoria de las especies habitan en la zona fotica superior (ZFS;
0-80 m). Sin embargo otras lo hacen a mayores profundidades, como Oolithotus fragilis que
habita en la zona fotica media (ZFM; 80-120 m) o Florisphaera profunda que prolifera en la
zona fotica inferior (ZFI) (Winter et al., 1994). A este hecho hay que afnadir que la profundidad
de la capa fotica puede variar latitudinalmente, siendo mas estrecha en latitudes altas y pudiendo

llegar hasta los 220 metros de profundidad en latitudes bajas.

Tabla 2.2. Distribucion esquematica general de los nutrientes, la luz y la temperatura en las diferentes

zonas de la capa fotica en una region subtropical o tropical. Modificado de Jordan (2011).

Zona de la Concentracion Luz Temperatura
capa fotica de nutrientes

ZFS Baja Alta Calida

(0-80 m) (< 1 pmol™) (100 %) (>20°C)

7ZFM Mayor que en la Menor que en la Mas fria que la
(80-120 m) ZFS ZFS ZFS

ZF1 Alta Baja Fria
(120-200 m) (> 1 umol™) (<1%) (<20°C)

2.4.4.-Variabilidad espacial y temporal de la distribucion de los cocolitéforos

Ademas de todos los factores descritos anteriormente (luz, concentracion de nutrientes,
profundidad de la termoclina, etc.), otros como salinidad, corrientes costeras, estructuras de
mesoescala, descargas fluviales y afloramientos afectan a la distribuciéon biogeografica de los
cocolitoforos (Baumann et al., 2005; Guerreiro et al., 2013). Por este motivo ésta presenta una
alta variabilidad espacial y temporal, de manera que la distribuciéon y abundancia de
cocolitoforos pertenecientes a una misma zona biogeografica (Figura 2.6) puede variar entre
océanos (Figura 2.7) y estaciones (Figura 2.8). De esta manera, la abundancia relativa de
cocolitoforos en relacion al total de fitoplancton (Figura 2.7) es mayor en el Atlantico norte y
menor en el Atlantico ecuatorial y en el océano Indico (Gregg y Casey 2007). Respecto a la
variacion estacional, la distribucion espacial de cocolitoforos (Figura 2.8) en invierno presenta
mayores abundancias en las costas occidentales del océano Pacifico, mientras que en verano los

maximos se registran en la region noratlantica (Gregg et al., 2007).
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Figura 2.7. Abundancia relativa (%) de cocolitéforos en los mares actuales en relacion al total de
fitoplancton. Modificada de Gregg y Casey (2007). Los colores de las barras se corresponden con la
leyenda de la figura 2.6. Las barras bicolores representan zonas maritimas situadas entre las zonas
templada y subtropical. S: sur; N: norte; NC: centro norte.
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Figura 2.8. Distribucion espacial de cocolitéforos en enero (izquierda) y en junio (derecha) medida en

unidades de clorofila (mg* m™). Modificada de Gregg et al. (2007).

2.5.-DE LA ZONA FOTICA AL REGISTRO FOSIL:

2.5.1.-Transporte

Cuando los cocolitoéforos mueren lo mas habitual es que la matriz organica asociada a los
cocolitos se desintegre. La cocosfera entonces se disgrega y los cocolitos comienzan su

transporte a lo largo de la columna de agua hasta los fondos oceanicos (Figura 2.9).

Debido a su geometria plana y su reducida masa, la tasa de hundimiento de los cocolitos es
muy pequefia, aproximadamente 1 m*dia” (Patara et al., 2009). Durante el tiempo que dure su
hundimiento son sensibles a diversos procesos determinantes para su sedimentacion y

preservacion. Entre ellos destacan la disolucion de su calcita, su fragmentacion por la actividad
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del zooplancton, los procesos de adveccion o transporte lateral por corrientes y los procesos de

afloramiento o hundimiento de las masas de agua que los contienen (Patara et al., 2009).

NIEYE MARINA

RESUSPENSION

DISOLUCION

Figura 2.9. Procesos implicados en la produccion, transporte, sedimentacion y preservacion de los

cocolitoforos y cocolitos. DMS: dimetilsurfuro; CO,: didxido de carbono.

Sin embargo la mayoria de los cocolitos no se hunden de forma individual, sino que son
incorporados a otros agregados de varios centimetros de tamafio como los pellets o aglomerados
fecales producidos por el zooplancton o las particulas de nieve marina (Turner, 2002). Se ha
observado que estos agregados pueden contener hasta 10° cocolitos, acelerando la tasa de
hundimiento de los mismos hasta los 162,5 m*dia' (Honjo, 1976; Knappertsbusch y Brummer,

1995) y reduciendo sensiblemente el tiempo de exposicion a otros procesos como la disolucion.
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2.5.2.-Sedimentacion

Las elevadas velocidades verticales a las que se hunden los pellets fecales y la nieve marina
también minimizan los efectos del transporte lateral, asegurando que los cocolitos que
sedimentan en una determinada zona tengan su origen en la comunidad fética superficial

correspondiente a dicha zona (Okada y Honjo, 1973; Baumann et al., 2000).

La sedimentacion de cocolitos en los fondos marinos contribuye a mantener el gradiente de
presion parcial de CO, entre la superficie oceanica y las capas profundas, jugando asi un papel

determinante en la capacidad del océano para absorber CO, atmosférico.
2.5.3.-Preservacion

Tras su sedimentacion, los cocolitos aiin son sensibles a numerosos procesos que ocurren
proximos a la interfase sedimento-agua y que afectaran a su adecuada preservacion. Entre los
mas comunes cabe mencionar su disolucion debida a la relacion entre la acumulacion de
carbonato calcico y el estado de saturacion del agua, la resuspension de sedimentos o la
bioturbacion. Cuanto mayor sea el flujo de particulas hacia las zonas profundas mayor sera la
proteccion de los cocolitos ante los procesos mencionados mas arriba. Esto facilita su
preservacion y posterior conservacion y fosilizacion, gracias a la cual se han recuperado

cocolitos pertenecientes al Triasico superior (hace 200 millones de afios) (Bown et al., 2004).

30



B. Ausin

2.6.-SISTEMATICA DE LOS TAXONES ESTUDIADOS

Division HAPTOPHYTA
Clase PRYMNESIOPHYCEAE

Hibberd 1972 ex Edvardsen y Eikrem 2000
Hibberd 1976; emend. Cavalier- Smith et al., 1996

Orden COCCOLITHALES
Familia ALCIDISCACEAE
Género Calcidiscus
Especie Calcidiscus leptoporus
Género Qolithotus
Especie Qolithotus fragilis
Género Umbilicosphaera
Especie Umbilicosphaera sibogae
Familia COCCOLITHACEAE
Género Coccolithus

Especie Coccolithus pelagicus

Subespecie Coccolithus pelagicus pelagicus

Subespecie Coccolithus pelagicus braarudii

Schwar, 1932 sensu Jordan et al., 2004

Young y Bown, 1997

Kampter 1950

(Murray y Blackman, 1898) Locblich y Tappan, 1978
Reinhardt, 1968

(Lohmann, 1912) Martini y Miiller, 1972
Lohmann, 1902

(Weber- van Bosse, 1901) Gaarder, 1970
Poche, 1913; emend. Young y Bown, 1997
Schward, 1894

(Wallich, 1877) Schiller, 1930

(Wallich 1877) Schiller 1930

(Gaarder 1962) Geisen et al. 2002

Orden ISOCHRYSIDALES
Familia NOELAERHABDACEAE

Género Emiliania
Especie Emiliania huxleyi

Género Gephyrocapsa
Especie Gephyrocapsa caribbeanica
Especie Gephyrocapsa muellerae
Especie Gephyrocapsa ocednica
Grupo “small” Gephyrocapsa

G. aperta

G. ericsonii

Pascher, 1910

Jerkovic, 1970; emend. Young y Bown, 1997
Hay y Molhler, 1967

(Lohmann, 1902) Hay y Mohler, 1967
Kamptner, 1943

Boudreaux and Hay, 1967

Bréhéret, 1978

Kamptner, 1943

Bréhéret, 1978
Bréhéret, 1978

Orden SYRACOSPHAERALES
Familia SYRACOSPHAERACEAE
Género Syracosphaera
Especie Syracosphaera pulchra
Familia CALCIOSOLENIACEAE
Género Calciosolenia
Especie Calciosolenia murrayi
Familia RHABDOSPHAERACEAE
Género Rhabdosphaera

Especie Rhabdosphaera clavigera

Hay, 1977; emend. Young et al., 2003
(Lohmann, 1902) Lemmermann, 1908
Lohmann, 1902

Lohmann, 1902

Kampter, 1927

Gran, 1912; emend. Young et al., 2003
Gran, 1912

[Maeckel, 1894

TTaeckel, 1894

Murray y Blackman, 1898

Orden ZYGODISCALES
Familia HELICOSPHAERACEAE
Género Helicosphaera
Especie Helicosphaera carteri
Familia PONTOSPHAERACEAE

Género Pontosphaera

Young y Bown, 1997

Black, 1971

Kamptner, 1954

(Wallich, 1877) Kamptner, 1954
Lemmermann, 1908

Lohmann, 1902

Especie Pontosphaera multipora (Kampter, 1984) Roth, 1970

Grupo de nanolitos

FamiliaBRAARUDOSPHAERACEAE

Género Braarudosphaera
Especie Braarudosphaera bigelowii
Familia UMBELLOSPHAERAEAE

Género Umbellosphaera

Especie Umbellosphaera irregularis

Especie Umbellosphaera tenuis
Genera Incertae Sedis
Género Florisphaera

Especie Florisphaera profunda

Deflande 1947

Deflandre 1947

(Gran & Braarud 1935) Deflandre 1947
Young y Kleijne, 2003

Paasche, 1955

Paasche, 1955

(Kamptner, 1937) Paasche, 1955

Okada y Honjo, 1973
Okada y Honjo, 1973
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2.7.-CARACTERISTICAS Y PREFERENCIAS ECOLOGICAS DE LOS TAXONES
ESTUDIADOS

A excepcion de los especimenes retrabajados, todas las especies cocolitoforales identificadas
en esta tesis doctoral tienen representacion en los océanos actuales. Este hecho presenta la
ventaja de que sus requerimientos ecologicos pueden estudiarse mediante el analisis de muestras
de trampas de sedimento y de la columna de agua. Esta informacion es de gran utilidad a la hora
de inferir la variabilidad de las condiciones ambientales a lo largo de los ultimos 25 ka a partir
del estudio de las asociaciones cocolitoforales fosiles. A continuacion se describen las
caracteristicas principales de los cocolitos de las especies consideradas en esta tesis doctoral asi

como sus requerimientos ecoldgicos.
Género Calcidiscus Kampter 1950
Calcidiscus leptoporus (Murray y Blackman, 1898) Loeblich y Tappan, 1978

Calcidiscus leptoporus (Anexo I, lamina 1) presenta tres morfotipos (Knappertsbusch et al.,
1997), aunque Geisen et al. (2002) los considera como tres subespecies y otros autores (Young
et al.,, 2003; Quinn et al., 2004) como tres especies diferentes. Estos tres morfotipos se
distinguen por su tamafio y el nimero de elementos de su escudo distal. El morfotipo de mayor
tamario (7-11 um) tiene entre 20 y 35 elementos, el morfotipo mediano (5-8 um) tiene entre 15
y 30 elementos y el morfotipo pequefio (3-5 um) presenta entre 10 y 20 elementos. Se trata de
una especie robusta menos sensible a la disolucion selectiva. Clasicamente ha sido considerada
como una especie de aguas oligotroficas y distribucion global (Giraudeau y Rogers, 1994;
Ziveri et al., 2004), si bien es cierto que sus requerimientos ecoldgicos especificos son poco
conocidos. Ha sido relacionada con aguas calidas (20-30 °C) (Okada y Honjo, 1973) y también
frias (6 °C) (Mclntyre et al., 1970), por lo que podria considerarse euriterma. En el
Mediterraneo occidental ha sido caracterizada como una especie de aguas oligotroficas
(Colmenero-Hidalgo et al., 2004) aunque otros autores (Giraudeau, 1992; Flores et al., 1997) lo

relacionan con la disponibilidad de nutrientes.

Género Oolithotus Reinhardt, 1968
Oolithotus fragilis (Lohmann, 1912) Martini y Miiller, 1972

Oolithotus fragilis (Anexo I, lamina 2) se caracteriza por cocolitos de tamafio entre 6,7 y 8,7
um (Cros y Fortuno, 2002). Bajo el microscopio dptico puede confundirse con C. leptoporus,
aunque se diferencia de este ultimo en que su tubo y escudo proximal estain mas alejados del
centro del cocolito. Es una de las pocas especies que habitan la zona fotica intermedia o inferior

(Young, 1994) y es considerada como indicadora de aguas oligotroficas (Brand, 1994).
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Género Umbilicosphaera Lohmann, 1902
Umbilicosphaera sibogae (Weber-van Bosse, 1901) Gaarder, 1970

Los cocolitos de esta Umbilicosphaera sibogae (Anexo I, lamina 3) tienen forma circular y
una gran abertura central. Su tamafio varia entre 3 y 7 pm (Cros y Fortufio, 2002). La
distribucion de U. sibogae se restringe a latitudes subtropicales y tropicales y aguas templadas
(> 15 °C) y pobres en nutrientes (Okada y Mclntyre, 1979; Giraudeau, 1992; Brand, 1994). En

el Mediterraneo occidental es considerada como un taxon calido (Flores et al., 1997).

Género Coccolithus Schward, 1894
Coccolithus pelagicus (Wallich, 1877) Schiller, 1930

Esta especie puede encontrarse en la literatura como un indicador clasico de aguas frias
(McIntyre y Bé, 1967; Okada y Mclntyre, 1979; Winter et al., 1994) pero también de regiones
de afloramiento (Cachdo y Moita, 2000). Sus preferencias ecologicas se definieron mas adelante
con la existencia de varias subespecies de C. pelagicus que pueden diferenciarse por sus ciclos
de vida (Geisen et al., 2002), genética (Saez et al., 2003) y el tamafio de sus placolitos (Parente
et al., 2004).

Coccolithus pelagicus subsp. pelagicus (Wallich, 1877) Schiller, 1930

Coccolithus pelagicus subsp. pelagicus (Anexo I, lamina 4) presenta cocolitos de entre 7 y
10 pm de tamafio y gran robustez, lo que les confiere un mayor potencial de preservacion en el
registro fosil (Cachdo y Moita, 2000). Es una forma caracteristica de la region subartica (Geisen
et al., 2002) y es utilizado como indicador de aguas frias (Narciso et al., 2006; Amore et al.,

2012).

Coccolithus pelagicus subsp. braarudii (Gaarder 1962) Geisen, 2002

Los cocolitos de Coccolithus pelagicus subsp. braarudii (Anexo I, lamina 5) presentan un
mayor tamafio que la subespecie pelagicus (10-16 pm) y ha sido relacionado con aguas mas
templadas de frentes moderados dirigidos por condiciones de afloramiento (Cachido y Moita,

2000; Amore et al., 2012).
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Género Emiliania Hay y Mohler, 1967
Emiliania huxleyi (Lohmann, 1902) Hay y Mohler, 1967

La especie Emiliania huxleyi (Anexo I, lamina 6) presenta cocolitos de pequefio tamafio (2-4
um) que se caracterizan por la ausencia de puente. E. huxleyi podria considerarse la especie
actual mas abundante en los sedimentos oceédnicos recientes alcanzando abundancias relativas
de hasta el 80 % (Winter et al., 1994). Se trata de una especie cosmopolita capaz de proliferar en
un variado espectro de condiciones ambientales y amplios rangos de temperatura (1-30 °C)
(Okada y Mclntyre, 1979), salinidad (11-41 ppt) (Buckry, 1974; Winter et al., 1979) y nutrientes
(Roth, 1994; Winter et al., 1994). Es considerada como una estratega r, de forma que aprovecha
la disponibilidad de nutrientes para proliferar en gran niimero, alcanzando hasta 10° células por

litro.

Los estudios biométricos sobre las asociaciones fosiles del Atlantico norte revelan la
existencia de dos morfotipos que se distinguen por su tamafio: uno con un ¢je mayor de tamafno
<4 um (Anexo I, Ldmina 6) y otro morfotipo con un eje mayor de tamafio > 4 um (Anexo I,
lamina 7) (Pujos-Lamy, 1977; Weaver et al., 1999; Flores et al., 2010). Los estudios realizados
en el Mediterraneo occidental (Colmenero-Hidalgo et al., 2002; Colmenero-Hidalgo et al.,
2004) asocian el morfotipo de mayor tamafio a la entrada de agua fria atlantica en el
Mediterraneo.

E. huxleyi es considerada, junto a Gephyrocapsa oceanica, como la mayor productora de
alquenonas (Conte et al., 1998), un compuesto organico que depende de la temperatura

superficial oceanica (Miiller et al., 1998).

Género Gephyrocapsa Kamptner, 1943

Las especies pertenecientes a este género se caracterizan por cocolitos de tamafio pequefio o
intermedio cuya area central es atravesada por un puente de calcita. Para la clasificacion de las
especies pertenecientes a este género se ha seguido la clasificacion propuesta por Flores et al.

(1997), modificada posteriormente por Colmenero-Hidalgo et al. (2004).

Género Gephyrocapsa Kamptner, 1943
Gephyrocapsa caribbeanica Boudreaux and Hay, 1967

Los cocolitos de la especie Gephyrocapsa caribbeanica (Anexo I, lamina 8), robustos y
ligeramente redondeados, presentan un eje mayor superior a 3 pm. Presentan el area central
parcial o totalmente cerrada y su puente forma un dngulo < 25° con el eje mayor del cocolito. Se

ha observado que esta especie aumenta su abundancia durante los periodos frios del hemisferio

34



B. Ausin

sur (Okada y Wells, 1997; Flores et al., 1999). Sin embargo, Flores et al. (2000) registraron un

descenso de la misma durante el ultimo estadio glacial frente a las costas de Africa occidental.

Género Gephyrocapsa Kamptner, 1943

Gephyrocapsa muellerae Bréhéret, 1978
Los cocolitos de la especie Gephyrocapsa muellerae (Anexo I, lamina 9) presentan un eje
mayor superior a 3 um y muestran una forma ligeramente mas ovalada y un puente menos
robusto que el de otras especies del género Gephyrocapsa. El puente forma un angulo < 25° con
el eje mayor del placolito. Esta especie es considerada un indicador de aguas mas frias (Weaver
y Pujol, 1988; Ziveri et al., 2004) aunque los estudios a partir de trampas de sedimento en el
Mediterraneo occidental muestran que G. muellerae también responde al afloramiento de aguas

frias y ricas en nutrientes (Barcena et al., 2004; Hernandez-Molina et al., 2011).

Género Gephyrocapsa Kamptner, 1943
Gephyrocapsa oceanica Kamptner, 1943

La especie Gephyrocapsa oceanica (Anexo I, lamina 10) presenta cocolitos robustos,
ligeramente redondeados y con un eje mayor normalmente superior a 3 pm. El puente forma un
angulo > 50° con el eje mayor del cocolito. Muestra afinidad por aguas eutroficas (Giraudeau,
1992; Ziveri et al., 1995) y una amplia distribucion en los océanos actuales, desde aguas
templadas hasta tropicales y de mares marginales (McIntyre y Bé, 1967; Okada y Honjo, 1973;
Okada y Mclntyre, 1979). En el Mediterraneo occidental ha sido ligada a aguas calidas (Weaver
y Pujol, 1988; Flores et al., 1999). Otros autores sin embargo la han relacionado con la entrada
de aguas atlanticas de menor salinidad (Knappertsbusch, 1993; Cros, 1995; Barcena et al.,
2004).

Género Gephyrocapsa Kamptner, 1943
Grupo “small” Gephyrocapsa

El grupo “small” Gephyrocapsa incluye aquellas especies del género Gephyrocapsa que
presenten cocolitos de pequefio tamaiio (eje mayor < 3 um) (Anexo I, lamina 11) por lo que su
identificacién con el microscopio optico es complicada. Normalmente el grupo “small”
Gephyrocapsa contendra mas de una especie, siendo las mas comunes G. aperta'y G. ericsonii.
La disolucion selectiva puede afectar a su puente pudiendo llegar a confundirse con E. huxleyi.
Sin embargo, este hecho no tiene mayores consecuencias para los estudios paleoecologicos, ya

que este grupo suele aflorar junto a E. huxleyi, de naturaleza igualmente oportunista,
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contemplandose todas ellas bajo el término “pequefios placolitos” y utilizandose como
indicadoras de aguas ricas en nutrientes o de alta productividad (Colmenero-Hidalgo et al.,

2004; Maiorano et al., 2009; Amore et al., 2012).

Género Syracosphaera Lohmann, 1902

Este es uno de los géneros de cocolitoforos con mayor diversidad de especies (Giraudeau,
1992). Su identificacion a nivel de especie con microscopia Optica es complicada y su

biogeografia no presenta un patrén definido (Okada y Mclntyre, 1979).

Género Syracosphaera Lohmann, 1902
Syracosphaera pulchra Lohmann, 1902

La especie Syracosphaera pulchra (Anexo I, lamina 12) es considerada como la mas comun
del género Syracosphaera. Sus cocolitos presentan forma ovalada y un tamafio > 5 um. Su
distribucién abarca los 50°N y los 50°S (Ziveri et al., 1995; Ziveri et al., 2004) y no presenta
una clara preferencia por una zona concreta de la capa fotica (Flores et al., 1999). Sus
preferencias ecoldgicas no estan bien definidas, aunque ha sido relacionada con aguas pobres en
nutrientes (Ziveri et al., 2004) o con aguas de baja salinidad (Buckry, 1974; Weaver y Pujol,
1988; Colmenero-Hidalgo et al., 2004).

Género Calciosolenia Gran, 1912; emend. Young et al., 2003
Calciosolenia murrayi Gran, 1912

La especie Calciosolenia murrayi (Anexo I, lamina 13) es de muy facil identificacion ya que
sus cocolitos presentan una forma rombica alargada muy particular, cuyo eje mayor mide entre
3 y 4 um. Sin embargo, hay que tener en cuenta que puede llegar a extinguirse a la luz
polarizada lineal del microscopio Optico, por lo que es recomendable rotar la platina del mismo.
Es habitual encontrarla en aguas tropicales y subtropicales por lo que es incluida entre los

taxones calidos (Okada y Mclntyre, 1977).

Género Rhabdosphaera Haeckel, 1894
Rhabdosphaera clavigera Murray y Blackman, 1898

Los cocolitos de Rhabdosphaera clavigera (Anexo I, lamina 14) se caracterizan por la

presencia de una espina muy desarrollada en forma de baston compuesta por listones alargados.
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R. clavigera es caracteristica de aguas subtropicales, templadas o calidas (14-30 °C), salinas y

oligotroficas (Okada y Honjo, 1973; Geitzenauer et al., 1976; Roth, 1994).

Género Helicosphaera Kamptner, 1954
Helicosphaera carteri (Wallich, 1877) Kamptner, 1954

H. carteri (Anexo 1, lamina 15) es una de las especies mas comunes de este género. Sus
cocolitos son grandes (eje mayor entre 6 y 12 um), ovalados y robustos. Es eliptica y en
ocasiones asimétrica, presentando un ala en alguno de sus extremos y dos pequefias hendiduras
en su area central. Es una especie cosmopolita que tolera un amplio rango de temperaturas (5-30
°C) con un optimo de 21 °C en aguas templadas (Mclntyre y B¢, 1967; Okada y Mclntyre,
1979). Algunos autores la han relacionado con bajas concentraciones de nutrientes y turbidez en
la capa fotica (Brand, 1994; Ziveri et al., 1995), mientras que otros la han encontrado en
regiones de afloramiento (Estrada, 1978; Giraudeau, 1992) o la han correlacionado con periodos
altamente productivos en sedimentos del plio-pleistoceno (Pujos, 1992; Flores et al., 1995). Su
aparicion en el Mediterraneo occidental junto a S. pulchra ha sido interpretada como un

indicador de baja salinidad (Colmenero-Hidalgo et al., 2004).

Género Pontosphaera Lohmann, 1902

Las especies pertenecientes a este género suelen aparecer en regiones tropicales o

subtropicales, en zonas oligotroficas y calidas (Okada y Mclntyre, 1977).

Género Pontosphaera Lohmann, 1902
Pontosphaera multipora (Kampter, 1984) Roth, 1970

Los cocolitos de Pontosphaera multipora (Anexo 1, lamina 16) son grandes (eje mayor > 9

um), de forma ovalada con un borde bien definido y elevado y presentan entre 10 y 44 poros.

Género Braarudosphaera Deflandre 1947
Braarudosphaera bigelowii (Gran & Braarud 1935) Deflandre 1947

Los cocolitos de Braarudosphaera bigelowii (Anexo 1, lamina 17) estan formados por una

unica unidad cristalina que presenta simetria radial y forma pentagonal de entre 3 y 7 um.

Esta especie tolera un amplio rango de salinidades pudiendo habitar en condiciones

ambientales extremas o inusuales (Roth, 1994), como confirma su presencia en sedimentos
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depositados inmediatamente después de las extinciones correspondientes al limite K/T (Perch-
Nielsen, 1985). La mayoria de los estudios sugieren preferencia por ambientes de baja salinidad
y alta turbidez causada por la entrada de terrigenos (Buckry, 1974; Roth, 1994). En sedimentos
cretacicos y paledgenos presenta altas abundancias llegando incluso a dominar la asociacion, lo
cual ha sido interpretado como condiciones de afloramiento de aguas frias, poco salinas y ricas
en nutrientes y de baja competicion con otras especies (Peleo-Alampay et al., 1999; Svabenicka,

1999).

Género Umbellosphaera Paasche, 1955
Umbellosphaera irregularis Paasche, 1955

Los cocolitos de Umbellosphaera irregularis (Anexo I, lamina 18) tienen forma de trompeta,
son concavos y su superficie distal es lisa. Esta especie es considerada un indicador de aguas

calidas con una temperatura superior a los 25 °C (Winter et al., 1994).

Género Umbellosphaera Paasche, 1955
Umbellosphaera tenuis (Kamptner, 1937) Paasche, 1955

Los cocolitos de esta especie también tienen forma de trompeta, pero son convexos y su
superficie distal aparece ornamentada. Es comlin en latitudes subtropicales en la capa fotica
intermedia y muestra preferencia por aguas mas templadas que U. irregularis (entre 14 y 21 °C)

(MclIntyre et al., 1970).

Género Florisphaera Okada y Honjo, 1973
Florisphaera profunda Okada y Honjo, 1973

Los cocolitos de Florisphaera profunda (Anexo I, lamina 19) tienen forma de placa
trapezoidal ligeramente curvada. Presentan baja birrefringencia aunque por su forma pueden
confundirse con arcillas. Sin embargo, y como ocurria con los cocolitos de C. murrayi, pueden
extinguirse bajo la Iuz polarizada lineal del microscopio Optico, por lo que es recomendable
girar la platina del mismo para su correcta identificacion. Es una de las pocas especies
cocolitoforales que habitan la capa fotica inferior, entre los 120-220 metros de profundidad,
entre los 40°N y 40°S (Okada y Honjo, 1973; Okada y Wells, 1997). F. profunda presenta una
preferencia clara por bajas intensidades luminicas y escasa turbidez (Ahagon et al., 1993; Ziveri
et al.,, 1995). Se considera un buen indicador de la profundidad de la nutriclina viendo

aumentada su abundancia respecto a la de otros taxones de la capa fotica superior cuando la
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nutriclina es mas profunda, la columna de agua es estable y la mezcla vertical escasa (Molfino y
Mclntyre, 1990; Beaufort et al., 1997; Flores et al., 2000; Beaufort et al., 2001; Incarbona et al.,
2008).
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3.-MATERIALES Y TECNICAS

3.1.-MATERIALES
3.1.1.-Testigo CEUTA10PC08

El testigo de piston CEUTA10PCO08 fue recuperado durante la campafia CONTOURIBER
realizada entre el 17 de septiembre y el 14 de octubre de 2010 a bordo del buque oceanografico
BIO Sarmiento de Gamboa (Figura 3.1). El testigo fue recuperado en el sector mas occidental
del mar de Alboran (Figura 3.2), proximo al estrecho de Gibraltar (latitud 36°1'22" N, longitud
4°52'3" O) a 914 metros por debajo del nivel mar.

Figura 3.1. Buque oceanografico BIO Sarmiento de
Gamboa del Consejo Superior de Investigaciones
Cientificas (CSIC). Fuente: http://www.csic.es/buque-
oceanografico-garmiento-de-gamboa.

F E E g R-GC-T!
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de Malags®

36'N

35°N
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Figura 3.2. Localizacion de los testigos de sedimento CEUTA10PC08 y HER-GC-T1 en el mar de
Alboran, marcados con una estrella roja. Leyenda: AW: Atlantic Water, AJ: Atlantic Jet, MAW: Modified
Atlantic Water, WMDW: Western Mediterranean Deep Water, WAG: Western Anticyclonic Gyre, EAG:
Eastern Anticyclonic Gyre.
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El sondeo se localiza en la cresta de un “driff” contornitico de tipo eclongado separado
(Faugeres et al., 1999). Este drift se extiende a lo largo de unos 20 km y cuenta con una anchura
variable menor a 4 km, y esta lateralmente asociado a un surco erosivo contornitico (Figura 3.3).
Este sistema surco-drift se desarrolla al pie del escarpe construido por otro drift contornitico de
tipo adosado (el “Drift de Ceuta”; Ercilla et al. (2002)), y que es responsable de la terraza
morfologica que caracteriza el talud continental occidental del margen de Marruecos. La
formacion y desarrollo del drift contornitico donde se localiza el testigo de sedimento resulta del
proceso de “retrabajamiento” producido por la corriente de fondo asociada a la WMDW en su

salida hacia el estrecho de Gibraltar (Ercilla et al., enviado).

Margen de Marruecos SO-NE

CEUTA10PCO08

surco Drift
elongado separado

Figura 3.3. Perfil sismico del sistema surco-drift en el que se localiza el testigo CEUTA10PCO08.

El testigo CEUTA10PCOS8 presenta una longitud de 648 cm y estd compuesto por limo
calcareo arcilloso de color marron més amarillento hacia techo (Figura 3.4). Presenta abundante
bioturbacion y dos llamativas capas de materia organica entre los centimetros 577 y 581 y los
centimetros 598 y 601 (Figura 3.4).

3.1.1.1-Cronoestratigrafia

El modelo de edad adoptado para el testigo CEUTA10PCOS esta basado en quince edades
obtenidas mediante la técnica de espectrometria de masas (AMS) de datacion por carbono-14,
basadas en muestras monoespecificas de conchas de foraminiferos pertenecientes a las especies
Globigerina inflata, Neogloboquadrina pachyderma (dextral) o Globigerina bulloides (Tabla
3.1). Dichas edades de radiocarbono fueron convertidas posteriormente a edades calendario

usando la version 4.2 del software OxCal (Bronk, 2008) y la curva de calibracion Marinel3
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(Reimer et al., 2013) que incluye la correccion global de 400 afios para el efecto del reservorio
marino. La diferencia regional con este reservorio global (AR) (Stuiver y Reimer, 1993) resulto
en —22 £ 35 afios (Siani et al., 2000) y también fue considerada. El modelo de edad (Figura
3.5b) se realizdo mediante interpolacion lineal entre las quince edades calendario, cubriendo el
periodo comprendido entre 25,5 y 4,5 ka y resultando en una tasa de sedimentacion media de

37,4 cm*ka™ y una resolucién temporal media de 70 afios.

CEUTA10PCO08
Sec. 1/7

” Sec. 2/7 Sec.3/7 Sec.4/7 Sec.5/7 Sec.6/7 Sec.7/7

Figura 3.4. Imagen de las siete secciones que componen el testigo de sedimento CEUTA10PCO08.
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Figura 3.5. Modelos de edad para los testigos CEUTA10PC08 y HER-GC-T1 realizados con el software
OxCal version 4.2 (Bronk, 2008). Las lineas solidas grises delimitan la probabilidad del 68,2 %. a)
Perfiles de isotopos estables de oxigeno de los testigos CEUTA10PCO8 y HER-GC-T1. Las lineas
discontinuas unen los puntos obtenidos por correlacion (tie points) entre ambos perfiles. Modelo de edad
del testigolb) CEUTAI10PCO08 y ¢) HER-GC-T1. TS hace referencia a la tasa de sedimentacion, expresada
en cm*ka.
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Tabla 3.1. Dataciones realizadas para la construcciéon del modelo de edad del testigo de sedimento

CEUTAI10PCO08.
Codigo muestra Especie Profundidad Edad Edad
(cm) (a) calendario
(a cal BP)
CEUTAI10PCO08_22 G. inflata 22 5870 + 40 6312 + 56
/
Poz-56516°
CEUTA10PCO08 46 | N. pachyderma (dex) 46 7940 = 40 8426 £ 56
/
Poz-56517°
CEUTAI10PCO8 82 | N. pachyderma (dex) 82 9190 + 50 10006 + 100
/
Poz-56518"
9977° N. pachyderma (dex) 122 9900 + 30 10885 £91
9552° G. bulloides 156 11410430 12890+ 79
10602° N. pachyderma (dex) 174 12240£70 13717 £ 107
9979" N. pachyderma (dex) 281,5 14270 = 40 16818 = 125
9980° N. pachyderma (dex) 3235 14920 £ 40 17720 =97
9981° N. pachyderma (dex) 406 16910 + 40 19936 + 104
9982° N. pachyderma (dex) 452 18110+ 50 21462 +£128
9983° N. pachyderma (dex) 474 18360 £ 50 21773 £ 106
9984° N. pachyderma (dex) 541,5 20170+ 50  23820=+115
10603° G. bulloides 579,5 20480+ 60 24162+ 113
10604° G. bulloides 603,5 21100+ 60 24967 + 173
10605° N. pachyderma (dex) 615,5 21540 £+ 60 25500111

*Hace referencia a las edades de radiocarbono medidas en el Poznan Radiocarbon Laboratory.

® Hace referencia a las edades de radiocarbono medidas en el Center for Applied Isotope Studies of
University of Georgia.

3.1.2.-Testigo HER-GC-T1

El testigo HER-GC-T1 fue recuperado durante la campafia HERMESIONE realizada entre el
15 de septiembre y el 9 de octubre de 2009 en el mar de Alboran a bordo del buque de

investigacion oceanografica BIO Hespérides de la armada espafiola (Figura 3.6).

La campana HERMESIONE se realizd con diversos objetivos en funcién de las zonas

geograficas en las que se subdividio la cuenca. Para la region proxima al margen de Malaga a la
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que pertenece el testigo HER-GC-T1, el objetivo fue obtener varios testigos de gravedad y

multitestigos para la realizacion de andlisis paleoceanograficos.

El testigo de gravedad HER-GC-T1 fue recuperado proximo al margen de Malaga
(36°22'12" N, 4°17'57" O) a 658,9 metros por debajo del nivel del mar (Figura 3.3) y presenta
una longitud de 374 cm (Figura 3.7). Esta formado por limos calcareos y presenta tonos
amarillentos a techo y una transicion hacia muro de tonos marrén claro, gris oliva y gris oscuro
(Figura 3.7). Muestra varios signos de bioturbacion y pequefios fragmentos de conchas, sobre

todo hacia los niveles inferiores donde también se observan finas capas de materia organica.

Figura 3.5. Buque oceanografico BIO Hespérides de la armada espafiola Fuente:
http://www.armada.mde.es/ArmadaPortal/page/Portal/ Armadaespannola/buques_superficie/prefLang_es/
12_buques-investigacion oceanografia.

3.1.2.1.-Cronoestratigrafia

Para la realizacion del modelo de edad del testigo HER-GC-T1 se determinaron siete edades
de radiocarbono (Tabla 3.2) mediante la técnica AMS a partir de conchas de foraminiferos de la
especie Globigerina inflata y/o Neogloboquadrina pachyderma (dextral). Como en el caso del
testigo CEUTA10PCOS, estas edades fueron convertidas posteriormente a edades calendario
usando el software OxCal version 4.2 (Bronk, 2008) y la curva de calibracion Marinel3
(Reimer et al., 2013). La correccion global de 400 afios para el efecto del reservorio marino y la

diferencia regional (AR) de —22 + 35 afios (Siani et al., 2000) también fueron consideradas.

Ademas de estas siete edades calendario, se consideraron tres puntos de correlacion (tie
points) adicionales obtenidos a partir de la correlacion entre los perfiles isotopicos de oxigeno
de los testigos HER-GC-T1 y CEUTA10PCO8 (Figura 3.5a), debido a que este ultimo testigo

posee un modelo de edad mas preciso.
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Figura 3.7. Imagen de las cuatro secciones que componen el testigo de sedimento HER-GC-T1.

El modelo de edad (Figura 3.5¢) se realizdo mediante interpolacion lineal entre los 10 puntos
de control, cubriendo el periodo desde 23,5 hasta 0,09 ka con una tasa de sedimentacion media

de 16,6 cm* ka' y una resolucion temporal media de 140 afios.
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Tabla 3.2. Dataciones realizadas para la construccion del modelo de edad del testigo de sedimento HER-
GC-T1

Codigo muestra Especie Profundidad Edad Edad

(cm) (@) calendario
(a cal BP)

SEC1_2/Poz-53233" G. inflata 2 440 £ 25 88 + 62
SEC1 _21/0S-87586" G. inflata 21 1810 £25 1379 £ 54
SEC1_63/ Poz-53234" G. inflata 63 4175+ 35 4284 +76
SEC2 17/ Poz-53235" G. inflata 107 6100 =40 6550 + 68
SEC2_54/0S-87587" G. inflata+N. 144 7350 + 35 7834 £ 58

pachyderma (dex)

SEC3 12/ Poz-53236" | N. pachyderma (dex) 202 10400+ 60 11539+ 162
SEC3_48° 238 14582
SEC3_67° 257 15217
SEC3_77¢ 267 16198

SEC3 92/P0z-53237" | N. pachyderma (dex) 282 15180+ 80 18006 + 121
SEC4 36° 326 21396

*Hace referencia a las edades de radiocarbono medidas en el Poznan Radiocarbon Laboratory.

" Hace referencia a las edades de radiocarbono medidas en el Center for Applied Isotope Studies of
University of Georgia.

¢ Hace referencia a los tie points: puntos obtenidos por correlacion entre los perfiles isotopicos de los
testigos CEUTA10PC08 y HER-GC-T1.

3.1.3.-Base de datos actual

Con el fin de desarrollar una funcion de transferencia se utilizdo una base de datos de
muestras actuales. Esta consiste en un conjunto de muestras de sedimento superficial (base de
datos biologica) y datos de varias variables ambientales (base de datos ambiental)
correspondientes a las localizaciones de cada una de las muestras de sedimento superficial.

3.3.3.1.-Base de datos biologica: muestras de sedimento superficial

Con el fin de crear una base de datos actual se muestrearon los core-top de 118 testigos de
sedimento almacenados en la Universidad de Vigo y el repositorio de muestras del fondo

marino del Instituto de Ciencias Marinas (CSIC, Barcelona) (Figura 3.8, Tabla 3.3).
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Figura 3.8. Localizacion de las 118 muestras de sedimento que constituyen la base de datos actual inicial
en el mar Mediterraneo occidental y el océano Atlantico, marcadas con puntos rojos.

Este  ultimo cuenta con una  herramienta de  busqueda en linea

(http://ww?2.icm.csic.es/geo/gma/SurveyMaps/) que permite visualizar la localizacion de todos

los sondeos disponibles en dicho instituto, la campafia en la que fueron recuperados, su

composicion y otros datos de utilidad.

Tabla 3.3. Muestras de sedimento superficial y sus coordenadas consideradas en la base de datos actual
inicial. a) Muestras almacenadas en el repositorio de muestras del fondo marino del Instituto de Ciencias
Marinas (CSIC, Barcelona). b) Muestras almacenadas en la Universidad de Vigo.

Muestra Procedencia | Latitud | Longitud | Muestra Procedencia | Latitud | Longitud
STR-93/TG1 a 36,052 | -3,585 GC-88-3/TG-15 | a 36,164 | -7,000
VALSIS/KF-16 a 41,249 3,532 GC-83-2/TR440 | a 40,972 | 1,406
CO-81-2/TK-2 a 36,133 | -1,926 CO-81-1/K-61 a 41,693 | 5,567
MAYC96/MTL-1 a 36,467 | -3,502 CO-83-2/K-17 a 41,033 | 3,788
CO-80-4/K-25

(sec 1) (A) a 38,597 2,677 VALSIS/KF-2 a 39,372 10,692
CG-90-1/TG-5 a 36,385 | -4,250 VALSIS/KF-13 a 40,682 |3,304
STRY3/TG-11 a 36,0609 | -5,067 CO-83-2/K-8 a 40,662 | 3,113
CO-81-1/K-87 a 41,058 |3,307 GC-88-1/TG-44 a 42,064 | 3,527
GC-82-1/TR-137 a 41,007 |1,337 CO-83-2/K-49 a 40,712 | 5,278
CO-83-1/K-29 a 40,252 | 1,260 VALSIS/KF-5 a 40,157 2,483
CO-83-1/K-10 a 40,183 1,288 CO-81-17/K-60 a 41,878 | 5,657
CO-81-1/TK-10 a 40,309 | 1,807 GC-93-1/TG3 a 41,166 | 2,331
GC-93-1/TC-3 a 41,303 [ 2,176 CO-80-47K-34 a 40,218 | 4,410

CO-80-4/K-10

GC-84-6/TR-552 a 41,638 |3,138 (secl)(A) a 38,050 [ 1,015
GC-84-6/TR-598 a 41,753 |3,143 CO-81-1/K-56 a 41,882 |5,126
GC-84-6/TR-606 a 41,677 3,294 GC-82-1/TR-76 a 41,109 2,294
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MAYC96/CD-2 36,036 | -5,170 GC-82-1/TR-281 a 41,012 1,402
VALSIS/KF-7 40,405 | 2,382 E-3D-78/35388 a 39,000 [4,783
CO-80-4/K-16

(sec 1) (A) 38,071 2,072 CO-80-4/K-38 a 40,258 | 3,600
CO-80-4/K-37 40,334 | 4,541 GC-84-6/TR-565 a 41,680 |3,149
CO-80-4 /K-39 40,331 3,442 GC-88-1/TR-270 a 40,837 1,205
80-CL/TK-33 39,633 | -0,001 GC-84-6/TR-442 a 41,452 12,724
80-CL/TK-30 39,633 0,217 GC-82-1/TR-294 a 41,127 1,487
CO-80-4/K-4 37,540 | -0,243 VALSIS/KF-17 a 41,276 | 4,335
CO-80-3/K-2 39,417 |-0,020 GC-85-6/TG-10 a 41,379 12,752
CO-80-4/K-33 39,115 | 4,835 GC-93-1/TC-38 a 40,989 12,059
MAYC-96/MTL-2 36,526 | -3,474 GC-82-1/TR-299 a 41,096 1,486
MAYC-96/MTL-18 36,582 | -3,376 CO-83-2/K-7 a 40,620 |2,933
MAYC-96/ALM-22 36,664 | -2,333 VALSIS/KF-12 a 41,033 2,241
MAYC-96/ALM-19 36,589 | -2,481 CO-80-4/K-9 a 37,570 10,092
MAYC-96/GDR-4 36,182 | -5,142 CO-83-2/K-6 a 40,547 12,777
GC-92-1/TG-6 40,458 | 0,662 CO-81-1/K-16 a 40,141 1,741
GC-92-1/TG-1 40,491 0,566 GC-88-1/TR-144 a 42,129 13,492
GC-93-1/TC-35 41,073 1,915 CO-81-1/K-74 a 40,880 | 4,183
GC-88-1/TG-12 42,155 3,308 GC-84-6/TR-477 a 41,573 12,831
GC-88-1/TG-15 42,137 3,499 GC-82-1/TR-235 a 40,921 1,099
VALSIS-1/KF-4 39,879 1,754 CO-83-2/K-43 a 40,925 14,770
STR-93/TG-8 35,818 | -5,052 VALSIS/KF-18 a 41,406 | 4,674
E-3D-78/35418 38,950 | 3,008 GC-88-1/TR-72 a 42,272 13,304
GC-88-1/TR-70 42,297 |3,318 GC-84-1/TR-111 a 41,726 13,370
79KEB/K-30 40,410 10,793 GC-82-1/TR-17 a 41,236 2,087
80-CL/TK-61 40,252 10,533 GC-88-1/TG-38 a 42,059 | 3,843
CL-83-1/K-104 41,185 2,151 VALSIS/KF-9 a 40,580 2,394
E-30-78/35411 (pilot) 39,420 | 3,553 CEUTA/MC/1 b 35,934 [ -5,120
STRY3/TG-13 36,068 | -5,017 CEUTA/MC/4 b 35,648 | -4,818
CO-80-4/K-30 38,970 | 3,949 CEUTA/MC/8 b 36,023 | -4,867
80-CL/TK-60 40,251 0,469 CEUTA/MC/7 b 35,971 -4,912
80-CL/TK-59 40,250 10,384 CEUTA/BC/5 b 35,624 | -5,145
CO-83-2/K-16 41,073 3,790 CEUTA/MC/2 b 35,493 [ -4,448
CO-81-1/K-64 41,257 | 5,725 CADIZ10/BC/4 b 35,737 [ -6,732
GC-88-1/T-G30 42,013 |3,612 CADIZ10/MC/8 b 35,821 -6,968
CO-81-2/TR-62 35,552 | -4,283 CADIZ10/BC/2 b 35,798 | -6,853
CO-80-4/K-28 38,877 4,109 CADIZ10/MC/6 b 36,305 | -6,764
CO-81-1/K-66 41,459 |5,372 CADIZ10/MC/1 b 35,651 -6,784
CO-81-1/K-4 40,192 1,549 10DP/GC/5B b 36,286 [ -7,235
CO-81-1/K-69 41,445 |5,047 10DP/GC/2A b 36,286 | -7,808
STR93/TG-21 35,684 | -3,351 10DP/WI/1B b 37,343 [-9,422
CO-80-4/K-23(W) 38,464 |2,491 APL-SHACK4 b 35,572 | -10,126
CO-83-2/K-28 41,900 | 4,500 GC/09A/MC b 36,805 [ -7,719
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3.1.3.2.-Base de datos ambiental: datos de las variables ambientales

La base de datos ambiental actual se construyd a partir de datos disponibles en el World
Ocean Atlas 2013 [WOA13] usando el software Ocean Data View [ODV] (Schlitzer, 2014). Se
seleccionaron los datos de temperatura (Locarnini et al., 2013), salinidad (Zweng et al., 2013),
clorofila a (Boyer et al., 2013), contenido en oxigeno, saturacion de oxigeno (Garcia et al.,
2014a) y nutrientes (nitrato, fosfato y silicato) (Garcia et al., 2014b) de la columna de agua de
las localizaciones de las muestras de sedimento superficial. Los datos de estas variables,
promediados anual y estacionalmente (verano e invierno) desde 1955 hasta 2012, fueron
obtenidos para las siguientes profundidades: 10, 20, 30, 50, 75, 100, 125, 150, 200 y 300

metros.
3.2.-METODOS Y TECNICAS
3.2.1.-Analisis micropaleontolégico para el estudio de las asociaciones cocolitoforales

3.2.1.1.-Muestreo

Para el analisis micropaleontoldgico de las asociaciones cocolitoforales se muestre6 una
pequefia cantidad de sedimento humedo en los testigos CEUTA10PC08 y HER-GC-T1 y los

core-tops que conforman la base de datos bioldgica como se detalla a continuacion:
-El testigo HER-GC-T1 fue muestreado cada 2-3 cm obteniendo 143 muestras.
-El testigo CEUTA10PCO8 fue muestreado cada 2 cm obteniendo 297 muestras.

-En los 118 core-tops se muestreo el primer centimetro, o el segundo si el primero no estaba

disponible.

Todos los muestreos se realizaron con una espatula de metal y cada muestra fue guardada en
una bolsa de plastico etiquetada con su nombre. Seguidamente las muestras se guardaron en el

congelador para su posterior liofilizacion (Anexo II).

3.2.1.2.-Preparacion de muestras

Para el estudio de las asociaciones cocolitoforales del material de esta tesis doctoral se
adopto la técnica de preparacion de muestras de Flores y Sierro (1997). Esta es una técnica de
decantacion que permite la obtencion de datos cuantitativos como el niamero de cocolitos por
gramo de sedimento o sus flujos. Los pasos generales que contempla esta técnica (Figura 3.9)

son:

A) Pesada del sedimento
B) Disolucion en agua tamponada
C) Extraccion

D) Homogeneizacion
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E) Extraccion de la fase liquida y secado

F) Montaje

Los procedimientos detallados adoptados para la

consultarse en el Anexo Il de esta tesis doctoral.

preparacion de las muestras pueden

\ micropipet /
agua destilada
tamponada
'
ULTRASONIDOS
0,1005 |
PESADA DEL DISOLUCION 2
SEDIMENTO EN AGUA EXTRACCION
papel de filtro placa Petri  cubre /
l 12h®
agua + gelatina
EXTRACCIOI‘\J{ ]S)ECIZS)IZ;&SE LIQUIDA HOMOGENEIZACION
Y DECANTACION
MONTAJE | T 0 | e—
=
@1
[sxs] |
RECUENTO

Figura 3.9. Esquema de los pasos contemplados en la técnica de decantacion de Flores y Sierro (1997)
para la preparacion de muestras para su analisis micropaleontolégico.
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Es posible que la concentracion de los cocolitoforos en las muestras preparadas para su
observacion al microscopio sea mucho mayor o menor que la esperada, dificultando su
identificacion en el primer caso o ralentizando el conteo en el segundo. Por este motivo se
seleccionaron unas pocas muestras al azar y se prepararon a diferentes concentraciones,
combinando 0,1 o 0,2 g de sedimento con 100 o 200 pL de volumen pipeteado, siguiendo la
técnica de decantacion de Flores y Sierro (1997) que se detalla en el Anexo II. Tras su
observacion al microscopio se determind que la concentracion mas adecuada a la que se debian

preparar el resto de muestras fue 0,1 g de sedimento y 100 pL de volumen de disolucion.

3.2.1.3.-Teécnicas de observacion y recuento

Los cristales de calcita que forman los cocolitos presentan muy poca birrefringencia bajo la
luz natural del microscopio optico, pero son facilmente visibles bajo la luz polarizada (nicoles
cruzados). Dado que los cristales se ordenan en el espacio de diferentes maneras en funcion de
la especie a la que pertenezcan, sus figuras de interferencia bajo la luz polarizada se utilizan

como criterio de identificacion a nivel de especie (ver capitulo 2).

Este hecho unido al pequefio tamafio de los cocolitos hace necesario el uso de, al menos, un
microscopio optico petrografico dotado de polarizador y analizador y a ser posible, de platina
giratoria y un objetivo de inmersion de 100 aumentos. Para los analisis cualitativo y cuantitativo
de las asociaciones cocolitoforales contemplados en esta tesis doctoral se han utilizado un
microscopio Nikon Eclipse 80-i con platina giratoria y un objetivo de inmersién de 100

aumentos que proporcionan 1000 aumentos.

3.2.1.4.-Estimacion del grado de preservacion

En el estudio de asociaciones cocolitoforales es necesario analizar el grado de preservacion
de los cocolitos, ya que aquellas asociaciones altamente afectadas por procesos previos y/o
posteriores a su sedimentacion podrian no ser representativas del ambiente en que vivieron y
deben ser excluidas de las reconstrucciones paleoambientales. Para el estudio realizado en esta
tesis doctoral se ha adoptado la escala propuesta por Flores y Marino (2002) que establece
varios grados de preservacion en base a criterios visuales. Buena (G, good) indica que todas las
estructuras de los cocolitos pueden distinguirse; moderada (M, moderate) indica que alguna
caracteristica morfologica ha sido alterada por disolucion y/o fragmentacion, pero todos los
ejemplares pueden identificarse a nivel de especie; pobre (P, poor) indica disolucion y/o
fragmentacion severas impidiendo la identificacion a nivel de especie; estéril (B, barren) indica
que no hay registro de cocolitoéforos. Junto a estos criterios se han considerado los criterios

9% ¢

intermedios ‘“buena a moderada”, “moderada a pobre” y “pobre a estéril”.
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3.2.1.5.-Recuentos

En un primer recuento se consideraron, como minimo, 500 especimenes por muestra. Este
numero asegura la representatividad de las especies mayoritarias (Fatela y Taborda, 2002). En
las muestras con una elevada abundancia por campo visual este nimero se alcanza rapidamente,
por lo que la abundancia de las especies minoritarias podria ser infravalorada. Por este motivo,
todas aquellas especies que en el primer recuento no alcanzaron una abundancia relativa > 1 %,
se consideraron nuevamente en un segundo recuento en 20 campos visuales distribuidos por

toda la placa y seleccionados al azar.

3.2.1.6.-Técnicas cuantitativas

e Cdlculo de abundancias relativas (%)

Las abundancias relativas finales de las especies fueron recalculadas teniendo en cuenta las

nuevas abundancias de las especies minoritarias después del segundo recuento.

. Calculo de abundancias absolutas (N)

El calculo de las abundancias absolutas de cada especie asi como del total de cocolitos se

realiz6 siguiendo el método propuesto por Flores y Sierro (1997):

n*R *V

r’*gty

donde N es la abundancia absoluta (cocolitos*g™), n es el namero de cocolitos contados por
campo visual, R es el radio de la placa de Petri utilizada (mm), V es el volumen de agua de la
disolucion inicial (uL), r es el radio del campo visual del microscopio (mm), g es el peso seco

del sedimento de la disolucion (g) y v es el volumen de muestra extraido con la micropipeta
(uL).

e Cdlculo de las tasas de acumulacion o flujos (Nannofossil Accumulation Rate

NAR

Las tasas de acumulacion hacen referencia al nimero de cocolitos acumulados por unidad de

area (cm®) y tiempo (ka) (Flores y Sierro, 1997):
NAR= N*d*s

donde NAR es el flujo o ratio de acumulacion de cocolitos (cocolitos*cm™*ka™), N la
abundancia absoluta (cocolitos*g™), d la densidad de sedimento seco (g*cm™) y s la tasa de

sedimentacion lineal (cm*ka™).
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3.2.2.-Analisis de isétopos de oxigeno

El analisis de isotopos estables de oxigeno (‘°0 y '*0) se realizo en 315 muestras del testigo
CEUTAI10PCO8 y 111 muestras del testigo HER-GC-T1. Las 315 muestras del primer testigo
fueron preparadas por personal de la Universidad de Vigo, pero en ambos casos se adopto el
mismo protocolo. En todas las muestras se seleccionaron, al menos, 25 especimenes bien
preservados del foraminifero planctonico Globigerina bulloides (Figura 3.10) pertenecientes a

la fraccion > 150 um.

El procedimiento detallado adoptado para el andlisis de isotopos de oxigeno puede
consultarse en el Anexo III de esta tesis doctoral. Dicho procedimiento contempla los siguientes

pasos mas generales:

A.-Limpieza de viales Figura 3.10.
Imagen del
B.-Preparacion de las muestras foraminifero
Lo . plancténico G.
C.-Picking y crushing bulloides.

D.-Limpieza previa al analisis de is6topos estables
Los analisis se realizaron en la Universidad de Barcelona utilizando un espectrometro de

masas modelo SIRA equipado con un sistema de bafio acido VG Isocarb.

La relacion entre '°O y '®O se representa mediante el ratio 5'°0, el cual viene dado en %o y
debe referenciarse a un estandar para asegurar que las estimaciones realizadas en diferentes

laboratorios del mundo sean comparables:

( 180/ ]6O)muestra '( 180/ léo)esténdar

60 O= x 1000
(18 o/ ° O)esténdar

La calibracion con la escala de estandares Vienna Pee Dee Belemnite (VPDB) (Coplen,
1996) se realiz6 usando el estandar NBS-19, siendo la precision analitica superior a 0,06 %o para

el 5'0.

Este método asume que el foraminifero sintetizo el carbonato calcico con el que formo su
concha en equilibrio con la composicion isotdpica del agua de mar, cuya temperatura también
afectd a la composicion isotopica del carbonato. De esta forma, el ratio 5'*O aporta informacion

sobre las variaciones en el volumen de hielo terrestre y la salinidad y temperatura del agua.

3.2.3.-Analisis de compuestos organicos
Para el analisis de compuestos organicos fosiles se muestrearon 114 muestras del testigo
HER-GC-T1 cada 2 0 3 cm en los dos primeros metros del testigo desde techo y cada 5 cm el

metro y medio restante a muro.
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El procedimiento detallado adoptado para el analisis de compuestos organicos, los cuales
incluyen alquenonas de cadena larga, alcoholes e hidrocarbonos, estd basado en el método
experimental propuesto por Villanueva et al. (1997) y puede consultarse en el Anexo IV de esta
tesis doctoral. Dicho procedimiento contempla los siguientes pasos generales:

A.-Pesada de la muestra

B.-Preparacion del patron

C.-Extraccion con cloruro de metileno

D.-Extraccion con hexano

E.-Derivatizacion

El procedimiento de preparacion y analisis de las muestras fue realizado en el Instituto de
Diagnostico Ambiental y Estudios del Agua del CSIC de Barcelona. El analisis de las muestras
se realizd con un cromatografo de gases Varian modelo 450, un inyector de columna en frio

1093 y un detector de ionizacion de llama. La fase movil fue gas hidrégeno (2,5 mL*min™).

3.2.3.1.-Indice U* 5, y estimacion de la temperatura superficial marina (SST)

Las alquenonas son compuestos organicos, cetonas lineales de 37 atomos de carbono di y tri-
insaturadas (con 2 y 3 enlaces dobles respectivamente), sintetizados principalmente por los
cocolitoforos E. huxleyi y G. oceanica (Volkman et al., 1980a; Volkman et al., 1980b; Volkman
et al., 1995). El grado de insaturacion de las alquenonas varia en funcion de la temperatura a la
que se producen. Por tanto, la estimacion de la abundancia de estos compuestos en los
sedimentos marinos mediante el indice U*3, permite el calculo de la SST. El indice U3, se basa
en las abundancias relativas de las alquenonas con 37 carbonos en su cadena (C;;) di- y tri-

insaturadas:
U*y, = [C372)/ [C3701C373]

La cuantificacion de las alquenonas se realiz6 mediante la integracion de sus picos en el
cromatograma (Figura 3.11) obtenido para cada una de las muestras, usando el software Atlas

Chromatography Data System (version 8.2) de Thermo Electron Cooperation.

Para la estimacién de la SST, el indice U}, se calibr6 mediante la ecuacién propuesta por

Miiller et al. (1998):
U*3=0,033T + 0,069
siendo T la temperatura marina a 10 metros de profundidad expresada en °C.

3.2.3.2.-Concentracion total de alqguenonas

La concentracion total de alquenonas se basa en el sumatorio de la concentracién de las

alquenonas Cs; di- y tri-insaturadas:
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[C57] = [C3721C57]

-1 . . . o .
El resultado se expresa en ng*g™ y se interpreta como un indicador del grado cualitativo de
preservacion de la materia organica en los sedimentos marinos. Asi, un descenso en la

concentracion total de alquenonas indicard un declive en la preservacion de materia orgéanica.

4 | HER-GC-T1_Sec3_22cm

Respuesta

T T T T T T T T T T T ]
30.8 30.9 3o 3L 32 313 34 35 36 317 318 319

Tiempo de retencion

Figura 3.11. Ejemplo de los picos correspondientes a las alquenonas Cs; tri- y di-insaturadas en el
cromatograma obtenido para una de las muestras del testigo HER-GC-T1.

3.2.3.3.-Indice alcohol

El indice alcohol se basa en el ratio entre el n-hexacosan-1-ol (C,OH) y la suma del C,OH

mas el n-nonacosane (Martrat et al., 2007):

n-hexacosan-1-ol  _ C,OH
index C, OH + Gy

La cuantificacion de estos compuestos se realizo, al igual que con las alquenonas, mediante

la integracion de sus correspondientes picos en cada uno de los cromatogramas.

El indice alcohol viene expresado en % y es interpretado como un indicador de la resistencia
de los restos de plantas vasculares a la degradacion por oxigenacion. Por este motivo, es
utilizado como una estimacion cualitativa indirecta del grado de ventilacion de la cuenca por

parte de las masas de agua profundas.
3.2.4.- Técnicas estadisticas

3.2.4.1.-Correlacion lineal simple

La correlacion lineal simple tiene como objetivo evaluar la fuerza de la relacion lineal
existente entre dos variables mediante el coeficiente de correlacion muestral (r). Este coeficiente

puede tomar valores entre [—1, 1], dependiendo el signo de si la relacion entre las variables es
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directa (singo +) o inversa (signo —). Cuanto mayor sea r en términos absolutos, mayor sera la
correlacion entre las dos variables. Este analisis se realizé con la version 3.01 del software

PAST (Hammer et al., 2001).

3.2.4.2.-Analisis de correspondencias sin_tendencia (Detrended Correspondance Analyses

DCA

El andlisis de correspondencias sin tendencia se desarrollé con el objetivo de eliminar el
“efecto arco” del analisis canonico, un artefacto inherente a este ultimo método (Leps y
Smilauer, 2003). Sin embargo, el DCA también puede utilizarse para evaluar el tipo de
respuesta de los organismos al gradiente ambiental en funcidén de la longitud de éste. Esta
respuesta puede ser de tipo lineal (si el gradiente no es muy largo) o de tipo unimodal (si el
gradiente es relativamente largo). Determinar el tipo de respuesta es aconsejable para seguir
después el método de ordenacion (lineal o unimodal) que mejor se adecue a los datos con los
que se trabaja. Este analisis se realizo con el software R (R Development Core Team, 2011) con

el paquete VEGAN (Oksanen et al., 2007).

3.2.4.3.-Analisis _canonico de correspondencias (Canonical Correspondance Analyses

cc4

o('. pelagicus subsp. pelagicus

Umbellosphaera sppb

Figura 3.12. Ejemplo de un
grafico de correspondencias.
G. caribbeanica ) rqe
. leptoporus, O fragili  © o " profnda Los puntos solidos negros
0.8 Pontosphaera spp. U. sibogae
O representan las muestras, las

Helicosphaera spp. ) [Nitrato]
flechas simbolizan las tres

E. Imxh{vi‘)
. °
Salinidad Syracosphaera s)

Eje 2

Rhabdosphaera spp.

£ variables consideradas en el
Silicat smpall G. oceanic . p
o ¢ B S e estudio 'y los circulos
small 0“1”")”"'“/’»""0 G. ,,,m,]]@,-“eo C. pelagicus subsp. braarudii representan Cada uno de IOS
1.6 taxones estudiados.
2.4 - G. ocednica °
2 T T T T T T T T T
-3 2.4 1.8 1.2 0.6 0 0.6 1.2 1.8 24
Eje 1

El analisis candnico de correspondencias es de tipo exploratorio y se resume en la obtencion del

grafico de correspondencias (Figura 3.12) y su interpretacion. Dicho grafico permite representar las

clases o “valores” que toman las distintas variables a comparar y concluir que los valores mas

proximos en esa representacion son los mas relacionados. Este analisis se realizd utilizando el

software PAST version 3.01 (Hammer et al., 2001).
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3.2.4.4.-Analisis de componentes principales (Principal Component Analyses [PCA])

El analisis de componentes principales consiste en describir la variacion de las variables bajo
estudio en términos de un conjunto menor de nuevas variables denominadas “Componentes
Principales”. Estas nuevas variables estan incorreladas entre si, pero cada una de ellas es una
combinacion lineal de parte de las variables originales. Las Componentes Principales son
obtenidas por orden de importancia, de forma que la primera Componente Principal (CP1)
incorpora la mayor cantidad posible de variacion debida a las variables originales, y asi
sucesivamente con el resto de componentes y de informacion restante que ain no haya sido
explicada por las CP anteriores. El objetivo de este analisis es reducir la dimensionalidad de los
datos con un nimero de variables menor al original pero que retna la mayor parte de su
variacion. Este analisis se realizdé mediante el sofiware R (R Development Core Team, 2011)

con el paquete VEGAN (Oksanen et al., 2007).

3.2.4.5.- “Forward selection”

El analisis forward selection consiste en analizar la inclusion en el modelo de cada una de las
variables asi como su significatividad. Para ello, se aflade repetidamente la variable con menor
p-valor (siempre que éste sea menor que un valor previamente establecido; en este caso: 0,05),
reajustando el modelo cada vez, hasta que todas las variables que se hayan incluido en el
modelo tengan p-valores pequefios y sean significativas. Este método tiene un doble objetivo: 1)
identificar las variables correlacionadas o colineales, y ii) identificar las variables que, de entre
las variables iniciales, explican por si mismas (de manera aislada e independiente a las demas
variables) una parte relevante de la varianza en la base de datos ambiental. Las variables
colineales introducen informacion redundante y complican la interpretacion de los analisis, por
lo que su identificacion permite excluirlas en posteriores andlisis. Solo las variables que
explican informacion por si mismas y son significativas por debajo de un cierto nivel de
significacion seran incluidas en el modelo. Este analisis se realizo mediante el sofiware R (R

Development Core Team, 2011) con el paquete VEGAN (Oksanen et al., 2007).

3.2.4.6.-Particion de la varianza (variance partitioning)

El analisis de particion de la varianza sirve para estimar qué proporcion de la varianza
observada en la base de datos bioldgica es explicada por cada una de las variables que resultaron
significativas tras la forward selection. Este analisis se realizo con el software R (R

Development Core Team, 2011) usando el paquete VEGAN (Oksanen et al., 2007).

3.2.4.7.-Analisis “down-core variance”

El objetivo de este analisis es identificar qué reconstruccion, de todas las realizadas a
diferentes profundidades de la columna de agua y a diferentes estaciones (verano, invierno,

anual, etc.), explica una mayor cantidad de varianza observada en las asociaciones de
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cocolitoforos del testigo de sedimento. La calibracion para la funcion de transferencia se basara
en la profundidad y estacion cuya reconstruccion explique una mayor cantidad de varianza y sea
estadisticamente significativa. Este analisis se realizé siguiendo el método descrito por Telford

et al. (2013) mediante el paquete palaecoSig v.1.1-1 (Telford, 2012) para el software R (R

Development Core Team, 2011).

3.2.4.8.-Funciones de transferencia

Las funciones de transferencia se basan en la calibracion de la relacion actual entre ciertos
organismos y las condiciones ambientales en las que viven. La calibracion se realiza a partir de
una base de datos actual (seccion 3.3). Después, esta informacion se aplica sobre los datos de
asociaciones fosiles de un testigo de sedimento con el fin de reconstruir la variabilidad de una

determinada variable ambiental en el pasado. Un esquema de este proceso se muestra en la

figura 3.13.

P S

biente contemporaneo
(B.D. ambiental)
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moderna DE
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— ]
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Figura 3.13. Esquema explicativo del desarrollo y aplicacion de una funcién de transferencia. Leyenda:

B.D.: base de datos.

Para el desarrollo de una funcién de transferencia es necesario que se cumplan dos

asunciones:

1) La variable ambiental a reconstruir es, o esta linealmente relacionada con, una

variable ecolégicamente importante del sistema.

i) Otras variables ambientales que no sean la variable a reconstruir tienen una

influencia despreciable en las variaciones observadas en las asociaciones de
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organismos, o bien, la relacion de estas variables con la variable de interés ha

permanecido constante a lo largo del tiempo.
En esta tesis doctoral se han empleado dos tipos de funciones de transferencia.

. Técnica de Andlogos Modernos (Modern Analog Technique [MAT])

La Técnica de Analogos Modermnos (Prell, 1985) consiste en comparar asociaciones
modernas de ciertos organismos con asociaciones pertenecientes al registro sedimentario con el
objetivo de encontrar las mas semejantes, es decir, determinar los analogos modernos. Para

aplicar este método deben cumplirse primero dos supuestos:
-Asociaciones similares de fauna o flora estan ligadas a condiciones ambientales similares.

-La variable a reconstruir debe ser la mas influyente en las variaciones observadas en las

asociaciones de organismos o, al menos, estar correlacionada con esa variable influyente.

La “calidad” de los analogos modernos para las muestras fosiles puede calcularse estimando
la distancia (disimilaridad) que separa las asociaciones pertenecientes a cada muestra moderna

de las pertenecientes a cada muestra fosil (Overpeck et al., 1985).

e Regresion parcial por minimos cuadrados ponderados (Weighted-averaging partial-

least square regression [WA-PLS])

El método de regresion parcial por minimos cuadrados ponderados (ter Braak y Juggins,
1993; ter Braak et al., 1993) fue concebido como una combinacion del método de regresion y
calibracion ponderadas (adecuado para respuestas unimodales de los organismos) y del método
de regresion parcial por minimos cuadrados (indicado para respuestas lineales). La combinacion
de ambos métodos utiliza la estructura residual en los datos para mejorar los parametros (u

optimos) de las especies, mejorando asi el poder predictivo del método (ter Braak et al., 1993).

Ambos tipos de funciones de transferencia asi como la estimacién de la disimilaridad de los

analogos se realizaron utilizando el sofiware C2 (Juggins, 2007).

La calidad de la prediccion que realiza cada modelo o funcion de transferencia puede

evaluarse mediante tres coeficientes:

-Coeficiente de determinacion (R?). Este es una estimacion de la proporcion de varianza
explicada por el modelo. Cuanto mas elevado sea este coeficiente, mayor sera la proporcion de

varianza explicada por el modelo y por tanto, mejor su ajuste.

-Sesgo maximo (maximum bias). Es una medida de la tendencia del modelo a sobrevalorar o
infraestimar los valores predichos en alguna parte del gradiente ambiental (ter Braak et al.,

1993).
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-Error cuadratico medio de prediccion (root-mean square error of prediction [RMSEP])).
Este es una medida de la variabilidad de la diferencia entre los valores observados y los valores
predichos por el modelo. Es una estimacion de la diferencia que podria darse entre los valores
predichos y los reales cuando se utiliza el modelo para realizar predicciones, y viene expresado

en las mismas unidades que la variable bajo estudio.

Estos tres coeficientes fueron validados mediante el método de validacion cruzada conocido
como bootstrap, un método robusto de remuestreo que consiste en utilizar muestras extraidas de
la muestra aleatoria simple para obtener conclusiones acerca de la poblacion de donde se extrajo
dicha muestra aleatoria. Asi, los datos son remuestreados repetidamente y los analisis se
replican un nimero elevado (999 en este caso) de ciclos. Esto permite que los estimadores
finales (en este caso los tres coeficientes descritos anteriormente) sean robustos ante la

presencia de datos anomalos.

Ademas de evaluar la calidad de la prediccion, es necesario realizar un diagnostico del
modelo para analizar si éste se ajusta adecuadamente a los datos. De ser asi, el modelo puede

utilizarse finalmente para realizar predicciones.

-El anélisis de la bondad del ajuste se analiza mediante el valor de R* y de forma grafica,
representando los valores observados contra los predichos por el modelo y evaluando si éstos se

aproximan a la diagonal de pendiente de valor 1 que significa predicciones perfectas.

-El analisis de homocedasticidad tiene como objetivo evaluar si la varianza de los residuos o
residuales es constante. Una forma grafica de realizarlo es mediante la representacion de los
residuales de los valores predichos contra los valores predichos de la variable dependiente. Esta
representacion deberia ser mas o menos constante alrededor de cero, pues de otro modo no se
cumpliria la asuncién de homocedasticidad sugiriendo la necesidad de transformar los datos

previamente.

3.2.4.9.-Analisis espectral REDFIT

Este tipo de analisis espectral se basa en la aplicacion del procedimiento REDFIT de Schulz
y Mudelsee (2002). Es una version mas avanzada del periodograma de Lomb (Press et al.,
1992), de forma que la serie temporal puede dividirse en un nimero de segmentos superpuestos
al 50 %, promediando sus espectros y reduciendo asi el ruido de la sefial. Este analisis incluye
un modelo autorregresivo de primer orden (AR1), a modo de hipotesis nula en un test de
significacion, para representar el espectro correspondiente al ruido de fondo rojo. De manera
similar, también calcula las llamadas linecas de “falsa alarma” basadas en aproximaciones
paramétricas (chi’) y Monte Carlo, en este caso para los niveles de confianza al 95 % y al 99 %
(Figura 3.14). El analisis espectral REDFIT se realizo con la version 3.02 del software PAST
(Hammer et al., 2001).
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Resumen

La productividad de cocolitoforos y las dinamicas del agua superficial durante los ultimos 25
ka en el mar de Alboran (Mediterranco occidental) han sido descritas en un estudio a alta
resolucion de registros sedimentarios procedentes de los testigos HER-GC-T1 vy
CEUTAI10PCO08, cuyas localizaciones se caracterizan actualmente por condiciones hidrograficas
diferentes. Los registros de asociaciones de cocolitoforos fosiles, isotopos de oxigeno y
temperatura superficial marina (SST)’ obtenida a partir de alquenonas y foraminiferos
planctonicos permitieron reconstruir las propiedades del influjo de agua atlantica (AW), la cual
ha probado ejercer un control de primer orden sobre las variaciones de la productividad en las
zonas mas cercanas al estrecho de Gibraltar. En areas mas distantes, la productividad se vio
influida por otros factores locales, como la descarga fluvial y el afloramiento de agua profunda
inducido por el viento o por los remolinos oceanicos. La entrada de AW fria y menos salina
durante los estadiales asociados con los Eventos Heinrich 2 y 1 previno la productividad
primaria. Esta aumenté durante el Ultimo Méaximo Glacial, probablemente debido a una mayor
descarga fluvial. Durante las Terminaciones la y b, la estratificacion de la parte superior de la
columna de agua no impidi6 el afloramiento local inducido por el viento. El Belling—Allered
estuvo caracterizado por un incremento gradual de la productividad y el desarrollo de la
Organic-Rich Layer. El Younger Dryas presenta una primera fase mas fria seguida por una
segunda fase mas calida y humeda. Las diferencias en la productividad entre ambas
localizaciones durante ambas fases pudieron deberse a descargas fluviales puntuales y a la
variacion en las propiedades de AW. La hidrografia local, como las dinamicas del giro
anticiclonico occidental, cobraron mayor relevancia para determinar la productividad y sus

variaciones durante el Holoceno, siendo éste el periodo mas productivo.

Palabras clave: productividad de cocolitéforos, SST, isotopos de oxigeno, mar de Alboran,

Ultimo Méximo Glacial, deglaciacion.

* Los acrénimos siguen la nomenclatura anglosajona por razones de consistencia con el resto del texto.
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Abstract

Coccolithophore productivity and surface water dynamics for the last 25 kyr in the Alboran
Sea (Western Mediterranean) are described in a study of high-resolution sedimentary records
from two cores, HER-GC-T1 and CEUTA10PCO08, whose locations are currently characterized
by different hydrographic conditions. Fossil coccolithophore assemblages and oxygen isotopes
and alkenone- and planktonic foraminifera-derived sea surface temperature (SST) records
allowed a reconstruction of the properties of the inflowing Atlantic Water (AW), which have
proved to be a primary control of the variations in productivity in the neighborhood of the Strait
of Gibraltar. Other local factors, such as fluvial discharge, wind-induced and eddy-induced
upwelling, are proposed to have influenced marine productivity in more distant areas. The
entrance of cold and less saline AW during the stadials associated with Heinrich Events 2 and 1
prevented primary productivity, which increased along the Last Glacial Maximum, probably
due to a greater fluvial discharge. During Terminations la and 1b, the upper water column was
affected by stratification, although wind-induced upwelling occurred locally. The
Bolling—Allered was characterized by a gradual increase in productivity and the development of
the Organic-Rich Layer. Two phases of the Younger Dryas are recognized: a first phase, which
was colder, followed by a second phase, which was warmer and wetter. Differences in
productivity between both locations during these two phases can be attributed to fluvial
discharge and the changing properties of the AW. Local hydrography, such as the dynamics of
the western anticyclonic gyre, gained greater importance in determining productivity and its

variations during the Holocene, which was the most productive period.

Keywords: coccolithophore productivity, SST, oxygen isotopes, Alboran Sea, Last Glacial

Maximum, deglaciation.
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4.1.-INTRODUCTION

The Alboran Sea is a transitional region where the Atlantic Water (AW) encounters the
Mediterranean Sea. Within its small area, it exhibits most of the physical-biological interaction
seen in the open ocean (Garcia-Gorriz and Carr, 1999). Thus, current phytoplankton abundance
and distribution in the Alboran Sea are governed directly by: (i) the physical, chemical and
biological properties (rate of flow, SST, salinity content, nutrient concentration, etc.) of the AW
that enters the Strait of Gibraltar (Navarro et al., 2011), (ii) the hydrodynamic configurations
determined by the Atlantic Jet (AJ) and its two associated gyres, where vertical mixing is a
primary factor (Goémez et al., 2000; Echevarria et al., 2002; Navarro et al., 2011) and (iii)
upwelling processes determined by the westerly winds blowing along the south Iberian

continental shelf (Sarhan et al., 2000; Navarro et al., 2011).

In this study, the variations in primary productivity during the last 25 kyr are described by

using fossil coccolithophore assemblages and placing emphasis on local changes.

Because coccolithophores are strongly influenced by nutrient availability, SST and other
environmental factors, fossil coccoliths are successfully used as a widespread proxy in
paleoproductivity and paleoenvironmental reconstructions (Thierstein and Young, 2004). Apart
from the specific biogeography of each species, coccolithophores are sensitive to coastal
currents, gyres, eddies, river discharge, and upwelling (Baumann et al., 2005; Guerreiro et al.,
2013) and hence their variability in the sedimentary records allows changes in the factors that

determine their local production to be tracked over time.

We have studied material from two sites: core CEUTA10PCO08, located at the entrance of the
Alboran Sea under the direct influence of the incoming AW, and core HER-GC-T1, located off
the coast of Malaga under the influence of the semi-permanent productive cell determined by

the geostrophic front of the Western Anticyclonic Gyre (WAG) (Ruiz et al., 2001) (Fig. 4.1).

Along with the high-resolution fossil coccolithophore records from these two sites, SST
reconstructions (derived from U";;- and MAT- paleothermometers), oxygen isotopes, total
concentration of Csz; alkenones and the n-hexacosan-1-ol index were used as tracers of the

environment in which coccolithophores proliferated.

Our aim was to identify the local processes determining paleoproductivity in the western
Alboran basin for the last 25 kyr, together with the properties of surface (e.g. nutrient
availability, temperature and salinity variability) and deep waters (ventilation) in order to gain a

comprehensive understanding of the water column dynamics as a whole.
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4.2.-STUDY AREA AND OCEANOGRAPHIC SETTING

The Alboran Sea is the westernmost basin of the Mediterranean Sea, connected to the
Atlantic Ocean through the narrow Strait of Gibraltar (Fig. 4.1a). The incoming surface flux of
AW (the so-called Atlantic Jet (AJ)) describes two semi-permanent anticyclonic gyres (Fig.
4.1): the Western and the Eastern Anticyclonic Gyres (WAG and EAG, respectively) (Heburn
and La Violette, 1990). The AW mixes with surface Mediterranean waters on its way to the
east, forming the Modified Atlantic Water (MAW) (0—200 m) (Fig. 4.1b). At depth, Levantine
Intermediate Water (LIW) (200—800 m) flows along with Western Mediterranean Deep Water
(WMDW) (800—3000 m) in the opposite direction, outflowing as the Mediterranean Outflowing
Water (MOW) (Fig. 4.1b). At the northern edges of the anticyclonic gyres, the mixing of AW
and MAW produces a frontal system that favors vertical mixing and productive events, forming

quasi-permanent areas of upwelling (Garcia-Gorriz and Carr, 1999) (Fig. 4.1a).

7W W 5'W W 3w 2°'W 1'w

Figure 4.1. Current oceanographic setting in the Alboran Sea. a) Locations of cores CEUTA10PCO8 and
HER-GC-T1. Black arrows trace the general surface circulation. Gray arrows trace the general deep
circulation. b) Vertical distribution of the water masses in the Western Mediterranean. AW: Atlantic Water,
entering the Alboran Sea as the Atlantic Jet: AJ. MAW: Modified Atlantic Water. WMDW: Western
Mediterranean Deep Water. MOW: Mediterranean Outflowing Water. WAG: Western Anticyclonic Gyre.
EAG: Eastern Anticyclonic Gyre.

4.3.-MATERIALS AND METHODS

We analyzed two cores in the Alboran Sea: the gravity core HER-GC-T1 (36°22'12"N,
4°17'57"W; taken at 658.9 m below sea level (mbsl)), and the piston core CEUTA10PCO08
(36°1"22"'N, 4°52'3"W; 914 mbsl) (Fig. 4.1). Core HER-GC-T1 has a length of 374 cm and
consists of dark greenish-gray mud rich in calcareous oozes. Core CEUTA10PCO8 is 648 cm

long and is mainly composed of brown silt-mudstone.
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4.3.1.-Age model

Table 4.1
Age model for core CEUTA-10-PC-08.
Laboratory code Foram type Depth Radiocarbon  Calendar age
(cm) age (a) (a cal BP)
CEUTAI10PCO08_22/ G. inflata 22 5870 + 40 6312+ 56
P0z-56516"
CEUTAI10PCO08 46/ | N. pachyderma (r.c.) 46 7940 £ 40 8426 + 56
Poz-56517°
CEUTAIL0PCO8_82/ | N. pachyderma (r.c.) 82 9190 + 50 10006 £ 100
Poz-56518"
9977° N. pachyderma (r.c.) 122 9900 + 30 10885 + 91
9552° G. bulloides 156 11410 + 30 12890 + 79
10602° N. pachyderma (r.c.) 174 12240+ 70 13717 £ 107
9979° N. pachyderma (r.c.) 281.5 14270 = 40 16818 £ 125
9980° N. pachyderma (r.c.) 3235 14920 + 40 17720 £ 97
9981° N. pachyderma (r.c.) 406 16910 + 40 19936 + 104
9982° N. pachyderma (r.c.) 452 18110+ 50 21462 + 128
9983° N. pachyderma (r.c.) 474 18360+ 50 21773 £ 106
9984° N. pachyderma (r.c.) 541.5 20170 £ 50 23820+ 115
10603° G. bulloides 579.5 20480 + 60 24162 £ 113
10604° G. bulloides 603.5 21100 = 60 24967+ 173
10605° N. pachyderma (r.c.) 615.5 21540 + 60 25500+ 111

*Refers to those '“C AMS ages measured at Poznan Radiocarbon Laboratory.
®Refers to those '*C AMS ages measured Woods Hole Oceanographic Institution.

Fifteen radiocarbon ages for core CEUTA10PCO08 (Table 4.1) and seven for core HER-GC-
T1 (Table 4.2) were determined on picked foraminifera shells, using the accelerator mass
spectrometry (AMS) technique at the Poznan Radiocarbon Laboratory, the Center for Applied
Isotope Studies of University of Georgia, and the Woods Hole Oceanographic Institution. These
'“C AMS ages were converted to calibrated calendar years using the OxCal 4.2 online software
(Bronk, 2008) and the curve of the calibration dataset Marinel3 (Reimer et al., 2013), which
includes the correction of 400 years for the global marine reservoir effect. The regional

difference from this global reservoir correction (AR) (Stuiver and Reimer, 1993) resulted in —22
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+ 35 years (Siani et al., 2000) and was also considered. All dates reported here are given in
calendar ages BP. The age model for core CEUTA10PC08 was based on linear interpolation
between these fifteen calendar ages (Table 4.1), performed with the AnalySeries Version 1.1
(Paillard et al., 1996). This age model covers from 25.5 to 4.5 ka (Fig. 4.2). We assigned an age
of 4.5 ka to the core top (0 cm) since we assumed a constant sedimentation rate between the first
dated section and the core top. We are aware of the low accuracy of this assumption, but we
consider that this is more reliable than assuming an age of 0 ka at a depth of 0 cm. The resulting

average sedimentation rate was found to be 37.4 cm kyr .

Table 4.2
Age model for core HER-GC-T1.
(Sample/Laboratory Foram Type Depth Radiocarbon Calendar age
code) (cm) age (a) (a cal. BP)
SEC1_2/Poz-53233" G. inflata 2 440 + 25 88 £ 62
SEC1_21/0S-87586" G. inflata 21 1810 £25 1379 + 54
SEC1 63/ Poz-53234" G. inflata 63 4175 £35 4284 £ 76
SEC2 17/ Poz-53235" G. inflata 107 6100 + 40 6550 + 68
SEC2 54/0S-87587" G. inflata+N. 144 7350 £35 7834 £ 58
pachyderma (r.c.)
SEC3 12/ Poz-53236" | N. pachyderma (r.c.) 202 10400 + 60 11539 + 162
SEC3 48° 238 14582
SEC3 67° 257 15217
SEC3 77° 267 16198
SEC3 92/P0z-53237" | N. pachyderma (r.c.) 282 15180 + 80 18006 + 121
SEC4 36° 326 21396

*Refers to those '*C AMS ages measured at Poznan Radiocarbon Laboratory.
P Refers to those '*C AMS ages measured Woods Hole Oceanographic Institution.
“Refers to the tie points obtained from correlation of oxygen isotopic records.

The age model for HER-GC-T1 was also based on a linear interpolation between its
respective seven calendar ages (Table 4.2). Three additional tie points (Table 4.2) were also
considered. These were obtained by correlation between the oxygen isotopic records from this
core and core CEUTA10PCOS8 (Fig. 4.2), since the latter has a more accurate age model. The
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resulting age model covers from 23.5 to 0.09 ka (Fig. 4.2) and the average sedimentation rate

proved to be 16.6 cm*kyr .

4.3.2.-Coccolithophore assemblage analysis

A total of 297 samples from core CEUTA10PCO8 and 143 samples from core HER-GC-T1
were considered for coccolithophore analysis, respectively providing time resolutions of 65 and
165 years, on average. Samples were prepared following the settling technique of Flores and
Sierro (1997). A minimum number of 500 specimens per sample were counted and identified
using a Nikon Eclipse 80-i petrographic microscope with a phase contrast device at 1000x
magnification. A second count of 20 fields of view was performed in order to accurately
estimate the abundance of rare species (those whose relative abundance was < 1 % in the first
count). The relative abundance (%) and absolute abundance (number of coccoliths g') of each
species were calculated for all samples. The total absolute abundance (total N) was also
calculated in each core as the sum of the absolute abundances of all the taxa in each sample
except reworked specimens. Total N was interpreted as an indicator of coccolithophore

productivity.

All species identified and counted in this study have been reported previously in the study
area (Weaver and Pujol, 1988; Colmenero-Hidalgo et al., 2004; Alvarez et al., 2010) and are
listed in Appendix A. The species Emiliania huxleyi, Gephyrocapsa aperta and Gephyrocapsa
ericsonii were lumped together as “small placoliths” (< 3 um) in this study owing to their
common ecological significance (Winter and Siesser, 1994). Reworked specimens were taxa
pertaining to older stratigraphic levels (regularly older than the Pliocene in these records), and

their abundance was studied via their percentages relative to the other taxa.

According to visual criteria (little or no evidence of dissolution; diagnostic characters fully
preserved) (Flores and Marino, 2002) the preservation of the coccoliths is good-to-moderate.
The distal shields of some specimens were seen to have been affected by a slight degree of

dissolution but this did not complicate their identification.
4.3.3.-Oxygen stable isotopes

Up to 20 well-preserved specimens of the planktonic foraminifer Globigerina bulloides were
picked from the > 150 um size fraction in 315 samples from core CEUTA10PCO8 and in 111
samples from core HER-GC-T1. Individuals were crushed, subjected to ultrasound, and cleaned
with methanol before isotopic analyses were performed with a SIRA mass spectrometer at the
University of Barcelona. Calibration to the Vienna Pee Dee Belemnite (VPDB) standard scale
(Coplen, 1996) was accomplished using the NBS-19 standard, and analytical precision was
better than 0.06 %o for 5'°O.
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Figure 4.2. a) Oxygen isotope profiles from cores CEUTA10PC08 and HER-GC-T1. Dashed gray lines
join tie points obtained from correlation of both profiles. Age-depth models from core CEUTA10PCO08
(b) and core HER-GC-T1 (c). SR stands for sedimentation rate, given in cm kyr .

4.3.4.-Planktonic foraminifera-based SST reconstruction

172 samples from core CEUTA10PCO8 were selected and sampled every 4 cm for the
analysis of planktonic foraminifera. Samples were first wet-sieved through a 63-um mesh, and
then dry-sieved through a 150-pm mesh. At least 350 specimens from a representative aliquot of
the > 150 um sieved fraction were identified in each sample and the relative abundance (%) of

the species was calculated.
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Multiple SST reconstructions using planktonic foraminifera census counts were performed in
order to determine the season and depth at which temperature variability appeared to be the
most important for the fossil assemblage from core CEUTA10PCOS. On the basis of this
foraminifera census we performed a SST reconstruction using the modern analogue technique
(MAT) (Prell, 1985). For the calibration we used the 862-site North Atlantic and Mediterranean
planktonic foraminifera census counts compiled by Kucera et al. (2005a). Summer, winter and
annual ocean temperatures for the calibration set sites were extracted at the 14 standard World
Ocean Atlas (Locarnini et al., 2010) depths (between 10 and 500 m), using Ocean Data View
software (Schlitzer, 2008). The calculations for MAT were performed using the C2 software
(Juggins, 2003). The statistical significance of the reconstructions at different depths was tested
following the procedure described by Telford et al. (2013) and performed using the palacoSig
package v.1.1-1 (Telford, 2012) for R (R Development Core Team, 2011).

4.3.5.-Molecular biomarkers and U*;;-based SST

A set of 114 samples from core HER-GC-T1 was selected for the analysis of fossil organic
compounds (long chain alkenones, alcohols and hydrocarbons). A more detailed sampling was
carried on the first 2 m of the core, sampled every 2—3 cm, while the remaining 1.5 m of the
core was sampled every 5 cm. The experimental procedures used are described in Villanueva et
al. (1997). Samples were analyzed with a Varian Gas Chromatograph model 450, a Cold On-
Column Injector 1093 and a Flame lonization Detector. The carrier gas was hydrogen (2.5
mL/min). The identification and quantification of the Cs; di- and tri-unsaturated alkenones,
which are synthesized by coccolithophorid flora, allowed the calculation of the Uy, index. In
order to measure SST, this index was calibrated using the equation proposed by Miiller et al.
(1998). The total concentration of C;; alkenones ([C;;,+Cs;3]) was also calculated. The
resistance of vascular plant debris to degradation by oxygenation was examined via the relative
ratio between n-hexacosan-1-ol (C,sOH) and the sum of (CyOH) plus n-nonacosane (Cyo)
(Martrat et al., 2007). The concentration of each compound was determined using n-

hexatriacontane as internal standard.
4.3.6.-Statistical analyses

The REDFIT spectral analysis method can be successfully used in unevenly sampled
temporal data. PAST 3.01 software (Hammer et al., 2001) uses an implementation of the
REDFIT procedure of Schulz and Mudelsee (2002). This method was applied to some of the
proxies reported here in order to identify the dominant frequencies of their signals, as well as
the red noise and the “false-alarm levels” (95 % and 99 %) based on parametric Chi-squared

approximations at which periodicities are considered significant.
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4.4.-RESULTS
4.4.1.-Coccolithophore assemblages

Relative abundances were similar in both cores (Figs. 4.3, 4.4). Small placoliths comprise up
to 90 % of the fossil assemblage in some intervals while their relative abundance decreases to
40 % during the stadials associated with Heinrich Events 2 and 1 (H2 and H1). Gephyrocapsa
muellerae is relatively more abundant up to HI, while Gephyrocapsa oceanica and
Florisphaera profunda (Fig. 4.3) begin an increasing trend from the Bolling—Allered (B—A)
onwards up-core. The relative abundance of reworked specimens is higher up to the B—A (Fig.
4.31, j), showing two peaks of up to 25 % during H2 and H1 in core CEUTA10PCO08. E. huxleyi
(> 4 pm), Helicosphaera spp., and Syracosphaera spp. show coeval peaks of relative abundance
during H2 and H1 (Fig. 4.4). The relative abundance of Oolithotus fragilis in both cores and of
Umbellosphaera irregularis in core CEUTA10PCO8 peaks during Termination la (T1a) (Fig.
4.4g, h, 1). These species undergo an increasing trend from the onset of the YD onwards in both
cores. The absolute abundance of small placoliths increases up-core in both records (Fig. 4.3a,
b), except during H2 and H1, where they reach low values. G. muellerae shows an increasing
trend from 9 ka up-core in core CEUTA10PCO8 (Fig. 4.3c), while in core HER-GC-T1, it
shows several peaks of high values from 20 to 17.3 ka and from 16.2 to 12.8 ka. G. oceanica
shows very low values until the onset of T1a in both cores (Fig. 4.3, f). From that time up-core,
this species shows an increasing trend in core CEUTA10PCO08 while several peaks of lower
values are seen in core HER-GC-T1. The values of F. profunda (Fig. 4.3g, h) are very low until
the onset of T1b in both cores, showing an increasing trend from 11 ka up-core in core
CEUTA10PCO08 (Fig. 4.3g) and an increasing trend and large oscillations from 7.7 ka up-core in
core HER-GC-T1 (Fig. 4.3h). The absolute abundance of E. huxleyi (> 4 um) peaks at the onset
of H2 in core CEUTA10PCO08 and shows higher values from 19.5 to 17.5 ka in both cores and
during H1 (Fig. 4.4a, b). In core HER-GC-T'1 this species also shows a peak during the YD. In
core CEUTA10PCOS8 the absolute abundance of Helicosphaera spp. and Syracosphaera spp.
(Fig. 4.4c, e,) peaks during the H2 and the YD. From the onset of the T1b, Syracosphaera spp.
display an increasing trend and high values, while Helicosphaera spp. show several peaks but
no remarkable trend. In core HER-GC-T1, the profiles of both species display low values (Fig.
4.4d, ). In core CEUTA10PCOS, O. fragilis and Umbellosphaera spp. (Fig. 4.4g, 1) have higher
absolute abundances during Tla and show an increasing trend from 12.5 ka up-core, with
maximum values between 8.5 and 6.5 ka. In core HER-GC-T1, the absolute abundance of O.
fragilis shows an increasing trend and high variability from Tla up-core (Fig. 4.4h), while
Umbellosphaera spp. increases from 10 to 8.4 ka and follows a decreasing trend from that time

along the Holocene (Fig. 4.4).
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Figure 4.3. Colored logs represent absolute abundances of the main species (given in number of
coccoliths g™') of the nannofossil assemblages from CEUTA10PCOS (left axes) and HER-GC-T1 (right
axes). The relative abundances (given in %) of each species are represented by a dark gray solid line. H2
and HI1: stadials associated with Heinrich events 2 and 1; LGM: Last Glacial Maximum; Tla:
Termination 1a; B—A: Beling—Allered; YD: Younger Dryas. The dashed gray bar separates the YDa and
YDb phases; T1b: Termination 1b. Triangles stand for age control points (kyr cal. BP) for core
CEUTAI10PCO08 (orange) and core HER-GC-T1 (green).
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Figure 4.4. Absolute abundances (colored logs) of the main nannofossil species (given in number of

coccoliths g™') from CEUTA10PCO8 (left axes) and HER-GC-T1 (right axes). The relative abundances

(given in %) of each species are represented by a dark gray solid line. Triangles stand for age control

points for core CEUTA10PCO08 (orange) and core HER-GC-T1 (green).

The total N profiles of both cores (Fig. 4.5d, e) show similar general trends: low values from

25 to 15 ka and a peak at 18.8 ka, an increasing trend and high variability from 15 to 7.5 ka, and
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high values and marked variability from 7.5 ka up-core. It is worth noting that total N absolute

values in core CEUTA10PCO08 are double those found in core HER-GC-T1.
4.4.2.-Oxygen Isotope Record

Common overall patterns are observed in both records (Fig. 4.5b): higher values from 23.5 to
17.5 ka, a trend to lower values from 23.5 to 10 ka, and lower values from 10 to 4.5 ka
(minimum values being seen at 8 ka). The last 4.5 ka is only available in the oxygen isotopic

profile of core HER-GC-T1, which is stabilized and shows no remarkable trend.

With regard to short-term changes, a fast depletion (0.9 %o) is seen during H2, a period only
available in core CEUTA10PCO8. In addition, both records are punctuated by depletions at 21
ka (1.6 %o), at 19 ka (better seen in core CEUTA10PCO08), at 16.2 ka during the H1 (0.5 %o in
core HER-GC-T1 and 0.9 %o in core CEUTA10PC08), and at 15 ka during T1a (1.6 %o).

4.4.3.-Sea surface temperature (SST)

4.4.3.1.-Planktonic  foraminifera-based SST reconstruction: calibration depth and

significance

Planktonic foraminifera live in a broad range of depths in the upper ocean. Therefore, the
reconstruction that best explains the variability in the fossil record reflects the depth and season
that most influenced the faunal composition. Telford et al. (2013) demonstrated that planktonic
foraminifera-based SST reconstructions calibrated against a fixed depth may be biased if the
thermal structure of the upper ocean changed over time. We assessed the most suitable
calibration depth and season for use in the reconstruction by analyzing the proportion of

variance in the fossil data explained by reconstructions derived for each of them (Fig. 4.6a).

In order to test the statistical significance of the SST reconstruction in core CEUTA10PC08
we used the method proposed by Telford and Birks (2011). This reconstruction is compared
with 999 alternative models trained with random environmental variables. Figure 4.6a shows
that the reconstruction of warm season temperatures at 10 m depth (Fig. 4.6¢) explains 39 % of
the down-core variance, and indeed explains more variance than the alternative models (95 %
significance level at 0.1) (Telford and Birks, 2011). These results may possibly reflect the
notion that shallow-dwelling taxa bearing photosynthetic symbionts that are constrained to the
upper photic-zone (e.g. G. bulloides and Globigerinoides ruber) are more abundant in the fossil
assemblage, and statistically more significant in the reconstruction. The amount of variance

explained by the reconstructions from core CEUTA10PCO8 declines with depth (Fig. 4.6a).
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Figure 4.5. a) Insolation curve (June, 36°N) (Berger, 1978). b) "0 record from core CEUTA10PC08
(orange) and core HER-GC-T1 (green) (Note that the vertical axis is reversed). ¢) MAT-estimated SST
(summer season, 10 m depth) of core CEUTA10PC08 (orange) and U*};-estimated SST from core HER-
GC-T1 (green). d) Total N (total absolute abundance) from core CEUTA10PCO08. ¢) Total N from core
HER-GC-T1. f) Concentration of C;;7 alkenones ([C37.,+C37.3]) from core HER-GC-T1. g) n-hexacosan-1-
ol index from core HER-GC-T1. ORL: Organic-Rich Layer. Triangles stand for age control points for
core CEUTA10PCO08 (orange) and core HER-GC-T1 (green).

Squared chord distances between all modern assemblages were calculated to identify
dissimilarities between modern and fossil assemblages. Figure 4.6b shows that most of the fossil

assemblages are below the 5™ percentile (minimum dissimilarity) and none are above the 10"
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percentile (square chord distance of 21.8; non-analogue assemblages) of all distances between
calibration set assemblages (Overpeck et al., 1985), indicating good analogue quality for the

reconstruction. The highest dissimilarity values are seen around 10 ka and 17 ka.
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Figure 4.6. a) Proportion of variance in the fossil data explained by the reconstructions of summer (red),
annual (green) and winter (blue) temperatures at different water depths. The 95 % significance level is
assessed at 0.1 by finding the proportion of variance explained by reconstructions of random
environmental data. b) Dissimilarity between modern and core CEUTAI10PCO8 fossil assemblages
measured by squared chord distance, plotted against age (ka cal. BP). The red line represents the 5™
percentile. ¢) Summer, annual and winter SST reconstructions at 10 m water depth.

MAT-estimated summer-SST (Fig. 4.5¢) dropped during H2 from 15.2 °C to its minimum
value of 10 °C SST, and then increased and oscillated around 15.5 °C during the LGM. Lower
values are recorded during H1, while an increase of 6 °C is seen during T1a. SST fell by 2 °C at
the onset of both the B—A and YD and fell again by 4.7 °C at the onset of T1b followed by a
rise of 8 °C from 10.5 to 9.5 ka. During the Holocene, SST oscillated slightly around 22 °C.

4.4.3.2.-Alkenone-based SST reconstruction

The U*;-estimated SST from core HER-GC-T1 (Fig. 4.5¢) shows low values from 23.5 ka
to the onset of the Tla, its absolute minimum (11.1 °C) being seen at 21.2 ka. During T1la, SST
records a fast rise of 3.6 °C and plateaus during the first 1000 years of the B—A. SST drops by
2.5 °C at 13.5 ka and shows lower values during the YD followed by a rise of 5.2 °C down to 9
ka, its maximum value being reached (20.1 °C) at that time. From 9 ka up-core, SST records a

decreasing, smooth and constant general trend.
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4.4.4.-Total concentration of C;, alkenones and the n-hexacosan-1-ol index

The total concentration of Cs; alkenones (Fig. 4.5f) drops from 23.5 to 22.5 ka and during
H1. A sharp increase is seen at 15 ka, peaking during the B—A, and showing high values until

9.5 ka. From that time up-core it shows several peaks of low values.

The general trend of the n-hexacosan-1-ol index from core HER-GC-T1 (Fig. 4.5g)
decreases from 23.5 to 7.5 ka, interrupted by several peaks, such as that observed during the
B—A. At 7.5 ka this profile reaches its lowest values, undergoing an increasing trend from that
time up-core.

Table 4.3
Periodicities (given in years and separated by semicolons) resulting from the spectral analyses showing

statistical significance at the 95 and at 99 confidence levels (%) from core CEUTA10PCO08 and core
HER-GC-T1.

Core CEUTA10PC08 Core HER-GC-TI
Record 95 % 99 % 95 % 99 %
small placoliths 10000 308; 185; 174 760 11700
G. oceanica 185; 171 215; 148 341
G. muellerae 5000; 179 5800; 428; 399
F. profunda 10000; 176 3900 11000; 360; 346
Syracosphaera spp. 10000; 183, 171 | 7800; 427; 341
Helicosphaera spp. 5000 195 636 427; 412
Oxygen isotopes 7000 180; 173 1000 725; 416
SST 7000; 303; 275 758; 534; 489

4.4.5.-Spectral analyses

Spectral analyses results are shown in Table 4.3, revealing several centennial and millennial
cyclicities significant at the 0.01 and 0.05 confidence levels. Common periodicities (~ 175+ 5
years) for the coccolithophore and the oxygen isotopic records are found in core
CEUTA10PCO08. This periodicity is not seen in core HER-GC-T1, where SST, oxygen isotopes

and some of the coccolithophore records show a different common cyclicity (~ 440+ 50 years).
4.5.-DISCUSSION
4.5.1.-Stadials associated with Heinrich Events 2 and 1 (H2 and H1)

E. huxleyi (> 4 um) peaks during H2 (only recorded by core CEUTA10PCO8) (Fig. 4.4a), as
well as during H1 in both cores (Fig. 4.4a, b), pointing to colder conditions, since it is
considered a cold SST paleoindicator (Colmenero-Hidalgo et al., 2002; Colmenero-Hidalgo et

al., 2004). These peaks are concurrent with a drop of 5.2 °C during H2 (Fig. 4.5¢) and decreases
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of 2 °C and 1.3 °C in core CEUTA10PCO08 and core HER-GC-T1, respectively, during H1 (Fig.

4.5¢), pointing to a colder SST during these events of northern ice surges.

Peaks of E. huxleyi (> 4 pm) match negative excursions of 8'*O from both records (Fig.
4.5b). These isotopic depletions, not expected from the drops in SST, have been extensively
explained as low-salinity surface waters entering the Alboran Sea, linked to massive North
Atlantic iceberg melting (Cacho et al., 1999; Sierro et al., 2005; Melki, 2011). Smaller peaks of
Syracosphaera spp. and Helicosphaera spp. are seen during these periods (Fig. 4.4c, d, e, f).
The absolute abundance of Syracosphaera spp. has been reported as a fresh-water input
indicator (Bukry, 1974; Weaver and Pujol, 1988), while the isolated appearance of
Helicosphaera carteri has been linked to high-productivity waters in other paleoceanographic
works (Giraudeau, 1992; Flores et al., 1997), records from sediment traps (Hernandez-Almeida
et al., 2011) and surface sediment samples (Alvarez et al., 2010). However, this latter statement
is at variance with the scant absolute abundance of small placoliths (Fig. 4.3a, b), well-
established classic indicators of high-nutrient availability (Okada and Honjo, 1973). We
interpreted coeval peaks of Syracosphaera spp. and Helicosphaera spp. as being linked to the
low-salinity inflowing AW. Simultaneous peaks of both species have been interpreted as less
saline waters by other authors in the study area (Flores et al., 1997; Colmenero-Hidalgo et al.,
2004) and in other latitudes (Alvarez et al., 2005; Flores and Sierro, 2007; Scherer et al., 2008;
Maiorano et al., 2009). Thus, it is reasonable to assume that E. huxleyi (> 4 um) would have
also found optimal conditions for its development not only in cold but also in low-salinity

waters.

The total N from both cores (Fig. 4.5d, ¢) shows its lowest values, revealing low
productivity. This is in agreement with inflowing cold and less saline waters, which are
expected to have promoted stratification of the upper layers and hampered upwelling. As a
consequence, only E. huxleyi (> 4 um), Syracosphaera spp. and Helicosphaera spp. would have

bloomed.

The relative abundance of reworked nannofossils in core HER-GC-T1 shows several peaks
but low values between H2 and H1 (Fig. 4.3j), while in core CEUTA10PCOS8 two striking peaks
are seen at the beginning of these stadials (Fig. 4.31). The different patterns mean that near-
bottom redistribution of the material between both locations can be discarded. Downward
transport from the exposed continental margin could account for the arrival of reworked
material to the HER-GC-T1 core location. This mechanism proved to be useful to explain
particle flux distribution in the Malaga area (Fabres et al., 2002; Masqué et al., 2003) and was
invoked by Flores et al. (1997) and Colmenero-Hidalgo et al. (2004) to explain the higher
relative abundance of reworked specimens during more arid periods in the study area. Although

the large peaks of reworked specimens found in core CEUTA10PCO8 could be also explained
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with this mechanism, transport and deposition by deep-water currents is another reasonable
interpretation. Located farther from the continental margin, core CEUTA10PCO08 was retrieved
from an elongated-separated drift that is associated with a moat. Seismic stratigraphic sequence
studies show that the acceleration of the deep-water currents eroded the moat, depositing the
resuspended material over the core location (pers. com., Ercilla, 2014). In keeping with this
hypothesis, Frigola et al. (2008) found high thermohaline circulation during the stadials
associated with the Heinrich Events. Nevertheless, it is not possible to rule out downward

transport from the continental margin as another likely explanation.

The n-hexacosan-1-o0l index from core HER-GC-T1 (Fig. 4.5g) fell during H1, suggesting
higher deep-water ventilation, probably due to high paleocurrent intensity during the early and
late phases of the Heinrich Events (Frigola et al., 2008). From 16.2 ka this index underwent an
increasing trend, pointing to a worsening of the deep-water ventilation, coeval with an isotopic
depletion (Fig. 4.5¢), and in line with the slowdown of the thermohaline circulation reported by
Sierro et al. (2005) and Frigola et al. (2008) for several Heinrich Events attributed to the entry
of less saline waters. We conclude that these conditions would have affected productivity
strongly, encouraging upper water column stratification and preventing the upwelling of

nutrient-rich waters during H2 and H1 (Table 4.4).
4.5.2.-Last Glacial Maximum (LGM)

During this period, defined between 23 and 19 ka following MARGO (Kucera et al., 2005b),
the SST was higher than in the previous H2 and the following H1 (Fig. 4.5¢). Productivity rose
along the interval at both locations, as shown by higher values of total N (Fig. 4.5d, ¢). The
absolute abundance of G. muellerae increased substantially in both records between 21 and 18
ka (Fig. 4.3c¢, d). Its relative abundance has been used as a cold-water indicator in the study area
(Weaver and Pujol, 1988). However, it should be noted that the use of percentages to describe
species variability over time must be taken with caution since they are only a relative measure.
The lack of agreement among the general patterns of the absolute abundance of G. muellerae
and SST profiles suggests that the former cannot be controlled only by the latter. Studies from
sediment trap samples in the study area (Barcena et al., 2004; Hernandez-Almeida et al., 2011)
have revealed the highest fluxes of G. muellerae during upwelling periods, controlled directly
by colder and highly fertilized waters, as we proposed here. In addition, in core CEUTA10PCO08
this rise is coeval with smaller peaks of small placoliths and H. carteri (Fig. 4.4c), pointing to

productive waters.

From 19.5 to18 ka, peaks of E. huxleyi (> 4 um) are seen in both records (Fig. 4.4a, b),
possibly indicating cold and less saline surface waters, as pointed out in section 5.1., via

inflowing AW and/or due to the pooling of water from fluvial discharges. Stanford et al. (2011)
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deduced meltwater release events in northern latitudes at ~19 ka, although their effect in lower
latitudes remains unknown. With regard to cold conditions, some authors have found that the
Alboran Sea was several degrees colder than the Atlantic side of the Strait of Gibraltar and the
eastern Mediterranean basin during the LGM (Hayes et al., 2005; Essallami et al., 2007
Kuhlemann et al., 2008). Owing to the local nature of this cooling, it seems unlikely that
inflowing Atlantic waters could account for the bloom of cold and less saline water species,
river discharges being a reasonable explanation. This mechanism is a possible nutrient source in
keeping with the enhanced productivity at that time, since less saline waters are expected to
favor upper water column stability and hence to hinder the upwelling of deeper waters. We
therefore propose that an increase in river discharges would have occurred between 21 and 18
ka, favored by wetter conditions during the LGM (Table 4.4). This interpretation is in
agreement with studies of pollen records (Fletcher and Sanchez Goiii, 2008; Combourieu-
Nebout et al., 2009; Fletcher et al., 2010) and model-data comparisons (Kageyama et al., 2005),
where the authors report more humid conditions during the LGM in the Alboran Sea as
compared with the previous H2 and the following HI1. The Cs;; alkenone profile (Fig. 4.5f)
points to an increase in organic matter preservation between 21 and 18 ka, although the n-
hexacosan-1-ol index (Fig. 4.5g) shows a trend towards increasing deep-water ventilation along
this time span. This discrepancy may be due to the aforementioned high productivity that,
despite better ventilation of the deep basin, could have hindered the mineralization of organic

matter.
4.5.3.-Termination 1a (T1a)

Total N from both cores increases during Tla (Fig. 4.5d, e), indicating increasing
productivity, although absolute values are still low. Simultaneous prominent SST rise and
oxygen isotope depletion suggest warmer conditions (Fig. 4.5¢) coeval with a transition from
cold-water coccolithophorid flora (£. huxleyi (> 4 pm)) to warm-water and oligotrophic flora:
O. fragilis and Umbellosphaera spp. (MclIntyre and B¢, 1967; McIntyre et al., 1970; Okada and
Honjo, 1973; Colmenero-Hidalgo et al., 2004) (Fig. 4.4). Interestingly, this transition is more
visible in core CEUTA10PCO08 (Fig. 4.4a, g, 1), where the higher SST matches increase in
warm-water taxa. By contrast, in core HER-GC-T1 the peaks of these taxa are smaller (Fig.
4.4h, j) and G. muellerac shows a conspicuously increasing trend (Fig. 4.3d), suggesting

enhanced productivity.

Two mutually exclusive scenarios are proposed to explain the discrepancies between the

CEUTA10PC08 and HER-GC-TT1 sites regarding coccolithophore production:
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() Blowing westerly winds near the coast of Malaga would have induced local upwelling
of cold nutrient-rich waters, favoring the blooming of G. muelleraec and hampering the
appearance of warm-water taxa. However, a relatively warm and poor-nutrient AW entering
through the Strait would have promoted the increase in oligotrophic and warm-water taxa at the
CEUTA10PCO08 core location. This configuration is illustrated by the SST satellite images
shown in figure 4.4 in Macias et al. (2008). Regarding this issue, it is worth mentioning that
these authors found a significant negative correlation between mean nutrient concentration and

the SST.

(I) A northward migration of the AJ along the northern edge of the Alboran Sea would
have carried colder and nutrient-rich AW to the HER-GC-T1 core location. By contrast, at the
CEUTAI10PCO8 core location, the warmer and impoverished-nutrient MAW would have
allowed the development of warm-water and oligotrophic taxa. The satellite SST images shown

in figure 4.7 in Macias et al. (2008) illustrates this hypothesis.

It is widely accepted that the contemporary hydrographic conditions with distinct
geostrophic fronts separating the AJ from ambient Mediterranean waters occurred at around 8
ka (Rohling et al., 1995; Pérez-Folgado et al., 2003; Colmenero-Hidalgo et al., 2004), when the
AW inflow rate was close to its present value. Although hypothesis II cannot be discarded, we

consider that hypothesis I is a more plausible scenario (Table 4.4).

The n-hexacosan-1-ol index increased until 15 ka (Fig. 4.5g), indicating a weakening of the
deep-water ventilation. From 15 ka, the total concentration of Cs; alkenones shifts to higher
values, determining the onset of the well-known organic-rich layer (ORL-1) (Sierro et al., 1998;
Cacho et al., 2002; Rogerson et al., 2008) that spans 5500 years in our records. Sierro et al.,
(1998) and Colmenero-Hidalgo et al., (2004) described T1a as an interval with a stratified water
column due to the input of deglacial waters during the sea-level rise. This scenario would have
prevailed across the basin, supporting the notion that the wind-induced upwelling in the HER-

GC-T1 area was local.
4.5.4.-Bolling—Allered (B—A)

Total N from both cores shows an increasing general trend, suggesting a rise in productivity
along this period (Fig. 4.6d, e). In core CEUTAIO0PCOS, G. oceanica, O. fragilis, and
Umbellosphaera spp. (Figs. 4.3¢e, 4.4g, 1) show higher absolute and relative abundances, while
in core HER-GC-T1 the absolute abundance of G. muellerae increases substantially (Fig. 4.3d).
In the former core, the SST persisted at the same level from 13.5 to 13 ka, while it underwent a
decreasing trend in core HER-GC-T1 (Fig. 4.5c). Local factors such as river discharge or local

upwelling likely promoted a SST decrease and a productivity rise at the HER-GC-T1 core
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location off the coast of Malaga, while the CEUTA10PCO08 core location conditions remained
steady.

The total concentration of Cs; alkenones reached its maximum values along the B—A (Fig.
4.5f), indicating the high content and good preservation of organic matter that characterizes the
ORL-1 (Cacho et al., 2002). This interval corresponds to high insolation (Fig. 4.5a), relatively
high SST (Fig. 4.5¢), and an impoverishment of the oxygen content in deep seawater as shown
by the peak of n-hexacosan-1-ol index (Fig. 4.5g) (Table 4.4). Several authors have reported a
similar scenario along with progressively humid conditions, higher river discharge, and a stable
water column (Barcena et al., 2001; Frigola et al., 2008; Fletcher et al., 2010; Rodrigo-Gamiz et
al., 2011). These combined conditions, together with increasing productivity along the period,
are sufficient to provide organic matter to the sediment and hamper mineralization. However,
the process of ORL formation might not necessarily be so simple. Rogerson et al., (2008)
studied multiproxy records from four cores in the Alboran Sea and concluded that ORLI1
formation was due to a combination of reduced-density surface waters and a shoaling of the
interface between intermediate and deep waters, while primary productivity was suggested to

act as a secondary control.
4.5.5.-Younger Dryas (YD)

The cooling associated with this interval is marked by a SST drop of 2 °C in core
CEUTA10PCO08 and lower SST values in core HER-GC-T1 (Fig. 4.5¢). In general terms, the
total N profiles from both cores show high values pointing to high productivity (Fig. 4.5d, ¢), in
agreement with previous fossil diatom and coccolithophore records (Barcena et al., 2001;

Colmenero-Hidalgo et al., 2004).

In greater detail, the SST profiles point to the occurrence of two steps during the YD: a first
colder one (named here as YDa), from 13 to 12.5 ka, and a second warmer one (YDb), from
12.5 to 11.7 ka. Cool/arid and warm/humid conditions have been respectively invoked to
describe the YD as a two-phase interval in the Mediterranean Sea (Cacho et al., 2002; Sbaffi et
al.,, 2004; Combourieu-Nebout et al., 2009; Rodrigo-Gamiz et al., 2011). Coccolithophore
abundances and variability also point to both phases, although differing from one core to the
other, probably representing more local features than the general superimposed arid/dry and

warm/humid conditions.

During YDa, core CEUTA10PCO8 reflects a drop in SST (Fig. 4.5¢) and in the total N
profile (Fig. 4.5d) and coeval peaks of the absolute abundance of Syracosphaera spp. and
Helicosphaera spp. (Fig. 4.4c, ). Such a scenario likely represents the entrance of colder and
less saline AW, promoting a steady water column and hampering upwelling pulses. In core

HER-GC-T1 total N values drop and then recover at the end of this phase (Fig. 4.5¢), while G.
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muellerae shows high absolute abundance (Fig. 4.3d), pointing to a local productivity pulse in

that area (Table 4.4).

During YDb, core CEUTA10PC08 shows higher SST values (Fig. 4.5c), small peaks of
warm-water/oligotrophic taxa (Fig. 4.4g, 1), and a small drop in the total N profile, although the
absolute values are still high (Fig. 4.5d). This was probably due to the entrance of warmer and
relatively nutrient-poor AW. Core HER-GC-T1 shows an initial drop in the total N profile,
followed by rising values during YDb (Fig. 4.5¢). Peaks of E. huxleyi (> 4 um) (Fig. 4.4b)
suggest local colder and less saline surface waters, expected to produce upper water column
stratification. Therefore, an external nutrient source is necessary to explain the increase in local
productivity. A feasible hypothesis would be the discharge of colder waters by rivers flowing
into the study area (Guadalfeo River and Guadalhorce River (Fig. 4.1)). Rodrigo-Gamiz et al.,
(2011) described YDb as a wetter phase affected by an increase in local river discharge with
increased fluvial erosion. In this situation, rivers would account for the nutrient input into the
stratified upper water layer, as proposed by Barcena et al. (2001) from the study of fossil diatom

assemblages.

Although the n-hexacosan-1-ol index plateaus (Fig. 4.5g) indicate constant deep-water
ventilation, C;; alkenones decrease gradually (Fig. 4.5f), pointing to thermohaline reactivation,

as suggested by previous authors (Sierro et al., 1998; Rodrigo-Gamiz et al., 2011) (Table 4.4).
4.5.6.-Termination 1b (T1b)

The SST reconstruction from both cores reveals opposite trends and points to a gradient of 5
°C between locations (Fig. 4.5c¢). However, similar discrepancies have been found on
comparing the SST profiles obtained with both methods (alkenones and MAT) from the same
core (MD45-2043 in the Alboran Sea) for this period (Pérez-Folgado et al., 2003). Moreover,
comparison of 8'*0 profiles (Fig. 4.5b) does not reflect substantial offsets. These findings rule
out geographical involvement and point to the different nature of the methods (i.e. ecological
repercussions from the different planktonic groups employed) used to account for these
discrepancies. The isotopic profiles from both cores (Fig. 4.5b) are in agreement with-U;;-
estimated SST (Fig. 4.5¢c), while the highest dissimilarity (although still good) between modern
and fossil assemblages is seen for the MAT-estimated SST during this period (Fig. 4.6b). It
seems likely that the SST drop recorded by the MAT-estimated SST profile would be an

understimation inherent to the methodology used.

Nevertheless, total N profiles from both cores (Fig. 4.5d, e) reveal high productivity. The
post-glacial sea level rise (Bard et al., 1996) is expected to have prompted a deepening of the
nutricline (Colmenero-Hidalgo et al., 2004). Therefore, nutrient input from deeper water layers

(i.e. upwelling or vertical mixing) can be discounted as a process responsible for maintaining
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primary productivity. Eutrophic conditions could have been promoted by a higher rate of inflow
of AW enriched in nutrients. The opportunistic and eurithermal small placoliths (Okada and
Wells, 1997) would bloom to the detriment of warm-water/oligotrophic taxa, despite the warmer
SST (Fig. 4.5¢). River runoff is another possible nutrient source, but does not exclude the
previous one. Increased rainfall and more humid conditions during T1b were deduced from
geochemical ratios by Frigola et al. (2008). We propose that fertilization by the inflowing AW
and/or river discharge would have provided enough nutrients to maintain productivity in the

photic zone despite the stratification of the water column (Table 4.4).

In agreement with this scenario, the n-hexacosan-1-ol index (Fig. 4.5¢g) increases slightly and
the total concentration of Cs; alkenone levels off (Fig. 4.51), i.e., deep-water ventilation declines
while organic matter preservation remains steady, in keeping with the reduction of the

Mediterranean overturning during the T1b (Frigola et al., 2008).
4.5.7.-Holocene

The short-term variability in core HER-GC-T1 for the proxies shown here is discussed in
detail in Ausin et al. (submitted for publication). In core CEUTA10PCO08, the SST shows an
abrupt increase until 9.5 ka and a plateau of high values from that time onwards up-core (Fig.
4.5¢). In contrast, a general cooling trend has been reported for the HER-GC-T1 core for the
Holocene (Ausin et al., submitted for publication). The SST from CEUTA10PCO0S8, which
corresponds to the summer MAT-estimated SST, does not support this cooling trend. These
differences may have been due to a more profound effect of seasonality during the Holocene,
meaning warmer summers and cooler winters. The MAT-estimated winter and annual SST
plotted in figure 4.6¢ for comparison, reveals a long-term cooling trend, supporting the notion of
an amplification of seasonality. However, this interpretation disagrees with those based on
pollen records, which point to cooler summers and warmer winters during this period (Fletcher

and Sanchez Goiii, 2008).

Despite the high resolution, none of the proxies from core CEUTA10PCO8 shows any
striking variability associated with the cold and arid 8.2 ka Event (Alley et al., 1997), suggesting
that its repercussions were imperceptible in the Mediterranean context (Wiersma and Renssen,

2006; Zanchetta et al., 2007).

Coccolithophore productivity in core CEUTA10PCO8 shows the highest values during the
Holocene (Fig. 4.5d), this being the most productive period of the last 25 kyr. The absolute
abundance profiles of most taxa show the same pattern: maximum values between 7.5 and 6.5
ka and a decreasing trend from then onwards up-core (Fig. 4.3a, c, ¢ and Fig. 4.4e, g, i). In
contrast, F. profunda shows a constant increasing trend along the whole interval in core

CEUTA10PCO08 (Fig. 4.3g). This species inhabits the lower photic zone and blooms when the
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nutricline is located at a deeper position (Molfino and McIntyre, 1990; McIntyre and Molfino,
1996; Beaufort et al., 1997). Its gradual increasing trend along with decreasing values of other
taxa suggests a growing stratification of the upper water column close to the Strait of Gibraltar,

likely related to a northward migration of the AJ once in the Alboran Sea.

In terms of absolute values, coccolithophore absolute abundances show higher values in core
CEUTA10PCO08 than in core HER-GC-T1, not only during the Holocene but also over the last
25 kyr (Fig. 4.5d, e). Nevertheless, current productivity distribution in the Alboran Sea is
greater at the HER-GC-T1 core location since it is affected by a high-productive cell off the
coast of Malaga (Sarhan et al., 2000). This paradox could be explained if the increasing trend of
F. profunda and decreasing trend of the other taxa seen from 7 to 4.5 ka had persisted for the
last 4.5 kyr up-core, implying a more stratified water column characterized by low productivity
at the CEUTAIOPCO08 core location. However, the lack of the last 4.5 ka in core
CEUTA10PCO08 prevents further interpretation.

During the Holocene, the patterns shown by coccolithophore absolute abundances differ
markedly between both locations (Figs. 4.3, 4.4). The WAG, depicted by a well-defined AJ that
flows eastward, is one of the most notable features of the present hydrographic configuration of
the Alboran Sea (Fig. 4.1), established at around 8 ka (e.g. Rohling et al., 1995). These surface
dynamics entailed new factors influencing primary productivity, such as eddy-induced
upwelling at the northern edge of the WAG (Sarhan et al., 2000; Ruiz et al., 2001) where HER-
GC-T1 is located. In turn, productivity at the CEUTA10PCO08 core location would have been
more influenced by the properties of the transitional AW due to its proximity to the Strait of
Gibraltar. This configuration was probably responsible for the different patterns of

coccolithophore absolute abundances recorded for both cores (Table 4.4).
4.5.8.-Periodicities

The SST and oxygen isotope records from core HER-GC-T1 reveal a common periodicity of
around 740+£20 years, similar to that of 730+ 40 years observed in a SST record from the
Alboran Sea for the Holocene (Cacho et al., 2001). This cyclicity corresponds to the occurrence
of short-term cooling events transmitted to the Mediterranean by Atlantic inflowing waters
during the Holocene. Nevertheless, CEUTA10PC08 does not show such periodicity, despite
being located closer to the Atlantic. Cacho et al. (2001) have reported an amplifying effect of
these cooling events eastwards along the Mediterranean due to intense winds, which could

account for the lack of such cyclicity in core CEUTA10PCO8.

Spectral analyses do not reveal common periodicities between the two studied cores and,
except for that of 740420 years mentioned above, to our knowledge no similar cycles have been

found in nearby cores in the study area nor in the Atlantic Ocean for the last 25 kyr. Rodrigo-
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Gamiz et al. (2014) identified significant cycles of 1300, 1515, 2000, and 5000 years and
secondary harmonics of 650, 1087, and 3000 years in a core from the Western Mediterranean
for the last 20 kyr. These periodicities have been associated with solar activity, monsoonal
regimes, orbital forcing, oceanic—atmospheric processes related to North Atlantic climate
variability and African monsoon systems. Nevertheless, the authors stated that only periodicities
between 500 and 7000 years have been interpreted since cyclicities outside that range could be
simply a consequence of the method employed owing to the time span and the sampling interval
considered, similar to those considered here. None of the above periodicities match that of ~
175+ 5 years frequently found in the records of core CEUTA10PCOS8 or of ~ 440+ 50 years in
several records of core HER-GC-T1, suggesting that the processes that took place at both
locations would have been affected by several not necessarily common forcing mechanisms,

possibly of local nature.
4.6.-CONCLUSIONS

According to the results of the present work, coccolithophores are highly sensitive to local
hydrographic and environmental conditions. From the study of two oceanic cores, it may be
concluded that the Atlantic water entering the Alboran Sea would have exerted primary control
over productivity in the areas close to the entrance of the Strait of Gibraltar during the last 25
kyr. Their physical and biological properties (rate of inflow, nutrients, temperature and salinity)
are seen to have determined the stability of the upper water column as well as the environment
in which coccolithophores bloom. On its way to the east, this effect was partly diluted and hence
productivity in more distant locations would also have been affected by nutrient input from river

discharges, wind-induced upwelling, and specific hydrographic configurations.

As summarized in Table 4.4, coccolithophore records in combination with other
paleoenvironmental proxies have allowed primary productivity variations and water column

dynamics to be determined for the last 25 kyr in the Alboran Sea:

During H2 and H1, entering cold and less saline waters prompted the stratification of the

water column and prevented primary productivity.

Increased river discharge is proposed from 21 to 18 ka to explain the cold and less saline

waters in the study area as well as the enhanced productivity.

Phases Tla and T1b of the deglaciation were characterized by a stratified upper water

column, although this did not hamper local wind-induced upwelling.

The B—A is marked by a slight increase in productivity and the development of the ORL.
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The YD had two phases: a colder first phase followed by a second, warmer and wetter phase.
The properties of the inflowing AW and river discharges were responsible for the differences in

productivity between both locations during these two phases.

Productivity increased markedly during the Holocene. The hydrographic configuration
during this period, which persists today, played an important role in its productivity and its

variations.
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APPENDIX A. Taxonomic appendix

The list below includes the taxa of calcareous nannoplankton in alphabetical order identified
and counted in this study. Some taxa were lumped together as described in the text.
Braarudosphaera bigelowii (Gran & Braarud 1935)

Calcidiscus leptoporus (Murray & Blackman 1898)

Calciosolenia murrayi Gran 1912

Coccolithus pelagicus ssp. braarudii (Gaarder 1962)

Coccolithus pelagicus (Wallich 1877) Schiller 1930 ssp. pelagicus

Discosphaera tubifera (Murray & Blackman, 1898)

Emiliania huxleyi (Lohmann 1902)

Emiliania huxleyi Type B (pujosiae) (> 4 um)

Florisphaera profunda (Okada & Honjo 1973)

Gephyrocapsa aperta Kamptner 1963

Gephyrocapsa caribbeanica Boudreaux & Hay, in Hay et al. 1967

Gephyrocapsa ericsonii McIntyre & Bé 1967

Gephyrocapsa muellerae Bréhéret 1978

Gephyrocapsa oceanica Kamptner 1943

Helicosphaera spp., (mainly H. carteri (Wallich 1877))

Oolithotus fragilis (Lohmann 1912)

Pontosphaera spp. Schiller 1925
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Rhabdospahera clavigera Murray & Blackman 1898
Syracosphaera spp. (mainly S. pulchra, Lohmann 1902)
Umbellosphaera spp., (mainly U. tenuis (Kamptner 1937))
Umbilicosphaera sibogae (Weber-van Bosse 1901)
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Resumen

Las variaciones en la paleoproductividad en una célula productiva del mar de Alboran
durante el Holoceno han sido reconstruidas a alta resolucion. Para ello se han estudiado las
asociaciones de cocolitoforos fosiles junto a la temperatura superficial marina derivada de
alquenonas y otros indicadores paleoambientales. La aparicion de esta célula se propone en 7,7
ka cal. BP y ha sido ligada al establecimiento del giro anticiclonico occidental. A partir de 7,7
ka hasta el presente, la tasa de acumulacion de Florisphaera profunda revela episodios
sucesivos de debilitamiento y refuerzo de las condiciones de afloramiento en el mar de Alboran,
simultaneos a cambios en la formacién de agua mediterranea profunda occidental (WMDW)' en
el golfo de Leon. Se ha propuesto un escenario con dos fases alternantes para explicar las
variabilidades climatica y oceanografica encontradas a escala milenaria y secular: (1)
contemporaneos con condiciones climaticas mas aridas, vientos Mistral y Tramontana
relativamente débiles habrian desencadenado una reduccion en la formacion de WMDW. Este
proceso, junto a un menor influjo atlantico (AJ) en el mar de Alboran habria dado lugar a una
menor mezcla vertical y, por tanto, a una columna de agua mas estable en el area de estudio y
una menor productividad; (2) condiciones climaticas mas hiimedas habrian prevalecido en la
region mientras vientos Mistral y Tramontana relativamente fuertes habrian promovido un
refuerzo en la produccion de WMDW en el golfo de Ledn simultaneo con una intensificacion
del AJ que en consecuencia, habria migrado hacia el sur. Esto habria incrementado la mezcla
vertical, intensificando las condiciones de afloramiento en el area de estudio. Aqui, el patron
invernal de la Oscilacion del Atlantico Norte (NAO) es considerado como un mecanismo de
forzamiento relevante para la variabilidad encontrada, influenciando la formacién de WMDW,
que a su vez ha sido ligada a las variaciones a corto plazo de productividad durante los ultimos

7,7 ka en el mar de Alboran.

Palabras clave: mar de Alboran, productividad de cocolitéforos, Holoceno, Oscilacion del

Atléantico Norte, Agua Mediterranea Profunda Occidental.

Abstract

* Los acronimos siguen la nomenclatura anglosajona por razones de consistencia con el resto del texto.
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High-resolution paleoproductivity variations have been reconstructed in a productive cell in
the Alboran Sea for the Holocene. Fossil coccolithophore assemblages have been studied along
with the U*s;-estimated sea-surface temperature (SST) and other paleoenvironmental proxies.
The appearance of this cell is suggested at 7.7 ka cal BP and was linked to the establishment of
the western anticyclonic gyre. From that time until the present, the nannofossil accumulation
rate of Florisphaera profunda has revealed successive episodes of weakening and strengthening
of upwelling conditions in the Alboran Sea that have been simultaneous to changes in Western
Mediterranean Deep Water (WMDW) formation in the Gulf of Lions. A two-phase scenario
operating at millennial-centennial time-scale is proposed to explain this climatic and
oceanographic variability: [1] coeval with more arid climate conditions, weaker
northerlies/north-westerlies blowing over the Gulf of Lions would have triggered a slackening
of WMDW formation. This together with a minor Atlantic Jet (AJ) inflowing into the Alboran
Sea would have led to less vertical mixing, and hence, a more stable water column in the study
area; [2] wetter climate conditions would have prevailed in the region while stronger
northerlies/north-westerlies would have enabled WMDW reinforcement in the Gulf of Lions
simultaneous to an intensification of the AJ that migrated southward. This would have increased
vertical mixing, intensifying upwelling conditions in the study area. Here, the winter North
Atlantic Oscillation (NAO) is considered to be an important forcing mechanism for this
variability, influencing WMDW formation, which in turn has been linked to short-term

productivity variations during the last 7.7 kyr in the Alboran Sea.

Keywords: coccolithophore productivity, Holocene, Western Mediterrancan Deep Water,

North Atlantic Oscillation, Alboran Sea.

5.1.-INTRODUCTION
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In recent years, climatic variability during the Holocene (11.7 kyr to present) has been a
challenging issue. Recent studies have shown that this period has been characterised by several
abrupt climatic events as well as pervasive short-term oscillations (Mayewski et al., 2004;
Wanner et al., 2011), ruling out the perception of the Holocene as having been stable. As the
most recent geological period, the variability recorded by the natural system during this time
must be taken into account when attempting to project future climatic scenarios (IPCC, 2013).
Identifying the causes of this variability, as well as the mechanisms transferring it from one

region to another, is crucial if we are to gain an overall understanding of the system.

The Western Mediterranean is an essential region as regards determining climatic
teleconnections with the North Atlantic area (Cacho et al., 1999; Martrat et al., 2004; Sierro et
al., 2005). Current sea-level, temperature and precipitation variability in the Western
Mediterranean have been linked to the fluctuation of the atmospheric gradient formed by the
Azores high- and the Icelandic low- pressure centers: the North Atlantic Oscillation (NAO)
(Tsimplis y Josey, 2001; Trigo et al., 2006), a natural mode of atmospheric variability that has a
pronounced effect on the climate of western central Europe at decadal time scales (Hurrell,
1995). The intensity of a NAO-like pattern has already been suggested as a likely driving
mechanism for several short-term environmental oscillations in the Western Mediterranean
during the Holocene (Jalut et al., 1997; Jalut et al., 2000; Goy et al., 2003; Frigola et al., 2007,
Fletcher y Zielhofer, 2011; Fletcher et al., 2012). However, little evidence is available
concerning the impact of short-term climatic oscillations on past ocean productivity in the
Mediterranean Sea (Abrantes et al., 2012) or regarding its probable connection with North
Atlantic climatic processes. Within the generalized oligotrophic character of the Mediterranean
Sea, the Alboran Sea is considered an exception, exhibiting quasi-permanent areas of upwelling
(Sarhan et al., 2000) where local vertical mixing is the main factor controlling marine
productivity (Dafner et al., 2003). Upwelling dynamics are steered by local hydrography and
atmospheric circulation (Garcia-Gorriz y Carr, 1999). The pattern is as follows: offshore
upwelling associated with southward drifting of the Atlantic Jet (AJ), and wind-induced coastal
upwelling on the shore, promoted by winds blowing along the Spanish coast (Sarhan et al.,
2000). The semi-enclosed features of the Alboran Sea lead to partial isolation of these
phenomena, making it an ideal region for the study of the impact of short-term climatic
oscillations on ocean productivity. Its latitudinal position and its connection with the Atlantic
Ocean also provide a reasonable area for the study of ocean-climate teleconnections between

northern processes and lower latitudes.

Coccolithophores are Haptophyte algae with calcified scales (coccoliths). Living forms are

one of the major oceanic primary producers, and they are strongly influenced by nutrient
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availability, dissolved CO, concentrations in sea water, and SST, among others (Thierstein y
Young, 2004). Thus, fossil forms of coccoliths preserved in deep-sea sediments are commonly
used as a widespread proxy to reconstruct some of these variables as well as productivity
(Giraudeau, 1992; Flores et al., 1999; Flores et al., 2000; Baumann y Freitag, 2004; Colmenero-
Hidalgo et al., 2004).

The main objective of the present study was to reconstruct past productivity in an upwelling
area of the Alboran Sea during the Holocene and to elucidate the climatic and oceanographic
mechanisms involved in past variations in productivity, especially those related to North
Atlantic climatic and oceanographic dynamics. For this reason, we report here a marine
productivity record reconstructed from fossil coccolithophores along with data on oxygen
isotopes, alkenone-estimated SST and other organic biomarkers for the last 12 kyr and correlate

them with data referring to paleoenvironmental variations.
5.2.-AREA OF STUDY: MODERN WATER MASSES AND CLIMATIC DYNAMICS

Core HER-GC-T1 was recovered off the coast of Malaga (Fig. 5.1b) in the Alboran Sea
(Western Mediterranean). This is a transitional region where Atlantic Water (AW) enters the
Mediterranean Sea through the Strait of Gibraltar as a jet of water called the Atlantic Jet (AJ)
(Garcia-Lafuente et al., 2000), and becomes two quasi-permanent anticyclonic gyres on its way
to the east: the Western Anticyclonic Gyre (WAG) and the eastern one (EAG) (Heburn y La
Violette, 1990). The interaction between AW and the more saline and warmer Mediterranean
water (MW) results in the formation of a geostrophic front at the northern limit of the WAG,
called the Alboran Front (where HER-GC-T1 is located) (Minas et al., 1991) (Fig. 5.1b).
Southward migrations of the AJ allow the water from below, relatively warm and fresh, to
upwell in the study area (Sarhan et al., 2000) forming a high-productivity cell referred to here as
the “Malaga cell”.

At depth, water circulation may be simplified with a three-layer model: on the surface, the
mixing of AW and MW forms the Modified Atlantic Water (MAW), occupying the photic zone
(100-200 m). Below, Levantine Intermediate Water (LIW), formed in the eastern part of the
Mediterranean Sea, flows at a depth of 200-600 m towards the Strait of Gibraltar. Below the
LIW, Western Mediterranean Deep Water (WMDW) flows at 600-3000 m depth in the same
direction (Millot, 1999). WMDW is formed in the open sea off the Gulf of Lions (Fig. 5.1c)
(MEDOCGROUP, 1970). This deep water convection has a thermohaline origin and is linked to
buoyancy preconditions determined by the heat flux, which in turn is steered by the blowing
winds: the Tramontana (northerlies) and/or Mistral (north-westerlies) (Mertens y Schott, 1998;
Rixen et al., 2005; Font et al., 2007; Smith et al., 2008). These cold dry winds blowing over the
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area induce heat losses and the evaporation of the MAW, which becomes saltier and colder and

finally sinks owing to its high density, to form the WMDW (Font et al., 2007).
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Figure 5.1. Study area. a) Map of the annual mean SST (°C) in the Western Mediterranean Sea plotted
with Ocean Data View (Brown, 1998). b) Study area and HER-GC-T1 core location in the Alboran Sea.
c) Gulf of Lions area where WMDW formation occurs. Black arrows represent general superficial
circulation. Grey arrows trace general deep circulation. AW: Atlantic Water, entering the Alboran Sea as
the Atlantic Jet: AJ. MAW: Modified Atlantic Water. WMDW: Western Mediterranean Deep Water.
MOW: Mediterranean Outflowing Water. WAG: Western Anticyclonic Gyre. EAG: Eastern Anticyclonic
Gyre.

Present climate conditions in the region are influenced by an atmospheric high-pressure
center above the Azores archipelago in the Atlantic Ocean resulting in hot dry summers and
wetter winters (Sumner et al.,, 2001). At decadal and inter-annual time-scales, climatic
variability in the North Atlantic region is modulated by the NAO (Hurrell, 1995). Currently,
winter anomalies of the NAO in the Mediterranean have been shown to influence sea level
variability (Tsimplis y Josey, 2001), wave climate (Caifiellas et al., 2010) and temperature and
precipitation trends to a significant extent (Trigo et al., 2006). The NAO has been suggested to
exert an indirect influence on net water flux in the Strait of Gibraltar via its high correlation

with regional evaporation, precipitation and runoff (Fenoglio-Marc et al., 2013). The winter-
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NAO has also been correlated with heat flux anomalies that determine the buoyancy
preconditions of deep water convection in the Gulf of Lions (Rixen et al., 2005), although Josey
et al. (2011), using a broader definition of winter (October-March), concluded that the NAO
only plays a secondary role when other modes of variability related to the heat flux are

considered.
5.3.-MATERIALS AND METHODS

We analyzed the top 183 cm of gravity core HER-GC-T1 (Lat. 36°22'12"N, Long.
4°17'57"W), recovered by the BIO Hespérides during the Hermesione research cruise in 2009,
from a depth of 658.9 meters below sea level (mbsl). The sediments recovered are mainly

composed of dark greenish-gray mud rich in planktonic foraminifers.

5.3.1.-Age model

Table 5.1
Age model for core HER-GC-T1. *Poznan Radiocarbon Laboratory. "Woods Hole Oceanographic
Institution.

Radiocarbon Foram Type Depth  Radiocarbon  Calendar Age (2-
(Sample/Laboratory code) (cm) Age sigma error
(yr BP) range)
(yr cal. BP)
SEC1_2/Poz-53233" G. inflata 2 440 + 25 88+62
SEC1 21/0S-87586" G. inflata 21 1,810 £25 1,379+54
SEC1 63/ Poz-53234" G. inflata 63 4,175 £35 4,284+76
SEC2 17/ Poz-53235" G. inflata 107 6,100 + 40 6,550+68
SEC2 54/0S-87587° G. inflata and 144 7,350 £ 35 7,834+58
N. pachyderma
(dex)
SEC3_ 12/ Poz-53236" N. pachyderma 202 10,400 = 60 11,539+162
(dex)

Radiocarbon ages were determined on six samples of selected foraminiferal shells using the
accelerator mass spectrometry (AMS) technique (Table 5.1) at the Poznan Radiocarbon
Laboratory and Woods Hole Oceanographic Institution. Conversion from radiocarbon ages to
calibrated calendar years was performed using the OxCal 4.2 online software (Bronk Ramsey,
2008) and the Marinel3 calibration dataset curve (Reimer et al., 2013), which includes a
correction of 400 yr for the global marine reservoir effect. The regional difference from this

global reservoir correction (AR) (Stuiver y Braziunas, 1993) proved to be -22+ 35 years (Siani
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et al., 2000) and was also considered. The age model for the last 12 kyr was based on linear
interpolation between these six calendar ages (Fig. 5.2) performed with the AnalySeries Version
1.1 (Paillard et al., 1996). The average sedimentation rate was found to be 18.41 £ 5.4 cm*kyr™.
All dates reported in the text are given in calendar ages BP.

Age (ka cal BP)
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Figure 5.2. Age-depth model. Age control points are marked by a black dot and associated error bars. The

solid line joining them is the age given in ka cal. BP. SR stands for sedimentation rate, given in cm*kyr ™.

5.3.2.-Coccolithophore analysis and taxonomy

Eighty-five samples were taken systematically every 2-3 cm. The resulting sampling gives
an average time resolution of ~140 years. Slides for micropaleontological analyses were
prepared following the settling technique proposed by Flores and Sierro (1997). Qualitative and
quantitative analyses were performed using a Nikon Eclipse 80-1 petrographic microscope with
a phase contrast device at 1000x magnification. Nannofossil census counts were based on at
least 500 specimens identified in a first count, which is representative for studying the main
species (Fatela y Taborda, 2002). In a second count, 25 fields of view were observed in order to
avoid underestimation and/or overestimation of the taxa whose abundance was less than 1 % in
the first count. The Nannofossil Accumulation Rate (NAR) is given in numbers of
coccoliths*cm™*kyr™, and was calculated in each sample by considering dry-sediment density,
the sedimentation rate and the absolute abundance of each species (number of coccoliths*g™).
The total NAR was interpreted as a proxy of primary productivity. Relative abundance (%) was
also calculated. All taxa identified in this study have been reported previously for the sampling
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location (Weaver y Pujol, 1988; Alvarez et al., 2010). The “small Gephyrocapsa” group is
integrated by all Gephyrocapsa specimens smaller than 3 um (Flores et al., 1999). Along with
Emiliania huxleyi (< 4 um), they were lumped together as “small placoliths”. Other taxa
identified in this study were Gephyrocapsa muellerae, Gephyrocapsa oceanica, Helicosphaera
carteri, Syracosphaera spp. and Florisphaera profunda (as dominant taxa). The rare taxa
identified were Braarudosphaera bigelowii, Calcidiscus leptoporus, Calciosolenia murrayi,
Coccolithus pelagicus subsp. braarudii, Coccolithus pelagicus subsp. pelagicus, Gephyrocapsa
caribbeanica,  Oolithotus  fragilis, — Pontosphaera spp., Rhabdosphaera clavigera,
Umbilicosphaera sibogae, Umbellosphaera spp. and Discosphaera tubifera. The latter four
were lumped together as the warm-water group (WWGQ) owing to their common and relatively
high record in warm waters (Mclntyre y Bé, 1967; Okada y Honjo, 1973). Taxa pertaining to
older stratigraphic levels (regularly older than the Pliocene in this study) were deposited again
after their resuspension and transport to the core location and were also counted as rare species

and designated “reworked specimens”.

The preservation of the coccolithophore assemblages is good (little or no evidence of
dissolution; diagnostic features fully preserved) (Flores y Marino, 2002). Moreover, the NARs
were transformed into coccoliths*m™*day™. The results are comparable to the annual flux found
by Barcena et al. (2004) in the same area for sediment-trap samples, showing that dissolution

and taphonomic effects are negligible in this core.
5.3.3.-Oxygen stable isotopes

Up to 20 well-preserved specimens of the planktic foraminifer Globigerina bulloides were
picked from the > 200 um size fraction in 66 samples. The individuals were crushed, subjected
to ultrasound and cleaned with methanol before isotopic analyses were performed with a SIRA
mass spectrometer equipped with a VG isocarb common acid bath system at the University of
Barcelona. Calibration to the Vienna Pee Dee Belemnite (VPDB) standard scale (Coplen, 1996)
was accomplished using the NBS-19 standard, and analytical precision was better than 0.06 %o

for 8'*0.
5.3.4.-Molecular biomarkers

A total of 86 samples, taken every 2-3 cm, were selected for the analysis of fossil organic
compounds (long chain alkenones, alcohols and hydrocarbons). The experimental procedures
used are described in Villanueva et al. (1997). Samples were analysed with a Varian Gas
Chromatograph (GC) model 450, an autoSampler 8400, a Cold On-Column (COC) Injector
1093 and a Flame Ionization Detector (FID). The carrier gas was hydrogen (2.5 mL/min). Cs;

unsaturated alkenones (di-unsaturated and tri-unsaturated) are synthesized by coccolithophorid
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flora. Their identification and quantification allow the calculation of the U¥y, index, which was
calibrated according to the equation proposed by Miiller et al. (1998) in order to measure SST.
The total concentration of Cs; alkenones ([C;7,1+Cs73]) was also calculated and is interpreted as
a proxy for poor/good preservation of organic matter in deep sea sediments in relation to
well/poorly ventilated deep waters (Cacho et al.,, 2002). The n-hexacosan-1-ol index was
calculated through the relative ratio of n-hexacosan-1-ol (C,sOH) to the sum of (C,sOH) plus n-
nonacosane (C,y). Since n-hexacosanol is more labile to degradation processes than n-
nonacosane, decreases in the n-hexacosan-1-ol index can be interpreted as a higher ventilation

of the deep basin (Cacho et al., 2000).
5.3.5.-Statistical approaches

In order to search for possible relationships between some of the proxies addressed here,
statistical cross-correlation, which is suitable for temporal series, was carried out using PAST
3.01 software (Hammer, 2001). This method requires evenly sampled temporal data, which
were interpolated regularly every 0.14 kyr (the lowest resolution among those from all of the

records correlated).
5.4.-RESULTS
5.4.1.-Calcareous nannoflora distribution

On average, small placoliths constitute up to 80 % of the nannofossil assemblage (Fig. 5.3).
Their NAR records maximum values from 7.7 to 6.2 ka. G. muellerae (Fig. 5.3) is the only
species that records its highest NAR from 12 to 10.5 ka, followed by a decreasing trend from
10.5 ka onwards, interrupted only by higher values from 7.7 to 6.2 ka. The NAR of the WWG is
scarce for the whole period studied, except from 7.7 to 6.4 ka when it records higher values
(Fig. 5.3). F. profunda and small G. oceanica exhibit similar general variability (Fig. 5.3): a low
NAR up to 7.7 ka, when a large peak is observed; from then onwards up-core, they record

higher NAR values as well as large oscillations.

Reworked specimens are mainly constituted by Upper Cretaceous, Paleogene and Neogene
specimens. On average the percent of this allochthonous group relative to autochthonous taxa
(Fig. 5.3) is 0.7 % for the whole record. However, it shows five peaks up to 1.6 % at 7.0, 6.2,
5.0, 4.1 and 2.8 ka.

The total NAR (Fig. 5.3) shows an increasing trend from 12.5 to 7.7 ka. From that time

onwards up to 6.5 ka, it records its highest values followed by a decreasing trend up-core.
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Figure 5.3. U"3;-estimated SST (°C). Nannofossil Accumulation Rate (NAR) (black lines) and relative

abundance (%) (dashed line) of the coccolithophore assemblage. The grey dashed vertical line indicates

the 7.7 ka cal. BP event. Red stars represent age control points (ka cal. BP) (Table 5.1).
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Figure 5.4. a) Insolation curve (June, 36° N) (Berger, 1978). b) U¥,;-estimated SST (°C). Horizontal
lines mark the rapid Holocene cooling events identified by Cacho et al. (2001). ¢) 8O record (%o) (Note
that the vertical axis is reversed). d) Concentration of Cs; alkenones ([Cs7.,+Cs73]) (ng*g'l). e) n-
hexacosan-1-ol index (%). f) Pollen grains from core MD95-2043 in the Alboran Sea for all temperate
and Mediterranean forest taxa (Fletcher et al., 2012).

5.4.2.-Sea-Surface Temperature

U*,;- SST (Fig. 5.3) has its absolute minimum (14.6°C) at 12 ka, and its absolute maximum
(20.1°C) at 8.9 ka. A decreasing trend is observed from 8.9 ka up-core, characterized by a
generalized smooth internal variability. More specifically, short cooling events (up to 1°C) are

seen centered at 11.5, 10.4, 8.5, 7.7, 5.3, and 0.8 ka.

126



B. Ausin

5.4.3.-Oxygen isotopic record

As from 12 ka (Fig. 5.4c) this record tends to lower values, its absolute minimum being
reached at 7.8 ka and its values varying up to 1.48 %o during that period. From 7.8 to 3.8 ka
several slight depletions interrupt a trend to higher values, increasing by a total of 0.98 %o. From

3.8 ka to the top, 3'°0 tends towards slightly lower values, with a range of 0.43 %o.
5.4.4.-Total concentration of C;; alkenones and the n-hexacosan-1-ol index

The total concentration of C;; alkenones (Fig. 5.4d) shows higher values from 12 to 9 ka.
This record is affected by a decreasing trend up to 7.5 ka, and from that time onwards up-core it
shows low values and little variability. The n-hexacosan-1-ol index (Fig. 5.4¢) tends towards
lower values from 12 to 7.5 ka. After the absolute minimum recorded at 7.5 ka, a trend towards

higher values is recorded up-core, punctuated by several depletions.
5.5.-DISCUSSION
5.5.1.-General primary productivity and SST trends

Holocene productivity can be divided into three periods according to the total NAR
variability (Fig. 5.3): from 25.5 to 7.7 ka, characterised by low productivity and a slight
increasing trend; from 7.7 to 6.2 ka, when productivity reached its highest values; and from 6.2

ka onwards, a period affected by lower productivity and a slight decreasing trend up-core.

Specifically from 12 to 10.5 ka, low SST values correspond to a high G. muellerae NAR and
relative abundances and a low WWG NAR and relative abundances (Fig. 5.3), customarily used
as cold- and warm-water proxies, respectively (Mclntyre y Bé, 1967; Okada y Honjo, 1973;
Weaver y Pujol, 1988).

The long-term cooling trend shown by the U*3;-SSTs from 9 ka during the Holocene is in
agreement with the findings of Marchal et al. (2002) from the study of seven cores from the
northeast Atlantic and the Mediterranean Sea. However, from 7.7 to 6.2 ka there is no
agreement between the total NAR and the SST cooling trend, suggesting that factors other than
SST would have controlled coccolithophore production and variability during that time.
Specifically, the signal of WWG (Fig. 5.3) results from the sum of all taxa with a preference for
warm waters. This does not exclude the possibility that other environmental parameters such us
salinity, nutrients, eddies and species-specific biogeography could affect their distribution and

variability (Baumann et al., 2005) and hence their signal in palaeorecords.

Despite this general cooling trend, the G. muellerae NAR and relative abundances decrease
from 6.2 ka up-core, showing similar variability to that of the small placoliths, which are
eurythermal species linked to the presence of nutrients (Okada and Wells, 1997). Both taxa
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could have been controlled by the same factors since they show similar responses. Flores et al.
(1997) found low abundances of G. muellerae after the early part of the last Pleniglacial (73.9
kyr) in the Western Mediterranean, suggesting that the affinity of this species for cold-water
conditions is unclear. We suggest that the abundance of G. muellerae has been responding not

only to colder waters but also to nutrient availability as from 7.7 ka.

The NAR and relative abundances of F. profunda (Fig. 5.3) increase at 7.7 ka and undergo
several high-amplitude oscillations up-core as from that time. This species inhabits the lower
photic zone (LPZ) and is abundant under a deep nutricline and an upper photic zone (UPZ)
impoverished in nutrients (Molfino y Mclntyre, 1990), a characteristic that affected the water

column in the Alboran Sea during several periods of the last 7.7 ka.

The general trends shown by the SST profile are similar to that shown by the 30 record
(Fig. 5.4). From 8.9 ka both profiles follow a decreasing trend in agreement with that of the
insolation curve (Fig. 5.4a) (Berger, 1978). This suggests that insolation could have played an
important role from that time onwards along the Holocene as a long-term factor influencing the
SST, which in turn would have had an important effect on the isotopic composition of oxygen

recorded in foraminiferal shells.

With regard to deep basin conditions, a period of well-preserved organic matter from 12 to
9.5 ka can be deduced from the higher concentration of Cs; alkenones (Fig. 5.4d). This period
coincides with the last part of the Organic-Rich Layer (ORL-1) reported by Cacho et al. (2002)
in the Alboran Sea due to an oxygen-depleted environment during the deglaciation. The
preservation of organic matter declines until 7.5 ka, coherent with the gradual increase in deep
water ventilation shown by the n-hexacosan-1-ol index (Fig. 5.4¢). From these conditions, we
deduce a period of thermohaline reactivation that gradually decreases from 7.5 ka onwards.
During this latter period, the preservation of the organic matter is relatively low, although a
slight increasing trend up-core can be recognized in the total concentration of Cs; alkenones, in
agreement with the gradual reduction in deep water ventilation (Fig. 5.4¢), while, according to

the total NAR, lower productivity affects the photic zone (Fig. 5.3).

According to Fletcher et al. (2012), continental aridity is evidenced by polen analysis of the
marine core MD95-2043 (Figs. 5.1b and 5.4f). This record shows a decreasing abundance of
Mediterranean and temperate pollen grains up-core, pointing to a gradual decline in forest mass

and more arid conditions during the Holocene.
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5.5.2.-Short-term changes

5.5.2.1.-The 7.7 ka event

At 7.7 ka there is a simultaneous increase in the NAR of all dominant taxa (Fig. 5.3). The
high sedimentation rate from 7.7 to 6.2 ka (Fig. 5.2) is partly responsible for this increase in
NARs, since these depend on the former for its calculation. Nevertheless, the absolute
abundances (coccoliths*g™) of these taxa also reflect this sharp increase at that time (data not
shown), from which it may be deduced that the simultaneous increase in the NAR at 7.7 ka is
not an artifact of the sedimentation rate. In addition, F. profunda NAR shows several high-
amplitude oscillations from 7.7 ka, pointing to successive periods of high productivity in the
LPZ and therefore, a change in the configuration of the upper water column may be deduced
from then onwards up-core. Because all taxa were affected, even though some of them have
different and/or opposite ecological preferences (e.g. nutrient availability and SST), we argue
that the same ecological factors (or at least one) control them. We propose an increase in the
Atlantic inflow in the Western Mediterranean Sea, as shown by the maximum flooding of the
Southern coast of Spain dated at 7.4 ka (Zazo et al., 1994), and the ensuing establishment of the
WAG in the Alboran basin as a possible cause for this simultaneous peak in all NAR profiles.
Directly associated with the appearance of the WAG, the productive “Malaga cell” would have

been settled at that time, implying a nutrient input that would favour the blooming of all species.

It is worth noting that at 7.5 ka the n-hexacosan-1-ol index records its absolute minimum
coeval with low values of the total concentration of Cs; alkenones (Fig. 5.4d, ¢), pointing to a
well-ventilated deep basin. In this regard, Naranjo et al. (2012) demonstrated that the
intensification of the WAG is able to ventilate deep waters in the Alboran Sea. Rohling et al.
(1995) reported the establishment of the WAG at around 8 ka from the interpretation of an
abrupt faunal change in the planktic foraminiferal assemblage, also identified and dated by
Pérez-Folgado et al. (2003) at 7.7 ka. A change in the benthic foraminiferal assemblage was also
recognised by Melki et al. (2009) at 8 ka in the Gulf of Lions. Jiménez-Espejo et al. (2007)
deduced a remarkable redox event in the Algero-Balearic basin between 7.5 and 7 ka,
interpreted as the redoxcline reaching the seabed due to intensification of the thermohaline
circulation. From the analyses of pollen records, Fletcher et al. (2012) reported a long-term
decline in Mediterranean forest levels from 7.5 ka. Reviewing many palaeoenvironmental
records from marine and continental sites in the study area, Cortés Sanchez et al. (2012),
deduced a long-term environmental crisis due to sea-level rise and changes in the thermohaline
circulation at that time. Based on our results, we suggest that the 7.7 ka event observed in the
NAR records would correspond to the appearance of the “Malaga cell” as a consequence of the

establishment of the WAG. Ultimately, this would have been due to a major inflowing AJ along
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with an intensification of the thermohaline circulation in the Western Mediterranean at that

time.

5.5.2.2.-Variability of the productive “Malaga cell”

The F. profunda NAR and relative abundances show large oscillations from the proposed
appearance of the “Malaga cell” onwards. The relative abundance of this species has classically
been used as a nutricline depth indicator in palacoceanographic reconstructions in low latitudes,
where F. profunda shows high relative abundances and may have dominated the assemblages
during some periods (Molfino y Mclntyre, 1990; Beaufort et al., 1997; Flores et al., 2000;
Incarbona et al., 2008). In our records, F. profunda ranges up to 8 % of the total assemblage and
its average contribution (3.3 %) is low, in agreement with sediment-trap analyses from the
Alboran Sea (4 % and 2.5 %) (Barcena et al., 2004; Hernandez-Almeida et al., 2011). Regarding
relative abundances, the decrease/increase of one species may occur when other species
increase/decrease, even though the absolute value of the former does not change. Because the
changes in the relative abundance of F. profunda are of small magnitude, we interpret the NAR
as a more suitable expression of F. profunda abundance and variability in this study. This
species requires nutrients available in the LPZ (deeper nutricline) and low turbidity (lower
productivity in the UPZ) (Ahagon et al., 1993) to allow light to reach the LPZ, and hence high
values of F. profunda NAR can be suggested to represent these conditions. This argument is
supported by the study of sediment-trap samples in the Alboran Sea, where the highest fluxes of
F. profunda have been reported, along with water column stratification (Hernandez-Almeida et
al., 2011). Similarly, in a recent study carried out in Bay of Bengal, Mergulhao et al. (2013)
linked high fluxes of F. profunda to a deep nutricline when oligotrophic conditions prevailed at

the surface.

Conversely, the decreases in the F. profunda NAR were likely due to a shallower nutricline
and/or higher turbulence in the UPZ, characteristic conditions of upwelling intensification.
Small placoliths are a classic indicator of rich-nutrient waters in the UPZ (Okada and Wells,
1997). However, they show scarce variability from 7.7 ka onwards and, as is the case of the
relative abundance of F. profunda, changes of small magnitude (Fig. 5.3), and hence it is not
possible to deduce periods of higher productivity from their record. Nevertheless, we argue that
decreases in the F. profunda NAR would have been linked to the intensification of the
upwelling conditions, as demonstrated by Ziveri et al. (1995) from the study of sediment-trap
samples, where the lowest fluxes of F. profunda were linked to a shoaling of the nutricline

during the upwelling period in southern California.
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From this, we deduce that the high variability shown by F. profunda NAR points to pulses of
weakening and intensification of upwelling conditions in the study area, implying that the semi-

permanent nature of the productive “Malaga cell” has characterized it for the last 7.7 kyr.

Upwelling intensity in the study area is linked to AJ dynamics (Sarhan et al., 2000). This
implies that more factors would have influenced productivity, since these dynamics in turn are
steered by the water exchange controlled hydraulically in the Strait of Gibraltar (Garcia-
Lafuente et al., 2002). This water exchange determines a net water inflow at the Strait that
compensates the freshwater loss at the sea-surface induced by evaporation in the Mediterranean
Sea (Fenoglio-Marc et al., 2013). With regard to outflow, this is essentially formed by the LIW
and WMDW. The latter occupies the bottom layer and from the study of CTD profiles, the core
location has been reported to have been under its direct influence (Ercilla, 2013, personal
communication). Frigola et al. (2007) analyzed the UP10 fraction (fraction coarser than 10 pm)
(Fig. 5.5a) from marine core MD99-2343 (Fig. 5.1c) and interpreted the occurrence of episodes
of WMDW reinforcement in the Gulf of Lions for the last 12 kyr called the “Minorca
events”(Table 5.2). There is a general correspondance between periods of maximum UP10
fraction and minimum F. profunda NAR, indicating a WMDW reinforcement in the Gulf of
Lions coeval with intensification of the upwelling conditions in the Alboran Sea (Table 5.2, Fig.
5.5). By contrast, during most of the periods in which the UP10 fraction records its lowest
values, F. profunda NAR shows large peaks, indicating a relaxation of the upwelling and a
more stable water column in the Alboran Sea during periods of WMDW weakening (Fig. 5.5).
The cross-correlation between the UP10 fraction and the NAR of F. profunda is R= -0.56, n=
85, p-value= 0.01 (correlation significant at 99 %). This result highlights the notion that both
proxies are anticorrelated at a moderate value. Because Holocene climate records are imperfect
proxies for processes containing complicated mixtures of periodic and random signals
(Thomson, 1990), complex effects difficult to identify, isolate and remove, can affect the
correlation parameter. In addition, owing to chronological uncertainties another significant
concern arises when comparing records based on different age models. Thus, it is important to
bear in mind that this relatively moderate correlation value results from proxies of different

nature (physical and biological), which were measured in different cores from adjacent basins.

According to Garcia-Lafuente et al. (2007), the seasonal cycle of the outflow is linked to that
of the annual formation of WMDW. The same authors (2002) demonstrated that the inflow and
outflow fluctuate in-phase. In light of this, it could be suggested that a reinforcement of
WMDW would have been simultaneous to an enhanced Atlantic inflow in order to compensate
the evaporative losses that promoted WMDW formation. Changes in the AJ velocity forced a

change in its incoming direction as follows: higher velocities would have forced the AJ to
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migrate southward and, as a consequence, upwelling would have occurred offshore since a
volume of uplifted waters replaced the space left behind; conversely, lower velocities would
have caused the northward displacement of the AJ and the development of the WAG (Cheney y
Doblar, 1982; Sarhan et al., 2000; Vargas-Yafiez et al., 2002).
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Figure 5.5. a) UP10 fraction record from core MD95-2343 north of Minorca (Frigola et al., 2007) (%). b)
F. profunda NAR from core HER-GC-T1 (coccoliths*cm™*kyr™"). The thin line represents original values
while the thick line represents the original data fitted to a 3-point moving average smoothing spline. ¢)
Relative abundance of reworked specimens (%). d) n-hexacosan-1-ol index (%). Blue bars represent the
timing of WMDW reinforcement periods and intensified upwelling conditions in the Alboran Sea. Pale
grey bars represent the timing of WMDW weakening periods along with the steadier water column

deduced in this study.
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Table 5.2
Timing of Minorca Events (WMDW reinforcement) in the Gulf of Lions (Frigola et al., 2007) and timing
of the lower values of F. profunda NAR in the Alboran Sea.

Minorca Event WMDW reinforcement periods in  F. profunda NAR decreases
Frigola et al. (2007) in the Alboran Sea
Age interval (ka cal BP) Age interval (ka cal BP)

M8 9.0-7.8 9.2-7.8
M7 7.4-6.9 7.4-6.9
M6 6.5-5.8 6.6-6.1
M5 5.3-4.7 5.7-4.7
M4 4.2-4.0 4.2-3.1
M3 3.4-3.1

M2 2.6-23 2.6-2.1
M1 1.8-1.4

MO 0.8-0.2 0.9-0.2

The SST short-term variability shows changes of small amplitude (up to 1 °C) that coincide
with most of the six short cooling events (1-1.5 °C) recognized by Cacho et al. (2001) in a U*5;-
SST record from the Alboran Sea. Cacho et al. (2001) studied these cooling events along a
longitudinal transect, and observed that their amplitude was larger eastward. The authors argued
that these were transmitted by North Atlantic inflowings but were amplified across the
Mediterranean by strong winter winds. Taking into account the location of core HER-GC-T1 in
this transect, the smaller magnitude of the SST cooling events is in agreement with the

Mediterranean amplification effect reported by Cacho et al. (2001).

At millenial-centennial time-scale, SST and §'®O variations are not simultaneous. Owing to
the oxygen isotope ratios within shells of G. bulloides are a function of the local temperature in
which the shells forms and the variations in continental ice sheets (Emiliani, 1955),
discrepancies between both records may be related to surface water salinity changes and/or
ecological repercussions from the different planktic groups employed (i.e. the different depths at

which G. bulloides calcifies and alkenones are produced).

The five largest peaks shown by the reworked specimens (Fig. 5.5d) may be negligible
owing to their low relative abundance (up to 1.6 %). Nevertheless, we submit that they could
have paleosignificance related to the processes described below due to their correspondence
with periods of WMDW formation (Fig. 5.5). In the study area, reworked specimens have been

linked to terrigenous input from exposed continental margins and fluctuation in the sea level
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(Flores et al., 1997; Colmenero-Hidalgo et al., 2004). We discard this hypothesis since the
estimated changes in relative mean sea levels during the Holocene did not exceed 1.3 m in the
Alboran Sea (Goy et al., 2003). Nevertheless, reworked specimens can be also transported by
rivers flowing into the study area (Guadalfeo River and Guadalhorce River (Fig. 5.1b)).
Southward migrations of the North Atlantic westerlies (i.e. blowing over the Gulf of Lions)
allow the penetration of winter storm tracks in the Mediterranean region. This was observed for
the Holocene by Fletcher et al. (2012), who linked southward displacements of the North
Atlantic westerlies with forest expansion in the Western Mediterranean. Higher precipitation
during times of prevailing westerlies would have involved enhanced fluvial discharges,

supporting the transport of reworked specimens by rivers during periods of WMDW formation.

The several changes seen in the n-hexacosan-1-ol index (Fig. 5.5¢) do not reveal any evident
correlation with those of the UP10 fraction. It is expected that after its formation the WMDW
would have ventilated the seafloor on its way to the Strait. However, fluvial discharges in the
study area during those periods could have partly masked the short-term ventilation signal

shown by the n-hexacosan-1-ol index.

From these results, we propose a two-phase scenario to explain the behavior of the
productive Malaga cell at millenial-centennial time-scale from its appearance at 7.7 ka: [1] more
arid climate conditions and weaker northerlies/north-westerlies in the Gulf of Lions, the latter
leading to a reduction in WMDW formation concurrent with a weakening of the AJ inflow. This
would have promoted a reduction in vertical mixing (Fig. 5.6a), triggering a weakening of the
upwelling conditions and leading to a more stable water column in the Alboran Sea; [2] wetter
climate conditions and an intensification of northerly/north-westerly winds in the Gulf of Lions
would have prompted a WMDW reinforcement simultaneous with a stronger AJ and its
southward migration. This would have caused an increase in vertical mixing, leading to an

intensification of the upwelling conditions in the Alboran Sea (Fig. 5.6b).
5.5.3.-Proposed forcing mechanism

Atmospheric pressure over the Mediterranean is the main driving force of water exchange in
the Strait (Garcia-Lafuente et al., 2002) as well as of the wind intensity, which determines the
WMDW formation (Leaman y Schott, 1991; Rixen et al., 2005). On a longer time-scale, a
NAO-like mode of atmospheric circulation could represent a mechanism influencing climate
variability and productivity at a millenial-centennial time-scale in the study area due to the well-
known climatic teleconnection of the Western Mediterranean with northern latitudes (Cacho et
al., 1999; Martrat et al., 2004). This relationship has already been suggested by several authors
(Sanchez-Goiii et al., 2002; Goy et al., 2003; Moreno et al., 2004; Frigola et al., 2007; Fletcher
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et al., 2012), although the interpretations are limited by the absence of a robust paleo-NAO
reconstruction. Trouet et al. (2009) reconstructed the winter-NAO circulation pattern for the
past 900 years, and later, Olsen et al. (2012) expanded it to 5,200 years (Fig. 5.7). A comparison
between the winter-NAO reconstruction and the UP10 fraction by Frigola et al. (2007) reveals a
good visual match (Fig. 5.7b), supported by the reasonable value of its cross-correlation: R=

0.60, n=45, p value= 0.002.

weaker stronger
northerlies/ north-westerlies

INTENSIFIED
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a) b)

Figure 5.6. Proposed two-phase scenario: a) phase [1] and b) phase [2] as explained in the text. AW:
Atlantic Water; AJ: Atlantic Jet; MIW: Intermediate Water; WMDW: Western Mediterranean Deep
Water.

Trouet et al. (2009) and Olsen et al. (2012) also inferred the NAO index (Fig. 5.7a), which is
the normalized December-to-March sea-level pressure between the Azores high- and the
Icelandic low-pressure centers, expressed as a bipolar circulation pattern. Previous work
suggests that northerly/westerly winds over the Gulf of Lions as well as enhanced precipitation
in the Western Mediterranean would have been triggered during negative-like conditions
(Combourieu Nebout et al., 2002; Trigo et al., 2004; Fletcher et al., 2012; Roberts et al., 2012).
However, a firm relationship between the timing of periods of intensified upwelling conditions
in the Alboran Sea and bimodality in the winter-NAO phases cannot be established from their
comparison (Fig. 5.7, dark bars). Nevertheless, we propose the winter-NAO as a likely forcing
mechanism directly involved in the intensity of northerly/north-westerly winds that drove
WMDW formation, a physical process that here is in turn proposed to be related to the

variability of the “Malaga cell” since its appearance at 7.7 ka.
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Figure 5.7. a) Winter-NAO index (Trouet et al., 2009; Olsen et al., 2012). Comparison of the winter-
NAO circulation pattern according to Trouet et al. (2009), in brown, and to Olsen et al. (2012), in blue,
with: b) the UP10 fraction (reversed vertical axis) from core MD95-2343 (Frigola et al., 2007). Pale
brown bars represent the timing of periods of WMDW reinforcement and intensified upwelling conditions
in the Alboran Sea.

5.6.-CONCLUSIONS

Down-core variations in the NAR are tightly linked to changes in marine paleoproductivity.
A dramatic change observed in the NAR of all coccolithophore taxa at 7.7 ka has been related to
a prominent fast-flowing AJ and the ensuing establishment of the WAG. These conditions
would have favoured the establishment of the semi-permanent productive “Malaga cell” at 7.7
ka. From that time throughout the Holocene, the area was affected by a general cooling trend, as
revealed by alkenone-estimated SST. Nannofossil records point to a general decreasing trend in
productivity, altered by higher variability based on the alternation of events of weakened and
intensified upwelling conditions since the establishment of the “Malaga cell”. These variations

in productivity have been found to be synchronous with periods of WMDW reinforcement in
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the Gulf of Lions, in such a way that whenever WMDW formation was strengthened, a

productive event would have occurred in the Alboran Sea.

A two-phase scenario (Fig. 5.6) is proposed to describe the main climatic and oceanographic
features prevailing in the Western Mediterranean along the Holocene at millennial-centennial
time-scale: phase [1] together with more arid climate conditions, weaker northerly/north-
westerly winds would have resulted in a reduction in WMDW formation in the Gulf of Lions,
which would have coincided with a minor AJ influx. As a result, a weakening of the upwelling
conditions would occur and a stable water colum would have characterized the study area; phase
[2] together with wetter climate conditions, stronger northerlies/north-westerlies blowing over
the Gulf of Lions would have driven a major WMDW formation simultaneous to an
enhancement of the AJ influx that would have migrated southward. This would have prompted

vertical mixing in the study area intensifying upwelling conditions.

The winter-NAO circulation pattern has proved to be a highly influential mechanism in the
processes explained by both phases. These results highlight the sensitivity of the Western
Mediterranean to high-latitude climatic systems and point to the “Malaga cell” as a location of
high interest in the Alboran Sea, since it provides an information that in turn can be used to
unravel the climatic and oceanographic patterns that characterized the Western Mediterranean in

the past.
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Resumen

Se estudié un nuevo conjunto de datos compuesto por 89 muestras de sedimento superficial
y varias de las variables oceanicas correspondientes a las mismas (temperatura, salinidad,
clorofila-a, oxigeno, etc.) para cuantificar la relacion entre las asociaciones de cocolitoforos y
las condiciones ambientales modernas en el mar Mediterraneo occidental y el lado atlantico del
estrecho de Gibraltar. Los analisis estadisticos multivariantes revelaron que las especies de
cocolitoforos estaban mayormente relacionadas con el gradiente de salinidad marina superficial
(SSS)’, la cual explica una proporcién independiente y significativa de la varianza en los datos
de recuentos de cocolitoforos. Se desarrolld una funcion de transferencia basada en
cocolitoforos para estimar la SSS usando la técnica de analogos modernos (MAT) y la regresion
parcial por minimos cuadrados ponderados (WA-PLS). El coeficiente de regresion obtenido
mediante bootstrap (szoot) fue 0,89vat ¥ 0,81warprs, con un error cuadratico medio de
prediccion (RMSEP) de 0,26pat ¥ 0,29wa-pLs (ups). Para reconstruir la SSS para los tltimos 25
ka, la funcion de transferencia resultante se aplico a las asociaciones fosiles de cocolitoforos en
el testigo de sedimento CEUTA10PCOS8 del mar de Alboran (Mediterraneo occidental) con una
resolucion de ~70 afios. La fiabilidad de la reconstruccion se evalué mediante el estudio del
grado de similitud entre las asociaciones cocolitoforales fosiles y las modernas y mediante la
comparacion con otros registros de SSS de zonas cercanas. Varios cambios de SSS a escala
milenaria y secular fueron observados para los ultimos 25 ka, asociados con variaciones en el
influjo de agua atlantica, oscilaciones del nivel del mar y condiciones atmosféricas aridas o
humedas en el Mediterraneo occidental. El Ultimo Maximo Glacial se caracterizo por valores
mas altos de SSS probablemente debido a una conexién mas limitada entre el Atlantico y el
Mediterraneo. Como resultado del descenso de SSS entre 15 y 13 ka, se propone que la
consecuente reduccion en la densidad del agua superficial y el aumento en la estratificacion de
la columna de agua pudieron promover la formacion de la Organic-Rich Layer. A partir del
Younger Dryas hasta el Holoceno, seis descensos bruscos de SSS fueron correlacionados con
breves periodos de enfriamiento en el mar de Alboran y ligados a la inyeccién de agua

noratlantica de deshielo y a condiciones continentales aridas en el Mediterraneo occidental.

Palabras clave: funcion de transferencia, cocolitéforos, salinidad, Ultimo Maximo Glacial,

mar Mediterraneo occidental.

5 , . . . . .
Los acrénimos siguen la nomenclatura anglosajona por razones de consistencia con el resto del texto.
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Abstract

A new dataset of 89 marine surface sediment samples and related oceanic environmental
variables (temperature, salinity, chlorophyll-a, oxygen, etc.) was studied to quantify the
relationship between assemblages of coccolithophore species and modern environmental
conditions in the Western Mediterranean Sea and the Atlantic side of the Strait of Gibraltar.
Multivariate statistical analyses revealed that coccolithophore species were primarily related to
the sea surface salinity (SSS) gradient, which explains an independent and significant
proportion of variance in the coccolithophore data. A quantitative coccolithophore-based
transfer function to estimate SSS was developed using the Modern Analog Technique (MAT)
and weighted-averaging partial-least square regression (WA-PLS). The bootstrapped regression
coefficient (szoot) was 0.89yar and 0.81waprs, With root-mean square error of prediction
(RMSEP) of 0.26par and 0.29wa.ps (psu). In order to reconstruct SSS for the last 25 kyr, the
resulting transfer function was applied to fossil coccolithophore assemblages in the highly
resolved (~70 yr) sediment core CEUTA10PCO08 from the Alboran Sea (Western
Mediterranean). The reliability of the reconstruction was evaluated by assessing the degree of
similarity between fossil and modern coccolithophore assemblages and through comparisons
with other published SSS records from nearby cores. Several millennial and centennial SSS
changes were observed for the last 25 kyr, associated with variations in the Atlantic Water
entering the Alboran Sea, sea-level oscillations, and arid or humid atmospheric conditions in the
Western Mediterranean. The Last Glacial Maximum was characterized by higher SSS values
likely due to a more limited Atlantic-Mediterranean connection. As a result of the decrease in
SSS from 15 to 13 ka, a reduction in sea surface density and an increase in water column
stratification are suggested to have triggered the formation of the Organic-Rich Layer. From the
Younger Dryas to the Holocene, six abrupt SSS decreases were correlated with brief cooling
periods in the Alboran Sea, linked to the injection of North Atlantic meltwater and continental

aridity in the Western Mediterranean.

Key words: transfer function; coccolithophores; salinity; Last Glacial Maximum; Western

Mediterranean Sea.
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6.1.-INTRODUCTION

After the Climate Long-Range Investigation Mapping and Prediction (CLIMAP) project
used transfer functions to reconstruct global sea surface temperatures (SST) at 18 ka (CLIMAP
Project Members, 1976), this method has been routinely employed in an increasing number of
paleoceanographic studies using microfossil census counts, such as planktonic foraminera,
diatoms, radiolaria and dinoflagellates. Transfer functions are based on the calibration of the
modern relationship between organisms and environmental conditions, and this information is
in turn used to reconstruct past environmental variables. Unlike other marine organisms,
coccolithophores have not been used systematically to develop transfer functions, even though
they are one of the major components of phytoplankton. They are sensitive to coastal currents,
gyres, upwelling episodes, and fluvial discharges (Baumann et al., 2005; Guerreiro et al., 2013)
and their fossil coccoliths are widely used in qualitative paleoenvironmental studies. However,
due to the ecological intricacies of coccolithophore species, the relationships of these organisms
with their environment have barely been explored and are poorly understood. Different
statistical approaches based on coccolithophores have been proposed in order to generate
quantitative paleoreconstructions of different ecological variables. Giraudeau and Rogers (1994)
used factor analyses and multiple regressions to estimate chlorophyll ¢ from coccolithophore
census counts in surface sediment samples in the Benguela upwelling area. Several authors
(Beaufort et al., 1997; Beaufort et al., 2001; Incarbona et al., 2008) calibrated the relative
abundance of the coccolithophore Floriphaera profunda in surface sediment samples with
respect to primary productivity and reconstructed past variations of this parameter in the Indian
and Pacific oceans and in the central Mediterranean Sea. Saavedra-Pellitero et al. (2011, 2013)
used linear regressions methods to derive past SST estimates in the southeast Pacific Ocean
from coccolithophore census counts and accumulation rates. Bollmann and Herrle (2007) and
Bollmann et al. (2009) applied multiple linear regressions to morphometric measurements of the
coccolithophore Emiliania huxleyi from globally distributed core-top and plankton samples to

obtain modern and past sea surface salinity (SSS) estimates.

To date, no coccolithophore-based transfer function has been applied in the Mediterranean
Sea. In this confined basin, the estimation of SST and SSS changes is essential for determining
Atlantic-Mediterranean water mass exchange through the Strait of Gibraltar. This exchange
depends on variations in the hydrological cycle, ice-volume effects, and Mediterranean
circulation patterns, which have a thermohaline origin. While quantitative SST
paleoreconstructions using planktonic foraminifers and alkenones are common in the
Mediterranean Sea (Cacho et al., 1999; Pérez-Folgado et al., 2003; Martrat et al., 2004; Martrat
et al., 2007; Rodrigo-Gamiz et al., 2014), quantitative estimations of SSS are scarce (e.g. Kallel
et al., 1997; Emeis et al., 2000; Essallami et al., 2007). The most common method is based on a
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two-step procedure: the conversion of foraminiferal 3'°0O in seawater 8O through an
independent SST record, followed by estimation of the salinity from its relationship with
seawater 'O, which is approximated to its modern slope since it is unknown for the past. This
technique depends strongly on the accuracy of the SST (Schmidt, 1998). Moreover, Rohling
(1999) has demonstrated that in the Mediterranean context salinity and seawater 8'*O have
shown non-proportional responses to environmental changes over the past 20,000 yr.
Consequently, this method is sensitive to several deviations and uncertainties (Rohling and
Bigg, 1998; Schmidt, 1999; Rohling, 2000). Methods other than those currently used to estimate
SSS such as the above ones would help to define salinity variations and changes in the
Mediterranean water budget in the past (Rohling and Bigg, 1998; Schmidt, 1998). This would
be a great opportunity for climate modeling purposes and especially, it would broaden our
understanding of the Mediterranean climate in the past, where salinity changes were particularly

relevant owing to the confined nature of this basin.

The aim of this study is to explore the potential of coccolithophores for the development of
quantitative reconstructions in the Mediterranean Sea. We study the response of coccolithophore
assemblages from surface sediment samples from Atlantic Ocean and Mediterranean Sea to
environmental variables, such as SST and SSS. The resulting calibration model (transfer
function) for SSS was used to reconstruct SSS changes at high-resolution in the Alboran Sea
(Western Mediterranean) for the last 25 kyr. The reliability of the reconstruction was assessed
by analysis of the similarity between fossil and modern coccolithophore assemblages and by
comparison with other SSS records from nearby locations obtained from independent proxies.

Finally, centennial and millennial SSS changes are described and discussed.
6.2.-STUDY AREA AND GENERAL SURFACE CIRCULATION

The Western Mediterranean Sea is a semi-enclosed basin situated at mid-latitudes (Fig.
6.1a). In this region evaporation exceeds precipitation plus runoff, such that water budgets tend
to be balanced by the advection of relatively less saline Atlantic Water (AW) through the Strait
of Gibraltar (Béthoux, 1979).

The Alboran Sea located in the Western Mediterranean (Fig. 6.1a) is a transitional region
where the AW flows eastward while mixing with Mediterranean water to form the Modified
Atlantic Water (MAW) at the surface (100-200 m) (Millot, 1999). This distinctive feature
affects the spatial distribution of some environmental parameters such as SST and SSS, leading
to the existence of well-defined horizontal gradients in the Western Mediterranean in annual
terms. Strong seasonal variability alters some of these gradients along the year: insolation in
summer and early-fall causes a stratification of the water column, while during winter, vertical

mixing is intense (Dafner et al., 2003). By contrast, the absolute values of other gradients such
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as SSS (which ranges from 36.2 practical salinity units (psu) near the Strait to 38.2 psu in the
Gulf of Lions) and their spatial distribution remain constant throughout the year (Fig. 6.1b)
(WOA 13) (Zweng et al., 2013). The MAW flows along the Algerian coast and continues its
path eastward to the Tyrrhenian Sea and then northward, to the Gulf of Lions. As a result, the
MAW becomes warmer and more saline, (it is renamed the Northern Current (NC)), and flows
southward along the Catalan-Balearic Sea (Millot, 1992). The morphology of the Catalan-
Balearic continental slopes modifies its direction, forming mesoscale eddies (Font et al., 1995).
The NC is separated from less saline coastal waters by the Catalan Front (Fig. 6.1a) and from
the younger MAW (less warm and fresher) by the Balearic Front (Font et al., 1988) (Fig. 6.1a).
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Figure 6.1. Maps of the Western Mediterranean Sea. a) Location of core CEUTA10PCOS in the Alboran
Sea marked by a red star and other sediment cores in the Tyrrhenian Sea (KET80-03 and KET80-19;
Kallel et al., (1997)), the Alboran Sea (KS8230; Emeis et al., (2000)) and the Atlantic Ocean (SU81-18;
Duplessy et al., (1992)) used for validation of the reconstruction marked by red dots. Black arrows trace
general surface circulation. Legend: AW: Atlantic Water. MAW: Modified Atlantic Water. NC: Northern
Current. b) Location of the training set samples plotted over the annual mean SSS (psu) in the study area
with Ocean Data View (Schlitzer, 2014).
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6.3.-MATERIALS AND METHODS
6.3.1.-Modern training set

6.3.1.1.-Surface sediment samples

Initially, 118 core tops located around a horizontal transect along the Western Mediterranean
Sea and near the Gulf of Cadiz in the Atlantic Ocean (Fig. 6.1a) were selected. They had been
retrieved at varying water depths ranging from 70 to 2620 m during several oceanographic
surveys and were stored at the University of Vigo and at the Core Repository of the Institute of
Marine Sciences- CSIC in Barcelona. The first cm (or the second, if the first was unavailable) of

the 118 core tops was sampled, assuming that it essentially represented present-day conditions.

6.3.1.2.-Environmental variables

Data on temperature (Locarnini et al., 2013), salinity (Zweng et al., 2013), chlorophyll a
(Boyer et al., 2013), the oxygen content and saturation (Garcia et al., 2014a), nitrate, phosphate,
and silicate (Garcia et al., 2014b) for the training set sites were taken from the 2013 World
Ocean Atlas (WOA13) 1° longitude by 1° latitude grid, using weighted averaged gridding by
Ocean Data View software (Schlitzer, 2014). These data have been averaged annually and
seasonally (for summer and winter) from 1955 to 2012 and were selected at 10, 20, 30, 50, 75,
100, 125, 150, 200 and 300 meters water depth.

6.3.2.-Fossil data set

The fossil data set consisted of 297 samples taken systematically every 2 c¢cm from core
CEUTA10PCO08, with a good-to-moderate degree of preservation. Coccolith census counts from
this core previously published by Ausin et al. (2015) were used for the reconstruction. Core
CEUTA10PCO08 (36°1"22"N, 4°52'3"W; 914 mbsl) was recovered from the Alboran Sea and its
location lies under the modern path of the AW at the surface, near the Strait of Gibraltar (Fig.
6.1a). It consists mainly of calcareous oozes with silt. Sediment core chronostratigraphy was
based on 15 radiocarbon ages and covered the time span from 25 to 4.5 ka calibrated BP at a
~70 yr temporal resolution (Ausin et al., 2015). All dates reported in this study are given in
calibrated ages BP.

6.3.3.-Micropaleontological analyses

Both modern (surface data) and fossil (downcore) samples were prepared for
coccolithophore analyses according to the techniques proposed by Flores and Sierro (1997). A
Nikon Eclipse 80-i petrographic microscope with a phase contrast device at 1000x
magnification was employed to identify and count at least 500 coccoliths in each sample,
belonging to 21 different taxa. Species whose relative abundance was < 1 % in the first count

were considered later in 20 visual fields in order to estimate their abundance accurately. The
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final relative abundance of each species in each sample was then recalculated. Gephyrocapsa
specimens smaller than 3 um were lumped together and designated “small Gephyrocapsa”
(Flores et al., 1997). The “medium Gephyrocapsa” group was made up of Gephyrocapsa whose
size was between 3 and 5 um. The following species were split according to the size criteria:
Emiliania huxleyi (< 4 uym and > 4 um) and Gephyrocapsa oceanica (< 5 um and > 5 um).
Other taxa identified in this study were Calcidiscus leptoporus, Florisphaera profunda,
Gephyrocapsa caribbeanica, Gephyrocapsa muellerae, Helicosphaera spp., and Syracosphaera
spp. (as dominant taxa). The rare taxa identified were Braarudosphaera bigelowii,
Calciosolenia murrayi, Coccolithus pelagicus subsp. braarudii, Coccolithus pelagicus subsp.
pelagicus, Discosphaera tubifera, Oolithotus fragilis, Pontosphaera spp., Rhabdosphaera
clavigera, Umbilicosphaera spp. and Umbellosphaera spp.

Twenty-nine samples were finally eliminated from the initial modern data set owing to their
high content in reworked nannofossils. These taxa belong to older stratigraphic levels
(consistently older than the Pliocene in this study), meaning that they were resuspended and
transported from their original location to the sample site. Hence, reworked nannofossils do not
represent present-day conditions at the sample location and samples containing them in high

quantities cannot be used to calibrate modern species-environment relationships.

The final training set (Table 6.1) comprised 89 surface samples: 78 from the Western

Mediterranean and 10 from the Atlantic Ocean (Fig. 6.1b).

Table 6.1

Surface sample coordinates and environmental variables used in this study. Source: * Core Repository of
the Institute of Marines Sciences- CSIC of Barcelona and ° University of Vigo. *Outliers deleted from the
final training set. SD: Standar Deviation units.

Sample name o 3 <
Q) < = 2 8 s .S
S £ 5§ & § ¢ § t % &%
§ ¥ 8 8 § £ & £ z Z3
N S S 2. .5 3 S 3

QO

*STR-93/TGl 36.05 -3.59 18.00 36.68 0.23 086 0.18 194 543 102.12

"V ALSIS/KF-16 4125 353 1735 38.00 0.10 099 0.14 125 539 99.63

CO-81-2/TK-2 36.13  -1.93 1838 36.89 024 063 0.15 143 543 102.58

"MAYC96/MTL-1 36.47 -3.50 18.12 36.73 025 084 0.17 1.77 543 102.23

*CO-80-4/K-25 38.60 2.68 19.02 3738 0.10 071 0.12 136 530 101.53
*CG-90-1/TG-5 36.39 -425 18.01 3659 023 1.15 0.18 192 543 101.97
*STR93/TG-11 36.07 -5.07 18.07 36.48 020 147 0.18 1.88 544 101.87
*CO-81-1/K-87 41.06 331 17.65 3793 0.08 090 0.14 1.16 539 100.09

156



B. Ausin

*GC-82-1/TR-137
*CO-83-1/K-29
*CO-83-1/K-10
*CO-81-1/TK-10
*GC-84-6/TR-552
*GC-84-6/TR-598
*GC-84-6/TR-606
"MAYC96/CD-2
*VALSIS/KF-7
*CO-80-4/K-16
*CO-80-4/K-37
*CO-80-4 /K-39
*C0O-80-4/K-10
*80-CL/TK-33
*CO-80-4/K-4
*CO-80-3/K-2
*CO-80-4/K-33
"MAYC-96/MTL-2
"MAYC-96/MTL-18
‘MAYC-96/ALM-22
"MAYC-96/ALM-19
"MAYC-96/GDR-4
*GC-93-1/TC-35
*GC-88-1/TG-12
*STR-93/TG-8
"E-3D-78/35418
*GC-88-1/TR-70
*79KEB/K-30
*80-CL/TK-61
*CL-83-1/K-104
*E-30-78/35411

*STR93/TG-13

41.01

40.25

40.18

40.31

41.64

41.75

41.68

36.04

40.41

38.07

40.33

40.33

38.05

39.63

37.54

39.42

39.12

36.53

36.58

36.66

36.59

36.18

41.07

42.15

35.82

38.95

42.29

40.41

40.25

41.18

39.42

36.07

1.34

1.26

1.29

1.81

3.14

3.14

3.29

-5.17

2.38

2.07

4.54

3.44

1.02

0.00

-0.24

-0.02

4.84

-3.47

-3.38

-2.33

-2.48

-5.14

1.92

3.31

-5.05

3.01

3.32

0.79

0.53

2.15

3.55

-5.02

18.06

18.33

18.38

18.27

17.11

17.09

17.10

18.09

18.23

19.02

18.16

18.20

18.98

18.74

18.88

18.77

18.86

18.15

18.19

18.40

18.38

18.11

17.91

16.92

18.02

18.96

16.84

18.30

18.40

17.72

18.84

18.05

37.88

37.83

37.81

37.83

38.06

38.07

38.07

36.47

37.82

37.28

37.76

37.78

37.32

37.77

37.18

37.76

37.47

36.74

36.77

36.92

36.90

36.45

37.90

38.08

36.51

37.45

38.09

37.84

37.82

37.93

37.57

36.49

0.08

0.07

0.07

0.07

0.12

0.12

0.12

0.19

0.08

0.10

0.08

0.09

0.14

0.11

0.22

0.12

0.10

0.25

0.25

0.23

0.24

0.20

0.08

0.13

0.19

0.10

0.13

0.09

0.09

0.08

0.10

0.19

0.65

0.54

0.52

0.59

1.06

1.06

1.06

1.51

0.64

0.79

0.83

0.74

0.66

0.31

0.75

0.30

0.80

0.83

0.80

0.63

0.64

1.57

0.74

1.12

1.39

0.67

1.14

0.53

0.49

0.82

0.66

1.44

0.13

0.13

0.12

0.13

0.14

0.14

0.14

0.18

0.13

0.13

0.14

0.13

0.13

0.10

0.14

0.10

0.12

0.17

0.17

0.15

0.15

0.18

0.13

0.16

0.18

0.11

0.17

0.13

0.12

0.14

0.18

0.96

0.92

0.93

0.92

1.30

1.30

1.30

1.87

0.93

1.38

1.18

1.02

1.28

0.95

1.19

0.96

1.43

1.73

1.67

1.33

1.38

1.82

1.02

1.31

1.95

1.31

1.31

0.92

0.93

1.09

1.17

1.89

5.46

5.46

5.45

5.45

5.40

5.40

5.40

5.44

5.43

5.30

5.34

5.38

5.32

543

5.34

5.42

5.29

543

5.44

5.44

5.44

5.43

5.44

5.38

5.44

5.31

5.37

5.47

5.46

543

5.31

5.44

101.60

102.19

102.22

101.90

99.37

99.29

99.31

101.86

101.51

101.54

100.22

100.78

101.59

103.01

101.71

103.00

100.86

102.26

102.31

102.60

102.57

101.80

101.08

98.76

101.94

101.52

98.56

102.25

102.40

100.62

101.30

101.88

157



CAPITULO 6: high-resolution sea surface salinity reconstruction for the last 25 kyr in the
Western Mediterranean from a coccolithophore-based transfer function

1CO-80-4/K-30
®CEUTA/MC-1
"CEUTA/MC-4
®CEUTA/MC-8
°CEUTA/MC-7
®CEUTA/BC-5
°CEUTA/MC-2
°CADIZ10/BC-4
®CADIZ10/MC-8
°CADIZ10/BC-2
°CADIZ10/MC-6
®CADIZ10/MC-1
"IODP/GC-2A
"IODP/WI-1B
"APL-SHACK4
"GC/09A/MC
“CO-83-2/K-16
"CO-81-2/TR-62
“CO-80-4/K-28
“CO-81-1/K-66
"CO-81-1/K-4
“CO-81-1/K-69
"STR93/TG-21
“CO-80-4/K-23
"CO-83-2/K-28
*GC-88-3/TG-15
"*G(C-83-2/TR-440
"CO-81-1/K-61
“CO-83-2/K-17
"VALSIS/KF-2
*VALSIS/KF-13

*CO-83-2/K-8

38.97

35.93

35.65

36.02

35.97

35.62

35.49

35.74

35.82

35.80

36.30

35.65

36.29

37.34

35.57

36.81

41.07

35.55

38.88

41.46

40.19

41.45

35.68

38.46

41.90

36.16

40.97

41.69

41.03

39.37

40.68

40.66

3.95

-5.12

-4.82

-4.87

-4.91

-5.15

-4.45

-6.73

-6.97

-6.85

-6.76

-6.78

-7.81

-9.42

10.13

-7.72

3.79

-4.28

4.11

5.37

1.55

5.05

-3.35

2.49

4.50

-7.00

1.41

5.57

3.79

0.69

3.30

3.11

18.96

18.06

17.93

18.00

18.01

18.22

17.88

18.56

18.60

18.58

18.42

18.58

18.53

17.97

18.82

18.44

17.60

17.87

18.98

17.37

18.37

17.35

18.00

19.02

17.09

18.48

18.08

17.29

17.66

18.77

18.07

18.10

37.42

36.49

36.55

36.52

36.52

36.35

36.59

36.38

36.37

36.37

36.27

36.38

36.34

36.24

36.42

36.31

37.93

36.61

37.38

37.98

37.81

37.98

36.69

37.36

38.05

36.30

37.88

38.00

37.92

37.73

37.82

37.82

0.10

0.19

0.18

0.19

0.19

0.23

0.17

0.24

0.26

0.25

0.28

0.24

0.34

0.29

0.35

0.34

0.09

0.17

0.10

0.12

0.07

0.12

0.24

0.10

0.15

0.29

0.08

0.13

0.09

0.11

0.09

0.09

0.76

1.46

1.27

1.36

1.37

1.84

1.13

1.84

1.86

1.85

2.11

1.82

1.89

1.34

1.09

1.94

0.93

1.08

0.79

0.99

0.55

1.01

0.78

0.71

1.07

2.02

0.65

0.99

0.91

0.34

0.77

0.74

0.11

0.18

0.19

0.18

0.18

0.18

0.19

0.15

0.14

0.15

0.16

0.15

0.13

0.14

0.10

0.14

0.14

0.19

0.12

0.17

0.12

0.16

0.18

0.12

0.17

0.15

0.13

0.18

0.14

0.14

0.14

1.40

1.90

2.01

1.94

1.94

1.65

2.05

1.45

1.37

1.41

1.40

1.43

1.18

1.06

1.03

1.19

1.20

2.05

1.47

1.36

0.94

1.34

1.96

1.36

1.33

1.35

0.96

1.39

1.19

0.98

1.02

0.99

5.30

5.44

5.44

5.44

5.44

5.42

5.44

5.42

5.41

5.42

541

5.42

541

5.52

5.41

5.42

5.38

5.44

5.29

5.34

5.45

5.34

543

5.31

5.36

5.41

5.46

5.33

5.38

541

5.39

5.40

101.16

101.90

101.94

101.90

101.91

101.53

101.94

102.02

101.98

102.00

101.43

102.06

101.79

102.56

102.53

101.68

99.84

101.95

101.14

99.09

102.08

99.12

102.14

101.55

98.86

101.62

101.62

98.96

99.92

102.85

100.69

100.85

158



B. Ausin

*CO-83-2/K-49 40.71 528 1796 3781 0.09 089 0.15 128 532 9981
*VALSIS/KF-5 40.16 248 1836 37.78 0.09 062 0.13 096 541 101.56
*CO-81-17/K-60 4188 566 17.19 38.03 0.14 1.01 0.18 140 533 98.78
*GC-93-1/TG3 41.17 233 17.69 3794 008 084 0.14 1.10 542 100.51
*C0O-80-47K-34 40.22 441 1824 37774 0.09 081 0.14 1.17 533 10035
"E-3D-78/35388 39.00 4.78 1890 37.43 0.10 0.81 0.12 148 529 100.94
*CO-80-4/K-38 40.26 3.60 1824 37.77 0.09 0.75 0.13 1.05 537 100.73
*VALSIS/KF-17 4128 433 17.39 3798 0.11 1.00 0.15 129 537 99.39
*GC-93-1/TC-38 4099 2,06 1797 3788 0.08 0.72 0.13 1.00 544 101.15
*CO-83-2/K-7 40.62 293 18.14 3782 0.09 071 0.13 097 541 101.03
*VALSIS/KF-12 41.03 224 17.88 3790 0.08 0.77 0.14 1.04 543 100.90
*CO-80-4/K-9 37.57 0.09 1891 37.18 021 0.77 0.14 119 533 101.63
*CO-83-2/K-6 40.55 278 18.17 37.82 0.09 0.69 0.13 095 542 101.19
*CO-81-1/K-16 40.14 174 1840 37.79 0.08 055 0.12 095 543 102.02
*CO-81-1/K-74 4088 4.18 17.86 37.85 0.09 088 0.14 1.18 536 100.01
*VALSIS/KF-9 40.58 239 18.18 3783 0.08 0.65 0.13 093 544 101.46

Mean | 055 0.64 0.07 041 0.02 033 0.05 1.14
SD

6.3.4.-Statistical analyses

6.3.4.1.-Relationship between coccolithophore assemblages and environmental variables

Coccolithophore relative abundances were square-root transformed to stabilize their
variances. None of the environmental variables under study showed a unimodal distribution.
However, their log;y and square-root transformations did not cause noticeable changes, and
consequently the variables were kept untransformed. The species Braarudosphaera sp.,
Discosphaera sp., and Calciosolenia sp., were excluded from the modern (and consequently
from the fossil) coccolithophore assemblages since their maximum relative abundance was not

> 1 % in at least two samples.

Detrended Correspondence Analysis (DCA) was performed on the modern coccolithophore
assemblage to estimate the length of the environmental gradient. A length of the first DCA axis
> 2 Standard Deviation (SD) units indicates the unimodal responses of the organisms (ter Braak

and Prentice, 1988; Birks, 1995), while shorter lengths indicate linear responses.
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Canonical Correspondence Analysis (CCA) was used to evaluate the influence of the initial

eight environmental variables to explain coccolithophore distribution in the modern training set.

The next step was to identify, by forward selection, the variables that explained the variance
in the coccolithophore training set independently and to exclude strongly collinear variables.
Because correlated variables entail redundant information, complicating the interpretation of the

analyses, only significant variables at a p-value < 0.05 were retained for subsequent analyses.

An individual CCA was also performed on the reduced environmental set to estimate the
individual importance of each parameter in explaining the variability in the coccolithophore
assemblage data. The ratio between the first constrained axis and the first unconstrained axis
(M/A,) was calculated and used as an initial diagnosis to test the strength of a single
environmental variable when the effects of those remaining were excluded from the analyses
(ter Braak and Juggins, 1993). If A//A, > 1, the variable under study is considered to be

important one for explaining the distribution of the species.

The proportion of the variance in the coccolithophore training set explained uniquely by each

significant environmental variable was calculated through variance partitioning.

Ordinations were performed using PAST (Hammer et al.,, 2001) and R software (R
Development Core Team, 2011) with the add-on VEGAN package (Oksanen et al., 2007).

6.3.4.2.-Transfer function

The weighted average-partial least squares (WA-PLS) (ter Braak and Juggins, 1993; ter
Braak et al., 1993) and the Modern Analog Technique (MAT) (Prell, 1985) were performed to
test the calibration and regression models implemented with the C2 software (Juggins, 2007).
All models were calculated for the cross-validation predictions by bootstrapping (999
permutation cycles) (Birks, 1995). In MAT, the number of analogs resulting in the maximum
coefficient of determination (szoot) between the observed and predicted values and the lowest
root-mean square error of prediction (RMSEP) (Telford et al., 2004) was calculated using an
optimization set together with the usual training and test sets implemented in the analoge
package for R (R Development Core Team, 2007). In WA-PLS, a decrease of 5 % or more in
RMSEP was required to retain the next component (ter Braak et al., 1993; Birks, 1995). Thus,
the residual structure in the data set was used to improve the prediction (ter Braak and Juggins,

1993).

Outliers may reduce the power of prediction of the calibration model as well as introducing
undesirable effects in model coefficients (Birks, 1995). Potential outliers, determined as those
whose absolute residual was higher than the mean SD of the observed values (Edwards et al.,

2004), were excluded from the final models.
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Telford et al. (2013) reported that SST reconstructions based on planktonic foraminifera
census counts calibrated at a fixed depth and for a particular season might be biased. The most
suitable calibration should be based on the depth and season that most influenced the
coccolithophore fossil assemblage from core CEUTA10PCO8. These were determined by
testing the statistical significance of the summer, winter, and annual reconstructions of the
variable of interest at ten different depths of the upper photic zone from 10 to 125 m. We
followed the procedure described by Telford et al. (2013), using the palacoSig package v.1.1-1
(Telford, 2012) for R (R Development Core Team, 2011).

A combination of the highest R%0o: coefficient, the lowest maximum bias (Max_Biasye), and
the lowest RMSEP was used as a criterion for the quality prediction of the model. The graphical
representation of the observed values against the values predicted by the model and the residuals

against the predicted values were used as a diagnosis of the model.

6.3.4.3.-SSS reconstruction and evaluation

MAT and WA-PLS were applied to the fossil coccolithophore assemblages of core
CEUTA10PCO08, which were previously square-root transformed.

In order to assess the quality of the modern analogs for the fossil (downcore) samples, the
squared chord distance between each fossil sample and each sample in the modern training set
(Overpeck et al., 1985) was calculated with MAT using program C2 version 1.4.3 (Juggins,
2007). A good analog was defined as a fossil sample having a squared chord distance of less
than the 5™ percentile of the distribution of all distances between modern samples in the training
set (Simpson, 2007). A squared chord distance below the 10™ percentile would be considered

good, while values above this cutoff would represent poor analog assemblages.

In order to test whether the reconstruction represented the most important variable for
coccolithophore assemblages in the past, an ordination was carried out on the fossil
coccolithophore assemblages. After Hellinger transformation of the data (Rao, 1995), Principal
Component Analyses (PCA) were performed on the fossil assemblage dataset. PC1 summarizes
the maximum variance in the fossil dataset. The reconstructed SSS was compared with the
scores of PC1 to assess whether the reconstruction could be considered representative based on
the major ecological changes of the fossil assemblage as shown in the ordination (Juggins,

2013).

Validation of the reconstruction obtained was carried out by comparing it with other

published reconstructions based on independent proxies from the study area.
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6.4.-RESULTS

6.4.1.-Geographical distribution of coccolithophores
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Figure 6.2. Distribution of the main coccolithophore taxa considered in the training set studied according
to their relative abundance (%) in the Western Mediterranean Sea and Atlantic Ocean, Gulf of Cadiz: a)
Emiliania huxleyi (< 4 pm). b) small Gephyrocapsa (< 3 pm) c). Gephyrocapsa caribbeanica. d)
Florisphaera profunda. e) Calcidiscus leptoporus. f) Helicosphaera spp. g) Gephyrocapsa muellerae. h)
Gephyrocapsa oceanica (<5 pm).

The geographical distribution of the main coccolithophore taxa is shown in figure 2. This
figure illustrates that the relative abundance of E. huxleyi < 4 pm increases from the southern
Spanish coast to the northern African coast, and high values are observed around the mouth of

the Ebro River Delta (Fig. 6.2a). By contrast, the small Gephyrocapsa group (Fig. 6.2b) shows
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the opposite distribution: a decreasing relative abundance from the Spanish to the African coast
and low values near the Ebro River Delta. E. huxleyi <4 um and the small Gephyrocapsa group
are small placoliths that on average constitute 83 % of coccolithophore assemblages. G.
caribbeanica and F. profunda (Fig. 6.2¢, d) are more abundant in the Atlantic Ocean (up to 16
% and 13 %, respectively). C. leptoporus and Helicosphaera spp. (Fig. 6.2e, f) show patchy
distributions and are more abundant (up to 7 %) around the Catalan margin and the Balearic
Islands. G. muellerae (Fig. 6.2g) is more abundant southeast of the Balearic Islands and shows a
patch of 2 % abundance in the northern part of the Alboran Sea. G. oceanica (< 5 pm) (Fig.
6.2h) is mostly distributed near the Strait of Gibraltar, reaching up to 6 % of relative abundance.
It also shows a patch of 3 % relative abundance near the Almeria-Oran Front and around the

Andarax River mouth (Figs. 1a, 2h).
6.4.2.-Relationship between coccolithophores and environmental variables

The first axis of the DCA performed on the modern coccolithophore assemblage was 2.6 SD
units. Accordingly, unimodal methods were followed. The CCA (Fig. 6.3) reveals species
distribution along the eight initial environmental variables (temperature, salinity, chlorophyll a,
oxygen content and saturation, nitrate, phosphate, and silicate). Salinity exhibits the longest
gradient and is more strongly correlated with axis 1, which explains 65.1 % of the total variance

in the data. Axis 2 is much weaker and explains 19.9 % of the total variation.

Forward selection revealed that only salinity, nitrate, and silicate afford unique information,
explaining variation in the training set alone, and they are significant at the 95 % level when
added individually to the model. Individual CCAs give Ai/A,= 1.43 for salinity, A,/A,= 0.81 for
nitrate, and A;/A,= 0.65 for silicate, showing that salinity is the most important variable among
those found to be significant. Variance partitioning revealed that these significant variables
together explain 32.5 % of the total variance in the coccolithophore training set and salinity

explains almost half of this variance (15.5 %).
6.4.3.-Transfer functions

SSS was chosen to develop the coccolithophore-based transfer function because it explained
the largest amount of variation in the coccolithophore assemblages. Among the WA-PLS
models, the two-component model (WA-PLS2) was chosen as the most suitable since it

afforded a reduction of 7 % in the RMSEP. The ideal number of analogs for MAT was six.

Four samples (Table 6.1) were identified as potential outliers in preliminary models
developed with both MAT and WA-PLS. Their removal from subsequent model
implementations led to an improvement of the R%00 coefficient of 7.2 % and 8 %, respectively,

and reduced both Max_Biasy,,; and RMSEP.

163



CAPITULO 6: high-resolution sea surface salinity reconstruction for the last 25 kyr in the
Western Mediterranean from a coccolithophore-based transfer function

The analyses of the amount of down-core variance explained by the summer, winter, and
annual SSS reconstructions at ten different depths and their statistical significance revealed that
the mean-annual reconstruction at 10 m explained the highest variance. Hence, the SSS
reconstruction for core CEUTA10PCO8 was based on the mean-annual salinity data at 10 m

depth.
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Figure 6.3. CCA plot based on the 19 taxa (black dots) and eight environmental variables (green arrows):
temperature, salinity, chlorophyll a, oxygen content, oxygen saturation, nitrate, phosphate, and silicate
from the 89 surface sample sites.

MAT and WA-PLS2 boot-strapped coefficients are shown in table 6.2. Both methods
showed similar quality predictions, although MAT was seen to perform slightly better than WA-
PLS2 from a higher R%,0o and a lower RMSEP. The predicted versus observed values from both
models are illustrated in figures 4a, b. All points approach the diagonal of slope one reasonably
well, which indicates perfect predictions. The salinity gradient ranges from 36.2 to 38.2 psu.
Intermediate values (37.1- 37.6 psu) are less well represented by the observations. The residuals
for MAT and WA-PLS models (Fig. 6.4c, d) are distributed around zero and show no apparent

patterns.
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Residuals MAT

MAT-Predicted salinity (psu)

36.84

36.4

R? =0.89
e °%
S
o
O% § ®
[¢) o
o ©
s o
8(9 6’00
o

%o

a

T T T T T T T T
36.5 37 37.5 38

Observed salinity (psu)

38.5

0.8

0.4

-0.4—

-0.8—

-1.

g0 © o
o
° o
o & @
% o
o
o °C;?
00 ¢

36

T T T
36.5 37 37.5

5 38
MAT- Predicted salinity (psu)

385

WA-PLS2-Predicted salinity (psu)

Residuals WA-PLS2

38.4

37.6

3724

36.8

36.4

R?=0.81

T T T T T T T T
36.5 37 37.5 38

Observed salinity (psu)

-0.4 1

-0.8 1

-2

36

T T T T
36.5 37 375 38

385

WA-PLS2- Predicted salinity (psu)

Figure 6.4. Diagnostic graphs of the models: a) Observed vs MAT-predicted salinity values. b) Observed
vs WA-PLS-predicted salinity values. ¢) MAT-predicted salinity values vs residuals. d) WA-PLS2-
predicted salinity values vs residuals.

Table 6.2

Model coefficients from MAT and WA-PLS2 cross-validated by boot-strapping. Ry, bootstrapped
coefficient of determination between the observed and predicted values. Max Biasy,: bootstrapped
maximum bias. RMSEP: root mean square error of prediction (psu).

MAT WA-PLS2
R%ho0t 0.887 0.813
Max_Biasyoo 0.195 0.182
RMSEP 0.257 0.287

6.4.4.-SSS reconstruction

The SSS reconstruction derived from both MAT and WA-PLS are very similar (Fig. 6.5a, b),

with same range of SSS values, and only differ in the trend during the stadials associated with

Heinrich Events 2 and 1 (H2 and H1), when the WA-PLS-estimated SSS shows more

pronounced salinity decreases.
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Figure 6.5. SSS reconstructions for core CEUTA10PCO08 derived from a) MAT and b) WA-PLS2. In
both graphs, the thin black lines represent the estimated values while the thick blue/green lines represent
these original data fitted to a 3-point moving average smoothing spline. Pale blue/green shadows
represent the error range, and dashed lines indicate current annual mean SSS in the Alboran Sea from the
World Ocean Atlas 2013 (WOA13) (Zweng et al., 2013). Grey bars delimit the stadials associated with
Heinrich events 2 and 1 (H2 and H1). ¢) Dissimilarity between modern and fossil assemblages (black
dots) measured by squared chord distance (left axis) plotted vs age. The red line indicates the 10™
percentile (no analog). Relative abundance of the species E. huxleyi (> 4 um) (%; right axis). d) Scatter
plot (top left corner) and profiles comparing the PC1 (black line) and MAT-estimated SSS (blue line).
The red circle contains the 17 samples that deviate from the general good fit.

The SSS reconstructions obtained from core CEUTA10PCO08 (Fig. 6.5a) can be divided into
three intervals: i) the period from 25.5 to 15.5 ka is characterized by higher values, ranging
between 37.9 and 37 psu; ii) the period from 15.5 to 9 ka shows fast changes and large
oscillations within a range of 1.5 psu; and iii) the period from 9 to 4.5 ka records the lowest
values, ranging between 36.5 and 37 psu. In greater detail, lower values are found from 20 to 18
ka followed by a drop of 0.8 psu at 17.3 ka (Fig. 6.5a). An abrupt decrease from 37.9 to 36.5
psu is recognized at 15 ka, followed by large peaks of high values at 12.8, 11.1, and 10.2 ka.
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During the last interval (9 to 4.5 ka), the SSS shows a decreasing trend interrupted by two peaks
at 7 and 5.2 ka.

The errors associated with SSS reconstruction are of a similar magnitude for the last 25 kyr
(Fig. 6.5a). Squared chord distances between fossil and modern assemblages (Fig. 6.5b)
revealed that many samples from the first interval (25.5 to 15 ka) were above the 10" percentile,
especially those around 25 and 16 ka. The length of DC1 from fossil coccolithophore
assemblages was 1.26 SD, indicating a linear response (Birks, 1995). The PC1 from fossil data
is shown in figure 5c. Its comparison with the SSS reconstruction shows good agreement. The
scatter plot of these shows that both data are highly correlated, with an r= 0.67, although a set of
17 of the total 297 fossil samples deviate from this general good fit (Fig. 6.5c¢).

6.5.-DISCUSSION
6.5.1.-Geographic coccolithophore distribution and SSS

The geographic coccolithophore distribution and SSS reveal that E. huxleyi (< 4 pm) and
small Gephyrocapsa (< 3 um) are very abundant (83 % on average) and widespread in the
Western Mediterranean (Fig. 6.2a, b). Comparable abundances of small placoliths have already
been reported for surface sediment samples in the Western Mediterranean by Alvarez et al.
(2010). These taxa, especially E. huxleyi (< 4 pm), are cosmopolitan and tolerate wide ranges of
temperature and salinity (Winter and Siesser, 1994). The higher relative abundance of G.
caribbeanica, F. profunda and G. oceanica in the Atlantic Ocean and the Mediterranean waters
near the entrance of the Strait of Gibraltar (Fig. 6.2c, d, h) suggests their preference for fresher
waters. This notion is also indicated by the CCA (Fig. 6.3), where these species are located on
the right part of the salinity gradient. C. leptoporus (Fig. 6.2¢) and Helicosphaera spp. (Fig.
6.2f) show higher abundances in the Catalan-Balearic Sea and a similar spatial distribution.
Nevertheless, the CCA (Fig. 6.3) suggests that Helicosphaera spp. prefer for more saline waters
than C. leptoporus. This discrepancy might be related to the patchy spatial distribution of these
species, possibly linked to the influence of common mesoscale structures in this area such as

eddies or geostrophic fronts (Fig. 6.1a).

Multivariate analyses revealed that salinity explains a significant proportion of the variance
in the coccolithophore data, regardless of other environmental gradients. Moreover, salinity
proved to be the most important variable of those studied in explaining coccolithophore data
variance in the modern training set. These results on the coccolithophore-salinity relationship
might have been influenced by the effect of seasonality in the Western Mediterranean Sea. The
plotted summer and winter mean values of SST, nutrients, oxygen, and chlorophyll a from the
WOA13 show strong seasonal variability, while those of SSS remain constant along the year
(Locarnini et al., 2013). Because SSS is not subject to noticeable seasonality, its effect may be
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recorded in an equivalent manner by both the environmental and the biological training data
sets, SSS being the most important variable in explaining coccolithophore distribution in the

surface sediments of the Western Mediterranean.

The link between coccolithophore assemblages and environmental parameters, such as
productivity and temperature, has been observed in some studies performed in the Indian and
Pacific oceans (Beaufort et al., 1997; Saavedra-Pellitero et al., 2011). However, the relationship
between coccolithophores and salinity is more uncertain, since salinity does not seem to have
been reported previously as an explanatory variable for coccolithophore distribution.
Nevertheless, this notion is ecologically plausible since salinity has proved to be important to
other marine planktonic groups such as diatoms (Li et al., 2012; Jiang et al., 2014) and
dinoflagellate cysts (Jansson et al., 2014, and references therein). Moreover, some studies have
reported the importance of salinity variations in relation to certain coccolithophore species. E.
huxleyi is the most abundant and ubiquitous extant coccolithophore (Cros and Fortufio, 2002).
While Paasche et al. (1996), Green et al. (1998), Schouten et al. (2006), Fielding et al. (2009),
Bollmann and Herrle, (2007) and Bollmann et al. (2009) failed to find any significant
correlation between coccolithophores and SST, they did find a direct relationship between
varying salinities and the morphology of E. huxleyi in both culture experiments and marine

surface sediment samples.

In the Japan Sea, salinity has been proposed to have an ecological or physiological influence
on the production of alkenone and alkenoates, which are organic compounds mainly produced
by Emiliania and Gephyrocapsa genus (Fujine et al.,, 2006). In the Baltic Sea, alkenone
unsaturation ratios have been found to be significantly correlated with salinity (Blanz et al.,
2005). In the Mediterranean Sea, Knappertsbusch (1993) studied the distribution of extant
coccolithophore species in relation to in situ temperature and salinity data. A good
correspondence was only found between coccolithophore species and the environmental

parameters under study, indicating that G. oceanica was linearly correlated with salinity.
6.5.2.-Transfer function quality

MAT afforded a slightly higher R%oot and lower RMSEP than WA-PLS2 (Table 6.2). A
general good fit can be deduced for both models from the high correlation coefficients between
the observed and predicted values (Fig. 6.4a, b). The intermediate values of the salinity gradient
are less well represented than the more extreme values. According to Telford and Birks (2011),
if the observations are very unevenly distributed along the environmental gradient the RMSEP
may be biased, overestimating the predictive power of the model. While an even distribution
would be always desirable, unevenness is a feature inherent to most training sets from oceanic

environments. In this case, the unevenness is not severe and the observations are distributed
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along the gradient, leaving no apparent gaps. The distribution of the residuals (Fig. 6.4c, d)

indicates the adequacy of the model.
6.5.3.-Downcore SSS reconstruction

The performance of MAT and WA-PLS2 (Table 6.2) and their derived SSS reconstructions
(Fig. 6.5a, b) are very similar. Nevertheless, WA-PLS2 afforded more marked salinity decreases
than MAT during the stadials associated with H2 (25.2-23.7 ka) and H1 (17.4-15.9 ka). Unlike
WA-PLS, MAT uses the local rather than the global fit between the species and the environment
and is strongly dependent upon on the analogs selected (Telford and Birks, 2009). Fossil
samples lack good analogs for the H2 and H1 (Fig. 6.5 c), coinciding with large peaks of E.
huxleyi (> 4 um) (Fig. 6.5¢), as previously shown in the Alboran Sea by Colmenero et al.
(2004). H2 and H1 have been linked to the entry of fresher water originating from the North
Atlantic ice melting in the Western Mediterranean Sea (Cacho et al., 1999; Sierro et al., 2005;
Melki, 2011), suggesting a link between the high abundances of E. huxleyi (> 4 um) and lower
salinities in the past. By contrast, Bollmann and Herrle, (2007) reported a significant current
correlation between E. huxleyi (> 4 um) and higher salinities from the study of globally
distributed core-top samples. Bollmann and Herrle, (2007) used this relationship to estimate
salinity values during the LGM, but observed several overestimations with regard to other
published values. Interestingly, those samples were characterized by high relative abundances of
E. huxleyi (> 4 um). These discrepancies suggest that E. huxleyi (> 4 um) in ancient sediments
lacks an analog in modern assemblages, as indicated by the high squared chord distances of the
fossil samples with high percentages of this species (Fig. 6.5¢). These samples add uncertainty
to the reconstruction, and must be taken with caution when interpreting reconstructed values in

H2 and Hland part of the LGM.

Transfer functions assume that the ecological response of organisms to either the
environmental variable of interest or to the linear combination of this important variable with
others has not changed significantly over the time span represented by the fossil assemblage
(Birks, 1995). PC1 from the fossil data shows the most important changes in the composition of
the fossil coccolithophore assemblage. The similarity of PC1 and reconstructed SSS patterns
(Fig. 6.5d) demonstrates that the relationship between coccolithophore assemblages and SSS
fulfills this assumption back to 25 kyr. No explanation has been found for the 17 samples that

deviate from the good general fit (Fig. 6.5d), and hence these were retained in the fossil data set.
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Figure 6.6. Comparison of sea surface salinity (SSS; in psu) reconstructions for core CEUTA10PCO08 in
the Alboran Sea derived from a) MAT and b) WA-PLS2; ¢) cores KET80-19 (black line) and KET80-03
(orange line) in the Tyrrhenian Sea (Kallel et al., 1997); d) core SU81-18 in the Atlantic Ocean (Duplessy
et al., 1992); and e) salinity change compared to modern values from core KS 8230 in the Alboran Sea

(Emeis et al., 2000).

6.5.4.-SSS changes in the Alboran Sea over the last 25,000 yr

SSS variability in the Alboran Sea over the last 25,000 yr in core CEUTA10PC08 shows
similar patterns to those from nearby records (Duplessy et al., 1992; Kallel et al., 1997; Emeis et
al., 2000) (Figs.la, 6) estimated from oxygen isotope (8'°0) and SST data. MAT- and WA-
PLS2-estimated SSS reconstructions for core CEUTA10PCO8 are most similar to that of its
nearest core, KS 8230 (Figs.1a, 6a, b, ¢). All the profiles show salinity decreases during the 15-
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13 ka and 9-5 ka intervals. From 13 to 9 ka, the records show higher values affected by short-
term oscillations of high amplitude, not recorded in core KS8230 (Emeis et al., 2000) possibly
owing to its lower resolution. The long-term variability of all the records is in good agreement
with this, pointing to the reliability of the SSS reconstructions from core CEUTA10PCO08 for the
last 18 ka (Fig. 6.6a, b).

6.5.4.1.-H2 and HI

From 25 to 18 ka there are no records available for comparison. The MAT-SSS
reconstruction (Fig. 6.6a) might involve additional uncertainty during H2 and H1, derived from
the situation of the absence of analogs discussed above. Unlike what would be expected from
the injection of fresher AW into the Alboran Sea (Cacho et al., 1999; Sierro et al., 2005), only
slight decreases in salinity are seen at the end of H2 and at the beginning of HI1. By contrast,
WA-PLS2-estimated SSS (Fig. 6.6b) show more marked salinity decreases, being more
coherent with a freshwater inflow scenario. Moreover, the Max_Bias,,, is slightly higher for
MAT (Table 6.2). This coefficient provides information about the tendency of the transfer
function to over- or under-estimate the predicted values somewhere along the gradient (ter
Braak and Juggins, 1993). Based on these observations, it seems that WA-PLS2 affords more
reliable values than MAT for H2 and H1 (Fig. 6.7a).

6.5.4.2.-Last Glacial Maximum (LGM)

The period from 23.5 to 21 ka covers part of the LGM (23-19 ka), showing high SSS values
(Fig. 6.7a). Global sea-level was estimated 120 m lower compared with present levels
(Fairbanks, 1989), partially restricting the connection between the Mediterranean Sea and the
Atlantic Ocean. Consequently, the reduced water exchange resulted in an increase in salinity

during this interval.

6.5.4.3.-Oldest Dryas

An abrupt decrease in salinity of 0.8 psu occurred at 15.5 ka. This change is not supported by
the findings of Fletcher and Sanchez Goiii (2008) or those of Combourieu Nebout et al. (2009)
who, using pollen records from two sites in the Western Mediterranean, identified arid
conditions in the southern Iberian Peninsula. The global sea-level rise of ~20 m during
meltwater pulse 1A (mwp-1A) has been dated at 14.6 ka (Bard et al., 1996; Weaver et al.,
2003), simultaneous to the onset of the Belling—Allerad Since this section covers 3,000 yr with
no control point (Fig. 6.7), it could be an artifact of poorly constrained chronology for this time
interval. Nevertheless, this seems unlikely since other authors (Duplessy et al., 1992; Kallel et

al., 1997; Emeis et al., 2000) have reported similar abrupt SSS decreases at this time (Fig. 6.6).
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Figure 6.7. Paleoenvironmental records in the Alboran Sea for the last 25 kyr: a) SSS reconstruction
(psu) for core CEUTA10PCO08. b) C;; Alkenones (ng/g) from core HER-GC-T1 in the Alboran Sea
(Ausin et al., 2015). c) Pollen percentages for temperate Mediterranean forest (TMF; %) taxa from core
MD95-2043 in the Alboran Sea (Fletcher et al., 2010). Red points indicate the central age of the periods
of forest decline. d) Pollen record (%) from ODP Site 976 in the Alboran Sea (Combourieu Nebout et al.,
2009). Horizontal black lines cover the timing of periods of continental aridity (APC) from APCYD to
APC4. e) SST (°C) from core MD95-2043 (Cacho et al., 2001). Red boxes represent the timing of the
brief Alboran cooling events (AC), from ACYD to AC3 (Table 6.3). H2 and H1: stadials associated with
Heinrich events 2 and 1; LGM: Last Glacial Maximum; IACP: Intra-Alleréd Cold Period. YD: Younger
Dryas. AHP: African Humid Period.
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In particular, Duplessy et al. (1992) (Fig. 6.6¢) associated it with the Oldest Dryas in
northwestern Europe and linked it to the meltwater release from the Barents and the
Fennoscandinavian ice sheets. These authors also argued that such minor injections of
freshwater would have been insufficient to trigger the observed drop in salinity, and proposed
an additional feedback from changes in the hydrological cycle and water advection to promote

changes in the thermohaline circulation and the observed changes in SSS.

6.5.4.4.-Bolling—Allered (B—A)

The SSS values are generally low for the B—A, the Bolling being fresher than the Allered,
both separated by the Older-Dryas (GI-1d) interval (Fig. 6.7a). Owing to the global sea-level
rise during the B—A, and specifically during the mwp-1A between 13.5 and 14.1 ka, a greater
volume of AW would have entered through the Strait, decreasing the average SSS. In addition,
wetter conditions would have contributed to this freshening. Enhanced rainfall and increased
river discharge have already been inferred from diatom assemblages, sediment grain-size, pollen
records, elemental ratios and coccolithophore records in the Western Mediterranean during the
B—A (Barcena et al., 2001; Frigola et al., 2008; Combourieu Nebout et al., 2009; Rodrigo-
Gamiz et al., 2011; Ausin et al., 2015; Martinez-Ruiz et al., 2015). This period of reduced
salinity also coincides with the development of the Organic-Rich Layer (ORL-1) (Cacho et al.,
2002) (Fig. 6.7b), which appears in many sediment cores from the Alboran Sea as a
consequence of the accumulation of high levels of organic matter. Comparison of reconstructed
SSS and the profile of the total concentration of C;; alkenones (a proxy of organic matter
preservation) from a nearby core (Fig. 6.7a, b) allows the role of salinity in the formation of the
ORL to be explored. Values below 37.25 psu match an increasing trend in organic matter
preservation. The joint effect of a salinity reduction of 0.8 psu and a temperature increase of 3
°C (Ausin et al., 2015) would have led to a significant reduction in sea surface density, possibly
prompting stagnation of the upper water column. Moreover, Ausin et al. (2015) identified a rise
in primary productivity in the Alboran Sea from fossil coccolithophore assemblages. Frigola et
al. (2008) and Martinez-Ruiz et al. (2015) identified a reduction in deep water formation in the
Gulf of Lion using sediment-grain size analyses and elemental ratios. Increased organic matter
export to the seabed, along with reduced deep-basin ventilation, would have hampered organic
matter mineralization, reinforcing the formation of the ORL. Rogerson et al. (2008) have used
model simulations to explore the mechanisms driving ORL formation. These authors concluded
that a strong reduction in seawater density, as demonstrated here, in conjunction with a rise of
the interface between deep and intermediate waters, would be the most likely explanation for

the origin of the Alboran ORL.
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The brief Intra-Alleréd Cold Period (IACP) (G1-1b) (Lehman and Keigmin, 1992) put an
end to the low salinity values of the B—A. The SSS increasing trend is in agreement with the
enhanced continental aridity reported for elemental ratios from a nearby core for this brief time

span (Rodrigo-Gamiz et al., 2011) (Fig. 6.7a).

6.5.4.6.-Younger Dryas (YD) and the Holocene

The YD displays a shift from higher to lower SSS values, decreasing by 0.6 psu in total
along its two phases (YDa and YDb). This is in keeping with a transition from arid to humid
conditions (Cacho et al., 2001; Sbaffi et al., 2004; Combourieu Nebout et al., 2009; Rodrigo-
Gamiz et al., 2011). Several large short-term SSS fluctuations occurred as from the onset of the
YD up to 8 ka (Fig. 6.7a). This time span coincides exactly with the highest summer insolation
values of the last 25 kyr (threshold value above ~7 % of current values), with a period of
continuous SST increasing trend (Cacho et al., 2001) (Fig. 6.7¢) and the rise in the post-glacial
sea level (Fairbanks, 1989). However, fast oscillations point to an intermittent influence of the
forcing mechanisms. SSS changes in the Western Mediterranean can be driven by atmospheric
and/or oceanic processes. With regard to atmospheric conditions, an alternation between moist
and dry periods as a control for these SSS changes is not fully supported by pollen data from the
Western Mediterranean (Combourieu Nebout et al., 2009; Dormoy et al., 2009; Fletcher et al.,
2010). Some of these pollen profiles reveal the occurrence of periods of greater dryness in the
Western Mediterranean, but they do not coincide exactly with SSS increases (Fig. 6.7a, c, d), as
would be expected from reduced rainfall and decreased river discharge. Regarding oceanic
processes, variations in the salinity and flux of the incoming AW are able to drive salinity
changes in the study area. Owing to its proximity to the Strait, core CEUTA10PCO08 is expected
to be a sensitive record to salinity changes in the past driven by AW influxes. Thus, periods of
less saline AW influx should be recognizable in the SSS reconstruction. Six brief periods of an
SSS decreasing trend were identified at 13.07-12.06, 11.95-11.71, 11.36-11.00, 10.09-9.83,
9.57-9.21, and 8.95-7.72 ka (Fig. 6.7a). Except for 9.57-9.21 ka, all of them are accurately
simultaneous to the brief Alboran cooling (AC) events (Table 6.3, Fig. 6.7¢) that have been
linked to North Atlantic influxes in the Alboran Sea (Cacho et al., 2001). The synchronicity of
the SST and SSS drops suggests a common origin. Short North Atlantic cold and freshwater
influxes are the most likely explanation. AC events have been correlated with those of declining
forest (named APC) deduced from pollen analyses by Combourieu Nebout et al. (2009) (Table
6.3, Fig. 6.7a, d,) and Fletcher et al. (2010) (Fig. 6.7a, c), suggesting increased aridity inland at
times of freshwater advection events (FA; Table 6.3). The APC6 dry period from 9.6 to 8.9 ka
(Table 6.3, Fig. 6.7d) (Combourieu Nebout et al., 2009) does not match any AC event, but
coincides with FA2 (Table 6.3), demonstrating the common nature of these short-term
oscillations.
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The last freshening episode (FA1; 8.95-7.72 ka) includes the 8.2 ka event (Alley et al.,
1997), which has been linked to a sub-thermocline freshening of 0.5 psu in the North Atlantic
(Thornalley et al., 2009). However, no conspicuous changes are observed in reconstructed SSS
at that precise time. Zanchetta et al. (2007) inferred episodes of increased rainfall from high-
resolution oxygen isotopic records in a stalagmite from the Corchia cave (Central Italy). These
authors found no evidence of the 8.2 ka event in relation to SSS. Similarly, we interpret that the
8.2 ka event would have had a negligible effect on surface salinity in the Alboran Sea. The
aforementioned FA1 ends at 7.4 ka, when the lowest values SSS are recorded. At this time, the
sea level in the Alboran Sea reached maximum high-stand conditions (Zazo et al., 2008).
Moreover, the African Humid Period (11-5.5 ka) affected the study area, especially up to 7.4 ka,
when it started to decline (Ritchie et al., 1985; deMenocal et al., 2000; Renssen et al., 2003).
The joint action of these processes certainly resulted in a decrease of SSS at 7.4 ka. From 7.4 to
4.5 ka, salinity values level off around 36.6 psu, close to present SSS values in the Alboran Sea.
Table 6.3
Timing (given in ka cal. BP) of: freshwater advection events (FA) deduced from SSS decreases in core
CEUTAI10PCOS (this study); cooling events from core MD 95-2043 (ACYD-AC3, Cacho et al. (2001)),

and continental aridity periods from core ODP Site 976 (YD-APCS5, Combourieu Nebout et al., (2009)).
All cores from the Alboran Sea.

SSS decreases Cooling events Continental aridity
periods
FA6 ACYD YD
13.1-12.0 13.1-12.0 12.8-11.75
FAS AC6 APC9
11.9-11.7 11.9-11.65 11.75-11.4
FA4 AC5 APCS8
11.4-11.0 11.21-10.95 11.0-10.8
FA3 AC4 APC7
10.1-9.8 10.34-9.95 10.5-9.8
FA2 - APC6
9.6-9.2 9.6-8.9
FA1l AC3 APC5
9.0-7.7 9.08-7.56 8.5-79
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6.6.-CONCLUSIONS

Statistical analyses show that coccolithophore distribution in this training set was mainly
driven by annual mean salinity at 10 m depth. MAT and WA-PLS2 calibration models afford
similar outcomes. These models were applied to coccolithophore assemblages from a fossil core
to reconstruct SSS at high resolution for the last 25 kyr in the Alboran Sea. Reconstructed SSS
show similar patterns to other records from nearby locations and their validity and reliability can
be demonstrated statistically by evaluating the degree of similarity between fossil and modern
coccolithophore assemblages. Statistical analyses reveal assemblages lacking analogs in relation
to the species E. huxleyi > 4 pm during H2 and H1 and part of the LGM, preventing further
interpretations for these periods. SSS was relatively high from 23.5 to 21 ka, likely due to a
limited Atlantic-Mediterranean connection. A low SSS was found for the B—A, possibly due to
the post-glacial sea-level rise and regionally wetter conditions in the adjacent continental areas.
The consequent reduction in sea surface density is suggested to have triggered the formation of
the ORL in the Alboran Sea. During the YD and Holocene, six brief, abrupt SSS decreases at
13.1-12.0, 11.9-11.7, 11.4-11.0, 10.1-9.8, 9.6-9.2, and 9.0-7.7 ka were linked to the advection of
fresher AW related to meltwater pulses in the North Atlantic and continental aridity. No
evidence of the 8.2 ka event is found in the reconstructed SSS, which reached its lowest values
at 7.4 ka, coinciding with high-stand conditions in the Alboran Sea and the onset of the decline

of the African Humid Period. SSS remained low from 7.4 to 4.5 ka, close to its present values.

A broader understanding of the ecological link between coccolithophore species and
environmental parameters would be desirable in order to be able to place coccolithophore-based
transfer functions within the ecological context in future works. Nevertheless, the diverse
statistical tests performed in this study and the strong emphasis placed on assessing the validity
and reliability of both the model and the reconstruction do reveal the potential of
coccolithophores for developing transfer functions. The information about the salinity
preferences of coccolithophore species described here provides a potential independent proxy
for salinity reconstructions. The derived transfer function could be a useful tool for quantitative
reconstructions of SSS changes over time in other locations of the Western Mediterranean Sea,

especially from 15 ka onwards.
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7.-CONCLUSIONES

El estudio a alta resolucion de las asociaciones cocolitoforales presentes en dos testigos
sedimentarios del mar de Alboran ha permitido obtener una valiosa informacion sobre los
cambios en su productividad a lo largo de los ultimos 25 ka y evaluar la variabilidad de los
factores que la controlan, como la disponibilidad de nutrientes y las condiciones e intensidad del

proceso de afloramiento.

e El estudio de estos registros junto al de otros indicadores paleoambientales ha puesto de
manifiesto la sensibilidad de los cocolitéforos a las variaciones hidrograficas y ambientales,
tanto locales como regionales, permitiendo asi deducir cambios en las dinamicas oceanicas y

atmosféricas del Mediterraneo occidental durante los ultimos 25 ka.

7.1.-Variabilidad de la productividad de cocolitéforos y de la dinamica de la columna de

agua durante los ultimos 25 ka en el mar de Alboran

e Los registros de abundancia absoluta de cocolitoforos, en combinacion con registros de
isotopos de oxigeno y SST a partir de foraminiferos planctonicos y alquenonas, han permitido
reconstruir las propiedades del AW que entra a través del estrecho de Gibraltar. De este modo,
se ha demostrado que esta masa de agua ejerce un control de primer orden sobre las variaciones
de la productividad de cocolitoforos en las zonas mas proximas al estrecho de Gibraltar. En
localizaciones mas distantes, la influencia de las propiedades del AW se disipa, ejerciendo un
mayor control sobre la productividad de los cocolitoforos procesos mas locales como la entrada
de nutrientes por descarga fluvial, el afloramiento de agua profunda inducido por el viento o la

hidrografia local.

» Estos registros, propios de la parte superior de la columna de agua, junto a los de
algunos marcadores organicos (concentracion de alquenonas e indice alcohol) relativos a las
condiciones de la parte inferior de la columna de agua, han permitido describir los cambios en la

productividad de cocolitoforos y en las dinamicas de la columna de agua para los ultimos 25 ka:

-Durante el H2 y el HI, la entrada de agua mas fria y menos salina habria promovido la
estratificacion de la parte superior de la columna de agua impidiendo la productividad de

cocolitoforos.

-Entre 21 y 18 ka, se propone el incremento de la descarga fluvial en el mar de Alboran
como el mecanismo que explica la presencia conjunta de aguas mas frias y menos salinas y un

aumento en la productividad de cocolitoforos.

-Las fases Tla y T1b de la deglaciacion se habrian caracterizado por una tendencia creciente
de la SST y una columna de agua estable, aunque este hecho no habria impedido eventos

productivos, posiblemente producidos por afloramientos costeros.
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-El Bolling-Allered se caracterizé por un pequefio incremento de la productividad y por el

desarrollo de la ORL.

-Se observan dos fases del Younger Dryas: una primera (YDa) mas fria y una segunda
(YDb) mas calida y humeda. Durante ambas fases se observan diferencias en la productividad
de cocolitoforos entre ambas localizaciones, posiblemente debidas a la influencia local de las

propiedades del AW y las descargas fluviales.

-El Holoceno, lejos de ser un periodo estable en términos de productividad, presenta grandes
diferencias entre una y otra localizacion, posiblemente debidas a la configuracion hidrografica

que persiste actualmente en el mar de Alboran.

7.2.-Variabilidad de la productividad de cocolitéforos durante el Holoceno en el mar de

Alboran

e El estudio a alta resolucion de los registros de las tasas de acumulacion de cocolitoforos
(NAR) en la “célula productiva de Malaga” muestra que su productividad esta estrechamente
ligada a otros procesos de naturaleza fisica. El establecimiento de esta célula se propone a los
7,7 ka a partir de un aumento brusco en el NAR de la mayoria de las especies y en la ventilacion

del fondo de la cuenca.

e A partir de 7,7 ka en adelante, el registro de SST muestra una tendencia de
enfriamiento. También se observa una disminucién en la productividad de cocolitéforos en
términos generales, aunque afectada por una mayor variabilidad, alternando periodos de
debilitamiento e intensificacion de las condiciones de afloramiento que provocan la eclosion de
estos organismos. Estas variaciones muestran gran sincronia con los periodos de intensificacion
de la formacion de la WMDW en el golfo de Leén y por tanto con los patrones de variabilidad

atmosférica.

¢ Se han propuesto dos fases alternantes de un mismo escenario para describir las
principales caracteristicas de la variabilidad climatica y oceanografica y su relacion con la de la
productividad de cocolitoforos prevalecientes en el mar Mediterraneo occidental durante los

ultimos 7,7 ka a escala secular:

1) Junto a condiciones climaticas mas aridas, un debilitamiento de los vientos Mistral y
Tramontana en el golfo de Leon habria resultado en una reduccion de la formacion
de WMDW, que habria coincidido con un menor volumen o intensidad del AJ. Estas
condiciones favorecerian la prevalencia de una columna de agua mas estable

dificultando eventos productivos.

ii) Junto a condiciones climaticas mas humedas, un fortalecimiento de los vientos

Mistral y Tramontana habria provocado una intensificacion en la produccion de

188



B. Ausin

WMDW, sincrénico con un mayor volumen o intensidad del AJ. En consecuencia, el
AJ migraria hacia el sur promoviendo en el norte el afloramiento de aguas mas

profundas que fertilizarian la zona y favorecerian los eventos productivos.

¢ El patron invernal de la NAO es propuesto como un mecanismo altamente influyente
sobre los procesos explicados por ambas fases del escenario. Estos resultados resaltan la

sensibilidad del mar Mediterraneo occidental a los patrones climaticos de las latitudes altas.

7.3.-Desarrollo de funciones de transferencia para el calculo de la salinidad

superficial marina a partir de cocolitéforos

¢ Los cocolitoforos han probado ser organismos con un gran potencial para el desarrollo

de funciones de transferencia.

e La distribucion de los cocolitoforos en la base de datos actual del mar Mediterraneo
occidental probo estar influenciada principalmente por la salinidad, permitiendo desarrollar y
aplicar una funcion de transferencia a un testigo sedimentario del mar de Alboran y reconstruir
esta variable para los ultimos 25 ka. Tanto la adecuacion del modelo de regresion y calibracion
como la fiabilidad de la reconstruccion fueron evaluados estadisticamente mostrando buenos

resultados.
¢ La reconstruccion para la SSS muestra varios cambios a escala secular y milenaria:

-Durante el H2 y el H1 se observa una disminucion de la SSS. Sin embargo, estos
periodos deben interpretarse con precaucion debido a la falta de buenos analogos para la especie

E. huxleyi (> 4 pm).

-Entre 23,5 y 21 ka la SSS era relativamente elevada. La disminucion de 120 metros del
nivel del mar respecto a su valor actual posiblemente provoco una reduccion del intercambio de
aguas entre el Atlantico y el Mediterraneo, favoreciendo un aumento de la salinidad en la

cuenca mediterranea.

-La reduccion de SSS observada durante el Bolling—Allered parece haberse debido a la
subida del nivel del mar y a condiciones atmosféricas mas humedas en la zona continental
adyacente. Esta reduccion de la SSS, junto a un aumento de la SST de 3 °C, habria provocado
un marcado descenso de la densidad en la parte superior de la columna de agua y la
estratificacion severa de ésta. Este proceso se propone como el principal desencadenante de la

formacion de la ORL en el mar de Alboran.

-A partir del Younger Dryas y durante el Holoceno se han identificado seis descensos
bruscos de SSS durante 13,1-12,0; 11,9-11,7; 11,4-11,0; 10,1-9,8; 9,6-9,2; y 9,0-7,7 ka,
sincronicos con los periodos de enfriamiento del mar de Alboran y periodos de aridez
continental. Esta sincronia sugiere un origen comun, y se ha propuesto como explicacion mas
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plausible pulsos de adveccion de AW procedente del deshiclo en el Atlantico norte. Estos
resultados ponen de manifiesto una vez mas la estrecha interrelacion climatica y oceanografica

entre la cuenca mediterranea y el Atlantico norte.

-Los valores de SSS mas bajos se alcanzan en 7,4 ka, momento en el cual ha sido
registrado el estadio de mayor nivel del mar en la cuenca de Alboran. A partir de 7,4 ka hasta la
ultima parte del registro (4,5 ka) los valores de SSS permanecen bajos y proximos a los valores

actuales.

¢ El modelo de calibracion de salinidad obtenido es la primera funcion de transferencia
basada en cocolitoforos desarrollada en el mar Mediterrdneo occidental, y se configura como
una nueva herramienta para la obtencion de registros de paleosalinidad a alta resolucion en esta
region, especialmente para los ultimos 15 ka. A este respecto, se abre una linea de investigacion
futura que persiga los siguientes objetivos: 1) refinar el ajuste y capacidad predictiva de la
funcion de transferencia mediante la ampliacion de la base de datos actual y 2) aplicar la
funcién a las asociaciones cocolitoforales fosiles de otros testigos sedimentarios del area de
estudio para obtener nuevos registros de paleosalinidad pertenecientes al Mediterraneo

occidental y estudiar su variabilidad.
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ANEXO L.-LAMINA FOTOGRAFICA

Imagenes de los cocolitos pertenecientes a los taxones mas relevantes contemplados en este

estudio y descritos en el capitulo 2

-

Y
"

1pum

—
19 1um

1: Calcidiscus leptoporus, 2: Oolithotus fragilis; 3: Umbilicosphaera sibogae; 4. Coccolithus
pelagicus subespecie pelagicus; 5: Coccolithus pelagicus subespecie braarudii; 6: Emiliania

huxleyi; 7. Emiliania huxleyi > 4 pm, 8: Gephyrocapsa caribbeanica; 9. Gephyrocapsa
muellerae; 10: Gephyrocapsa oceanica, 11: “small” Gephyrocapsa; 12: Syracosphaera
pulchra; 13: Calciosolenia murrayi; 14: Rhabdosphaera clavigera; 15: Helicosphaera carteri,
16: Pontosphaera multipora; 17: Braarudosphaera bigelowii; 18: Umbellosphaera irregularis;
19: Florisphaera profunda.
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ANEXO IL.-PROCEDIMIENTOS ADOPTADOS PARA LOS ANALISIS
MICROPALEONTOLOGICOS

Consideraciones previas:

* Liofilizacion de las muestras: las 143 muestras de sedimento pertenecientes al testigo
HER-GC-T1, las 297 muestras del testigo CEUTA10PCO08 y las 118 que conforman
la base de datos bioldgica y que se encontraban congeladas fueron liofilizadas por
tandas de 35-40 muestras durante 17 horas aproximadamente para retirar todo el agua
del sedimento humedo.

* Con el fin de evitar la posible contaminacion entre muestras sera necesario enjaguar la
espatula después de cada muestra en una disolucién acuosa con unas gotas de acido
clorhidrico (HCI) al 37 %, que disuelve cualquier resto de calcita adherido a la
espatula. Después se enjuaga de nuevo la espatula con agua destilada y se seca con
papel.

* Preparacion del agua tamponada: disolver 0,15 g de Na,CO;3y 0,20 g de NaHCOs;en 1 L
de agua destilada.

* Preparacion de la gelatina: anadir 0,08 g de gelatina en 1L de agua tamponada. Para
facilitar la correcta disolucion de la gelatina es conveniente que parte del agua
tamponada se haya templado previamente. Es importante que no se caliente
demasiado o las proteinas de la gelatina podrian desnaturalizarse. Una vez preparada,

guardar en la nevera durante al menos 8 horas.

Técnica de decantacion (Flores y Sierro 1997):

1.
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Para cada una de las muestras, pesar 0,1 g de sedimento seco en la balanza de precision
con la ayuda de una espatula metalica y un vidrio de reloj.

Introducir los 0,1 g de sedimento en un vial de cristal previamente etiquetado con el
nombre de la muestra.

Anadir en cada vial 10 mL de agua tamponada.

Transcurridas méas de 12 horas, agitar cada uno de los viales de vidrio y someterlos a
ultrasonidos durante 15-20 segundos para disgregar la muestra.

Numerar una placa de Petri por cada muestra, colocar un cubre en su fondo y rellenarla
con gelatina. La gelatina evita que la elevada tension superficial del agua acumule
particulas en el borde de la placa.

Dejar reposar cada bote unos segundos para seguidamente extraer 100 pL. de la parte
media con ayuda de una micropipeta, evitando extraer asi particulas de mayor tamafio

que los cocolitos.
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10.
11.

12.

13.

Inyectar el volumen pipeteado en la gelatina de la placa de Petri, procurando que la
disolucion resultante sea homogénea con ayuda de la micropipeta para mezclar ambas
disoluciones sin tocar ni la placa ni el cubre.

Dejar reposar las placas en una superficie horizontal durante 12 horas aproximadamente
para favorecer la decantacion de los cocolitos sobre el cubre. Es importante que la
temperatura ambiente no sea muy elevada o parte de la disolucion podria evaporarse
rapidamente provocando una distribucion heterogénea de los cocolitos sobre el cubre.
Extraer el liquido sobrante mediante capilaridad con ayuda de pequenas tiras de papel
secante.

Dejar secar la placa de Petri unos minutos.

Retirar el cubre del fondo de la placa y posarlo sobre una placa térmica a 80-90 °C
aproximadamente.

Poner sobre el cubre una gota de balsamo de Canada disuelto al 30 % con xileno y
cubrirlo con el porta con cuidado para que no queden burbujas.

Etiquetar la muestra y dejarla en la estufa a 50 °C aproximadamente durante al menos

24 horas para que el balsamo se seque, elimine las posibles burbujas y selle la muestra.
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ANEXO IIL-PROCEDIMIENTOS ADOPTADOS PARA LOS ANALISIS DE
ISOTOPOS DE OXiGENO

A) Protocolo de limpieza de viales

L.

10.

Preparar dos disoluciones con éacido nitrico al 10 % (9 partes de agua destilada y una

parte de HNO;).

Limpiar una micropipeta con la disolucion preparada bajo la campana de extraccion y
siempre con los guantes puestos.

Llenar cada vial y su tapon con esta disolucion con ayuda de la micropipeta y con
cuidado de no dejar burbujas en el fondo.

Meter los viales en posicion vertical en un bote con la disolucion de acido nitrico. Tapar
el bote y dejarlo bajo la campana toda la noche.

Transcurrido ese tiempo, extraer la disolucion del bote, dejando los viales dentro.

Llenar el bote con agua destilada, enjuagar y extraer el agua.

Limpiar la micropipeta con agua destilada y uno por uno enjuagar dos veces los viales y
su tapon. Depositarlos en un cuenco cubierto con dos capas de papel poco fibroso.
Limpiar la micropipeta con agua miliQ y uno por uno, enjuagar dos veces los viales que
ya habian sido enjuagados con agua destilada.

Sacudir bien los viales para que se sequen antes y dejarlos en otro cuenco cubierto con
papel.

Meter el cuenco con los viales ya limpios bajo la campana de extraccion, cubierto con

un papel.

B) Preparacion de las muestras

1.
2.
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Pesar el sedimento seco disponible en cada muestra y anotar el resultado.

Echar el sedimento en un vaso de precipitados rotulado con el nombre de la muestra y
verter agua del grifo (aproximadamente 300 mL).

Someter a ultrasonidos el tamiz de 63 um (este paso se ha de realizar entre muestra y
muestra para limpiar el tamiz).

Verter el contenido del vaso de precipitados sobre el tamiz mientras se deja correr sobre
éste el agua del grifo también, y lavarlo poco a poco hasta vaciar el vaso.

El sedimento recogido en el tamiz se deposita con ayuda de agua destilada en un cuenco
de ceramica previamente rotulado con el nombre de la muestra.

Dejar el cuenco en la estufa toda la noche a 50-60 °C aproximadamente.

Transcurrido ese tiempo, sacar el cuenco de la estufa y dejarlo a temperatura ambiente.
Para cada muestra, se han de etiquetar dos cajitas, una para la faccion > 63 um y otra

para la fraccion > 150 pm.
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9. Colocar el tamiz de 150 um sobre un cuenco vacio rotulado con el nombre de la
muestra. Dar ligeros golpecitos al tamiz contra las paredes del cuenco, habiendolo
tapado previamente con un vidrio de reloj para evitar la pérdida de material. En el
cuenco caera la fraccion de > 63 pmy en el tamiz quedara la fraccion de > 150 pm.

10. Pesar ambas fracciones en la bascula de precision y depositar en sus respectivas cajas.

C) Picking y crushing

El picking es el proceso por el cual, con ayuda de un pincel y unas gotas de agua destilada,
se seleccionan bajo una lupa los especimenes de la especie (o especies) de interés que se
utilizaran en el analisis de isotopos estables. Para los analisis de isotopos estables realizados en
esta tesis doctoral se “picaron” como minimo 25 especimenes bien preservados de G. bulloides
de la fraccion > 150 um.

El crushing de los foraminiferos se realiza para que el proceso de limpieza sea mas
exhaustivo. Esta técnica consiste en abrir las camaras de los foraminiferos. Para ello se colocan
los especimenes de una misma muestra sobre un porta y con otro porta se aprietan hasta que se
rompen sus camaras, con cuidado de no pulverizarlas.

D) Protocolo de limpieza previa al analisis de isotopos estables

1. Bajo la campana de extraccion de gases, afladir unas gotas de metanol a cada vial,
llenando del todo la parte conica (unas 3 gotas).

Someter a ultrasonidos durante un minuto colocando encima una gradilla para evitar
que los tapones salten.

2. Limpiar la punta de la pipeta dos veces con HNO; al 10 % y tres veces con agua miliQ.
Retirar al maximo el excedente de metanol con la pipeta Pasteur, siempre bajo la vitrina
de extraccion.

3. Dejar los viales abiertos bajo la vitrina de gases entre dos y tres horas para permitir que
se sequen las muestras.

4. Es conveniente revisar el contenido de los viales bajo la lupa ya que en ocasiones

pequenias fibras pueden haberse introducido en los mismos.
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ANEXO IV.-PROCEDIMIENTOS ADOPTADOS PARA EL ANALISIS DE
COMPUESTOS ORGANICOS

A) Pesada de la muestra:

1.

Sacar las muestras del congelador y dejarlas en la liofilizadora durante 12-18 horas.

. Una vez liofilizadas, congelarlas hasta que se vayan a utilizar para su analisis.

Sacar las muestras y dejarlas una hora a temperatura ambiente.
Poner la muestra en dos capas de papel de aluminio y aplastarla con un mortero para

que quede el sedimento fino, posteriormente homogeneizar con la espatula.

. Pesar 2,5 g aproximadamente y echarlos en un tubo de centrifuga debidamente

etiquetado. Limpiar la espatula con diclorometano entre muestra y muestra.

Tapar con papel de aluminio y cerrar con su tapon.

. Adicionalmente, también se rotulara un tubo para el blanco que ha de seguir los mismos

pasos que las muestras de sedimento.

B) Preparacion del patron:

1.

2.

3.
4.
5.
6.
7.

Sacar el patron del congelador y dejar a temperatura ambiente durante 10-20 minutos y
rotular tantos viales como patrones se vayan a preparar.

Vortear el patron y limpiar la aguja de la jeringa de la pipeta electronica con tolueno, con
dos tubos de ensayo. Limpiarla 10 veces con el contenido de un tubo y 10 veces con el
contenido del otro tubo.

Anadir en cada vial 10 pL de patréon (en este caso fue el 29B) con ayuda de la pipeta.

Dejar evaporar a sequedad en el SpeedVack durante 30 minutos.

Afadir 50 uL de BSTF habiendo limpiado la jeringa previamente.

Tapar cada vial con el séptum y el tapon.

Agitar cada vial en el vortex y el patron ya esta listo para ser inyectado en pasos

posteriores.

C) Extraccion con cloruro de metileno (CH,Cl,):
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1.

Si el patron preparado en el paso B) se encuentra en el congelador, sacarlo y esperar a

que esté a temperatura ambiente (aproximandamete 30 minutos).

. Vortearlo durante unos segundos.

. Limpiar la jeringa con tolueno, repartido en dos tubos de ensayo. Con el contenido del

primer tubo se ha de limpiar 10 veces y después otras 10 veces con el contenido del

segundo tubo.

. Destapar los tubos con el sedimento y afiadirles 10 uL. de patrén con la jeringa, incluido

el blanco.

. Anadir 6 mL de CH,Cl, y volver a tapar con el papel de aluminio y el tapon.
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6. Agitar el tubo en el vortex durante 15 segundos.

7. Dejar el tubo junto a otros ya vorteados en el bafo de ultrasonidos durante 15 minutos,
teniendo en cuenta que a los 7 minutos hay que sacarlos y voltearlos para que se mezcle
el sedimento.

8. Mientras tanto, limpiar el evaporador pasando un tubo de CH,Cl, por cada aguja.

9. Al terminar los ultrasonidos, volver a vortear y centrifugar los tubos (esta vez sin el
tapon pero tapados con el papel de aluminio) durante 5 minutos.

10. Mientras tanto, preparar las pipetas y los tubos de ensayo en los que se pondra el
extracto. Cubrir la gradilla con papel de aluminio y evitar que las pipetas se toquen entre
si en todo momento para evitar la contaminacion entre muestras. Preparar también una
gradilla con tubos numerados y el nombre de la tanda en la gradilla.

11. Extraer con una pipeta Pasteur la fase liquida de cada tubo y depositarla en otro tubo.

12. Abrir la llave de N, y las clavijas. Poner a evaporar los tubos con las muestras con
corriente de N, hasta que quede un dedo de muestra. Cerrar la llave de N,.

13. Volver a repetir todo el procedimiento desde el paso numero 5 hasta la evaporacion con
N, un total de 3 veces, de forma que se realicen 3 extracciones en total.

14. Tras la dltima extraccion, dejar evaporar a sequedad, es decir, por completo, en
atmosfera de N,.

15. Afiadir con la micropipeta 100 uL de tolueno y agitar en el vortex.

16. Anadir 2 mL de potasa metabolica al 10 %.

17. Agitar en el vortex y dejar los tubos en ultrasonidos durante 15 minutos.

18. Dejar reaccionar toda la noche.

D) Extraccion con hexano (C¢H,4)

1. A la mafiana siguiente, afiadir a cada tubo 4 o 5 gotas de agua miliQ para parar la
reaccion.

2. Anadir 2 mL de C¢Hy4 y poner en el vortex y en el bano de ultrasonidos durante 5

minutos aproximadamente.
. Preparar las pipetas y los tubos de ensayo con la gradilla como en el paso C) 10.
. Tras el bafio de ultrasonidos, volver a vortear durante 15 segundos.
. Extraer el extracto y ponerlo en un tubo de ensayo (identificado con “H”).
. Anadir 2 mL de C¢H,4 y vortear unos segundos.
. Realizar la segunda extraccion.

. Anadir otros 2 mL de C¢Hi4, vortear unos segundos y realizar la tercera extraccion.

O 0 9 N n B~ W

. Acumular el extracto en el mismo tubo, en total 3 extractos.

10. Tras la tercera extraccion, evaporar en atmosfera de N, hasta que quede un dedo.
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11. Anadir 2 mL de agua miliQ para arrastrar los restos de potasa, agitar en el vortex y
extraer la fase organica a los tubos de ensayo identificados con “H”. Se ha de pipetear
por encima de la linea de burbujas.

12. Afadir 2 mL de C¢Hy4, vortear y extraer.

13. Realizar el paso anterior una vez mas, un total de tres veces (una extraccion con agua
miliQ y dos extracciones con CsHy).

14. Dejar evaporar a sequedad.

E) Derivatizacion
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1. Identificar los viales con el nombre del testigo, la profundidad y el codigo del tubo de
ensayo.

2. Anadir a los tubos de ensayo 100 uL de soluciéon CH,Cl,/ C¢Hy4 (8:2).

3. Vortear dentro de la campana para recuperar lo que pueda haber en las paredes y
trasvasar a un vial debidamente etiquetado con el nombre de la muestra con ayuda de
una pipeta.

4. Una vez vaciado el tubo volver a verter la solucién con la pipeta pero esta vez
enjuagando también las paredes del tubo para recuperar el maximo de material posible.
Durante la tercera o cuarta vez coger todo lo posible y transvasar al vial, que ha de
haberse llenado no mas de tres cuartas partes.

5. Repetir dos veces mas desde el paso nimero 2 hasta el 5 hasta haber afiadido 300 pL en
total (realizar el proceso 3 veces en total).

6. Poner a secar en el SpeedVac hasta su sequedad total (aproximadamente 30 minutos).

7. Poner los tapones con sus septums a cada uno de los viales.

8. Cambiar la jeringuilla de la pipeta electronica y poner la aguja de BSTFA. Limpiarla
como siempre con tolueno como se ha hecho en pasos anteriores.

9. Anadir con la pipeta electronica 50 pL de BSTFA en cada vial (incluido el blanco) y en
el patron (donde ya habia 10 pL de patron que ya se habran evaporado y a los que se le
afiaden otros 50 pL para obtener los 60 pL finales).

10. Vortear los tubos unos segundos.
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ANEXO V.-LISTA DE ACRONIMOS

Recopilacion de acronimos y abreviaturas utilizados en esta tesis doctoral. Para el significado de

los acronimos anglosajones se presenta, entre paréntesis, su equivalente en castellano cuando

éste también ha sido utilizado en el texto.

AC:
AC:
AJ:
AMS:
APC:
AW:
B-A:
BP:
CCA:
CSIC:
CTD:
DCA:

DMS:
DW:
EAG:
ENSO:
FA:
H2y H1:
IACP:
IPCC:

LGM:
LIW:
LPZ:
MS8-MO0:
MAT:
MAW:
MOW:
MW:

Alboran cooling events (eventos de enfriamiento de Alboran)

Algerian Current (corriente argelina)

Atlantic Jet (chorro atlantico)

accelerator mass spectrometry

periods of continental aridity

Atlantic Water (agua atlantica)

Bolling—Allerad

Before Present

Canonical Correspondance Analyses (analisis candnico de correspondencias)
Consejo Superior de Investigaciones Cientificas

Conductivity-Temperature Depth

Detrended Correspondance Analyses (analisis de correspondencias sin
tendencia)

dimetilsulfuro

Deep Water (agua profunda)

Eastern Anticyclonic Gyre (giro anticiclonico oriental)

El Nifio-Southern Oscillation (Oscilacion del Sur de El Nifio)

freshwater advection events

estadiales asociados con los Eventos Heinrich 2 y 1

Intra-Allerdd Cold Period

Intergovernmental Panel on Climate Change (Panel Intergubernamental sobre el
Cambio Climatico)

Last Glacial Maximum (Ultimo Maximo Glacial)

Levantine Intermediate Water (Agua Intermedia Levantina)

lower photic zone (zona f6tica inferior)

Minorca Events

Modern Analog Technique (técnica de andlogos modernos)

Modified Atlantic Water (Agua Atlantica Modificada)

Mediterranean Outflowing Water (Flujo de Salida Mediterraneo)
Mediterranean Water (Agua Mediterranea)

absolute abundance of coccoliths (abundancia absoluta de cocolitos)
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NADW:
NAO:
NAR:
NC:
ODV:
ORL:
PC1:
PCA:

r:

R%:
RMSEP:
SD:
SMS:
SSS:
SST:
ST:
Tla:
T1b:
TMEF:
TS:
TSM:
UPZ:
VPDB:
WAG:
WA-PLS:

WMDW:
WOA:
WWG:
YD:
YDa:
YDb:
ZFI:
ZFM:
ZFS:
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North Atlantic Deep Water (Agua Profunda Noratlantica)

North Atlantic Oscillation (Oscilacion del Atlantico Norte)

Nannofossil Accumulation Rate (tasa o flujo de acumulacion de nanofosiles)
Northern Current (corriente del Norte)

Ocean Data View

Organic-Rich Layer

First Principal Component (primera componente principal)

Principal Component Analyses (analisis de componentes principales)
coeficiente de correlacion muestral

coefficient of determination (coeficiente de determinacion)

root-mean square error of prediction (error cuadratico medio de prediccion)
Standard Deviation (desviacion estandar)

salinidad marina superficial

Sea surface salinity (salinidad marina superficial)

Sea surface temperature (temperatura superficial del mar)

sedimentation rate (tasa de sedimentacion)

Termination 1a (Terminacion 1a)

Termination 1b (Terminacién 1b)

Temperate Mediterranean Forest

tasa de sedimentacion

temperatura superficial marina

upper photic zone (zona fotica superior)

Vienna Pee Dee Belemnite

Western Anticyclonic Gyre (giro anticiclonico occidental)
weighted-averaging partial-least square regression (regresion parcial por
minimos cuadrados ponderados)

Western Mediterranean Deep Water (Agua Mediterranea Profunda occidental)
World Ocean Atlas

Warm-water Group (grupo de aguas calidas)

Younger Dryas

Phase a of the Younger Dryas (primera fase del Younger Dryas)

Phase b of the Younger Dryas (segunda fase del Younger Dryas)

zona fotica inferior

zona fotica media

zona fotica superior



B. Ausin

ANEXO VL-INDICE GENERAL

Alcohol index/ indice alcohol (n-hexacosan-1-ol index): 63, 84, 91, 93, 95, 98, 121, 124, 126,
127, 131

Alkenones/ alquenonas: 20, 34, 61, 62, 84, 90, 98, 121,
Atlantic Jet (AJ): 2,4,7,9,78,79, 96,99, 116, 117, 127, 130, 131, 132, 134

Atlantic Water/ Agua Atlantica (AW):2, 7, 76, 77, 78, 79, 92, 94, 96-101, 117, 149, 167-172,
183-185

Bolling—Allerad (B—A): 85, 94, 96, 169

Freshwater advection events (FA): 170-171

H2 y H1/ stadials associated with Heinrich Events 2 and 1: 85, 94, 91-95, 167
Last Glacial Maximum/ Ultimo Maximo Glacial (LGM): 93-95, 167

Lower Photic Zone/ zona fotica inferior (LPZ): 27, 125, 127-128

Modern Analog Techniquel/ técnica de analogos modernos (MAT): 66, 84, 146-147, 156-157,
159-167

North Atlantic Oscillation/ Oscilacion del Atlantico Norte (NAO): 10-11, 114-116, 118-119,
132-133, 185

Organic-Rich Layer (ORL): 94-97, 169, 184-185

Oxygen isotopes/ isotopos de oxigeno (8'°0): 61, 82, 88, 91, 121-122, 192

Reworked specimens/ especimenes retrabajados: 20, 82, 92-93, 131, 152

Sea surface salinity/ salinidad marina superficial (SSS): 146-149, 157-159, 161-172
Sea surface temperature/ temperatura superficial del mar (SST): 83-83, 88-91, 94-100
Termination 1a/ Terminacion la (T1a): 85, 94-96, 183

Termination 1b/ Terminacion 1b (T1b). 84-85, 98, 183

Total concentration of alkenones/ concentracion total de alquenonas (Cs; alkenones): 62, 95, 96,

98, 121, 124, 126, 127, 169
Transfer function/ funcion de transferencia: 65-67, 146-149, 156, 159, 164-165, 172, 185-186
Upper Photic Zone/ zona fotica superior (UPZ): 27, 128

Western Anticyclonic Gyre/ giro anticiclonico occidental (WAG): 3, 6-8, 78-79, 117-118, 127,
130, 134
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Weighted-averaging partial-least square regression/ regresion parcial por minimos cuadrados

ponderados) (WA-PLS): 66-67, 146-147, 156-171

Western Mediterranean Deep Water/ Agua Mediterranea Profunda occidental (WMDW): 5-6,
48,79, 114-115, 117, 128-134, 184

Younger Dryas (YD): 94, 97, 170, 184-185
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