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Titre: Comprendre les périodes chaudes pendant et apres la transition du
Pléistocene moyen (MIS 31 et MIS 11) dans la péninsule Ibérique

Résumeé: L'étude des interglaciaires passés qui sont des périodes chaudes avec un volume de
glace réduit comme linterglaciaire actuel, I'Holocéne, est cruciale pour comprendre le climat
futur. Ce travail apporte de nouvelles informations sur le climat des interglaciaires clés, les stades
isotopiques marins (MIS) 11 et 31, considérés comme des analogues au réchauffement global
projeté. Une analyse pollinique des sédiments du Site IODP U1385 (marge sud-ouest ibérique) a
été effectuée a haute résolution, ce qui permet de comparer directement les variations de la
végeétation (atmosphere) avec celles de la température des eaux de surface océaniques. Nos
données montrent qu’a I'échelle orbitale, la forét du sud-ouest de 'Europe pendant le MIS 11 est
principalement influencée par la précession alors que pendant le MIS 31, malgré des valeurs de
précession extrémes, le forcage dominant est I'obliquité, favorisant une végétation moins
méditerranéenne et un régime climatique tempéré. De plus, la variabilité millénaire apparait
comme une caractéristique persistante mais les épisodes de refroidissement varient en intensité
et durée en fonction des conditions limites qui favorisent un forcage prédominant des hautes ou
basses latitudes. Enfin, nous examinons l'expression régionale de I'Holocéne et de ses
analogues orbitaux, les MIS 11c et 19c dans le sud-ouest de 'Europe. Ceci révéle que I'optimum
Holocéne se distingue par un plus fort développement forestier et donc que les MIS 11c et 19c
ne sont pas des analogues a I'Holocéne pour notre zone d’étude. Grace a une comparaison
modéle-données, nous montrons aussi que la forét interglaciaire dans cette région est
principalement contrélée par la précession en influencant les précipitations hivernales, facteur
critigue pour le développement de la forét méditerranéenne, tandis que le CO joue un role
négligeable.

Mots clés: Climat interglaciaire, MIS 11, MIS 31, Analogues potentiels de I'Holocéne,
Végétation méditerranéenne, Analyse pollinique des archives marines.

Title: Understanding warm periods within and after the Mid Pleistocene
Transition (MIS 31 and 11) in the Iberian Peninsula

Abstract: The study of past interglacials, periods of reduced ice volume like our present
interglacial, the Holocene, is crucial for understanding the future climate. This work provides new
insights into the intensity and climate variability of key interglacials, namely Marine Isotopic
Stages (MIS) 11 and 31, considered as analogues for the projected global warming. A high
resolution pollen analysis at IODP Site U1385 off SW Iberia was performed, which enables a
direct comparison between atmospheric-driven vegetation changes and sea surface temperature
variability. At orbital timescale, this thesis shows that the dominant orbital forcing on the SW
European forest was different between the interglacials of the 100-ky (MIS 11) and 41-ky (MIS
31) worlds. While during MIS 11 its weak precessional forcing predominates, during MIS 31 its
extreme precession forcing is dwarfed by the prevailing influence of obliquity leading to a
temperate climate regime as shown by a less Mediterranean character of the vegetation. This
work also shows that millennial-scale variability was a pervasive feature and suggests that the
different intensity and duration of the cooling events in SW Iberia was related to different
atmospheric and oceanic configurations modulated by high or low-latitude forcing depending on
the baseline climate states. Finally, this study examines the dominant forcing underlying the
regional expression of the Holocene and its orbital analogues, MIS 11c and 19c, over SW Iberia
using a data-model comparison approach. This comparison reveals that the Holocene optimum
stands out for its higher forest development and therefore these interglacials cannot be
considered as analogues for the Holocene vegetation and climate changes in Iberia. Additionally,
it shows that the SW Iberian forest dynamics during these interglacials were primarily controlled
by precession through its influence on winter precipitation, which is critical for the Mediterranean
forest development whereas CO; played a negligible role.

Keywords: Interglacial climate, MIS 11, MIS 31, Potential Holocene analogues, Mediterranean
vegetation, Marine pollen analysis.
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Para ti Gabriel

For a billion years the patient Earth amassed documents and inscribed them with signs and
pictures which lay unnoticed and unused. Today, at last, they are waking up, because man
has come to rouse them. Stones have begun to speak, because an ear is there to hear them.
Layers become history and, released from the enchanted sleep of eternity, life's motley, never-
ending dance rises out of the black depths of the past into the light of the present.

— Hans Cloos from Conversations with the Earth —
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Résumé

RESUME / FRENCH SUMMARY

Au cours du Quaternaire, soit les derniers 2.58 millions d’années, la Terre a connu de
grands changements environnementaux se traduisant par des oscillations entre périodes glaciaires
et interglaciaires. Ces oscillations qui sont cycliques sont forcées a 1’origine par les variations de
I’insolation, dit for¢age orbital, régies par les parametres astronomiques que sont 1’excentricité, la
précession et 1’obliquité, qui définissent la position de la Terre par rapport au Soleil. Les
interglaciaires du Quaternaire sont tous des périodes chaudes comme celle dans laquelle nous
vivons, I’Holocéne, durant lesquelles les calottes de glace de 1’hémisphére nord sont réduites. Ils
sont néanmoins trés variables en termes d’intensité, de durée, de variabilité millénaire et de
forgage. Certains d’entre eux présentent de fortes analogies avec le réchauffement actuel et futur
et leur étude pourrait apporter des informations clés permettant de distinguer les changements
climatiques « naturels » de ceux d’origine anthropique durant notre interglaciaire, et évaluer
comment ce dernier pourrait évoluer en 1’absence de gaz a effet de serre générés par les activités

humaines.

Cette these est dédiée a 1’é¢tude de ces périodes interglaciaires particulieres afin de
documenter la réponse des composantes du systeme climatique telles que la cryospheére, 1’océan,
I’atmosphere et la biosphére ainsi que leurs interactions face a un réchauffement climatique
important d’origine naturelle. Notre intérét s’est porté sur deux stades interglaciaires en
particulier, le MIS (Stade Isotopique Marin) 31, situé entre 1.082 et 1.062 ka et le MIS 11, entre
425 et 374 ka, I’un se produisant pendant la Transition du Pléistocene Moyen (MPT) alors que
les cycles glaciaires-interglaciaires sont encore dominés par 1’obliquité (« monde de 41-ky »), et
l’autre aprés cette transition lorsque les cycles glaciaires-interglaciaires sont dominés par
I’excentricité (« monde de 100-ky » auquel appartient aussi notre interglaciaire). Au-dela
d’appartenir a un monde de variabilité climatique différent, ces deux stades présentent un forgage
orbital contrasté, les variations d’insolation (et précession) pendant le MIS 11 sont faibles dues a
une faible excentricité alors qu’elles sont particulierement importantes pendant le MIS 31. Lors
de ces deux interglaciaires, I’ampleur du réchauffement atteint aux hautes latitudes est pourtant
similaire ; elle était telle que la dénomination de « super interglaciaire » leur a été attribuée. De
plus, la fonte quasi-totale des calottes groenlandaise et ouest antarctique aurait entrainé un niveau

marin bien plus élevé qu’a I’heure actuelle (Pollard and DeConto, 2009; DeConto et al., 2012;
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Melles et al., 2012). Cependant, ’intensité et I’extension géographique de ce réchauffement
restent sujet a débat car dans d’autres régions du globe, ces interglaciaires ne se démarquent pas
des autres interglaciaires du Quaternaire, sachant tout de méme que I’expression régionale du
MIS 31 est a ce jour trés peu connue. Par ailleurs, le MIS 11 présente un autre intérét majeur, il
est considéré avec le MIS 19 (~800 ka) comme un analogue orbital de notre interglaciaire (Yin
and Berger, 2012, 2015). En effet, la configuration orbitale de la Terre pendant ces trois
interglaciaires présente de fortes similitudes, se traduisant par une distribution annuelle et
saisonniere de I’insolation comparable. Toutefois, le couvert forestier simulé pour les latitudes
subtropicales pendant le MIS 19 (Yin and Berger, 2012) ne coincide pas avec celui observé
(Sanchez Goiii et al., 2016), ce qui indique que les mécanismes contrdlant 1’expression régionale

du climat durant les analogues orbitaux ne sont pas encore bien contraints.

La recherche présentée dans cette thése a premiérement pour objectif de mieux comprendre
les changements de la végétation et du climat dans le sud-ouest de 1’Europe, une région
subtropicale particulierement sensible au réchauffement climatique actuel surtout en terme de
disponibilité en eau, pendant les interglaciaires clés que sont les MIS 31 et MIS 11. En deuxiéme
lieu, cette recherche s’intéresse aux for¢ages dominants pouvant expliquer l’intensité¢ et la
variabilité climatique de ces interglaciaires aux latitudes subtropicales. Identifier les processus
responsables de la variabilité climatique des MIS 11 et MIS 31 permet une nouvelle
compréhension de la nature, rapidité et causes des changements climatiques passés avec des
conditions climatiques de base différentes, avant et aprés ~1 million d’années, i.e. les cyclicités
de 41- et 100-ky. Finalement, la recherche des facteurs contrélant le climat interglaciaires dans
les subtropiques se focalisera en dernier lieu sur les analogues orbitaux de I’Holocéne dans le

monde de 100-ky.

Cette these présente 1’analyse pollinique a haute résolution (~ 400 ans) des sédiments du
site IODP U1385, situé sur la marge Ibérique en face de I’estuaire du Tage, qui permet de
reconstituer la végétation du proche continent, soit du sud-ouest de la péninsule Ibérigque.
L’analyse pollinique de sédiments marins permet de comparer directement, c’est-a-dire sans
incertitudes chronologiques, les variations de la végétation régionale et du climat continental,
avec celles de la température des eaux de surface de I’océan. Cette approche est donc un sérieux

atout dans 1’étude des réponses et interactions du systéme océan-atmosphere.
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Les résultats majeurs obtenus a partir de I’analyse pollinique du site U1385 sont tout
d’abord pour le MIS 11 (Oliveira et al., 2016, QR), une caractérisation des variations de la
vegetation et du climat dans le sud-ouest de I’Europe a 1’échelle orbitale. Notre enregistrement
pollinique refléte les trois phases classiques d’expansion de la forét marquant une augmentation
des températures et des précipitations, chacune étant associée a un minimum de précession.
Néanmoins, le couvert forestier et en particulier le maquis méditerranéens restent limités au cours
du MIS 11 probablement en réponse au faible forcage de la précession caractérisant ce stade. De
plus, grace a une résolution temporelle inédite, I’enregistrement pollinique du site U1385 révele
des oscillations marquées de la forét tout au long du MIS 11, indiquant que des changements
climatiques millénaires ont eu lieu quel que soit le volume de glace. La comparaison directe entre
les changements océaniques et de la végétation a permis de mettre en évidence que 1’amplitude et
la durée des événements millénaires froids sur le continent sont variables et qu’ils ne sont pas
toujours couplés a des variations de la température des eaux de surface. Nous montrons que cette
diversité d’épisodes de refroidissement est le reflet des différents processus atmosphériques et
océaniqgues en jeu dont le réle varie en fonction des conditions limites et en particulier du volume
de glace. Une configuration atmosphérique induisant la sécheresse dans le sud-ouest de la
péninsule Ibérique sans changement simultané de la température des eaux de surface, ce qui
rappelle le mode positif de 1’Oscillation Nord-Atlantique (NAO), semble prévaloir lorsque le
volume de glace est faible. Par contre, quand le volume de glace devient relativement élevé, les
mécanismes associés a la dynamique des calottes glaciaires, tels que la perturbation de la
circulation méridionale atlantique (AMOC) associé¢e aux décharges d’icebergs et son impact sur
les précipitations régionales, généreraient des épisodes froids et secs de forte intensité et de

longue durée dans le sud-ouest de 1I’Europe.

L’étude de la variabilité¢ climatique entre 1100 et 1050 ka qui comprend le « super
interglaciaire » du MIS 31 appartenant au « monte de 41-ky », révéle que malgré un forcage de la
précession trés important le réchauffement atmosphérique et des eaux de surface n’étaient pas
exceptionnel dans cette région fortement sensible a la précession (Oliveira et al., 2017, QSR). En
effet, I’enregistrement pollinique montre que cet intervalle se distingue par un régime tempéré et
humide avec une saisonnalité réduite. Contrairement aux résultats obtenus pour le MIS11

(« monde de 100-ky ») qui montraient que bien que faible le forcage de la précession module le
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développement de la forét lors de ce stade, ici nous trouvons que le forcage dominant contrélant
I’expansion de la forét tempérée est 1’obliquité, ce paramétre favorisant une sécheresse estivale et

un contraste saisonnier des précipitations moindres.

De plus, cette étude fournit pour la premié¢re fois des données qui montrent 1’existence
d’une variabilité atmosphérique millénaire pendant les MIS 31 et MIS 32 et le début du MIS 30.
L’enregistrement pollinique U1385 atteste de nombreux déclins de la forét reflétant une
succession d’épisodes de refroidissement et de sécheresse prolongée dans le sud-ouest de la
péninsule Ibérique. La comparaison directe continent-océan montre, comme pour le MIS 11, que
I’expression des événements de refroidissements suborbitaux est variable en fonction des
conditions limites. Lorsque le volume de glace est plus élevé, ¢’est-a-dire, pendant les glaciaires
MIS 32 et MIS 30, les évenements de refroidissement se ressentent sur le continent et dans
I’océan de surface et sont associés a une secheresse marquée. Les épisodes les plus intenses, qui
apparaissent comparables aux événements de Heinrich de par leur empreinte climatique, sont
probablement liés a une perturbation de I’AMOC associée a I’instabilité des calottes de glace. Au
contraire, les déclins répétés de la forét tempérée pendant le MIS 31 ne sont associés ni a des
baisses de la température des eaux de surface sur la marge ibérique, ni a un forgage d’eau douce
aux hautes latitudes. L’analyse statistique des séries temporelles révele que les variations de la
forét tempérée pendant le MIS 31 sont marquées par une cyclicité de 6 000 ans. Cette cyclicité se
retrouve dans 1’insolation des basses latitudes en lien avec le quatrieme harmonique de la
précession, ce qui suggere un lien potentiel avec le forcage tropical. Ces résultats démontrent
donc que dans le sud-ouest I’Europe les variations climatiques millénaires du MIS 31 sont
modulées par le forcage des hautes ou des basses latitudes dont la prédominance dépend

respectivement de 1’état de base du climat glaciaire ou interglaciaire.

Dans sa derniére partie, cette thése s’est concentrée sur les MIS 19, MIS 11 et MIS 1 qui
sont des périodes présentant une configuration orbitale de la Terre semblable. Nous avons tout
d’abord évalué la pertinence de considérer les MIS11lc et MIS19¢c comme analogues de
I’interglaciaire actuel dans le sud-ouest de I’Europe, puis nous avons cherché a déterminer les
facteurs dominants qui controlent I’intensité de ces interglaciaires, en particulier en termes de
végétation et précipitations, ainsi que 1’évolution du climat au cours de ces périodes (Oliveira et

al., under review, Clim. Dyn.). Pour cela, une comparaison modele-données a été réalisee en
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confrontant les simulations du climat régional obtenues avec le modele LOVECLIM, avec les
enregistrements climatiques atmosphériques et océaniques du site IODP U1385 pour les trois
interglaciaires. Les expériences de modelisations utilisées sont des simulations « instantanées »
des optima climatiques (au maximum d’insolation d’ét¢ dans 1’hémisphére nord) et les
simulations transitoires de 1’intégralité de chaque période interglaciaire (insolation et CO2 variant

en fonction du temps).

Les reconstructions polliniques révelent des divergences importantes entre 1’optimum de
forét du MIS1 et ceux des MIS11lc et MIS19c, ce qui remet en cause leur potentiel a étre des
analogues pour 1I’optimum climatique de notre interglaciaire dans le sud-ouest de I’Europe. Les
enregistrements polliniques et les simulations climatiques suggerent tous deux un couvert
forestier plus faible au MIS11 qu’a I’Holoceéne probablement di a des précipitations hivernales
moindres, facteur critique pour le développement de la forét dans notre zone d’étude. Bien que la
configuration orbitale de la Terre pendant ces deux stades soit proche, I’insolation d’été et donc
la température présentent un gradient latitudinal sensiblement plus important pendant I’optimum
du MIS 11. Ce gradient a probablement induit une trajectoire plus méridionale des vents d’ouest,
diminuant par conséquent la quantité des précipitations arrivant dans le sud-ouest de la péninsule
Ibérique en hiver. Par contre, le maximum de forét du MIS 19c indiqué par les données
polliniques est substantiellement plus faible que celui reproduit par les simulations. Nous
proposons que cette différence entre simulations et données est liée a la paramétrisation du
volume de glace dans le modele qui est fixé au niveau pré-industriel. En effet, les expériences de
modélisation ne prennent pas en compte que le volume de glace était relativement plus important
pendant le MIS 19, et notamment que la calotte glaciaire eurasiatique était plus étendue, alors que
la taille et la localisation des calottes peuvent jouer un réle important sur le parcours des tempétes

de I’ Atlantique nord.

Finalement, la comparaison modéle-données de 1’évolution de la végétation dans le sud-
ouest de la péninsule Ibérique au cours de 1’Holocéne, du MIS 11c et du MIS 19c montre tout
d’abord un accord entre simulations et données a I’exception notable de la déglaciation. Cette
différence est attribuée au manque d’interactions entre la calotte glaciaire et le climat dans les
expériences de modélisation qui incluent seulement un volume de glace typique des
interglaciaires. Nous trouvons que ’expansion de la forét dans le sud-ouest de la péninsule

Ibérique est fortement corrélée avec des étés chauds et d’importantes précipitations d’hiver, ce
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qui est principalement controlé par la précession, et que donc le CO: joue un role négligeable

dans 1’évolution de la forét méditerranéenne.

Notre travail met en évidence une concordance entre variabilité millénaire intra-
interglaciaire modélisée et observée dans le sud-ouest de la peninsule Ibérique, se traduisant par
des réductions répétées de la forét indiquant des épisodes de sécheresse hivernale sans diminution
de la température des eaux de surface. Etant donné que les interactions calottes glaciaires-climat
ont été négligees dans le modeéle, les simulations transitoires mettent en évidence que le forcage
astronomique a lui seul est suffisant pour produire la variabilité millénaire intra-interglaciaire
observeée. De plus, il est remarquable que la réduction la plus dramatique de la forét qui a lieu a la
fin de 1I’« optimum » de chaque interglaciaire lorsque le volume de glace est encore faible, soit
aussi reproduite dans les expériences transitoires, méme si elles présentent une tendance plus
graduelle. Cette observation souligne le role potentiel de I’interaction entre les variabilités
climatiques orbitale et millénaire dans I’amplification des réponses de la végétation et du climat.
Néanmoins, une étude plus approfondie est clairement requise pour mieux comprendre cette
interaction, ainsi que des expériences de modélisation considérant la configuration des calottes

glaciaires et les rétroactions associées au sein du systeme climatique.
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PREFACE

Over the last three million years, the Earth’s climate system underwent repeated long-term
climatic shifts between cold glacial and warm interglacial periods. These long-term climate
changes were originally driven by a combination of changes in precession, obliquity and
eccentricity that together determine the insolation at different latitudes and the seasonal
distribution. We are presently in an interglacial, the Holocene, which started about 11.700 years
ago. It is widely acknowledged that the climate is changing significantly particularly so in the last
few decades and that it will be warmer in the coming century (IPCC, 2013). The predicted global
warming in response to anthropogenic greenhouse gases increase is accompanied by changes of
other components of the climate system that will affect people and the environment worldwide,
including widespread melting of ice sheets, global sea-level rise, sea-ice cover decrease and
reduced global permafrost cover. As the climate of our planet appears to be heading for high rates
of climate change, whether due to natural variability or human activity, a deeper knowledge of
the mechanisms that drive the Earth’s climate by studying past climate changes is therefore
crucial to understand the natural variability for periods stretching back beyond the instrumental
record. From this perspective, it is of importance to investigate the climatic evolution of past
interglacials, particularly the ones characterized by warmer climates and higher sea-levels than
those of the Holocene, as they may provide decisive information about the response of the
cryosphere, ocean circulation, and other components of the Earth system during our present warm

climate and hopefully its future.

Marine Isotope Stage (MIS) 11 (425-374 ka), MIS 19 (790-761 ka) and MIS 31 (1.082—
1.062 ka) are periods of primary interest in this regard as they are considered among the best
interglacial analogues for the current interglacial and projected global warming. The levels of
warmth achieved during MIS 11 and MIS 31 were so exceptional at high latitudes that they were
considered as “super interglacials” (Melles et al.,, 2012). However, the magnitude and
geographical extent of their warming remains debatable as in other regions of the world their
thermal optima do not appear warmer than that of any other interglacial of the Quaternary (the
past 2.6 million years). MIS 19 in turn features a similar orbital configuration than that of the
Holocene resulting in a comparable distribution of annual and seasonal temperatures (Yin and

Berger, 2012, 2015). Nonetheless, there is a discrepancy between the simulated forest cover for
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the subtropical latitudes (Yin and Berger, 2012) and that observed (Sanchez Goiii et al., 2016a),
which highlights the interest of looking at diverse climatic variables, not only temperatures, to

understand the diversity of interglacials at regional scale.

The research presented in this thesis seeks first for a better understanding of the relevant
mechanisms driving the orbital and suborbital vegetation and climate changes in southwestern
(SW) Europe during two different worlds: MIS 11 dominated by eccentricity (100,000-year
cyclicity) and the poorly known MIS 31 dominated by obliquity (41,000-year cyclicity),
respectively. Secondly it aims to unravel the forcing factors controlling the magnitude and
climate variability of the Holocene and its best orbital analogues (MIS 11c and MIS 19c) in the
subtropical latitudes. This is attempted by performing high resolution pollen analyses that allow a
direct comparison between atmospherically-driven vegetation changes and sea surface
temperature variability in the same sediment sample set from the International Ocean Discovery
Program (IODP) Site U1385 (Expedition 339). This site, also known as the “Shackleton Site”,
was recently collected on the SW Iberian margin, which is considered a prime location for
tracking past climate changes and, additionally, has been identified as one of the most vulnerable
region to the ongoing global climatic changes. Revealing the processes behind the climatic
variability of MIS 11 and MIS 31 provides new insights on the nature, timing and causes of past
climate changes under the different baseline climate states before and after ~1 million years, i.e.
the 41,000 and 100,000-year cyclicity worlds, respectively. In addition, the discussion of Site
U1385 paleoclimate records in the light of modelling experiments allows determining the
dominant forcing and feedback mechanisms explaining the regional expression of the best orbital
analogues of the Holocene.

In this manuscript, a number of fundamental concepts and an overview of the state-of-the-
art of past interglacial climate are firstly given in Chapter 1, providing the starting point of the
work presented in this thesis. To avoid repetition, this introduction does not include a detailed
presentation of the current knowledge of each studied interglacial climate because this
information is already provided within the three core chapters of this thesis (Chapter 2 to 4) that
correspond to material published (or submitted) in peer-reviewed international journals. The main

research questions of this PhD and central issues that will be addressed in Chapter 2, 3 and 4
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follows the general overview. In the last part of this chapter, the study region, chronological

framework and proxy-based methods are presented.

Chapter 2 focuses on the millennial-scale climate variability during MIS 11 and reveals that
climate instabilities are a pervasive feature of MIS 11 in SW Europe, but most importantly it
highlights the diverse expression of the cooling events in terms of magnitude, character and
duration. We propose that this diversity is related to different atmospheric and oceanic

configurations depending on the baseline climate states (Oliveira et al., 2016, QR).

Chapter 3 presents the first direct comparison between oceanic and atmospherically-driven
vegetation changes in SW Iberian region between MIS 32 and early MIS 30, including the MIS
31. We show that, despite its extreme precession forcing, MIS 31 was characterized by a
temperate and humid climate regime marked by weak seasonality in this region very sensitive to
precession during the 100,000-year world. We find that this regional signature was likely due to
the prevailing influence of obliquity in controlling the hydroclimate of subtropical latitudes. In
addition, this study reveals that the different expression of the climatic instabilities during the
glacials and MIS 31 interglacial probably reflect the predominance of high or low-latitude

forcing, respectively, on the SW European climate variability (Oliveira et al., 2017, QSR).

In Chapter 4, we examine the vegetation and climate features of the best orbital analogues
of the Holocene, i.e. MIS 11c and MIS 19c, in SW Europe and we seek to determine the
controlling factors responsible for their regional climatic expression. For that, we used a model-
data comparison based on snapshot and transient experiments performed with the LOVECLIM
climate model and new and published terrestrial-marine climate profiles from Site U1385
(Holocene: Chapter 4, MIS 11c: Oliveira et al., 2016 and MIS 19c: Sanchez Gofii et al., 2016a).
We show that MIS 11c and MIS 19c cannot be considered as straightforward analogues of the
Holocene climate “optimum”, which was characterized by a much larger forest extent. Our
model-data comparison reveals that the differences between the three interglacial peaks and
throughout the interglacials were primarily constrained by the winter hydroclimate which is in
turn mainly controlled by precession whereas CO2 played a negligible role in the subtropics
forest development. Moreover, we find that the observed intra-interglacial variability and the

strong forest reductions marking the end of the interglacial “optimum” is well reproduced in
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climate simulations. This finding underlies the potential role of the interactions between long-
term and millennial-scale climate dynamics in amplifying the climate and vegetation response

(Oliveira et al., under review, Climate Dynamics).

Finally, the main conclusions and future perspectives are summarized in Chapter 5
followed by Appendix A, including the detailed percentage pollen diagrams for MIS 1, MIS 11
and MIS 31, and Appendix B presenting additional publications to which | have substantially
contributed.

D. Oliveira, 2017 10



Chapter 1

Introduction






Chapter 1 Introduction

1. INTERGLACIAL CLIMATES

1.1 Fundamental concepts and general overview

During the Quaternary, global climate has repeatedly changed between cold glacial and
warm interglacial conditions primarily due to gradual variations in insolation (e.g.
Milankovitch, 1920; Shackleton and Opdyke, 1973; Berger, 1975; Hays et al., 1976; Imbrie et
al., 1992; Berger and Loutre, 1994; Ruddiman, 2006). Changes in the amount of incoming
solar radiation (insolation) as well as its seasonal and latitudinal distribution are controlled by
oscillations in the Earth’s orbital geometry modulated by three orbital parameters as first

established by Milutin Milankovitch (Milankovitch, 1920, 1941) (Fig. 1):

(1) Eccentricity reflects the shape of Earth's orbit around the Sun, ranging from a quasi-
circular (low eccentricity of 0.0006) to a slightly elliptical shape (high eccentricity of 0.0535)
and with two periodicities of about 100 and 400 thousands of years (hereafter ky) (Berger and
Loutre, 1992; Berger and Loutre, 2004). The eccentricity is the only parameter that changes
the mean insolation received globally and annually by the Earth (Berger, 1975).

(2) Obliquity refers to the tilt of Earth’s rotation axis relative to a perpendicular to the
orbital plane, varying from 22° to 24.5° (current value of ~23.5°) with a periodicity of about
41 ky (Berger and Loutre, 2004). It determines the distribution of insolation between the
summer and winter season with a symmetric impact in both hemispheres. Fluctuations in
obliquity have less influence at low-latitudes as the strength of its effect decline towards the
equator (e.g. Buchdahl, 1999; Berger et al., 2010).

(3) Precession of the equinoxes (change in the orientation of the Earth's rotational axis)
is modulated by eccentricity, which splits the precession into two periods of about 23 ky and
19 ky, leading to an average period of 21 ky (Berger, 2001; Berger and Loutre, 2004). This
cycle has two components: an axial precession, caused by the gravitational forces exerted on
Earth of all other planetary bodies in our solar system, and an elliptical precession, in which
the elliptical orbit of the Earth itself rotates about one focus (Buchdahl, 1999). Changes in
axial precession modify the times of perihelion and aphelion, and consequently increase the
seasonal contrast in one hemisphere and decrease in the other hemisphere. The hemisphere at
perihelion experiences an increase in summer solar radiation and a cooler winter, while the

opposite hemisphere will have a warmer winter and a cooler summer. Presently, the Earth is

D. Oliveira, 2017 13



Chapter 1 Introduction

at perihelion in the northern hemisphere (hereafter NH) winter, which makes the winters and

summers less severe in this region (Ruddiman, 2001).

The changes in orbital forcing drove the growth and decay of glaciers that together with
other feedback processes (e.g. greenhouse gases (GHG), albedo) gave rise to glacial-
interglacial (G-1) cycles (Fig. 1). These cycles were clearly observed not only in the records of
benthic foraminifera oxygen isotope ratio (5%0) (e.g. Emiliani, 1955; Shackleton and
Opdyke, 1973; Hays et al., 1976; Lisiecki and Raymo, 2005) but also in an extensive range of
marine, ice core, lacustrine and terrestrial archives all around the world. Shackleton (1967)
demonstrated, based on the §'80 of benthic foraminifera curve from a deep-sea core covering
the last 1 million years (hereafter My), the occurrence of ice volume changes producing long
periods of glacial climates during which extensive ice sheets developed (heavy 580 values)
separated by temperate/warm conditions with restricted ice sheets extent (light 580 values).
The 580 records were later used for stratigraphic purpose and divided into numbered marine
isotope stages (MIS; G-I corresponding to even- and odd-numbers, respectively, excepting
MIS 3 which is a part of the last glacial period) (Shackleton and Opdyke, 1973). Over the past
decades, the chronostratigraphic framework of the Quaternary has been gradually improved
based on orbitally tuned §'80-stack records (e.g. Imbrie et al., 1984; Martinson et al., 1987;
Shackleton et al., 1990; Bassinot et al., 1994; Lisiecki and Raymo, 2005). Correlating
individual benthic profiles with a global stack, such as the LRO4, is a common practice to
establish a chronological framework for long marine sedimentary records. However, local
deep-water temperatures and hydrography can also influence benthic &80 signals
predominantly used as an indicator of global ice volume (Skinner and Shackleton, 2005). In
addition, a recent work shows that global stacks neglect regional differences that can reach
several thousands of years during glacial terminations possibly causing significant deviations
(Lisiecki and Stern, 2016). Regional 580 stacks may, therefore, provide a better stratigraphic
alignment targets than the LRO4 global stack, which is older by 1-2 ky throughout the

Pleistocene according to these new regional &80 tuning targets (Lisiecki and Stern, 2016).

The orbital-scale variability within the MIS may be further divided into interstadials and
stadials representing secondary advances or retreats of glaciers, which are referred by the
stage number followed by a substage letter (e.g. Shackleton, 1969) or number (e.g. Bassinot et
al., 1994). Since the MIS substage and decimal event notation are not interchangeable, as

substages refer to intervals and oxygen isotope events refer to individual points in time, a
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complete and optimized scheme of substage nomenclature for the last one million years was

recently proposed by Railsback et al. (2015) for use henceforth in palaeoclimate studies.

Orbital pacemaker Climate system Ice sheet response
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Fig. 1. Schematic representation of the “Pacemaker of the ice ages” mechanism of Hays,
Imbrie and Shackleton (1976) that provided strong support for the Milankovitch hypothesis
(from Hodell, 2016). In the pacemaker analogy, the pacemaker is the cyclic variations in
Earth’s orbital geometry, the heart is the climate system, and the heartbeat is the resulting G-I
cycles.

It is important to note that as shown by the combination of pollen and isotope analyses
in marine sediments, the ice volume and vegetation changes did not occur necessarily
simultaneously (for example, regional forest conditions persisted during some intervals of
northern hemisphere ice growth) (e.g. Sdnchez Gofii et al., 1999; Shackleton et al., 2002,
2003). Therefore, the marine and terrestrial stage boundaries are generally not isochronous. It
is also extremely important to note that the term “MIS” and “interglacial complex™ is not
synonymous with the term interglacial (e.g. Shackleton, 1969; Martinson et al., 1987,
Tzedakis et al., 2009a). The term “interglacial” was initially developed based on pollen
stratigraphy in western and central Europe and North America to refer to a climate episode at
least as warm as the Holocene that allowed the expansion of temperate deciduous forest (e.g.
Fairbridge, 1972; Turner, 1970; West, 1984; Gibbard and West, 2000). However, the term
“interglacial” has been loosely defined due to the large number of different approaches and

criteria used. A review by the Past Interglacials working group of PAGES (2016) recently
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forward a working definition of interglacial for the last 800 ky that may be more objectively
applied. Based on sea-level close to present, an interglacial would correspond to the interval
of minima continental ice volume with a distribution of NH ice similar to the present (0 = 20
m), i.e. there was litle NH ice outside Greenland, with periods of higher ice volume (~ 50 m
below present sea-level) before and after the interglacial period (Past Interglacials working
group of PAGES, 2016). This often ends up with the interglacial being the MIS substage after
deglaciation, as observed by isotopic minimum, sea-level high stand and/or less positive
seawater 5'80. However, the paucity of archives that are currently available hamper the
validation of this working definition and, therefore, an accurate and consistent identification
of the interglacials intervals (Past Interglacials working group of PAGES, 2016). For
simplicity's sake throughout this thesis the term interglacial is generally used to refer to the
interglacial complex, i.e. the MIS, while the interglacial as defined by Past Interglacials
working group of PAGES (2016) is referred to as the respective lightest 380 MIS substage
(e.g. MIS 5e, 9e, 11c, 19¢).

Despite the large number of studies that exists regarding the orbital variability described
by Milankovitch, there is still an extensive debate about the exact contribution of orbital
parameters in modulating the Earth’s climate, particularly during the Mid Pleistocene
Transition (MPT, 1.25-0.7 Ma, Clark et al., 2006), more recently known as the Early Middle
Pleistocene Transition (Head and Gibbard, 2015). During this enigmatic transition, the Earth’s
climate underwent prominent changes in G-I amplitude and periodicity, from dominant
symmetrical low-amplitude and high-frequency (41 ky obliquity-driven) climate cycles prior
to ~900 ky to increasing long-term average global ice volume and dominant asymmetrical
high amplitude and low-frequency (100 ky eccentricity-forced) climate cycles (Fig. 2), under
no significant difference in the orbital forcing (e.g. Pisias and Moore, 1981; Lisiecki and
Raymo, 2005; Clark et al., 2006; Elderfield et al., 2012; Head and Gibbard, 2015). The exact
timing of deglaciations and glaciations, role of orbital forcing and mechanisms of the onset of
the 100-ky periodicity represents a major challenge in the palaeoclimate research (Huybers
2007, 2011; Maslin and Brierley, 2015 and references therein; Tzedakis et al., 2017). Various
internal processes such as ice sheet size and configuration, GHG, ocean and atmospheric

dynamics and vegetation were invoked to explain the observed changes during the MPT.
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Fig. 2. Orbitally-driven 100-ky and 41-ky climatic oscillations. The North Atlantic benthic
foraminiferal 8*80 record shows a general cooling trend in global climate together with an
increase in global ice volume over the past 3 My (diagonal white line). The G-I variability
changed from symmetrical low-amplitude variations during the early Pleistocene (the “41-ky
world”) to high-amplitude asymmetrical variations during the middle-to late Pleistocene (the
“100-ky world”’). MPT: Mid Pleistocene Transition. (from Ruddiman, 2001).

Interglacial climate variability over the MPT has received little attention mainly due to
the scarcity of palaeoclimatic records available for this interval (Head and Gibbard, 2015 and
references therein). Within the MPT, MIS 31 (~1.07 Ma) stands out as a long lasting
interglacial marked by exceptional warmth in the high-latitude records (e.g. Scherer et al.,
2008; DeConto et al.,, 2012; Melles et al.,, 2012; de Wet et al., 2016). The typical
configuration of the ~ 100-ky G-I cycles initiates at MIS 25 (~0.95 Ma), with higher G-I
contrasts occurring after this interglacial (e.g. Wright and Flower, 2002; McClymont et al.,
2008; Hernandez-Almeida et al., 2012, 2013). High-resolution records in the subpolar gyre
(1ODP Site U1314) between MIS 31 and MIS 19 provide evidence for warmer interglacials
temperatures after MIS 25 and larger oscillations in the position of the Arctic Front
(Hernandez-Almeida et al., 2012, 2013). It is suggested that these oscillations allowed

increased northward export of heat and moisture during interglacials, with MIS 21 and MIS
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19 displaying substantial northward retreat of the Arctic Front, which favoured the buildup of
larger ice sheets during the glacials of the MPT (Ruddiman and Mclntyre, 1981; Raymo and
Nisancioglu, 2003; Hernandez-Almeida et al., 2013). MIS 23 is generally noted as the
weakest interglacial of the MPT and interrupts the interval from MIS 24 to MIS 22 (936-866
ka), the <900 ka event” (Clark et al., 2006), marking the first long-duration glaciation of the
Pleistocene and a progression to the heaviest 'O values of the MPT (e.g. Weirauch et al.,
2008; Elderfield et al., 2012). In SW Europe, the small number of available pollen-based
vegetation and climate reconstructions that cover the MPT lack the chronological precision
and/or required time resolution to investigate in detail the regional interglacial climate
variability and its relationship with records of North Atlantic (Tzedakis et al., 2006 and
references therein). Yet, on the well-known Tenaghi Philippon sequence, spanning the last
1.35 My, Tzedakis et al. (2006) found that both the obliquity and precession signals persisted
into the 100- and 41-kyr worlds, respectively. Other low-resolution SW European pollen
studies also provide evidence of both obliquity and precession-driven changes before and
across the MPT, highlighting the pervasive influence of precession on the Mediterranean
climate, including during the 41-ky world (Joannin et al., 2007, 2008, 2011; Tzedakis 2007

and references therein).

During the last ~800 ky, global climate was dominated by the regular 100-ky driven
symmetrical “saw-tooth” pattern of G-I changes (Fig. 2) resulting from a non-linear response
of the climate system to orbital forcing (e.g. Hays et al., 1976; Imbrie et al., 1992). This time
interval is well represented in marine and terrestrial sequences from a range of locations
across the globe and has received a large amount of attention since the recovery of the long
Antarctic ice core EPICA Dome C which extends back eight glacial cycles (~last 740 ky) (see
Past Interglacials working group of PAGES, 2016 for a recent review). In addition, this period
has also been the target of Earth models of intermediate complexity (EMICs) which are
focused on several climate cycles and those of full Earth system models (ESMs) that consider
varying boundary conditions, including the ones of recent interglacials (e.g. Yin and Berger,
2010, 2012, 2015; Ganopolski and Robinson, 2011; Herold et al., 2012; Bakker et al., 2013,
2014; Milker et al., 2013; Yin, 2013; Capron et al., 2014; Kleinen et al., 2014, 2016;
Ganopolski et al., 2016).
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Using the LOVECLIM model, Yin and Berger (2010, 2012, 2015) have investigated,
the individual contributions of the primary forcings (insolation and GHG) to different climate-
related parameters (temperature, tree fraction, sea ice) of the interglacials at the climate
“optimum” and also across the entire period of each interglacial. They have found that: a)
there is not a straightforward relationship between astronomical forcing and the interglacial
intensity, which is not directly related to the closest precession peak or the phase of obliquity
maximum and precession minimum; b) the warmest, MIS 5e and MIS 9e, and coolest, MIS 13
and MIS 17 in the high-latitudes results of the combined contribution of insolation and GHG,;
c) insolation (peak in boreal summer insolation) plays a dominant role on the variation of the
tree fraction globally and precipitation, and in particular the North African (southern
Mediterranean) tree fraction is highly correlated with precession, with GHG playing a
negligible role, d) even if MIS 11 and MIS 19 are considered as the best analogues for the
Holocene from an astronomical point of view, they do not show the same variations of annual
and seasonal temperatures under the combined effect of the primary forcings. The major
difference for MIS 11 is related to its higher GHG concentration and a slightly different
insolation pattern (Ganopolski et al., 2016), which leads to a warmer interglacial than that of
the Holocene and MIS 19c.

In agreement with data compilations from Lang and Wolff (2011) and Past Interglacials
working group of PAGES (2016), Yin and Berger simulations (2012, 2015) also show a
strong regional variability in the intensity of interglacial periods across the last 800 ky. In
contrast to high-latitude locations, simulated temperatures in southern Europe appear
comparable for all interglacials. Nevertheless, the tree fraction in the subtropics is simulated
as highly variable from one interglacial to another, which highlights the importance of
evaluating precipitation when assessing the regional expression of interglacials in lower
latitudes (Yin and Berger, 2012, 2015). These model results are in line with a recent
composite SST record showing that the interglacials over the last ~1 My off the Iberian
Margin were characterized by similar levels of warmth with SST close to 20°C (Rodrigues et
al., 2016). However, one should keep in mind that the interglacial intensity and its regional
expression have been routinely evaluated in terms of thermal regime with little attention paid
to precipitation patterns. In regions with landscapes and ecosystems highly susceptible to
hydrological changes, such as the Mediterranean, it is therefore crucial to consider
precipitation changes. The Mediterranean region, including the SW Iberian Peninsula, has
been identified as one of the most vulnerable regions to global warming (Giorgi, 2006).

D. Oliveira, 2017 19



Chapter 1 Introduction

Climate projections show repeated occurrence of severe drought episodes and a reduction of
the mean annual precipitation in the Mediterranean area that will deeply affect the natural
landscape systems (Gao and Giorgi, 2008; Solomon et al., 2009; Anav and Mariotti, 2011;
Santini et al., 2014; Sousa et al., 2015; Guiot and Cramer, 2016). Future climate changes in
the Mediterranean region may lead for example to the expansion of temperate evergreen
broadleaved trees in zones previously occupied by temperate deciduous trees and to the
collapse of the Mediterranean forest in drier zones (Anav and Mariotti, 2011; Santini et al.,
2014). Yet, important biases are found in models used for simulating the Mediterranean
climate and ecosystem responses to global climate change (Gao and Giorgi, 2008), which
emphasizes the need to integrate proxy-based climate reconstructions in model experiments
(Flato et al., 2013).

Another subject of debate in the interglacial climate research of the last 800 ky lies in
the presence/absence of differences between the post-MBE (MBE: mid-Brunhes Event,
between MIS 13 and MIS 11) and the pre-MBE interglacials (Yin and Berger, 2010; Lang and
Wolff, 2011; Candy and McClymont, 2013; Past Interglacials working group of PAGES,
2016). Interglacial periods before this event appeared to be long and characterized by larger
ice sheets, lower sea-level, cooler temperatures in Antarctica and reduced CO> than the more
recent ones (e.g. Lambeck et al., 2002; EPICA, 2004; Bintanja et al., 2005; Lisiecki and
Raymo 2005; Luthi et al., 2008). However the expression of the MBE was neither globally or
regionally uniform (Candy and McClymont, 2013; Past Interglacials working group of
PAGES, 2016), being only clearly expressed in climatic variables dominated by GHG such as
global annual mean temperature, but not in the ones dominated by insolation such as tree
fraction and precipitation (Yin and Berger, 2010, 2012).

As far as the length of interglacials is concerned, interglacials have an overall duration
ranging between ~10 and 30 ky consistent with orbital forcing timescale, with MIS 7e and
MIS 11c being generally the shortest and longest, respectively (Past Interglacials working
group of PAGES, 2016). Tzedakis et al. (2012a) suggested that the phasing of precession and
obliquity played an important role in the persistence of interglacial conditions over one or two
insolation peaks, leading to short (~13 £ 3 ky, MIS 5e, 7e, 9¢, 15a and 19c) or long (~28 * 2
ky, MIS 11c, 13a and 17) interglacials. However, estimating the interglacial duration remains
problematic as it is based on the definition and identification of the interglacial onset and

termination (Tzedakis et al., 2012a, b). Recently, a simple rule has been proposed based on
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the combination of amount of energy integrated over the caloric summer half of the year at
65° N (obliquity) and length of previous glacial for the timing of deglaciations whether in the
41-ky or 100-ky worlds; however, the glacial inceptions were not discussed (Tzedakis et al.,
2017).

Superimposed on the long-term G-I variability, the climate of the Quaternary has been
characterized by global and pervasive millennial-scale climatic changes, particularly well
documented for the last glacial period (Heinrich and Dansgaard-Oeschger events) and past
800 Kky in a number of palaeoarchives from marine, ice core and terrestrial sequences (e.g.
Dansgaard et al., 1993; Heinrich, 1988; McManus et al., 1999; EPICA, 2004; NGRIP
members, 2004; Martrat et al., 2007; Hodell et al., 2008; Wang et al., 2008; Barker et al.,
2011; Jouzel et al., 2007; Naafs et al., 2013; Rodrigues et al., 2016; Kawamura et al., 2017).
Although the causes of these abrupt changes are not totally understood, they are tightly
associated with variations in the ocean thermohaline circulation (Lynch-Stieglitz, 2017; Oppo
et al., 2006), global sea-level dynamics (Siddall et al., 2003) and GHG concentration changes
(Loulergue et al., 2008). It is generally accepted that millennial-scale climate variability is a
recurrent feature of glacial periods and occurs regardless of 41- and 100-ky background
climate states (e.g. Oppo et al., 1998; McManus et al., 1999; Weirauch et al., 2008; Hodell et
al., 2013a, 2015; Barker et al., 2015; Birner et al., 2016). If the relatively subdued abrupt
variability during interglacials is a clue to plausible underlying mechanisms, the extent of NH
ice sheets appears as the most important forcing factor. In agreement, much of the work of the
last decades has invoked critical ice sheet size thresholds and associated iceberg surges for
amplifying the magnitude of cooling episodes (e.g. McManus et al., 1999; Mc Intyre et al.,
2001; Wright and Flower, 2002; Gritzner and Higgins, 2010; Alonso-Garcia et al., 2011;
Hodell et al., 2015), even if they may not be the trigger (Barker et al., 2015). Nevertheless, a
growing body of evidence shows that the current interglacial is not climatically stable and, in
fact, it is punctuated by abrupt and widespread millennial-scale climatic changes (e.g. Alley
and Agustsdottir, 2005; Wanner et al., 2008; Daley et al., 2011; Marcott et al., 2013).

Until recently, it was unclear if past interglacials were also prone to abrupt oscillations.
However, high-resolution records from Antarctica, subtropical and subpolar North Atlantic,
and northern Europe, have provided convincing evidence for the occurrence of millennial-
scale climate change during interglacials periods, namely in what concerns the best studied
MIS 5e, 9e, 11c, 19c, despite reduced ice caps (Oppo et al., 1998; Billups et al., 2004;
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Tzedakis et al., 2004; Brauer et al.,, 2007; Desprat et al., 2009; Bigler et al., 2010;
Koutsodendris et al., 2011; Pol et al., 2011, 2014; Ferretti et al., 2010, 2015; Sanchez Gofii et
al., 2016a; Tye et al., 2016). In addition, some works have proposed that millennial cold
spells, related to large and abrupt changes in the strength of the Atlantic Meridional
Overturning circulation (AMOC) may have played a determinant role in the timing of the
glacial inception primarily forced by astronomical changes (e.g. Tzedakis et al., 2004, 2012a,
b; Past Interglacials working group of PAGES, 2016). More recently, the intra-interglacial
variability has been associated to the Earth climate system's response to the harmonics of
precession driven by low-latitude insolation forcing (Berger et al., 2006; Weirauch et al.,
2008; Ferretti et al., 2010, 2015; Billups et al., 2011; Herndndez-Almeida et al., 2012; Billups
and Scheinwald, 2014), which potentially hastened the glacial inception (Sanchez Gofii et al.,
2016a). Notwithstanding the recent palaeodata acquisition, further work on high-resolution
palaeoclimate records is clearly needed to document intra-interglacial climate variability, its

origin and the interaction with long-term orbital changes to explain G-I cycles (Hodell, 2016).

Summarizing the above, while the understanding of the interglacial climate variability
during the 41-ky world remains limited, a number of studies have shown that each interglacial
of the last 800 ky has been the result of a specific interplay between the distribution of
incoming solar radiation, GHG concentrations and ice volume, leading to a variety of warm
periods that differ in terms of intensity, character and duration (e.g. Tzedakis et al., 2009a;
Lang and Wolff, 2011; Past Interglacials working group of PAGES, 2006). Nevertheless,
important questions regarding the external (insolation) and internal (ice sheet, GHG, ocean
and atmospheric dynamics, vegetation) processes controlling the regional expression and the
magnitude of the climate optimum (warmest period), length and millennial-scale variability of
past interglacials in both 100- and 41-ky worlds remain to be solved. The work presented in
this thesis focuses on the climate variability of key past warm periods of the 100-ky and 41-ky
worlds, the MIS 11 and MIS 31, respectively (Fig. 3), both described as “super interglacials”
as they appear to have been characterized by exceptionally warm conditions at least in the
western Arctic (Melles et al., 2012). Another central theme of this thesis is the regional
expression of the best orbital analogues (MIS 11c and MIS 19c) (Fig. 3) for the current
interglacial in SW Europe and the assessment of the major factors controlling the magnitude

and evolution of the Mediterranean tree fraction and climate.
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Fig. 3. From bottom to top: LR04 §'80 benthic record with odd-numbered marine isotopic
stages (MIS) following Lisiecki and Raymo (2005) (black); EPICA Dome C temperature
anomaly (°C) (Jouzel et al., 2007) (blue); synthetic record of Greenland temperature (Barker
et al., 2011) (dark grey); EPICA Dome C atmospheric CO2 concentration (Ldthi et al., 2008)
(purple); 65°N summer insolation (black), obliquity (green), precession (red) and eccentricity
(blue) (Berger, 1978). The blue bars indicate the interglacials studied in this thesis, MIS 1
(MIS 1: last 14.5 ky, Holocene: last 11.7 ky following Walker et al. (2008)), MIS 11, MIS 19
and MIS 31.
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MIS 11 (425-374 ka) (Lisiecki and Raymo, 2005) has been the subject of great attention
in the palaeoclimate community over the past twenty years (synthesis papers and references
therein: Droxler et al., 2003; Candy et al., 2014). The wealth of information available for MIS
11 is mostly due to its potential orbital analogy with our present and future climate mainly
due to nearly circular orbit and damped precession and subsequent similar latitudinal and
seasonal distributions of insolation (e.g. Berger and Loutre, 2002, 2003; Loutre and Berger,
2003; Yin and Berger, 2015). Consequently, a number of studies have focused on MIS 11c
exceptional length as it might bring new insight into the duration of the current interglacial in
the absence of anthropogenic interference (e.g. Berger and Loutre, 1996, 2002; Droxler et al.,
2003; Loutre and Berger, 2003; McManus et al., 2003; EPICA, 2004; Rohling et al., 2010).
Yin and Berger (2015) transient simulations have confirmed the long duration of MIS 11c and
demonstrated that it is associated to the weak precession together with the nearly opposite in
phase between obliquity and precession and the high CO. concentration. Based on the orbital
analogy with MIS 11c, climate simulations have shown that the current interglacial may
naturally last for more than 50 ky (Berger and Loutre, 2002). However, this analogy remains
debatable primarily because it depends on which parameter is used in the orbital alignment of
the two interglacials (e.g. EPICA, 2004; Ruddiman, 2005; Masson-Delmotte et al., 2006;
Tzedakis, 2010). Additional key attributes highlight the importance to investigate MIS 11
palaeoclimate in the context of anthropogenic greenhouse warming, including the dominance
of GHG-driven warming, potential higher than present sea-level originated from the collapse
of the Greenland and West Antarctica ice sheets, prolonged interglacial conditions and
evidence of intra-interglacial variability throughout MIS 11 (Candy et al., 2014 and references

therein).

In terms of orbital analogues of the Holocene and its natural future, recent attention has
been paid to MIS 19, characterized by weak eccentricity, like MIS 1 and MIS 11, but with an
insolation distribution pattern and temperature response closest to the current interglacial than
MIS 11 (e.g. Tzedakis et al., 20094, 20123, b; Pol et al., 2010; Rohling et al., 2010; Tzedakis,
2010; Yin and Berger, 2012, 2015; Candy et al., 2014; Giaccio et al., 2015; Ganopolski et al.,
2016). Following this good analogy with MIS 19c, Tzedakis et al. (2012b) proposed that the
Holocene would last 1.5 ky more under pre-industrial CO. concentrations. Nevertheless, a
recent work also challenges this analogy based on the different millennial-scale climatic
cyclicity observed throughout the two interglacials that appears to interact with the long-term
variability in triggering the glacial inception (Sanchez Gofii et al., 2016a).

D. Oliveira, 2017 24



Chapter 1 Introduction

MIS 31 (1081-1062 ka; Lisiecki and Raymo, 2005) also represents a Quaternary
interglacial of primary interest and in recent years it has become the focus of much attention
from the scientific community. One of the main reasons of this interest stems from the fact
that MIS 31 palaeoclimate has the potential to act as analogue of current and predicted
anthropogenic warming due to evidence of extreme warmth in some critical regions such as
the high-latitudes of both hemispheres (e.g. Scherer et al., 2008; Naish et al., 2009; Melles et
al., 2012; Teitler et al., 2015; de Wet et al., 2016). Furthermore, it offers the opportunity to
investigate the Earth's climate system during the warm periods dominated by the 41-ky
obliquity periodicity within the intriguing MPT. MIS 31 was characterized by exceptionally
high values of high-latitude insolation (Laskar et al., 2004) that along with high CO (Tripati
et al., 2011) drove the highest model-predicted eustatic sea-level rise of the early Pleistocene
(~ 20 m above present, Raymo et al., 2006). Proxy-based and model studies suggest that MIS
31 extreme warmth may have triggered stronger than usual melting of both Greenland and
Antarctica ice sheets (e.g. Scherer et al., 2008; Naish et al., 2009; Pollard and DeConto, 2009;
DeConto et al., 2012; Melles et al., 2012; Teitler et al., 2015). In addition, recent studies from
the high-latitudes indicate that the warming spanned the interval from MIS 31 to MIS 33, with
MIS 32 having the character of a stadial rather than a glacial, and suggest that this interval
should be re-classified as one exceptionally long interglacial (Teitler et al., 2015; de Wet et
al., 2016). However, the study of MIS 31 interglacial climate remains challenging because of
the scarcity and poor temporal resolution of palaeoclimatic records that are currently available

apart from the ones in polar regions of the northern and southern hemispheres.
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1.2 Research questions

The overview of the literature reveals that despite the extensive interglacial climate
research, key questions remain to be solved, particularly at the regional-scale. This thesis aims
to provide new insights into the climate variability of key Quaternary interglacials, MIS 11
and MIS 31, and the best orbital analogues (MIS 11c and MIS 19c) of the current interglacial
in SW Europe, a particularly sensitive region to hydrological changes and predicted
anthropogenic warming. To this end, a top-quality marine sequence, the SW Iberian margin
Site U1385, was studied using a high-resolution multiproxy approach permitting the direct
comparison between pollen-based vegetation and terrestrial climate and marine environmental

change. This PhD project sought to answer the following research questions:

(@ What were the impacts of MIS 11 and MIS 31 climate variability on western
Mediterranean climate and terrestrial environments?

(b) Were climate and vegetation changes during MIS 11 and MIS 31 imprinted by their muted
and extreme orbital forcing, respectively, and also by the climate system of the 100-ky and
41-ky worlds?

(c) How were millennial-scale changes during MIS 11 and MIS 31 modulated by shifts in
baseline climate states and remote controlling factors? What was the origin and frequency of
the millennial-scale variability during these interglacials?

(d) Were MIS 11c and 19c good analogues of our present interglacial, the Holocene, over the
SW lIberia region?

(e) What are the dominant forcing factors driving 1) the interglacial intensity, in terms of
forest expansion and precipitation, of the Holocene and its potential analogues in SW Iberia;
2) the evolution of the tree fraction and climate over these specific warm periods, 3) their
intra-interglacial variability?
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2. MATERIAL AND ENVIRONMENTAL SETTING

2.1 I0ODP Site U1385 (Shackleton Site)

Scientific drilling by the IODP provides the opportunity to investigate unique palaeo-
archives of climate change such as marine sediments. This thesis uses samples from the IODP
Site U1385 recovered on the SW Iberian margin off the Portuguese coast during the
Expedition 339 “Mediterranean Outflow” in 2011 (Expedition 339 Scientists, 2013; Hodell et
al., 2013Db) (Fig. 4, Table 1).
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Fig. 4. Maps showing a) Target area of the IODP Expedition 339: the Gulf of Cadiz and SW
Iberian margin; b) the drilled sites and the official logo (left inset); c) location of Site U1385
and the Marion Dufresne (MD) piston cores recovered on the SW lberian margin (after
Rodriguez-Tovar et al., 2015).
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Table 1. Summary description of the studied IODP Site U1385 (Expedition 339 Scientists,
2013; Hodell et al., 2013Db).

Core Ref. | IODP Site U1385

Latitude, longitude | 37°34.285'N, 10°7.562' W

Expedition | IODP Expedition 339 “Mediterranean Outflow”

Ship | D/V JOIDES Resolution

Sampler | Advanced Piston Corer (APC)

Water depth | 2578 m below sea-level (b.s.l.)

Penetration | ~155.9 m below sea floor (b.s.f.)

Uniform, nannofossil muds and clays with varying proportions

Sediment lithology of biogenic carbonate and terrigenous material

Site U1385 is known as the “Shackleton Site” in honour of Nick Shackleton’s seminal
study on the nearby site MD95-2042 (Fig. 4), which showed the exceptional ability of the
sediments from this margin to record both Greenland and Antarctica global climatic signals in
a single archive (Shackleton et al., 2000, 2004). In addition, the proximity of Tagus and Sado
hydrographic basins and the narrow continental shelf off Portugal (30-50 km wide) favours
the rapid delivery of continental material to the deep-sea sediments, including pollen grains.
Marine and terrestrial climate indicators from subtropical latitudes having a common
chronology can therefore be compared without chronological ambiguities and linked with
polar ice cores of both hemispheres and European terrestrial sequences (e.g. Sdnchez-Gofii et
al., 1999, 2000, 2008; Shackleton et al., 2000, 2003, 2004; Tzedakis et al., 2004, 2009b;
Margari et al., 2010). For all these reasons, the Iberian margin has emerged as a benchmark
region for the palaeoclimate research, providing reliable marine-ice-terrestrial comparisons on
orbital, millennial and sub-millennial timescales. Site U1385 was drilled at the same location
as core MDO01-2444 and is close to a series of high-quality cores retrieved from the SW
Iberian margin (Fig. 4) which have been extensively studied and have contributed to
important breakthroughs in the orbital and millennial-scale variability of the last ~ 424 ky
(MIS 11) (e.g. Tzedakis et al., 2004, 2009b; Vautravers and Shackleton, 2006; Martrat et al.,
2007; Skinner et al., 2007; Margari et al., 2010; Voelker and de Abreu, 2011 and references
therein; Hodell et al., 2013a; Channell et al., 2014). Site U1385 extends the SW Iberian
margin records back to the early Pleistocene, and has the potential to become a marine

reference section for Milankovitch and sub-Milankovitch climate variability and their
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imprints in both terrestrial and marine ecosystems (Expedition 339 Scientists, 2013; Hodell et
al., 2013b, 2015).

IODP Expedition 339 drilled five holes (A—E, 67 cores in total) at Site U1385, located
on the structural high “Promontorio dos Principes de Avis” to circumvent the disturbance of
sediments by turbidity currents. A total of 621.8 m of hemipelagic sediments were recovered
and analyzed by core scanning XRF at 1-cm spatial resolution (Expedition 339 Scientists,
2013; Hodell et al., 2013b, 2015). These data allowed a precise hole-to-hole correlation and
the construction of a composite spliced stratigraphic section, without gaps or disturbed
intervals, to ~166.5 corrected revised meters composite depth (crmcd) that corrects for
squeezing and stretching in each core (Hodell et al., 2015). The low-resolution 580y record of
Site U1385 shows a continuous Pleistocene—Holocene sequence covering the last 1.45 My
(from MIS 47 to the Holocene), with an average sedimentation rate of ~11 cm/ky (Hodell et

al., 2015) (see section 4.1 Chronological framework for more details).

2.2 The southwestern Iberian region

2.2.1 Climate and vegetation

The Iberian Peninsula encompasses two macrobioclimatic/biogeographic regions: the
Temperate/Eurosiberian region occupying mostly the north and the northwest of the peninsula
and the Mediterranean region that includes the large area of its center and south (Rivas-
Martinez et al., 2004) (Fig. 5).

a) b) Allantic-Central Europe@”
EUROSIBERIAN

— Alpino-Caucasian
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(MACROBIOCUMATES) REGIONS & Subregions

Fig. 5. Bioclimatic a) and biogeographic b) maps of Europe (from Rivas-Martinez, 2007).
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Fig. 6. Annual, coldest and warmest months average total precipitation and temperature in
Iberia (1971-2000) (from lberian Climate Atlas, 2010). Upper panel: Annual, January and
August average total precipitation. Lower panel: Annual, January and August average mean
temperature.

The present-day climate in SW lberia is Mediterranean, characterized by warm, dry
summers and cool, wet winters (Fig. 6). Mean annual temperature (Tann) ranges from ~17 to
13 °C and minimal winter temperatures from 5 to -1 °C (Peinado Lorca and Martinez-Parras,
1987). The annual precipitation (Pann) is around 350-600 mm, mostly falling during the
winter season (Peinado Lorca and Martinez-Parras, 1987). This characteristic climate
seasonality results from the complex interactions between the subtropical and mid-latitude
atmospheric circulations (Lionello et al., 2006). While in summer the influence of the
northward expansion of the Azores high pressure system dominates, in wintertime this region
is directly affected by the position and strength of the North Atlantic westerlies and associated
changes in the North Atlantic Oscillation (NAO) (Hurrel, 1995; Trigo et al., 2004; Lionello et
al., 2006).

It is widely accepted that NAO corresponds to the dominant mode of atmospheric
circulation variability over western Europe in winter, dictating to a large extent the
temperature and precipitation variability of the studied region by inducing changes in the
activity of the Atlantic storm tracks (e.g. Trigo et al., 2002). This mode is related to the
strength of the meridional pressure gradient along the North Atlantic sector. Generally, the

NAO Index is determined by the difference between sea-level pressure measured over Iceland
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and Ponta Delgada (Azores), although in recent years other stations have been proposed for
the southern sector of the pattern, namely Lisbon (Hurrell, 1995) or Gibraltar (Jones et al.,
1997). When the NAO is in a positive phase, the Icelandic Low and the Azores High are both
enhanced causing a large wintertime meridional pressure gradient over the North Atlantic
(Hurrell, 1995) (Fig. 7). In the negative NAO phase both pressure centers are weakened, i.e.
weak subtropical high and weak Icelandic Low (Hurrell, 1995) (Fig. 7).

Fig. 7. The two phases of the NAO variability mode. a) Positive phase: stronger than average
westerlies, mild and wet winters over N-Europe and dry conditions in the Mediterranean; b)
Negative phase: weaker than average westerlies, cold and dry winters in N-Europe and rainy
winters in S-Europe (from http://www.ldeo.columbia.edu/NAO by Martin Visbeck).

Fluctuations from one NAO phase to the other produce variations in the position and
strength of the westerlies over the North Atlantic, seasonal mean heat and moisture transport
over the ocean and the path and number of storms. They can also be responsible for important
changes in ocean temperature and heat content, current patterns, and sea ice cover in the
Arctic region (Trigo et al., 2002; Hurrell, et al., 2003) (Fig. 7). In western Iberia, a positive
phase leads to dry winters and strong coastal upwelling along its margin, while the opposite
situation generates an increase in winter precipitation (e.g. Trigo and DaCamara, 2000;
Hurrell et al., 2001; Trigo et al., 2004; Abrantes et al., 2005). In addition, a remote sensing
study showed that recent (1982-2002) Iberian vegetation dynamics, as estimated using the
Normalised Difference Vegetation Index (NDVI), is also largely controlled by the NAO
variability (Gouveia et al., 2008). This work found a significant negative correlation between
the NAO values and the vegetation activity in the subsequent spring and summer seasons,
which is consistent with the critical role of winter precipitation in sustaining the forest growth
during the dry season through groundwater recharge (Gouveia et al., 2008, Luque-Espinar et

al., 2008). Given the present-day dependence of the vegetation on winter precipitation over
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the studied region (Quezel, 2002), past vegetation and climate changes may be explained, at
least partly, by prolonged periods of the large-scale atmospheric circulation preferably locked
into either an NAO- or NAO+ phase type circulation, i.e. changing the intensity and direction

of the westerlies, over longer timescales (e.g. Fletcher et al., 2012).

The vegetation distribution and composition of SW Iberia, and most particularly of the
Tagus and Sado watersheds, are closely related to orographic and maritime influences on
temperature and precipitation gradients (Peinado Lorca and Martinez-Parras, 1987; Quezel,
1989; Blanco Castro et al., 1997). Thus, even though Mediterranean vegetation dominates the
SW and central Iberian landscapes, floristic elements characteristic of the Eurosiberian region
are found in sub-humid to humid areas (Pann: 600-1200 mm) (Blanco Castro et al., 1997).

The largest area of the studied region, situated at low altitude (<1000 m above sea-level
(a.s.l.)), is currently dominated by evergreen sclerophyllous forests, consisting primarily of
holm oak (Quercus rotundifolia) and kermes oak (Quercus coccifera) (Blanco Castro et al.,
1997). Evergreen Quercus woodlands (Quercus rotundifolia and Quercus coccifera) with
juniper (Juniperus communis) and aleppo pine (Pinus halepensis) are found in drier
environments, mainly in the eastern part. Quercus rotundifolia and Quercus suber (cork oak)
dominate in the western part with increased moisture availability, associated with some
evergreen sclerophyllous plants such as Phillyrea angustifolia and Pistacia terebinthus.
Scattered evergreen sclerophyllous species, such as mastic (Pistacia lentiscus) and olive
(Olea sylvestris), Phillyrea and Cistaceae are present in the warmest areas. At mid-altitudes
(700-1000 m a.s.l.), the thermal and hydrologic gradients promote the development of
Eurosiberian floristic communities, mainly deciduous oak woodlands (Quercus pyrenaica and
Quercus faginea) (Blanco Castro et al., 1997). Coniferous vegetation (Pinus sylvestris, Pinus
nigra and Juniperus communis) occupies areas at higher altitudes (1000-2000 m a.s.l)
characterized by cold winter conditions and dry summers (Peinado Lorca and Martinez-
Parras, 1987). Mediterranean shrub vegetation are either dominated by heathers (Ericaceae) in
zones with wet soils and higher humidity (Pann>600 mm) due to strong oceanic conditions or
evergreen aromatic shrubs (Cistaceae) in drier environments (Peinado Lorca and Martinez-
Parras, 1987; Loidi et al., 2007).

The distribution of the Mediterranean vegetation in SW Iberia has been affected by fire
and human intervention. Olive (Olea europea) and introduced tree species, mostly eucalyptus
(Eucalyptus globulus), only expanded substantially in the last centuries as a result of intense

human activity (Alcara Ariza et al., 1987).
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2.2.2 Oceanographic conditions

The western Iberian margin is located on the northernmost limit of the seasonal eastern
North Atlantic upwelling system (Fiuza, 1984). The modern surface hydrography and coastal
upwelling regime are dominated by the Portugal Current System (PCS), which is marked by
distinct currents and countercurrents mainly controlled by the strength and direction of the
offshore winds (Fiuza et al., 1982; Peliz et al., 2005; Ramos et al., 2013). In winter, the
Azores high pressure system migrates southward and decreases in strength, leading to coastal
downwelling processes and to a warm and salty surface current flowing northward along the
margin, named Iberian Poleward Current (IPC) (Filza et al., 1982; Peliz et al., 2005) (Fig. 8).
In contrast, in spring and summer as the Azores high intensifies and migrates northward, the
slow southward Portugal Current (PC) develops and strong north/north-westerly winds cause

upwelling and sea surface cooling (Fiuza et al., 1982; Peliz et al., 2005; Ramos et al., 2013).

Below the surface layer, the Eastern North Atlantic Central Water (ENACW) occupies
the depth of the permanent thermocline (Rios et al., 1992; Filza et al., 1998) (Fig. 8). It is
composed of two branches with different origin and thermohaline characteristics: (1) the
poleward flowing ENACWSst of subtropical origin, which corresponds to the subsurface
component of the IPC, is formed along the Azores front during winter; (2) the equatorward
flowing ENACWSsp, the subsurface component of the IPC, is formed in the northern Iberian
Peninsula. Since the ENACWst is lighter, relatively warmer and saltier, it overlies its subpolar

counterpart. Depending on the wind strength either water mass can be upwelled.

The intermediate layer, between ~550 and 1500 m, is dominated by the warm and salty
Mediterranean Outflow Water (MOW), which is formed in the Gulf of Cadiz by mixing of
Mediterranean Sea with Atlantic water. Due to the mixing, the MOW forms two branches that
flow northward as undercurrents (Ambar and Howe, 1979) (Fig. 8). Beneath the MOW, at a
depth of ~1800 m, lies the Labrador Sea Water (LSW), the uppermost component of the
North Atlantic Deep Water (NADW) (Fiuza et al., 1998) (Fig. 8). The deeper layer is
occupied by the NADW, with low stratification and a high oxygen content, and the Lower
Deep Water (LDW) (>4000 m) mainly composed of carbonate corrosive Antarctic Bottom
Water (AABW) and Labrador Deep Water (LDW) (Fiuza, 1984) (Fig. 8).
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Fig. 8. Surficial water circulation off western Iberia (after Herndndez-Molina et al., 2011).
AC: Atlantic Current, ENACW: Eastern North Atlantic Current Water, IPC: Iberian Polar
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indicates the location of Site U1385.

At present-day, Site U1385 is located under the trajectory of the surface and subsurface
PCS and ENACW (Fig. 8), which provides the opportunity to study past surface circulation
variability in connection with atmospheric circulation changes. At the bottom, the site is
under the influence of the NADW (Fig. 8), although during glacials and millennial-scale cold
periods less ventilated southern sourced waters (AABW) were the predominant bottom waters
(Duplessy et al., 1988; Martrat et al., 2007; Skinner and Elderfield, 2007).
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3. METHODOLOGY

The main target of palaeoclimatology is to describe and understand Earth’s climatic
history through as many timescales as possible. Part of this aim can be achieved with climate

indicators enclosed in the deep-sea sediments.

IPCC (2013) defined a proxy climate indicator “as a record that is interpreted, using
physical and biophysical principles, to represent some combination of climate-related
variations back in time”. A single deep-sea sediment core can include several proxies (e.g.
stable isotopes, trace elements, microfossil assemblages, magnetic and physical properties)
that provide reliable and extensive climatic reconstructions with accurate stratigraphy and
chronology (Cronin, 1999). These reconstructions may then be integrated with observations
of Earth's modern climate to attain a longer temporal perspective. Furthermore, reconstructed
time series of basic climatological variables, such as temperature, SST, precipitation can be
also compared with the corresponding outputs obtained from coupled ocean-atmosphere

model simulations allowing for a more robust characterization of past climate.

The backbone and strength of this thesis relies on a direct comparison between
terrestrial and marine climatic indicators at Site U1385 that allows us to compare, without
any chronological ambiguity, regional vegetation, precipitation regime and atmospheric and

oceanic temperature variability over key past interglacials.

3.1 Chronological framework

Deep-sea sediments constitute a superb archive of palaeoclimate information as they are
often undisturbed and accumulate continuously over millions of years. However, in the
absence of a robust chronological framework it is inconceivable to achieve the full potential
of this information. Establishing accurate timescales is required for almost all aspects of
palaeoclimatology, for example to investigate the climatic response driven by external and
internal forcings, to infer mechanisms of past environmental and climate changes, or to
compare climate signals from different archives which allow marine-ice—terrestrial

correlations.

A reference chronological framework was provided by Hodell et al. (2015) to underpin
the palaeoclimate studies of Site U1385. The authors developed four depth-age models that

can be used according to the goal of the scientific research:
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(1) “Age_Depth Radiocarbon” covers the last 25 ky with an average sedimentation rate
of ~20 cm/ky. It is based on the correlation of the log(Ca/Ti) of Site U1385 and the weight
%CaCO3 record of the nearby core MD99-2334 (Fig. 4), which has an extremely robust
radiocarbon chronology (Skinner et al., 2014). The age model of the upper ~3 crmcd of Site
U1385 presented in Chapter 4 was established from five newly obtained radiocarbon dates.
We only used one age—depth point from the “Age Depth Radiocarbon” age model to
constrain the lower part of the sequence (see Chapter 4 for more detail).

(2) “Age_Depth_GreenSyn” results from correlating the log(Ca/Ti) record of Site
U1385 to that of nearby cores MDO01-2444 and -2443 (Fig. 4) using 55 age—depth control
points (Hodell et al., 2013a). This age model was not used in the thesis because it was only
reconstructed for the last 400 ky.

(3) “Age_Depth_Iso” extends back to ~1.45 My with a mean sedimentation rate of 10.9
cm/Kky. It is an oxygen isotope stratigraphy developed by correlating the low-resolution (20
cm) 80y record from Site U1385 to the most widely used Pliocene-Pleistocene benthic §'20
stack, the LRO4 stack of Lisiecki and Raymo (2005). Site U1385 80y, record presents an
excellent correlation with the LR04 (Fig. 9), and all marine isotope stages were identified
suggesting a complete section from MIS 1 to MIS 47. This age model was used in this thesis
(Chapter 2 and 4) for studying the section of Site U1385 covering MIS 11 (50.27-56.02
crmcd).

The interval between Termination V and early MIS 11c (55.45-55.99 crmcd) is,
however, marked by extremely low sedimentation rates (<1 cm/ky) which points to a brief
hiatus or a small condensed section. Fourteen additional benthic foraminifera %0
measurements were performed in order to refine the LRO4-derived chronology over this
interval (Chapter 2). The new §'0, data strengthened the evidence of a condensed
interval/short hiatus and allowed adding two new control points to the LR04-derived age
model (Chapter 2).

It is noteworthy that establishing a chronological framework for MIS 11 is not always
straightforward. As stressed by some authors (e.g. Desprat et al., 2005; Candy et al., 2014 and
references therein), MIS 11 has few clearly defined control points due to the weak oscillations
in the benthic 30 marine records. Furthermore, the LR04 stack presents a relatively steady
climatic deterioration after the MIS 11 interglacial peak, the MIS 11c substage or MIS 11.3
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following the decimal event notation Bassinot et al. (1994). This hampers a clear
identification of the heavy (11.22-11.24) and light isotopic events (11.23-11.1) observed in
some key &80 records (e.g. Bassinot et al., 1994; Oppo et al., 1998; Rohling et al., 2009;
Elderfield et al., 2012) and other climatic archives (e.g. EPICA, 2004; Desprat et al., 2005;
Martrat et al., 2007; Jouzel et al., 2007; Loulergue et al., 2008; Stein et al., 2009; Prokopenko
et al., 2010). The chronology in which the MIS 11 section of Site U1385 is shown in the
thesis is as precise as the present 580, data permit. However, future high-resolution
palaeoceanographic studies from U1385 may improve MIS 11 chronology and constrain the
interval corresponding to the condensed section/brief hiatus.
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Fig. 9. Correlation of §'80p from Site U1385 (black) with the LR04 stack (blue) of Lisiecki
and Raymo (2005) (from Hodell et al., 2015). Numbers and red crosses on top indicate the
marine isotope stages and age—depth control points, respectively.

(4) “Age_Depth_Tuned” is an orbitally tuned timescale established by correlating
changes in sediment color (lightness - L*) of Site U1385 with precession for the past ~1.45
My. It is based on the two-fold assumption that L* is in phase with local summer insolation
and lagged precession minima by 3 Ky, as in the nearby and well dated MD99-2334K core
(Skinner et al., 2014) (Fig. 4). The amplitude modulation of precession of the L* record in the
depth domain supports the validity of the tuning process, which is reinforced by the good age
model’s correlation agreement with the Mediterranean sapropel cyclostratigraphy
(Konijnendijk et al., 2014). Comparison with the timescales of LR04 (Lisiecki and Raymo,
2005), Site 677 (Shackleton et al., 1990), and EDC3 (Parrenin et al., 2007) also reveals a

reasonable agreement within the age uncertainties (Lisiecki and Raymo, 2005).
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The “Age_Depth_Tuned” age model was applied to the interval spanning MIS 31
(Chapter 3) because: (1) MIS 31 received some of the highest intensity summer insolation of
the last 1.5 Ma (Laskar et al., 2004), which enables an accurate correlation between the L*
record of Site U1385 and the precession. (2) Contrary to LR04 age model, obliquity was not
integrated directly in the precession-tuned timescale of Site U1385, and thus it may be more
appropriate to study the early Pleistocene (41-ky world) climate variability in the obliquity
band (D. Hodell personal communication).

An overall good agreement was found when comparing the last three independently
chronologies listed above and the revised position of polarity reversal boundaries (Hodell et
al., 2015) (Fig. 10).
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Fig. 10. Comparison of the “Age Depth_GreenSyn”, “Age Depth Iso” and
“Age Depth_Tuned” age models and the revised position of polarity reversal boundaries at
Site U1385 (from Hodell et al., 2015).

3.2 Pollen-derived vegetation and climate changes

Pollen grains included in the marine sediments are one of the most important tools to
track past vegetation and climate changes, being the main proxy-based method used in this
dissertation. When comparing to terrestrial pollen records, this approach has the major
advantage of providing a direct comparison between terrestrial and marine climatic indicators
in the same stratigraphic level (e.g. Heusser and Balsam, 1977; Turon, 1984; Sanchez Gofii et
al., 1999; Hooghiemstra et al., 1992, 2006; Tzedakis et al., 2004; Desprat et al., 2007;

Naughton et al. 2007). This conjunction of terrestrial and marine indicators allows a more
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accurate understanding of the interactions of the atmosphere-ocean-land systems and their
impact to a given climate change within a common chronological framework. In addition,
marine pollen records generally represent an integrated image of the regional vegetation
rather than local, being therefore more appropriate to investigate regional climate and
atmospherically-driven vegetation changes (e.g. Groot and Groot, 1966; Manten, 1966;
Naughton et al., 2007).

3.2.1 Basic principles of pollen analysis

Palynology is primarily concerned with the study of pollen grains (produced by seed
plants, angiosperms and gymnosperms) and spores (produced by pteridophytes, bryophytes,
algae and fungi) and the subsequent reconstruction of former vegetation and environment
conditions (Moore et al., 1991).

Faegri et al. (1989) describe pollen analysis as “a technique for reconstructing past
vegetation by means of the pollen grains it produced”. Since palynology embraces the
uniformitarian principle, the present is the key to the past, it is reliable to use the relationship
between modern pollen distribution and climate as a “guide” to understand past pollen

patterns and produce palaeoclimatic reconstructions.

The vegetation reconstruction from fossil pollen spectra is based on the following

general principles of pollen analysis (Birks and Birks, 1980):
- Pollen grains are abundantly produced during the natural reproductive cycle of plants.

- In the atmosphere pollen grains are mixed by atmospheric mechanisms, causing a

uniform pollen rain over a certain area.

- Pollen grains are preserved in anaerobic environments (e.g. bogs, marshes, lakes, fens,
ocean floor) and reflect the natural vegetation at the time of pollen deposition. Consequently,
the composition of the pollen rain is a function of the vegetation composition.

- Fossil grains can be extracted from sediments and identification is possible at the level

of genus or family, and may be achievable to species level.

- Pollen spectra obtained through a sediment sequence provide a picture of vegetation

variability over time, which can yield information about past climatic conditions.
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However, one should keep in mind that the relationship between pollen assemblages
and vegetation is not direct, and interpretation must be based on comprehension of all the
different factors influencing the palynological data. These factors range from pollen
productivity and dispersability, source area and distance, amenability to wind dispersal,
deposition and preservation until sampling and analysis of vegetation dynamics (e.g.
Bradshaw and Webb, 1985; Prentice et al., 1987; Faegri et al., 1989). Nevertheless, this does
not affect the pollen-vegetation relationships as the pollen tree percentages have been shown
to reflect the past tree cover patterns (Williams and Jackson, 2003) and recent studies have
shown that changes in vegetation composition are accurately recorded by pollen assemblages
(Nieto-Lugilde et al., 2015).

3.2.2 The main features of pollen grains

Pollen grains and spores differ in their function; however, both result from cell division
involving a reduction by half of the chromosomes content (meiosis) and need to be dispersed

in order to carry out their functions (Moore et al., 1991).

Spores are reproductive structures that contain the necessary genetic material for
dispersal and growth of plants. Pollen grains are unicellular and microscopic (10-100 um for
the European pollen flora) organs that contain the male genetic material of the angiosperms
and gymnosperms; sexual reproductive success is assured only if this material reaches a

female receptacle of the same plant species.

The dispersal of pollen grains to the female reproductive structure — pollination — can
occur in different ways depending on the plant taxa. Most pollen is either wind-dispersed
(anemophily) or insect-dispersed (entomophily) (Faegri and van der Pijl, 1979), although
there are others agents of pollination such as water (hydrophily) and vertebrates (zoophily). In
addition, pollen production varies with dispersal strategy; for example, anemophilous species

produce much larger quantities of pollen than entomophilous ones.

Both pollen grains and spores comprise an outer layer, the exine, made of a mixture of
cellulose and a complex polymer called sporopollenin. Sporopollenin is resistant to most
forms of chemical (including enzymatic) and physical degradation, except oxidation (Faegri
et al.,, 1989). As a result, pollen is well preserved in anaerobic environments and strong

chemicals can be used to remove other components in laboratory.
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Sculptural elements are developed in the exine, which is divided into two sublayers, the
inner is the endexine and the outer is the ektexine (Faegri, 1956; Punt et al., 2007) (Fig. 11).
While the ektexine consists of a basal foot layer with projecting columellae, that may be free
distally (intectate) or partially connected by a tectum (semitectate); the endexine is an
unstructured layer (Hesse et al., 2009). The interior wall that surrounds the cytoplasm,
identified as intine, is largely composed of cellulose and other substances that are easily

destroyed and thus hardly fossilized.
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Fig. 11. Details of angiosperm pollen wall structure as defined by Faegri (1956) (after
Heusser, 2005).

Pollen grains have different morphology depending on the taxa (or morphotype);
therefore, they can be distinguished by their size, shape, apertures, surface sculpture and wall
structure. The surface sculpture, wall structure and apertures are considered the most

important features for pollen identification.

An aperture is a region of the pollen that is thinner than the remainder of the sporoderm
and generally differs in ornamentation and/or in structure (Erdtman, 1947). There are two
types of apertures, the pores (isodiametric apertures) and colpi (elongate or furrow aperture).
Fig. 12 shows the several groups of pollen according to the number, type and position of

apertures (Moore et al., 1991).

The structure (internal construction of the pollen wall) and ornamentation of the exine
are also extremely important in pollen identification. LO analysis is used to detect patterns of
exine organization with a light microscopy; “L” means lux/light and “O” means
obscuritas/darkness (Erdtman, 1952; Punt et al., 2007). A variation of the focus allows the

understanding of all the sculptural and structural elements of a pollen grain; at high focus
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raised exine elements appear bright and at low focus they become dark. Fig. 13 represents the
main sculpture and ornamentations forms that can be found in Palynology: psilate, verrucate,

echinate, striate, reticulate, fossulate, baculate and clavate.
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Fig. 12. Classification of pollen types according to the number, type and position of apertures
(from Moore et al., 1991). Examples are shown in equatorial view (view of a pollen grain
where the equatorial plane is directed towards the observer) and polar view (the polar axis is

directed towards the observer).

Fig. 13. Wall structure and ornamentation of angiosperm pollen (from Heusser, 2005).
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3.2.3 Dispersal and source of pollen from marine sediments

There are different transport vectors for pollen to the sea depending essentially on the
environmental conditions of each region (e.g. Groot and Groot, 1966; Dupont et al., 2000;
Hooghiemstra et al., 2006). Arid zones with small hydrological systems, like NW of Africa,
reveal a main role of wind in the pollen transfer to the marine environments (e.g. Mudie and
McCarthy, 1994; Hooghiemstra et al., 2006). Other zones such as the Gulf of Guinea (Lézine
and Vergnaud-Grazzini, 1993) have shown a mixture of stream- and wind-borne pollen
transport. In zones with large drainage basins and prevailing offshore winds, such as western
Iberian margin, pollen grains are primarily transported by rivers and streams to the sea
(Naughton et al., 2007).

Once the pollen grains have entered the water column, they behave similarly to fine
sedimentary particles, and processes such as flocculation, agglomeration and incorporation
into fecal pellets enable pollen to settle down in the deep-sea floor (Muller, 1959;
Hooghiemstra et al., 1992; Chmura and Eisma, 1995; Mudie and McCarthy, 2006). In
particular, Naughton et al. (2007) has proposed that the pattern of pollen dispersion in the
western Iberian margin is similar to well-known conceptual models of fine particle dynamics
of this region. Nevertheless, pollen quantity and preservation in marine sequences can be
influenced by several factors related to the regional/local marine environment (e.g. marine
currents, oxygen content and temperature of water, sedimentary rate) and to pollen features
(e.g. pollen productivities, amenability to wind dispersal, resistance to degradation) (Bottema
and Van Straaten, 1966; Hooghiemstra et al., 1986). Hooghiemstra et al. (1992) have shown,
however, that the velocity of settling of fine particles, including pollen, in the Atlantic water
column reaches values up to 100 m per day and is not significantly affected by oceanic
currents. Moreover, pollen assemblages in marine sequences are usually similar in their
general trends to the pollen records of terrestrial deposits allowing a reliable correlation
between both pollens signatures (e.g. Heusser and Florer, 1973; Naughton et al., 2007).

The comparison of modern marine and terrestrial pollen samples in the western Iberian
region has shown that the marine pollen signature of its margin provides an integrated and
regional image of the vegetation from the adjacent landmasses (Naughton et al., 2007).
Present-day forest communities from the Eurosiberian and Mediterranean biogeographical
zones are clearly differentiated by north and south Iberian margin pollen spectra, respectively
(Naughton et al., 2007). Since the Tagus and, to a lesser extent, Sado fluvial systems are the
main pollen suppliers to the SW Iberian deep-sea sediments (Naughton et al., 2007), the
pollen signal of Site U1385 reflects the regional vegetation from the SW to central Iberian
Peninsula.
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3.2.4 Pollen analysis procedure

A total of 342 levels were sampled for pollen analysis from the sections of Site U1385
from Holes E and D covering MIS 1, MIS 11 and MIS 31 (Table 2). All the pollen samples
were processed at the EPOC (UMR 5805 - University of Bordeaux, CNRS, EPHE).

Table 2. Sections of Site U1385 from Holes E and D used for the pollen analysis.

Depth interval (crmd) 0.05-2.92 50.27-56.01 120.08-125.09

Time interval (ka) | 0.209-17.496 363.1-438.1 1049.9-1097.8

Sampling interval (cm) 5t010 2to 4 4
Number of samples 38 170 134
Mean temporal resolution (yr) 455 447 365

Pollen concentration technigue

The pollen extraction method followed standard palynological procedures described by
de Vernal et al. (1996) and improved at EPOC (Desprat, 2005; detailed protocol available at

http://ephe-palaeoclimat.com/ephe/Pollen%20sample%20preparation.htm:

(1) Samples of 2.5 to 5 cm® were washed through sieves to recover the fraction inferior
to 150 um. Sieving allows the separation of the lower fraction for the study of pollen and
dinocyst while the coarse fraction can be used for the study of other proxies such as
foraminifera and ice-rafted debris (IRD). The sediment of the recovered fraction was
separated from the supernatant by decantation during a minimum of 48 hours.

(2) The residue was transferred into a polypropylene centrifuge tube and balanced with
distilled water. After centrifugation (7 minutes at 2500 r.p.m) and decantation of the
supernatant, exotic grain tablets (Lycopodium spores) were added to each sample. The
purpose of this step is to add a known number of exotic marker grains to a known volume of
sample, allowing the estimation of pollen concentration (Stockmarr, 1971). The target is to
add about as much exotic as there is fossil pollen, to minimize counting effort and maximize
precision of results (Maher, 1981).
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(3) To remove carbonates, successive treatments with cold hydrochloric acid (HCI) at
increasing strength were carried out successively; first with 10% HCI, then with 25% HCI
until complete cessation of effervescence and finally with 50% HCI.

(4) To avoid pollen being obscured when mounted, it is necessary to remove silica and
silicates (Moore et al., 1991). Hence, two treatments with cold hydrofluoric acid (HF) were
performed, first with 45% HF and the second with 70% HF.

(5) Further two successive treatments with 25% cold HCI were used to eliminate
fluorosilicates formed during treatments with HF.

(6) After rinsing, the residue was filtered using a 10 um nylon mesh screens to recover
the fraction between 10 and 150 um (Heusser and Stock, 1984).

(7) The final residue was mounted with glycerol with phenol, which is a mobile
mounting media. This method has the advantage of being optically suitable, and allowing the
three-dimensional pollen grains to be rotated below the coverslip by applying a gentle
pressure (Moore et al., 1991).

Pollen identification and counting

Pollen slides were observed and counted using a Nikon light microscope at 500x (oil
immersion) magnification with routine use of 1000x magnification (oil immersion) for
identification of pollen morphotypes. The slides were scanned along parallel equidistant lines
and identifications were achieved based in morphological characters and comparison with
pollen atlases (Moore et al., 1991 and Reille, 1992) and the modern reference collection
available at EPOC.

Pollen grains were identified down to the lowest possible taxonomic level given their
preservation. Pollen taxa (or morphotype) includes family, genus and species or a pollen
morphological category (referred by suffix ‘-type’) subsidiary to a pollen class and including
pollen grains which can be recognized by distinctive characters (Punt, 1971). Since pollen
grains can be damaged during the fossilization and laboratorial treatments, pollen grains that

were hidden, crumpled, corroded and broken were included in indeterminable group.

A minimum of 100 pollen grains (excluding Pinus, Cedrus, aquatic plant,
indeterminable pollen grains and Pteridophyta spores) and 100 Lycopodium grains were

counted at each of the 342 levels analyzed. In addition, a minimum of 20 taxa were counted in
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each sample to provide a reliable image of the vegetation community and its floristic diversity
(McAndrew and King, 1976).

In this thesis, the pollen sum achieved in the pollen analysis, 100 to 166 pollen grains
excluding Pinus in a total sporo-pollen ranging between 142 and 719 per sample, is lower
than the counts usually performed for terrestrial records. However, pollen counts from marine
records from the Iberian margin and Alboran Sea typically aim for a minimum of 100 pollen
grains excluding Pinus (e.g. Sanchez Gofii et al, 1999, 2013, 2016a; Tzedakis et al., 2004,
2015; Desprat et al.,, 2007; Naughton et al., 2007; Fletcher and Séanchez Gofii, 2008;
Combourieu-Nebout et al., 2009; Chabaud et al., 2014). Higher count size is difficult to
achieve because pollen and spore concentrations are one order lower, 10° to 10° pollen
grains/cc, than in terrestrial sediments. The reliability of this method was statistically
demonstrated following Maher (1972) in a nearby SE Iberian marine pollen record, which
found an average error of 7.9% for the calculated pollen percentage values (Fletcher and
Sanchez Gofi, 2008).

Pollen percentage

The relative frequencies (pollen percentages) of different pollen types were calculated

as follows:

% pollen type “Y” = n° of pollen type “Y” counted x100
main sum

Results were expressed as percentages of the main sum, which corresponds to the pollen
sum excluding Pinus, Cedrus and aquatic plant pollen, Pteridophyta spores and

indeterminable and unknown pollen grains.

Pinus pollen was excluded from the main sum because, as expected, it was over-
represented in the pollen assemblage. Pine trees produce a large amount of pollen, which is
highly resistant to corrosion and oxidation and easily transported by wind, rivers or ocean
currents because of its bisaccate morphology. These factors favor Pinus pollen over-
representation in the marine sediments (Heusser and Balsam, 1977; Turon, 1984), including
those from the western Iberian margin (Naughton et al., 2007). Cedrus (cedar) pollen was also
excluded from the main sum because its abundance is suggested to reflect long-distance
transportation from North Africa rather than past vegetation dynamics in western Iberia
(Sanchez Goiii et al., 1999; Chabaud et al., 2014). Such an interpretation is based on the
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evidence of cedar absence from Iberia during the Quaternary (Magri, 2012) and its current
distribution in northern Africa in cool and moist habitats, between 1300 and 2600 m a.s.l.
(Cheddadi et al., 1998).

Percentages of aquatic plant pollen and spores were calculated using the total sum
including all pollen (main sum + Cedrus + Pinus + aquatics + indeterminable + unknown) and
spores. Pinus and Cedrus percentages were based on the main pollen sum plus their

individual counts.

Pollen diagram

Pollen data is classically displayed graphically through a vertical sequence of samples
in a form of a pollen diagram. This diagram is composed of pollen spectra, expressed as
relative frequencies or concentrations of the different morphotypes, from each sampled level.
The pollen diagram is divided into pollen zones to obtain a pollen assemblage zone that
reflects a vegetation unit or collection of units of local and/or regional significance (West,
1970). According to Birks and Birks (1980) the pollen zones can be established using
qualitative fluctuations with a minimum of two curves of ecologically important taxa varying
significantly. However, the definition of what constitutes a zone is a subjective concept that
depends of the researcher and the purpose of the study (Tzedakis, 1994). The pollen data can
be displayed through detailed and/or or synthetic pollen diagrams. While a detailed pollen
diagram includes all taxa, a synthetic pollen diagram only displays selected taxa and

ecological groups comprising taxa with similar modern ecological requirements (Suc, 1984).

In this dissertation, PSIMPOLL program (Bennett, 2000) was used to draw the detailed
(Appendix A) and synthetic pollen percentage diagrams (Chapter 2: Fig. 2; Chapter 3: Fig. 2;
Chapter 4: Fig. S1). Pollen zones were established by visual inspection based on fluctuations
of at least two ecologically different morphotypes (Birks and Birks, 1980), independently of
other proxy data. Identification of pollen zones was statistically confirmed using constrained
hierarchical cluster analysis based on Euclidean distance between samples. Analysis of pollen
percentages of morphotypes included in the main sum was performed in the R environment v.

3.1.1 (R Core Team, 2014) using the chclust function from package Rioja (Juggins, 2009).
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Conventionally, the pollen diagram is arranged into groups of taxa, with arboreal types
followed by non-arboreal pollen types, although the precise arrangement within any group
differs subtly between the scientists (Moore et al., 1991). Following previous palynological
studies off southern Iberia (e.g. Fletcher and Sanchez Gofii, 2008; Sanchez Gofii et al, 2008,
2009, 2013; Chabaud et al., 2014), the pollen taxa identified in the pollen records of Site

U1385 were grouped as follows:

- Mediterranean forest (MF): All temperate tree and shrub taxa excluding Pinus, Cedrus and

Cupressaceae, and Mediterranean taxa.

- Temperate trees and shrubs: Acer, Alnus, Betula, Carpinus betulus, Castanea, Corylus,

Fagus, Fraxinus excelsior-type, Hedera helix, llex, Juglans, Ligustrum-type, Myrica,
Populus, Pterocarya, deciduous Quercus-type, Rhus-type, Salix, Quercus suber-type; Tilia,

Ulex-type, Ulmus and Vitis.

- Mediterranean taxa: Carpinus orientalis, Cistus, Fraxinus ornus-type, Olea, Phillyrea,

Pistacia and evergreen Quercus -type.

- Semi-desert plants: Artemisia, Chenopodiaceae, Ephedra fragilis-type and E. fragilis-type.

3.3 Alkenone-derived sea surface temperature reconstruction

Molecular biomarkers were selected to reconstruct past oceanic hydrological conditions
because the Cs7-alkenones unsaturation index (U¥37) is considered one of the most reliable
methods for estimating sea surface temperature (e.g. Eglinton et al, 2001). In addition, the
value of the U¥37-SST index has been shown in the Iberian margin by a number of high-
resolution studies providing important insights into past climate change on both glacial-to-
interglacial and millennial timescales for the last 1 My (e.g. Bard et al., 2000; Martrat et al.,
2007; Rodrigues et al., 2009, 2011, 2016).

Alkenones are highly resistant long-chain mono-ketones (Ca7-39) synthesized by marine
coccolithophorid algae, mostly the coccolithophores (single-celled phytoplankton) Emiliania
huxleyi and Gephyrocapsa oceanica. The great potential of the alkenones lies in the
relationship between the degree of unsaturation of the Csz7 alkenones and the temperature of
the environment where these compounds were synthesized (e.g. Prahl and Wakeham, 1987).
The widely used U¥'37-SST index (Prahl and Wakeham, 1987) is based on the di Cs7:2 and tri
Cs7:3-unsatured alkenones ratio, and because of its precision (£0.5°C) it constitutes one of the
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major successes of molecular biogeochemistry research (Eglinton et al, 2001). In this thesis,
the conversion of the U¥37-SST index was performed with the global core-top calibration of
Muiller et al. (1998) to provide an accurate reconstruction of mean annual sea surface (0 m)

temperatures.

U¥37 index = Car:2/ (Car2+Car:s); Prahl and Wakeham, 1987

U¥'37 = 0.033 x SST + 0.044, r=0.96; n=370; Miiller et al., 1998)

Besides the alkenones used to reconstruct SSTs, the tetra-unsaturated alkenone
proportion (Cs7:4) relative to the total Cs7 compounds was used as a proxy for subpolar water
influence following modern calibrations (Bendle and Rosell-Melé, 2004; McClymont et al.,
2008) and previous work in the Iberian margin (Bard et al., 2000; Martrat et al., 2007,
Rodrigues et al., 2011). High Ca7.4 proportions (> 5%) have been mainly described in regions
of the North Atlantic influenced by of Polar/Arctic waters and in non-marine environments
(e.g. Cranwell, 1985; Rosell-Mele et al., 1998; Schulz et al., 2000). Since marine sediments
normally contain negligible or very low abundances of Cs7.4, high percentages of Cs7.4 have
been linked to cold and low salinity waters in the North Atlantic region, including the
southward deflection of the subpolar front down to the Iberian margin during cold episodes
(Bard et al., 2000; Martrat et al., 2007; Rodrigues et al., 2011).

Biomarker analyses of Site U1385 from the Holes E and D (Table 3) covering MIS 1
and MIS 11 were performed at the laboratory of the Division for Geology and Marine
Georesources (LSM-DivGM) of IPMA (formerly LNEG, Lisbon) by T. Rodrigues. MIS 31
analyses were carried out at the Institute of Environmental Assessment and Water Research
(IDAEA), Barcelona by J.O. Grimalt and B. Martrat.

Table 3. Sections of Site U1385 from Holes E and D used for the biomarker analyses.

Depth interval (crmd) 0.05-2.92 50.29-56.02 120.08-125.44

Time interval (ka) | 0.209-17.496 | 363.2-438.6 | 1049.9-1100.4

Sampling interval (cm) 5t0 10 1to6 1to6
Number of samples 38 163 205
Mean temporal resolution (yr) 455 469 251
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Extraction and details of the analytical methods used for the determination and
purification of the alkenones in deep-sea sediments are described elsewhere (see Villanueva et
al., 1997 for details). Alkenones were extracted from sediments, purified using organic
solvents and quantified with Varian gas chromatographs (model 3800 at IPMA and model
450 at IDAEA) equipped with a septum programmable injector and a flame ionization
detector with a CPSIL-5 CB column. Hydrogen was used as the carrier gas (2.5 ml/min).

Alkenone concentrations were determined using n-hexatriacontane as an internal standard.
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Abstract

Climatic variability of Marine Isotope Stage (MIS) 11 is examined using a new high-
resolution direct land-sea comparison from the SW lIberian margin Site U1385. This study,
based on pollen and biomarker analyses, documents regional vegetation, terrestrial climate
and sea surface temperature (SST) variability. Suborbital climate variability is revealed by a
series of forest decline events suggesting repeated cooling and drying episodes in SW Iberia
throughout MIS 11. Only the most severe events on land are coeval with SST decreases,
under larger ice volume conditions. Our study shows that the diverse expression (magnitude,
character and duration) of the millennial-scale cooling events in SW Europe relies on
atmospheric and oceanic processes whose predominant role likely depends on baseline
climate states. Repeated atmospheric shifts recalling the positive North Atlantic Oscillation
mode, inducing dryness in SW Iberia without systematical SST changes, would prevail during
low ice volume conditions. In contrast, disruption of the Atlantic meridional overturning
circulation (AMOC), related to iceberg discharges, colder SST and increased hydrological
regime, would be responsible for the coldest and driest episodes of prolonged duration in SW

Europe.

Keywords: Marine Isotope Stage (MIS) 11, Iberian margin, Mediterranean vegetation,

Millennial-scale climate variability, Cooling events, Land-sea comparison, Pollen analysis.
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Introduction

The Mediterranean region is particularly sensitive to global climate change owing to its
geographical position between the mid-latitudes and subtropical climate regimes (Giorgi,
2006; Lionello et al., 2006; IPCC, 2013). Climate projections show repeated occurrence of
severe drought episodes in the Mediterranean area, including the lberian Peninsula, which
will deeply affect terrestrial ecosystems (Gao and Giorgi, 2008; Anav and Mariotti, 2011,
Santini et al., 2014; Sousa et al., 2015a). During past climatic cycles, it has been demonstrated
that similar recurring dry conditions led to drastic forest decline in southern Europe.
However, while millennial-scale climate variability has been widely documented mainly for
the last glacial period (e.g. Sdnchez Goii et al., 2000, 2008; Combourieu-Nebout et al., 2002;
Fletcher and S&nchez Goni, 2008; Naughton et al., 2009; Fletcher et al., 2010), few available

records report abrupt interglacial climate variability prior to the current interglacial.

Specifically, Marine Isotope Stage (MIS) 11 (425-374 ka) represents a period of
primary interest to investigate natural abrupt climate variability. Despite its potential
astronomical analogy with the Holocene (Loutre and Berger, 2003) remaining complex and
controversial (e.g. Tzedakis, 2010; Yin and Berger, 2012), this interglacial presents additional
key features, including its higher than present-day sea-level related to the collapse of
Greenland and West Antarctica ice sheets (Raymo and Mitrovica, 2012; Roberts et al., 2012;
Reyes et al., 2014) and its greenhouse gas-driven climate warming (Raynaud et al., 2005; Yin
and Berger, 2012.

MIS 11c generally stands out as a long, warm and relatively stable interglacial in
numerous records (e.g. Oppo et al., 1998; McManus et al., 2003; Melles et al., 2012; Bauch,
2012; Milker et al., 2013; Candy et al., 2014), although few high temporal resolution records
from Antarctica, subtropical and subpolar North Atlantic, and northern Europe, document
pronounced abrupt climate change during MIS 11c despite reduced ice caps (Oppo et al.,
1998; Billups et al., 2004; Koutsodendris et al., 2011; Pol et al., 2011; Tye et al., 2016).
Comparatively, suborbital climatic variability during MIS 11b (~395-374 ka) is well-
documented in records from the North Atlantic, particularly off western Iberia (de Abreu et
al., 2005; Martrat et al., 2007; Stein et al., 2009; Voelker et al., 2010; Rodrigues et al., 2011,
Amore et al., 2012; Hodell et al, 2013a; Palumbo et al., 2013; Marino et al., 2014; Maiorano

et al., 2015). Three marked cooling episodes linked to deep ocean circulation changes and
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iceberg discharges into the North Atlantic are commonly reported (e.g. Oppo et al., 1998).
Yet, the amplitude of precipitation, changes in temperature and duration of the cold episodes
on land associated with these abrupt changes are not well-known. In addition, phase
relationship between ocean and terrestrial climatic changes remain to be assessed since air-sea
decoupling was identified during some periods of ice sheet growth by European margin
records (Sanchez Goiii et al., 2013; Cortina et al., 2015). So far, only two pollen records have
been published in the northern and southern parts of the Iberian margin for MIS 11 (Desprat
et al., 2005; Tzedakis et al., 2009). However, the temporal resolution of these records
precludes a reliable assessment of the regional vegetation-based climate in response to the

millennial-scale cooling throughout MIS 11.

Although millennial-scale variability is an inherent pattern of the Pleistocene climate
regardless of glacial state (Oppo et al., 1998), ice sheet dynamics is one of the primary factors
modulating millennial-scale cooling events. Cooling episodes in the North Atlantic associated
with iceberg surges would be amplified when ice sheet size surpasses a critical threshold
(McManus et al., 1999). Freshwater from melting icebergs may be responsible for the
enhancement and/or prolonged duration of cold conditions through a positive feedback
mechanism on AMOC (Atlantic Meridional Overturning Circulation) even if they may not be
the trigger of northern stadial events (Barker et al., 2015). However, the duration and intensity
of northern cold events may also rely on the background climate, such as the intensity of
regional precipitation, modifying the AMOC response to freshwater forcing (Margari et al.,
2010). To date, the factors modulating millennial-scale cooling of MIS 11 remain
insufficiently understood.

Here we present a new high-resolution record of MIS 11 from Site U1385, also known
as the “Shackleton Site”, collected recently during the Integrated Ocean Drilling Program
(10DP) Expedition 339. Site U1385 is located on the SW Iberian margin (Fig.1), considered
as a unique and exceptional area for palaeoclimate research since Nick Shackleton’s seminal
study of the last climatic cycle recorded at the nearby site MD95-2042 (Shackleton et al.,
2000, 2004), and the publication of the first land-sea direct comparison from the same site
(Sanchez Goiii et al, 1999, 2000; Shackleton et al., 2003). We provide a detailed record of
atmospherically-driven southern European vegetation changes at suborbital timescales that we

directly compare with sea surface temperatures in eastern subtropical North Atlantic. Cooling
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events, differing in terms of magnitude, character and duration, are discussed in the light of a
larger European and North Atlantic context and global ice volume changes. In addition, we
discuss the potential atmospheric and oceanic configurations behind this complexity of
millennial-scale climate variability during MIS 11.

5
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Fig. 1. Location of the IODP Site U1385 and available European and North Atlantic records
discussed in the text: ODP Site 983 (Barker et al., 2015); ODP Site 980 (Oppo et al., 1998;
McManus et al., 1999); De: Dethlingen (Koutsodendris et al., 2010); Site U1308 (Hodell et
al., 2008); Pr: Praclaux (Reille et al., 2000); MD01-2447 (Desprat et al., 2005); Site U1313
(Stein et al., 2009); TP: Tenaghi Philippon (Wijmstra and Smit, 1976); MD01-2446 (Voelker
et al., 2010; Marino et al., 2014); MD03-2699 (Voelker et al., 2010; Rodrigues et al., 2011;
Amore et al., 2012; Palumbo et al., 2013); MD95-2042 (Sanchez Goifii et al., 1999, 2002;
Shackleton et al., 2000; Chabaud et al., 2014) ; MDO01-2443 (de Abreu et al., 2005; Martrat et
al., 2007; Tzedakis et al., 2009).

Environmental setting and pollen signal

Site U1385 (Fig. 1) is located on the SW Iberian margin (37°34.285'N, 10°7.562" W;
2578 m below sea-level). The modern sea surface circulation of this region is dominated by
the Portugal Current System, the descending branch of the eastern North Atlantic subtropical
gyre (Filza, 1983; Peliz et al., 2005). In spring and summer seasons, the southward flowing
Portugal Current (PC) and subsequent coastal upwelling are induced by strong northerly
winds, while in winter the northward warm and saltier surface Iberian Poleward Current (IPC)
prevails (FiGza et al., 1982; Peliz et al., 2005).
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The present-day SW Iberian climate is Mediterranean, marked by a pronounced
seasonality between warm/dry summers and cool/wet winters, with strong influence of
moisture from the Atlantic in the westernmost area (Peinado Lorca and Martinez-Parras,
1987; Gimeno et al., 2010). The North Atlantic Oscillation (NAO) is the major atmospheric
pattern dictating winter precipitation variability over western Iberia through changes in the
position of the North Atlantic jet stream and storm tracks (e.g. Hurrell, 1995; Trigo et al.,
2004). Conversely, summer dryness is tied to the northeastward expansion of the Azores
subtropical High, associated with the descending branch of the Hadley cell (Lionello et al.,
2006).

The Mediterranean vegetation dominates the Tagus watershed landscape, although its
composition varies over the basin (Peinado Lorca and Martinez-Parras, 1987; Blanco Castro
et al.,, 1997). At low altitudes, Quercus rotundifolia and Quercus suber woodlands with
evergreen shrubs Phillyrea angustifolia and Pistacia terebinthus are the main forest
components in the western part of the basin, while evergreen oak woodlands (Quercus
rotundifolia and Quercus coccifera) associated with juniper (Juniperus communis) and aleppo
pine (Pinus halepensis) develop in the eastern part due to decreased maritime influence. In the
warmest areas, scattered sclerophyllous trees and shrubs, such as mastic (Pistacia lentiscus)
and olive (Olea europea) are present. In the Iberian mountains, orogenic precipitation and an
altitudinal thermal gradient promote the dominance of deciduous oak (Quercus pyrenaica and
Quercus faginea) woodlands at middle altitudes, and pinewoods (Pinus sylvestris, P. nigra)
with juniper at higher altitudes. Heathers (Ericaceae) develop in zones with relatively high
humidity due to Atlantic influence while evergreen aromatic shrubs (Cistaceae) are found in

drier environments (Peinado Lorca and Martinez-Parras, 1987).

Marine sites located near regions with large drainage basins, such as Site U1385, mainly
receive pollen grains supplied by rivers (Heusser and Balsam, 1977; Dupont and Wypultta,
2003). Pollen settles down through the water column and ultimately the deep-sea floor, thanks
to physical processes such as flocculation, agglomeration and incorporation in faecal pellets
(Mudie and McCarthy, 2006). In particular, the Tagus and, to a lesser extent, Sado fluvial
systems are the primary pollen suppliers to the deep-sea off SW lberia, thus providing a
reliable integrated image of the vegetation from the SW Iberian Peninsula (Naughton et al.,
2007).
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Material and methods

IODP Site U1385

Site U1385 (Fig. 1) was drilled on the spur Promontorio dos Principes de Avis on the
continental slope of the SW Iberian margin (Fig. 1) during the IODP Expedition 339
(“Mediterranean Outflow”) on board the D/V JOIDES Resolution (Expedition 339 Scientists,
2013; Hodell et al., 2013b). Five holes (A-E) were cored and accurately correlated on the
basis of XRF analyses to construct a composite depth scale (Hodell et al., 2015). This depth-
scale corrects for distortion in individual cores and is given in corrected revised meters
composite depth (crmcd) (Hodell et al., 2015). The sediments are composed of relatively
homogeneous hemipelagic mud- and claystones with different proportions of biogenic

carbonate and terrigenous sediment (Expedition 339 Scientists, 2013).

Pollen analysis

Holes E and D were sampled for pollen analysis every 4 cm between 50.27 and 56.01
crmed and every 2 cm between 54.50 and 56.01 crmcd. The pollen sample preparation
technique followed standard palynological procedure employed for marine samples at UMR
EPOC, University of Bordeaux, including coarse-sieving (150 um mesh) and successive
chemical treatments (cold 10%, 25% and 50% HCI; cold 45% and 70% HF; cold HCI at
25%). The obtained residue was sieved through 10 pum nylon mesh screens and mounted

unstained in glycerol (Desprat, 2005).

Pollen analysis was performed on 170 samples using a Nikon light microscope at X500
and %1000 (oil immersion) magnifications. A total of 100 to 166 pollen grains without Pinus
were counted in a total pollen sum ranging between 150 and 719 per sample. Twenty to
thirty-three different morphotypes were identified in each pollen sample analyzed to ensure a
reliable representation of the vegetation community (McAndrew and King, 1976).
Identifications followed Moore et al. (1991) and Reille (1992). Pollen data were expressed as
percentages of the main sum, which excludes the over-represented Pinus (Heusser and
Balsam, 1977; Naughton et al., 2007), aquatic plant, indeterminable pollen grains and
Pteridophyta spores. Cedrus pollen was also excluded from the main sum because it likely

originates from North African montane cedar forest (Sanchez Goiii et al., 1999; Magri., 2012;
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Chabaud et al., 2014). Pinus and Cedrus percentages were calculated using the main sum plus
their individual counts. Spore and aquatic percentages were estimated using the total sum

(pollen+ spores+indeterminable+unknowns).

Pollen percentages were plotted against depth by using the software Psimpoll (Bennett,
2000) (Fig. 2). Pollen zones were established by visual inspection based on fluctuations of at
least two ecologically different morphotypes (Birks and Birks, 1980), and statistically
confirmed using constrained hierarchical cluster analysis. Clustering of pollen percentages of
morphotypes included in the main sum was performed in R environment v. 3.1.1 (R Core
Team, 2014), using the function chclust from the R package rioja (Juggins, 2009). All
temperate tree and shrub taxa excluding Pinus, Cedrus and Cupressaceae (Acer, Alnus,
Betula, Carpinus, Corylus, Fagus, Fraxinus excelsior-type, Hedera helix, llex, Juglans,
Ligustrum-type, Myrica, Populus, Pterocarya, Quercus deciduous-type, Rhus-type, Salix,
Tilia, Ulex-type, Ulmus and Vitis) and Mediterranean taxa (Cistus, Fraxinus ornus-type, Olea,
Phillyrea, Pistacia and Quercus evergreen-type), were included in the Mediterranean forest
(MF) group (Fig. 2; Table 1), following previous studies off southern Iberia (e,g. Fletcher and
Sanchez Gofii, 2008; Sanchez Gofii et al, 2008, 2009, 2013; Chabaud et al., 2014).

A generalized additive mixed model (GAMM) that incorporates temporal correlation
was applied to the percentages of the MF group in order to identify rapid forest decline events
(Supplementary Fig. S1). We used the gamm function from the mgcv R package (Wood,
2006; Zuur et al., 2009) to fit a smoothing curve through the data and remove low-frequency
variations. Millennial-scale forest decline events were determined based on the twofold
condition that model residuals of at least one sample exceeded one standard deviation (1)
and that substantial declines in MF percentages (> 10%) occur within at least two consecutive
samples (Supplementary Fig. S1).

Analysis of marine climatic indicators

Biomarker analyses were carried out in 163 levels from Holes E and D, most of them
coinciding with pollen analysis levels, at intervals of 1, 2, 4 or 6 cm between 50.29 and 56.02
crmcd. Analyses were performed following the analytical procedure described in Villanueva
et al. (1997a). Organic compounds were extracted from sediments and separated using
organic solvents, then identified using Bruker Mass spectrometer detector and quantified with

Varian Gas chromatograph Model 3800 equipped with a septum programmable injector and a
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flame ionization detector with a CPSIL-5 CB column. Alkenones concentrations were
determined using n-hexatriacontane as an internal standard. Alkenone-derived sea surface
temperature (Uk’37-SST) was based on the Cs7:2 and Csz:3 ratio following the global core top
calibration (Mdller et al.,1998), while the Cs7.4 concentration was used as an indicator for
subpolar water influence induced by iceberg melting (Villanueva et al., 1997b; Bard et al.,
2000; Martrat et al., 2004, 2007; Rodrigues et al., 2011).

MIS 11 benthic foraminiferal oxygen isotope (5'80y) record includes a total of 46
samples between 50.29 and 56.14 crmcd (sampling interval ranging between 1 and 20 cm). It
combines the Hodell et al. (2015) dataset and fourteen new levels analyzed to increase the

MIS 11c resolution.

Results and interpretations

Chronology

In the light of the new &80, data, we modified the original chronology from Hodell et
al. (2015) for the MIS 12-11 section by using two new control points for correlating the Site
U1385 580y record to the LR04 benthic stack, which has an uncertainty of +4 ka (Lisiecki
and Raymo, 2005) (Fig. 3, Table 2). Age-depth modeling was based on linear interpolation.

The new 880y, data confirmed the very low sediment rate (0.24 cm/ka) between ~431
and 415 ka (Table 2), which possibly reflects a condensed section or a hiatus between
Termination V and early MIS 11c (Hodell et al., 2015). The sedimentation rate increases up to
2.7 cm/ka between ~415 and 401 ka (Table 2) and after the end of MIS 11 580y plateau at
~401 ka (Fig. 3) the high sedimentation rates and sampling interval allows for a mean time
resolution of ~290 years between pollen samples.

We followed the recent nomenclature recommendation dividing MIS 11 into three
substages 11c, 11b and 1la (Railsback et al., 2015) (Fig. 4). However, we also used the
decimal event notation of Bassinot et al. (1994) that distinguishes additional isotopic events
reflecting orbital-scale variability within MIS 11b. In this context, MIS 11c and MIS 1la
encompasses the light isotopic events 11.3 and 11.1, respectively, while MIS 11b incorporates
two heavy isotopic events, 11.24 and 11.22, separated by the light isotopic event 11.23
(double peak) (Fig. 4).
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Fig. 2. Pollen percentage diagram of selected morphotypes and Mediterranean forest (MF)
group at Site U1385 versus depth (crmcd: corrected revised meter composite depth). Position
of the control points are indicated with crosses on the left side. MF is composed of all
arboreal pollen taxa, mainly deciduous Quercus plus Mediterranean taxa, excluding Pinus,
Cedrus and Cupressaceae. Pollen zones and dendrogram showing the results from the
hierarchical clustering analysis are represented on the right. Shaded areas indicate forest
phases labeled with local names. Arrows underline forest decline events defined using
residuals from the GAMM analysis (Supplementary Fig. S1). Pollen zone and event names
are designated as following: Site U1385 (site name) and MIS 11 (Marine Isotopic Stage) —
followed by the number of the pollen zone and “fe” for forest decline event plus the number
of the event, respectively.

Table 2. Description and interpretation of the MIS 11 pollen record at Site U1385.
Mediterranean forest (MF) decline events (fe) are indicated in the last column. Grey shaded
bar mark the interval during MIS 12/11 transition to early MIS 11 with anomalous low
sedimentation rate probably corresponding to a condensed section or hiatus (Hodell et al.,
2015).
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Duration Forest
2 8| Pollen zones of |ntkervals deoC"ers]e
5 &| (Basaldepthin (ka) Pollen signature ovents
LL & | crmcd; age in ka) (Number (fe)
of samples)
Marked drop of Mediterranean forest (MF), Ericaceae and Isoetes values along
U1385-11-11 ~4 with high_ frequencies of se_mi-desert plants_ (in particular Artemis_ia,
i (13) Chenopodiaceae and Ephedra distachya-type), Pinus and Cupressaceae. Brief
(50.83; 367.2) but distinct rise of oak percentages at the middle of the zone while semi-desert
plants decrease. Continuous presence of Cedrus and occurrences of Abies.
Increase of MF taxa values (mainly deciduous and evergreen Quercus, Cistus,
o U1385-11-10 44 Olea and occurrences of Pistacia and Phillyrea) and Isoetes. High percentages
c ' of Ericaceae, but showing a distinct decline by the middle of the zone and a
@ | (5143;3716) (15) decreasing trend by the top mainly in favor of semi-desert plants. Lower
abundances of Pinus, Cedrus, Cupressaceae and Taraxacum-type.
Important decline of MF taxa percentages and high representation of semi-
desert taxa, Taraxacum-type, Poaceae, Cupressaceae, Cedrus and Pinus. U1385-
U1385-11-9 2.8 Short-lived increase of deciduous Quercus by the middle of the zone coupled | 11-f€10
(51.79; 374.4) 9) with a reduction in semi-desert taxa values. By top of the zone, the second U1385-
deciduous Quercus decrease is simultaneous with the drop of Ericaceae values 11-fe9
and higher increase of semi-desert plants.
Percentages of semi-desert plants, Taraxacum-type and Pinus decrease while U1385-
U1385-11-8 7.4 those of Mediterranean taxa returns to higher abundances. Highest Ericaceae| 11778
(52.75; 381.8) (24) values. Rise of Cyperaceae, Poaceae and Isoetes followed by a decreasing | (;13g5.
trend by the end of the zone. 11-fe7
Pronounced decline in MF taxa values and Ericaceae associated with an
- U1385-11-7 25 increase of all semi-desert plants, herbs taxa (mainly Taraxacum-type),| U1385-
'S | (53.07; 384.3) ) pioneer trees, Cedrus and Pinus. Quercus deciduous sharp increase at the end |  11-fe6
- of the zone coupled with lower percentages of semi-desert plants and Pinus.
Rise of MF taxa values (principally deciduous and evergreen Quercus, Alnus,
Fraxinus excelsior-type, Carpinus betulus and Olea), coinciding with higher
U1385-11-6 4 percentages of Ericaceae and Isoetes, and the fall of ubiquist grasses (mainly
(53.59; 388.3) (13) Taraxacum-type). Low semi-desert plants, pioneer trees and Cedrus
frequencies. Pinus percentages decline in lower part of the zone followed by
a rise until the top.
Lower abundances of MF taxa (mostly deciduous oak) and higher | U1385-
representation of ubiquist plants (in particular Taraxacum-type) and Cedrus. | 11-fe5
U1385-11-5 8.1 Ericaceae is detected in moderate to high abundances, with marked | U1385-
(54.68; 396.4) (30) fluctuations in favor of semi-desert plants and/or Taraxacum-type. By theend | 11-fe4
of the zone increasing values of MF associated with maximum Taraxacum-| (J1385-
type are concomitant with decreasing semi-desert taxa and Pinus percentages. | 11-fe3
Intermediate values of deciduous Quercus along with reduced percentages of
U1385-11-4 3.2 the other temperate trees and high herbaceous abundances (mainly represented | U1385-
(55.14; 399.6) (13) by Asteraceae, Poaceae and Ericaceae). Drop of semi-desert taxa and Isoetes | 11-fe2
frequencies.
Fall of deciduous oak frequencies and Mediterranean taxa whereas
11. Taraxacum-type and semi-desert taxa increase (in particular Chenopodiaceae
b 5512254222 875) and Ephedra distachya-type). Rise of Poaceae and Isoetes at the beginning LHS]% 51
.(% (55.52; 3) followed by a decrease along the zone. Lower and oscillating Ericaceae values.
Increasing Pinus abundances.
Abrupt rise in MF taxa percentages (particularly deciduous and evergreen
Quercus, Alnus, Fraxinus excelsior-type, Cistus and Olea). Pronounced
U1385-11-2 14.2 decrease in Pinus, Cupressaceae, Poaceae and semi-desert plants values, while
(55.74; 425.9) 12) Taraxacum-type and Isoetes increase strongly. Highest Mediterranean taxa
abundances at the top of the zone coinciding with Ericaceae, Taraxacum-type
and Isoetes drop.
— c
~NE U1385-11-1 Strong dominance of non-arboreal pollen (NAP) taxa, in particular semi-desert
N >15.9 ; -
52 ; plants, grassla_nd taxa (mainly Poaceae and Taraxacum-typt_e) and Ericaceae.
5 © (56.01; 438.1) (16) Low frequencies of all tree taxa, except Cupressaceae and Pinus.
D. Oliveira, 2017 64



Chapter 2

The complexity of millennial-scale variability in SW Europe during MIS 11

340
|

360 370
1 I 1 I

Age (ka)

390 400

410 420 430 440 450
1 I 1 I 1 I 1 I 1

Site U1385

47

49 50

T I T l T
52 53
depth (crmcd)

T 11 71

I T
54 55 56 57 58

1
0
N

T
»
[=2]

T
»
s

IS
Oy, (%o V-PDB)

&
[=-]
518

r
&
L)

~340

360
380 8
400 o
L o
420 <
L 440

LR04 stack

Fig. 3. Age model based on the correlation of Site U1385 580y, record (black line; in depth
scale, crmed: corrected revised meter composite depth) with the LR04 580y stack (grey line;
in age scale) of Lisiecki and Raymo (2005). Control points used for the correlation between
records are depicted with dashed lines. The age-depth model is presented on the bottom.

Table 2. Age control points used to correlate the Site U1385 50 record to the LR04 benthic
stack of Lisiecki and Raymo (2005) (Hodell et al., 2015). *New control points used in this

study.

Site U1385 Control points Sed. Rate
Depth (crmcd) LR0O4 Age (ka) (cm/ka)
47.280 340.95
51.506 372.21 13.52
54.238* 393.35* 12.92
55.317 400.84 14.41
55.711 415.27 2.73
55.750* 431.53* 0.24
56.349 446.99 3.87
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Pollen-derived vegetation reconstruction

Pollen analysis results are displayed in a synthetic pollen percentage diagram (Fig. 2)
together with a summary of the main features of the pollen zones in Table 1.

Long-term vegetation trends

The pollen record was divided into eleven pollen zones, generally corresponding to the
major shifts between forested and open vegetation intervals (Fig. 2), as summarized in Table
1. The forest phases, named Sines, Troia and Sintra, associated with the light isotopic events
MIS 11.3, 11.23 and 11.1, respectively, are characterized by an expansion of the
Mediterranean forest (MF) mainly composed of deciduous oak and Mediterranean taxa (Figs.
2 and 4). MF percentages range between ~20 and 50%, indicating atmospheric warmth and

moisture availability in SW lberia (Figs. 2 and 4).

Sines is the longest, warmest and most floristically diverse forest phase documented in
our record (Figs. 2 and 4). Sines duration is about 26 ka, although chronological uncertainties
during Termination V preclude the precise identification of its onset. The optimal expression
of the Mediterranean climate, i.e. warmest conditions with highly seasonal rainfall, is
suggested by the highest abundances of Mediterranean taxa between ~414 and 408 ka (Fig.
4). This warmest phase was followed by a progressive contraction of MF and expansion of
dry-grasslands (mostly Poaceae, Asteraceae and semi-desert plants, i.e. Artemisia,
Chenopodiaceae and both Ephedra types, as defined by Polunin and Walters (1985)),
indicating cooler and drier conditions over the end of Sines forest phase (Figs. 2 and 4).
During the second forest phase, Troia (~13.9 ka), deciduous Quercus woodland with
heathland (Ericaceae) dominated the landscape (Figs. 2 and 4), reflecting more humid and
temperate conditions than during Sines interglacial. The MF moderately expanded during the
last forest phase, Sintra (~4.4 ka), suggesting a weaker increase in warmth and moisture

availability (Figs. 2 and 4).

Open vegetation phases, encompassing the heavy isotopic events 11.24 and 11.22 (Fig.
4), ~396.5 to 388.5 ka and from ~374.5 to 371.5 ka, are represented by MF values below
20%, in accordance with studies on modern samples (e.g. Wright et al., 1967; Prentice, 1978;
Petersen, 1983). Such change suggests a shift towards cooler and drier conditions since

temperature, and particularly moisture availability, are critical for forest composition and
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development in the Mediterranean region (Quezel, 2002). Both open vegetation phases are
characterized by alternations between dominance of heathland and dry-grassland (Figs. 2 and
4). The progressive replacement of MF by Ericaceae likely reflects cooling with sustained
humidity year-round, although heath requires less water than forest (Walter and Breckle,
1989; Loidi et al.,, 2007). In contrast, dry-grassland expansion indicates cold and more
pronounced dry conditions, with semi-desert plants being an indicator of lower moisture
availability than Asteraceae-Poaceae (Polunin and Walters, 1985). The last open vegetation
interval, between ~371.5 and 363 ka, is characterized by the dominance of semi-desert plants,
including the substantial expansion of Ephedra, suggesting the setting of overall dry and cold
glacial conditions during the early stages of MIS 10 (Figs. 2 and 4). This interval also depicts
a brief expansion of MF at ~365 ka representing an interstadial-type episode during MIS 10.

Suborbital vegetation dynamics

Superimposed on the long-term vegetation changes, the pollen record at Site U1385
provides evidence for repeated short-term climate variations of different character and
intensity throughout MIS 11 in SW Iberia. Nine millennial-scale forest decline events
(U1385-11-fe-2 to -fel0) were identified using the twofold condition previously described
(Figs. 2, 5 and Supplementary S1). We additionally identified one event (U1385-11-fel)
which displays a substantial decrease in MF of ~20%, although marked by only one data-
point. This significant abrupt forest contraction with no recovery suggests the occurrence of a
millennial-scale event such as that previously inferred from the SW Iberian margin pollen
record within MIS 9e and 7e (Tzedakis et al., 2004). Duration of the MF decline events,
defined as the interval between the mid-points of the decline and increase in MF values,
varies from ~700 yr (U1385-11-fe2 and fe-7) to ~2100 yr (U1385-11-feb).

The MF decline events U1385-11-fel, -fe4, -fe8 and -fe9 (at ~408, 393.5, 377.5 and
373.5 ka, respectively) are characterized by an increase in semi-desert plants of up to ~15%,
implying cool and dry conditions (Fig. 5). In addition, the associated herbaceous components
vary revealing differences in the degree of moisture deficiency between events: U1385-11-fel
and -fe4 (highest dry-grassland values) appear drier than U1385-11-fe8 and -fe9 (Fig. 5).

During the forest decline events U1385-11-fe2, -fe3, and -fe7 (centered at ~399.5, 396

and 380.5 ka, respectively), semi-desert plants did not expand (Fig. 5). Asteraceae-Poaceae
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strongly expanded during U1385-11-fe2 reflecting a weaker shift to cool and dry atmospheric
conditions, while Ericaceae dominated over U1385-11-fe3 and -fe7, hence suggesting a

cooling with higher annual humidity (Fig. 5).

The most severe forest decline events, U1385-11-fe5, -fe6 and -fel0 (centered at ~390,
383 and 371.5 ka, respectively), are consistently represented by pronounced expansions of
semi-desert elements (~20%), minimal MF cover (<10%) and Ericaceae decrease (Fig. 5),
suggesting the coldest and driest atmospheric conditions of MIS 11. Interestingly, these
events are also associated with high relative abundances of Cedrus and Pinus (Fig. 5). The
few detailed available pollen records suggest that cedar was, however, absent from Iberia
throughout the Quaternary (Magri, 2012). Given the current distribution of cedar in cool and
moist high altitude habitats of northern Africa (Cheddadi et al., 1998) and its anemophily,
peaks in Cedrus in the Iberian margin sediments during cold periods likely resulted from
enhanced wind-driven pollen supply (Sanchez Goiii et al., 1999; Chabaud et al., 2014). The
peaks of pine pollen remain difficult to interpret due to the low taxonomical resolution of the
Pinus morphotype including pollen from Iberian highland and Mediterranean pine species
(Desprat el al., 2015). However, since pine pollen is wind-pollinated and highly buoyant in
the air (Birks and Birks, 1980), Pinus peaks in the SW Iberian margin during cold events may
also result from high intensity winds. These cold, dry and windy events are also noticeably
long with a duration between ~1600 and 2100 yr.

Alkenone-sea surface temperature reconstruction

The Uk’37-SST at Site U1385 describe an increasing SST profile from ~9°C to 18°C
during Termination V (Fig. 4). Nevertheless, the low sedimentation rates and chronological
uncertainties hinder the identification of sea surface water variability during this interval.
SSTs remained warm and relatively stable around 18°C up to ~400 ka. At this time, both SST
and &80y initiated a cooling and heavier long-term trend towards MIS 10 glacial conditions
(Fig. 4). Three prominent cooling episodes with temperatures close to 10°C interrupted this
trend at ~390 ka (MIS 11.24), ~383 ka (mid MIS 11.23) and ~372 ka (MIS 11.22) (Fig. 5).
These cooling events are associated with the strongest %Cs7.4 increases suggesting
freshwater/iceberg discharges (Fig. 5). In addition, a moderate cooling event with SST

decreasing down to ~13°C and a minor increase in %Caz7:4 is detected at ~378 ka (Fig. 5).
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Fig. 4. MIS 11 long-term vegetation and climatic changes at Site U1385. From the bottom to
the top: Percentages of selected pollen taxa or group of taxa: (a) Mediterranean taxa (Quercus
evergreen-type, Cistus, Olea, Phillyrea, Pistacia and Fraxinus ornus-type) (red line) and
Mediterranean forest (MF, all arboreal pollen taxa, mainly deciduous Quercus plus
Mediterranean taxa, excluding Pinus, Cedrus and Cupressaceae) (green line), (b) semi-desert
plants (Artemisia, Chenopodiaceae, Ephedra distachya-type and Ephedra fragilis-type)
(yellow line) and Asteraceae-Poaceae group (brown line), (c) Ericaceae; U1385 marine data:
(d) Uk’37-SST and (e) 5'®0p record (black line) with marine isotope events according to
Bassinot et al. (1994); (f) Relative sea-level changes (grey line) based on ODP 1123
3'80scawater (Elderfield et al., 2012); (g) 65°N summer insolation (black line) and precession
index (red line) (Berger, 1978). Forest phases and marine isotopic substages on bottom and
top, respectively. Bold lines represent 5-point moving averages of pollen percentages and
Uk’37-SST. The grey bar indicates the MF maximal expansion during Sines forest phase.

Fig. 5. Millennial-scale Mediterranean forest (MF) decline events and oceanic surface
changes from Site U1385 direct land-ocean comparison. From the bottom to the top: Selected
pollen percentage curves: (a) MF, (b) semi-desert plants (yellow line) and Asteraceae-Poaceae
group (brown line), (c) Ericaceae, (d) Pinus and Cedrus; U1385 marine data: (e) Uk’37-SST
and % Cs7.4— based surface ocean freshwater inputs; (f) 580y record (black line) with marine
isotope events according to Bassinot et al. (1994); (g) Relative sea-level changes (grey line)
based on ODP 1123 5" 0seawater (Elderfield et al., 2012); (h) 65°N summer insolation (Berger,
1978). Forest phases and marine isotopic substages on bottom and top, respectively.
Numbered blue bands mark the millennial-scale events of high (5, 6 and 10) (dark blue) and
moderate (8, 9) (light blue) intensity, while numbered pink bands (1, 2, 3, 4 and 7) represent
the MF decline events without counterpart in the SST record.
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Discussion
Long-term vegetation and climatic changes

The MIS 11 long-term vegetation pattern detected at Site U1385 (Fig. 4) has already
been documented for NW and SW Iberia (Desprat et al., 2005; Tzedakis et al., 2009),
northwestern Greece (Wijmstra and Smit, 1976; Tzedakis et al., 2001) and southern France
(Reille et al., 2000; de Beaulieu et al., 2001).

The close correspondence of Sines, Troia and Sintra major forest expansion with
maxima in northern hemisphere (NH) summer insolation and low ice volume intervals (Fig.
4) reflects the influence of orbital-scale climatic variability on SW Iberian vegetation. In line
with previous works (Desprat et al., 2005; Tzedakis et al., 2009), our pollen record shows the
highest degree of warming in Iberia associated with the strongest NH summer insolation
maxima of MIS 11c. The three forest extent maxima observed during Sines, Troia and Sintra
do not parallel the magnitude of the three insolation maxima but that of precession minima
(Fig. 4). In particular, the largest expansion of mixed oak forest and Mediterranean taxa
during Sines, reflecting the warmest and strongest rainfall seasonality, occurred during the
strongest MIS 11 precession minimum. However, despite the relatively higher sea-level and
equivalent CO2 concentrations during MIS 11c (Dutton et al., 2015), the extent of woodland
vegetation remained low in comparison with that of warm stages marked by large precession
minima such as MIS 5e (Sanchez Gofi et al., 1999). These observations confirm that
precession plays a major role on the forest extent in the Mediterranean region south of 40°N
(Sanchez Gofii et al., 2008).

As described for other Iberian margin records (Desprat et al., 2005; Tzedakis et al.,
2009), the long-term forest decline during the final phase of MIS 11c, i.e. the end of Sines
(~408 to 396 ka), parallels the decrease in NH summer insolation (Fig. 4). This western
Iberian long-term vegetation response to insolation forcing is similar to other interglacial
periods of the last 400 ka (Tzedakis et al., 2004; Sanchez Gofii et al., 2005; Roucoux et al.,
2006; Desprat et al., 2007, 2009; Naughton et al., 2007; Chabaud et al., 2014). However,
while conditions on land progressively cooled during the late MIS 11c, SSTs remained
relatively warm, experiencing solely a subtle decrease from ~18.5°C to 17.5°C (Fig. 4).
Pervasive relatively warm conditions off SW Iberia may reflect the persistent dominance of
the subtropical Azores Current (AzC) and Iberian Poleward Current (IPC) in this area over the
final phase of MIS 11c (Voelker et al., 2010), even after the onset of the NH ice sheet growth
at ~400 ka (Fig. 4).
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Fig. 6. Millennial-scale variability derived from Site U1385 direct land-ocean comparison. (a)
MF pollen percentage curve and (b) Uk’37-SST and % Cs7:.4 — based surface ocean freshwater
inputs, in comparison with (c) Uk’37-SST and % Cs7.4 from Iberian margin core MD03-2699
(Voelker et al., 2010; Rodrigues et al., 2011), (d) planktic $*80 and ice rafted detritus (IRD)
concentrations (grains/g) at ODP 980 (Oppo et al., 1998) on its LR04 chronology (Lisiecki
and Raymo, 2005), and (e) Si/Sr ratio from Site U1308 (Hodell et al., 2008). (f) 5'80y records
at Sites U1385 (black line) and ODP 980 (green line) with marine isotope events according to
Bassinot et al. (1994). Dashed line designates the ice volume threshold of McManus et al.
(1999). Forest phases and marine isotopic substages on bottom and top, respectively.
Numbered blue bands mark the millennial-scale events of high (5, 6 and 10) (dark blue) and
moderate (8, 9) (light blue) intensity, while numbered pink bands (1, 2, 3, 4 and 7) represent
the MF decline events without counterpart in the SST record.

Millennial-scale climate variability

The outstanding features of the multiproxy record at Site U1385 are the pervasive
millennial-scale climate instabilities throughout MIS 11 and their diversity as depicted by

different regional vegetation and eastern North Atlantic SST changes (Figs. 5 and 6).

Intra-interglacial climate variability during MIS 11c ice volume minimum

The intriguing abrupt MF contraction recorded within MIS 11c at ~408 ka (Fig. 5),
event U1385-11-fel, is also detected, within age uncertainties, in the closest MD01-2443
pollen record at ~406 ka (Tzedakis et al., 2009). Similarly to Site U1385, this event occurred
well before the end of the benthic 6180b plateau and the forest did not recover afterwards.
However, this high amplitude MF change does not have a counterpart in either the SST
profile from core MD01-2443, or in other records from the mid-latitude North Atlantic, that
consistently report a single cooling event at ~412 ka separating the two MIS 11c warm SST
plateaus (Martrat et al., 2007; Stein et al., 2009; Voelker et al., 2010; Rodrigues et al., 2011).
This short-term cooling, also observed in the MDO01-2443 pollen record (Tzedakis et al.,
2009), probably corresponds to the pronounced MF decrease identified at Site U1385 at
~411.6 ka (Figs. 5, 6 and Supplementary S1). Nevertheless, the very low sedimentation rate of
Site U1385 during early MIS 11c prevents further discussion about this specific millennial-

scale event.
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Intra-interglacial vegetation and climate changes during MIS 11c were also detected in
northern Europe. In particular, the Dethlingen varved pollen sequence displays an abrupt
cooling event during the Holsteinian interglacial named “Older Holsteinian Oscillation”
(OHO) (Koutsodendris et al. 2010, 2011, 2012). Although the timing of the OHO is still
debated (Koutsodendris et al., 2012; Tye et al., 2016), Koutsodendris et al. (2012) argued that
it most probably occurred at ~408 (+£0.5) ka based on the assumption that Holsteinian
interglacial correlates with the later part of MIS 11c (~415-397 ka), coinciding with the NH
summer insolation maximum, low global ice volume, and highest temperatures in the North
Atlantic and Antarctica. Relying on this assumption, the U1385-11-fel event, which after our
chronology is also detected at ~408 ka, would correspond to the OHO widely recognized in
pollen records from the British Islands to Poland north of 50° latitude (Koutsodendris et al.,
2012 and references therein). However, the impact of this abrupt climatic oscillation on the
vegetation of northern Europe strongly differed from that of SW Iberia. In contrast to SW
Iberia (Tzedakis et al., 2009; this study), the northern European forest recovered after the
rapid climate change. Comparison of the OHO duration (~300 years) and its equivalent events
in SW Iberia is prevented by the lower time resolution of the pollen records at Site U1385 and
MDO01-2443 (Tzedakis et al., 2009).

Koutsodendris et al. (2012) additionally proposed that the OHO is analogous to the
early Holocene 8.2 ka event in respect with terrestrial ecosystem changes, boundary
conditions (reduced NH ice sheets and high NH summer insolation) and European spatial and
climatic patterns. Based on these similarities, the OHO could be triggered by a similar forcing
mechanism to the 8.2 ka event (Koutsodendris et al., 2012), i.e. a slowdown of the NADW
formation induced by freshwater pulse from proglacial lake discharges (Alley and
Agustsdéttir, 2005). Chronological uncertainties preclude the assessment of the AMOC
change at the time of this event (e.g. Oppo et al., 1998). The vegetation changes associated
with the U1385-11-fel event and the 8.2 ka event recorded in the Iberian margin twin cores
U1385 and MD95-2042 (Chabaud et al., 2014) support the hypothesis of an analogous
terrestrial response to the intra-interglacial events. They are both associated with a rapid and
high-amplitude MF contraction that marked the end of the maximum forest expansion, after
which the MF did not recover.
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However, the analogy between both events is hampered when comparing Iberian SST
patterns. While no corresponding sea surface cooling event is detected on the Iberian margin
during the warmest interval of MIS 11c (Martrat et al., 2007; Voelker et al., 2010; Rodrigues,
et al., 2011), one is observed during the 8.2 ka event (Rodrigues et al., 2009). Additionally,
whereas the 8.2 ka event occurred during the retreat of substantial NH ice sheets, the MIS 11
intra-interglacial event might have occurred after the complete melting of the NH continental
ice sheets and consequently not as a result of deglacial processes. As recently argued by
Raymo and Mitrovica (2012), MIS 11 sea-level highstand which occurred from 410 to 401 ka,
was higher than at present-day, probably resulting from the Greenland Ice Sheet (GIS) and
West Antarctic Ice Sheet collapse. Moreover, while the southern GIS persisted through the
Holocene (Colville et al., 2011), a nearly ice-free Greenland regime which promoted the
regional development of boreal coniferous forest (de Vernal and Hillaire-Marcel, 2008), likely
characterized the late MIS 11c (Reyes et al., 2014). Therefore, the U1385-11-fel may be
more alike to the mid-to-late Holocene events that occurred during minimum NH ice sheets
(Combourieu-Nebout et al., 2009; Desprat et al., 2013). Because the MF development is
controlled by the wintertime conditions, especially by precipitation (Quezel, 2002; Gouveia et
al., 2008), forest contractions without concomitant SST reversals, as observed during U1385-
11-fel, are likely related to a moisture deficiency. Millennial-scale oscillations of the zonal
flow recalling the present-day atmospheric patterns tightly linked to blocking episodes in the
North Atlantic (NAO) and Europe (Scandinavian pattern) (Sousa et al., 2015b) appear
therefore as a cause of these type of forest declines mainly driven by increased dryness. In
fact, for the last millennia, atmospheric centennial variability related to NAO-type events was
observed despite the small changes in SST (Moffa-Sanchéz et al., 2014; Ortega et al., 2015).
NAO-type circulation possibly driven by an internal oscillation in interglacial AMOC
strength was also involved in explaining western Mediterranean multi-centennial climate
variability of the mid-to-late Holocene (Fletcher et al., 2012). The enhanced dryness
associated with U1385-11-fel event supports a shift to more persistent positive mode of the
NAO-type and, therefore, a weaker influence of the winter mid-latitude North Atlantic
westerlies in the SW Iberia.
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Decoupled atmospheric and oceanic changes during the glacial inception

The MIS 11c/11 b transition and the late part of MIS 11.23, both characterized by weak
ice sheet growth, were punctuated by millennial-scale cooling and drying events on land,
U1385-11-fe2 to -fe4 and fe7 (at ~399.5, 396, 393.5 and ~381 ka, respectively). None of these
events has a counterpart in the SST record at Site U1385; they are all associated with warm
SSTs, between ~18°C and 16.5°C on the margin (Figs. 5 and 6). These observations are also
reflected by nearby MD01-2443 palaeoclimatic records (Martrat et al., 2007; Tzedakis et al.,
2009) and suggest an air-sea thermal contrast at millennial timescales. The atmospheric
processes behind this thermal contrast can be related to a frequent positive mode of NAO-type
circulation enhancing dryness in lberia but impacting weakly local SSTs because of the
prevailing influence of subtropical AzC and IPC waters over this time interval (Voelker et al.,
2010). The influence of the atmosphere on SST is relatively weak at the local scale due to the
large heat capacity of the ocean and very effective heat transport via ocean currents (Oort, et
al., 1976). Additionally, it has been demonstrated that correlation between NAO and SST was
not stationary over the last half century (Walter and Graf, 2002).

The MIS 11c/11b glacial inception, marked by three millennial-scale cooling events, is
associated with a period of subtle SST cooling in our record, also detected in other mid-
latitude North Atlantic records (de Abreu et al., 2005; Martrat et al., 2007; Stein et al., 2009;
Voelker et al., 2010; Rodrigues et al., 2011) and in the northern North Atlantic ODP Site 980
by increasing polar foraminifera percentages (Oppo et al., 1998). This progressive cooling
across the North Atlantic region may have increased the temperature gradient favoring the
recurrence of positive mode of the NAO-type circulation. It would also explain that the
millennial-scale Mediterranean forest recovery was progressively less successful in SW
Iberia. Decoupling at millennial timescales between air temperatures and SST on the
European margins was similarly reported during the ice sheet growth of MIS 5a/4 transition
(Sanchez Goiii et al., 2013), and for the past four glacial inceptions (Cortina et al., 2015). This
analogy, despite differences in boundary conditions, suggests increased regional moisture that
is transported northward through intensified storm tracks, thereby contributing to ice-growth.
Such thermal contrasts between cold air and warm sea surface temperatures may have also
operated during the MIS 11c/11b transition, at millennial timescales, enhancing northward

moisture transport and the glacial inception.
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Land-sea cooling during large ice volume conditions

The events U1385-11-fe5, -fe6 and -fel0 (at ~390, 383 and 371.5 ka, respectively),
associated with the isotopic events 11.24, mid 11.23 and 11.22, respectively, are characterized
in SW Iberia by the coldest and driest atmospheric conditions of MIS 11, high intensity winds
and a particularly long duration, between 1600 to 2100 yr (Fig. 5). These high intensity events
are synchronous with strong and sudden drops in SSTs down to 10°C and the highest %C37:4,
suggesting that the site was under the influence of subpolar water.

The nearest MIS 11 pollen record shows close similarities regarding the sequence and
intensity of these abrupt forest decline events (Tzedakis et al., 2009), where three major forest
contractions related with large SST cooling are observed. Despite their low temporal
resolution, the NW Iberian margin and southern France pollen records (Reille et al., 2000;
Desprat et al., 2005) also reported three main open vegetation periods associated with the MIS
11 coldest conditions. In the North Atlantic, three major millennial-scale cooling events
associated with lithic evidence of iceberg discharges (Fig. 6) are commonly detected and have
been linked to changes in AMOC (e.g. Oppo et al., 1998; Martrat et al., 2007; Hodell et al.,
2008; Voelker et al., 2010; Rodrigues et al., 2011; Barker et al., 2015). Such suborbital
variability is even recorded in other regions of the world, such as Siberia (Prokopenko et al.,
2010). By analogy to the last glacial cooling events, specifically to Heinrich Events (HE),
enhanced aridity over SW lberia during these MIS 11 events probably resulted from AMOC
changes and further intensification and northward displacement of the westerlies (e.g.
Sanchez Goiii et al., 2002). These high intensity events only occurred during the second part
of MIS 11 when sea-level substantially lowered (Rohling et al., 2009; Elderfield et al., 2012)
(Fig. 6). In particular, our direct land-sea comparison at Site U1385 shows that those events
only occurred once surpassing the 580y 3.5%o threshold (Figs. 5 and 6), in agreement with
the critical ice sheet size threshold suggested by McManus et al. (1999). Changes in 520y are
not only driven by ice volume (Skinner and Shackleton, 2005) albeit this threshold value
represents the overall conditions when ice sheets reach a critical size to modify the
hydrological cycle, deflect the main atmospheric streams or produce rafting ice (McManus et
al., 1999). This threshold value in the &80y is tied to the amplification of millennial-scale
cooling by feedback mechanisms associated with ice sheet dynamics, and has been supported

by numerous MIS 11 records along the Iberian margin (de Abreu et al., 2005; Desprat et al.,
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2005; Voelker et al., 2010; Rodrigues et al., 2011), as well as elsewhere in the Atlantic Ocean
(Poli et al., 2000; Hall and Becker, 2007; Dickson et al., 2008; Stein et al., 2009).

Compared to the Heinrich Stadial (HS) of the last glacial period, the most severe MIS
11 events are marked by weaker MF contractions and moderate semi-desert plant expansion
(e.g. Combourieu-Nebout et al., 2002; Sanchez Gofii et al., 2002). However, they present a
similar extent of MF than the first and last phases of HS5 and HS4 with an average MF value
of 10% (Sanchez Gofi et al., 2000). This percentage of MF suggests that the atmospheric
moisture availability and/or temperatures did not reach the critical bioclimatic threshold for
major tree decline, although cold and dry conditions prevailed. The less intense dryness
during the first and final phases of HS4 and HS5 have been linked to the source of iceberg
surges (Sanchez Gofii et al., 2000), and are considered to have been European ice sheets,
rather than the Laurentide ice sheet (Grousset et al., 2000). Such IRD source was also
proposed for the MIS 11 events (Voelker et al., 2010; Rodrigues et al., 2011). Other sources
of iceberg pulses than the Laurentide ice sheet is also supported by XRF data from Site
U1308, showing the absence of Ca/Sr peaks but short-lived increases in Si/Sr ratio (Hodell et
al., 2008) (Fig. 6). Modeling results using LGM baseline conditions show that depending on
its origin, the freshwater flux affects differentially deep-water formation, sea-ice seasonal
range and extent and, consequently, the regional response of air temperatures (Roche et al.,
2010). As for HS5 and HS4, the main source of freshwater discharges during MIS 11 cooling
events probably played an important role on the vegetation and climatic response in SW
Europe. Our MIS 11 direct land-sea comparison confirms therefore that the ice sheet
dynamics is a key factor modulating the amplitude of precipitation and temperature reduction

in SW Europe at millennial timescales.

Our data additionally show that the coldest and driest episodes which are associated
with iceberg discharges into the North Atlantic are also particularly long (Figs. 5 and 6). This
observation would confirm that besides amplifying the cooling, iceberg discharges may also
promote prolonged stadial conditions (Clark et al. 2007; Barker et al., 2015). It is also worthy
to note that the Antarctica temperature record displays only three cooling episodes followed
by a gradual warming (Jouzel et al., 2007), that likely correlates with the large and long cold
episodes recorded in the North Atlantic and SW Europe. The low resolution of the 50y

record from Site U1385 precludes the assessment of the phase relationship between the two
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hemispheres in response to climate changes. However, it is likely that as for MIS 19
(Tzedakis et al., 2012), the bipolar see-saw became active when ice volume was large enough
to produce ice-rafting episodes and most particularly during events of high magnitude and
long duration. During MIS 11, the coldest episodes in the North Atlantic appeared generally
longer and more humid in SW lberia and warmer in Antarctica than those punctuating the last
glacial. The MIS 11 coldest episodes are, nevertheless, similar to those characterizing MIS 6
when an enhanced hydrological cycle in the North Atlantic may have contributed to disrupt
the AMOC despite the lack of iceberg discharges from the Laurentide (Margari et al., 2010).
This similarity suggests that the freshwater forcing threshold was also modified during the

coldest episodes of MIS 11 facilitating their extended duration (Margari et al., 2010).

Besides this, two additional events are detected in our pollen record, U1385-11-fe8 and
-fe9 (~377.5 and 374 ka, respectively), both characterized by weaker expansion of semi-desert
plants and relatively moderate contraction of forest, reflecting less intense cooling and drying
episodes on land (Fig. 5). While event -fe8 is coeval with a moderate SST cooling of ~3.3°C
and a small peak in %Cs74, event -fe9 does not appear associated with SST and %Cas74
changes (Fig. 5). Despite the low temporal resolution, the MDO01-2443 pollen record also
documents a forest decline event at the transition MIS 11.23/11.22 that may correlate with
event -fe8. Most of the North Atlantic records also display a moderate SST cooling event at
the MIS 11.23/11.22 transition (de Abreu et al., 2005; Martrat et al., 2007; Tzedakis et al.,
2009) with few IRD grains in the subpolar sediments (Oppo et al., 1998; Barker et al., 2015),
possibly suggesting a minor iceberg pulse. Event -fe8 could be assimilated to the group of
high intensity events mentioned above although the iceberg discharge, if any, appears too
moderate to disrupt the AMOC. The weak and short-lived cold episodes on land and in the
ocean as well as the lack of millennial-scale change in Antarctica concomitant with event -
fe8, are in line with a still active AMOC. In contrast with event -fe8, no change in the North
Atlantic SST appears related with event -fe9, contemporaneous with maximum in ice volume
(MIS 11.22). This finding demonstrates that air-sea decoupling may also be a feature of
periods with no ice-growth, further illustrating the complexity and diversity of millennial-

scale climatic variability.
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Conclusions

The new high temporal resolution multiproxy study of MIS 11 at Site U1385 documents
SW Iberian vegetation and subtropical eastern North Atlantic sea surface changes at orbital

and suborbital timescales.

1. At orbital timescales, our reconstruction shows the three classical forest phases of
decreasing extent separated by open vegetation conditions (warm/humid - cold periods). The
weak precessional forcing of MIS 11 is reflected in the overall low expansion of the
Mediterranean forest (MF) and in particular the Mediterranean taxa, although higher forest

expansion coincides with precession minima.

2. At millennial timescales, the Site U1385 pollen record reveals ten MF declines events
indicating recurring cool and dry atmospheric episodes throughout MIS 11. The direct
comparison between vegetation and oceanic changes allows the characterization of different
types of millennial-scale events under distinct boundary conditions, highlighting the key role
of ice-ocean-atmosphere interactions in the diversity of suborbital coolings:

- Site U1385 reveals a number of abrupt forest decline events indicating cooler and drier
atmospheric conditions with no concurrent SST change. All these events occurred during low
ice volume conditions associated with MIS 11c sea-level highstand, and MIS 11c/11b
transition and late MIS 11.23, both characterized by weak ice sheet growth. We propose that
these events were probably related with a frequent positive mode of the NAO-type, which led
to enhanced aridity in SW Iberia but had a minor or unsystematic impact on local SSTs. The
observed air-sea decoupling during MIS 11c/11b transition highlights the potential role of the
thermal contrast on suborbital timescales on glacial inception by increasing northward

transport of moisture, hence accelerating northern ice sheet growth.

- Particularly long, coldest, driest and windy events in SW Europe along with large SST
cooling punctuated MIS 11b, an interval with larger ice volume conditions. These high
intensity events were contemporaneous with the well-known prominent North Atlantic
cooling events associated with iceberg discharges, likely originating from the European ice
sheets. Our record supports that dynamics of northern ice sheets was a key factor for
amplifying the magnitude of precipitation and temperature reduction in SW Europe and

extending the duration of these abrupt climate changes. Modulation of millennial-scale
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cooling events likely involves positive feedback mechanisms on AMOC related to freshwater
from melting icebergs, changes in regional precipitation and the differential impact of iceberg
discharges on deep-water circulation and regional climates depending on their origin. In
addition, the sequence of these high intensity events correlates with warming in Antarctica

suggesting that the interhemispheric link through the bipolar see-saw was active despite the

European origin for iceberg pulses.
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Supplementary Fig. 1. Predictions (bold line) with respective standard error (thin line) (top
panel) and residuals (bottom panel) of the generalized additive mixed model (GAMM) of the
change in Mediterranean forest data through time (%MF represented by the dots on the top
panel). The normality of the residuals has not been rejected by the Shapiro—Wilk test. The
millennial-scale forest decline events are considered based on the twofold condition that a
minimum of one sample of the model residuals exceeded one standard deviation and that the
substantial MF declines (> 10%) occur within at least 2 consecutive samples (events U1385-
11-fe2 to fe-10). The forest event U1385-11-fel is characterized by a single sample, however
it is associated with a pronounced decline in the MF of ~20% without subsequent forest
recovery, indicating the occurrence of a millennial vegetation change.
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Abstract

Marine Isotope Stage 31 (MIS 31) is an important analogue for ongoing and projected
global warming, yet key questions remain about the regional signature of its extreme orbital
forcing and intra-interglacial variability. Based on a new direct land-sea comparison in SW
Iberian margin IODP Site U1385 we examine the climatic variability between 1100 and 1050
ka including the “super interglacial” MIS 31, a period dominated by the 41-ky obliquity
periodicity. Pollen and biomarker analyses at centennial-scale-resolution provide new insights
into the regional vegetation, precipitation regime and atmospheric and oceanic temperature
variability on orbital and suborbital timescales. Our study reveals that atmospheric and SST
warmth during MIS 31 was not exceptional in this region highly sensitive to precession.
Unexpectedly, this warm stage stands out as a prolonged interval of a temperate and humid
climate regime with reduced seasonality, despite the high insolation (precession minima
values) forcing. We find that the dominant forcing on the long-term temperate forest
development was obliquity, which may have induced a decrease in summer dryness and
associated reduction in seasonal precipitation contrast. Moreover, this study provides the first
evidence for persistent atmospheric millennial-scale variability during this interval with
multiple forest decline events reflecting repeated cooling and drying episodes in SW lberia.
Our direct land-sea comparison shows that the expression of the suborbital cooling events on
SW Iberian ecosystems is modulated by the predominance of high or low-latitude forcing
depending on the glacial/interglacial baseline climate states. Severe dryness and air-sea
cooling is detected under the larger ice volume during glacial MIS 32 and MIS 30. The
extreme episodes, which in their climatic imprint are similar to the Heinrich events, are likely
related to northern latitude ice sheet instability and a disruption of the Atlantic Meridional
Overturning Circulation (AMOC). In contrast, forest declines during MIS 31 are associated to
neither SST cooling nor high-latitude freshwater forcing. Time-series analysis reveals a
dominant cyclicity of about 6 ky in the temperate forest record, which points to a potential

link with the fourth harmonic of precession and thus low-latitude insolation forcing.

Keywords: Marine Isotope Stage (MIS) 31; Super interglacial; Early Pleistocene; Iberian
margin; Mediterranean vegetation; Obliquity and precession forcing; Millennial-scale climate

variability; Precession harmonics; Land-sea comparison; Pollen analysis.
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1. Introduction

The climate transition occurring between the early Pleistocene 41-ky (obliquity-driven)
glacial-interglacial cycles and late Pleistocene 100-ky climate cycles (eccentricity-driven) is
known as the Mid Pleistocene Transition (MPT, ~1250-700 ka, Clark et al., 2006), and more
recently as the Early Middle Pleistocene Transition (Head and Gibbard, 2015). Within this
important and complex transitional interval, but prior to the dominant eccentricity-driven
cycles (e.g. Mudelsee and Schulz, 1997), Marine Isotopic Stage 31 (MIS 31; 1081-1062 ka;
Lisiecki and Raymo, 2005) stands out for its unusual orbital configuration (high obliquity and
eccentricity and minima in precession) leading to some of the highest summer insolation
levels of the Pleistocene, with a Northern Hemisphere (NH) maximum at 1070 ka bracketed
by two Southern Hemisphere (SH) maxima (Laskar et al., 2004). This strong orbital forcing
combined with relatively high CO2 levels (Honisch et al., 2009; Tripati et al.,, 2011)
contributed to such a remarkable warmth in the high-latitudes that MIS 31 has been described
as a “super interglacial” (Pollard and DeConto, 2009; DeConto et al., 2012; Melles et al.,
2012; Coletti et al., 2015). Model-predicted ~20 m of eustatic sea-level rise relative to present
(Raymo et al., 2006) would be related to major retreats of Greenland, western (WAIS) and
eastern Antarctica ice sheets (EAIS), or some combination of the three (Scherer et al., 2008;
Naish et al., 2009; Pollard and DeConto, 2009; DeConto et al., 2012; McKay et al., 2012;
Melles et al., 2012; Teitler et al., 2015). The few records currently available provide evidence
for MIS 31 warmth across most of the world (Ruddiman et al., 1989; Byrami et al., 2005;
Medina-Elizalde and Lea, 2005; McClymont et al., 2008; Weirauch et al., 2008; Herbert et
al., 2010; Lawrence et al., 2010; Hillaire-Marcel et al., 2011; Russon et al., 2011; Elderfield et
al., 2012; Dyez and Ravelo, 2014; Aubry el al, 2016). However, the magnitude of warmth
achieved during MIS 31 varies geographically and the majority of the research has been
concentrated in the high-latitudes of the NH and the SH (e.g. Flores and Sierro, 2007; Scherer
et al., 2008; Maiorano et al., 2009; Naish et al., 2009; Melles et al., 2012; Villa et al., 2012;
Tarasov et al., 2013; Teitler et al., 2015; de Wet et al., 2016). Considerably less information is
available from the Mediterranean region, where only three vegetation sequences span MIS 31
(Tenaghi Philippon, NE Greece: Tzedakis et al., 2006; Montalbano Jonico section, southern
Italy: Joannin et al., 2008; ODP Site 976, Alboran Sea: Joannin et al., 2011) (Fig. 1).
Although these studies show the vegetation response to orbital forcing, they lack the required

resolution to provide a detailed assessment of the millennial-scale climatic variability
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throughout MIS 31. Due to the scarcity and limited time resolution of studies spanning MIS
31, key questions remain concerning the imprint of its extreme orbital forcing and the climate
system of the 41-ky world at lower latitudes in both terrestrial and marine ecosystems, and
also the magnitude of warming, the duration of the interglacial and the intra-interglacial

variability.

Here we present the first high-resolution (centennial-scale) pollen record from 10DP
Site U1385 covering the early Pleistocene interval, 1100 ka (MIS 32) to 1050 ka (early MIS
30) including MIS 31, that allows the reconstruction of vegetation and atmospheric changes,
in a direct comparison to alkenone-based sea surface temperature (SST). Site U1385 is
located on the SW Iberian margin (Fig. 1), considered as an exceptional region for
palaeoclimate research (e.g. Shackleton et. al, 2000) and an ideal location for assessing the
impact of precession since it plays a major role in the climate of the Mediterranean region
south of 40°N (Ruddiman and Mcintyre, 1984). The influence of precession on the forest
extent and composition in southern Europe is shown by numerous pollen records of the last
400 ky (e.g. Magri and Tzedakis, 2000; Fletcher and Sanchez Gofii, 2008; Sanchez Goiii et
al., 2008; Margari et al., 2014; Oliveira et al., 2016). More recently, a pollen-based vegetation
record of MIS 19 (~800 ka) from Site U1385 revealed millennial cycles driven by the fourth
harmonic of the precessional component of the insolation (Sanchez Gofii et al., 2016).
However, the impact of precession forcing on the SW Iberian vegetation during the warm
stages of the 41-ky world is, to date, completely unknown because pollen records are only
available for interglacials younger than MIS 11 (Sanchez Gofii., 1999; Roucoux et al., 2006;
Tzedakis et al., 2009; Chabaud et al., 2014; Oliveira et al., 2016) and for MIS 19 (Sénchez
Gofii et al., 2016). This study describes the temperature and precipitation regime during MIS
31 in SW lberia and discusses its modulation by the extreme orbital forcing and the climatic
background state of the 41-ky world. In addition, it provides the first evidence for repeated
cooling and drying events throughout the studied interval and explores the potential nature

and mechanisms involved in the millennial-scale variability of the early Pleistocene.
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Fig. 1. Location of Site U1385 and available European and North Atlantic records mentioned
in the text: Site U1314 (Hernandez-Almeida et al., 2012, 2013); Site U1308 (Hodell et al.,
2008); Site U1313 (re-drilling of DSDP Site 607, Lawrence et al., 2010; Naafs et al., 2013);
Site U1387 (Voelker et al., 2015); ODP Site 976 (Joannin et al., 2011); TP: Tenaghi
Philippon (Tzedakis et al., 2006); MJS: Montalbano Jonico (Joannin et al., 2008; Maiorano et
al., 2010; Girone et al., 2013).

2. Regional setting

2.1 Core site and hydrographic conditions

IODP Site U1385 (37°34.285'N, 10°7.562'W), or “Shackleton Site”, was drilled on the
lower slope of the SW Iberian margin at 2578 m below sea-level (Fig. 1) (Expedition 339
Scientists, 2013; Hodell et al., 2013). At present, the site is under the influence of North
Atlantic Deep Water (NADW), although during glacials and cold episodes the contribution of
southern-sourced Antarctic bottom water increased (Duplessy et al., 1988; Skinner and
Elderfield, 2007). Above the NADW, the intermediate depth is dominated by the
Mediterranean Outflow Water, and the upper water column by the Portugal Current and the
Azores Current, depending on the atmospheric circulation (Fiuza, 1984; Peérez et al., 2001,
Peliz et al., 2005). In winter, the northward, warm surface Iberian Poleward Current is
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dominant, whereas in spring and summer strong northerly winds induce coastal upwelling and
the southward transport of the recently upwelled waters by the Portugal Current. This
seasonal surface layer is underlain by the subtropical Eastern North Atlantic Central Water,
composed of two branches of subtropical or subpolar origin with the subtropical overlying the
subpolar branch (e.g. Rios et al., 1992; Filza et al., 1998).

2.2 Modern climate and vegetation

The climate of SW Iberia is Mediterranean with warm/dry summers and cool/wet
winters (annual precipitation (Pann): 350-600 mm; annual Temperature (Tann): 13-17°C with
minimal winter temperatures between 5 to 1°C), with an important influence of Atlantic
moisture on its westernmost side (Peinado Lorca and Martinez-Parras, 1987; Gimeno et al.,
2010). The summer dryness is predominantly driven by the northeastward expansion of the
subtropical Azores High, which is associated with the descending branch of the Hadley cell
(Lionello et al., 2006), while the winter precipitation is directly affected by the position and
strength of the North Atlantic westerlies and related changes in the North Atlantic Oscillation
and North Atlantic storm tracks (e.g. Hurrell, 1995; Trigo et al., 2004).

The western Iberian margin pollen spectra provide an integrated image of the regional
vegetation from the adjacent landmasses because the Tagus and, to a lesser extent, the Sado
rivers are the main pollen suppliers to the SW Iberian deep-sea sediments (Naughton et al.,
2007). The vegetation distribution and composition of the Tagus and Sado watersheds, which
belong to the Mediterranean region, are mainly influenced by precipitation and thermal
gradients related to orography and maritime influences (Peinado Lorca and Martinez-Parras,
1987; Quezel, 1989; Blanco Castro et al., 1997). While the lowland areas of the western part
of the basin are dominated by deciduous oak (Quercus) and cork oak (Quercus suber)
woodlands due to increased moisture availability, evergreen oak develops (Quercus
rotundifolia and Q. coccifera) towards the east and south. In the montane forests, deciduous
Quercus dominates areas at mid-altitude and conifers (Pinus woodland with Juniperus) at the
highest elevations. Mediterranean shrub vegetation is characterized by heathers (Ericaceae) in
the wettest areas (Pann: >600 mm), and by rockroses (Cistaceae) in drier environments
(Peinado Lorca and Martinez-Parras, 1987; Loidi et al., 2007).
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3. Material and methods

Deep-sea Site U1385 was retrieved from the structural high “Promontorio dos Principes
de Avis”, using an advanced piston corer system, during the IODP Expedition 339
(Mediterranean Outflow) on board D/V JOIDES Resolution (Fig. 1) (Expedition 339
Scientists, 2013; Hodell et al., 2013). Five holes (A—E; 67 cores in total) were drilled and
correlated on the basis of core scanning XRF at 1-cm resolution to provide a continuous
composite section covering the past 1.5 My (Hodell et al., 2015). The recovered sediments
form a homogeneous lithologic unit dominated by hemipelagic mud and claystone
(Expedition 339 Scientists, 2013).

3.1. Chronostratigraphy

For the studied interval, between MIS 32 and early MIS 30 (120.06-125.09 corrected
revised meter composite depth (crmcd)), two age models were produced by Hodell et al.
(2015): (1) the oxygen isotope age model derived by correlating the low-resolution (20-cm)
benthic oxygen isotope record (8'80p) of Site U1385 to the LR04 580y stack (Lisiecki and
Raymo, 2005), and (2) the astronomically (precession)-tuned timescale produced by tuning
sediment lightness (L*) peaks to the precession minima assuming a lag of ~3 ky based on new
radiocarbon reconstructions at the nearby core MD99-2334K (Skinner et al., 2014) (Table 1).
A third chronology has been proposed based on the revision of the LRO4-derived chronology
(F. Jimenez-Espejo et al., in progress) through the correlation of the high-resolution §*20; of
Site U1385 to the one from IODP Site U1308 (Table 1), which has also an age model related
to the LRO4 stack (Hodell et al., 2008).

The LRO4-derived chronology shows good agreement with the precession-tuned
timescale (Hodell et al., 2015; F. Jimenez-Espejo et al., in progress), within the estimated
uncertainty for the LRO4 stack (x6 ky; Lisiecki and Raymo, 2005). However, since the
studied interval is marked by one of the strongest precession cycles of the last 1.5 My (Laskar
et al., 2004) the astronomical timescale is probably more accurate than the LR04-derived age
model. The good agreement between the Mediterranean sapropel cyclostratigraphy
(Konijnendijk et al., 2014) and the precession-tuned age model (Hodell et al., 2015) supports

its robustness. Age-depth modeling was based on linear interpolation between four age
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control points between ~1048 and 1111 ka (Table 1). High sedimentation rates (Table 1),
between 9.4 and 17.8 cm/ky, provide an average temporal resolution of ~350 yr for the pollen
record and of ~250 yr for the U¥'37-SST profile.

Table 1. Site U1385 age-depth control points of the precession-tuned age model (Hodell et
al.,, 2015) and oxygen isotope age model (F. Jimenez-Espejo et al., in progress) and
sedimentation rates. crmcd: corrected revised meter composite depth. The palaeoclimatic
records presented in this study are plotted on the precession-tuned timescale.

Site U1385 Precession- Sed. Rate Site U1385 Site U1308 Sed. Rate
Depth (crmcd) | tuned age (ky) (cm/ky) Depth (crmcd) age (ky) ‘ (cm/ky)
119.89 1047.9 17.75 117.44 1031.9 12.26
121.97 1070.0 9.41 120.26 1054.9 14.29
124.07 1090.2 10.40 120.66 1057.7 18.89
126.94 11115 13.38 121.17 1060.4 9.17
121.39 1062.8 8.96
121.82 1067.6 8.68
122.25 1072.6 12.75
122.41 1073.8 10.72
124.69 1095.1 10.00
124.81 1096.3 13.13
125.11 1098.6 5.57
123.36 1103 11.4
125.47 1104 6.1

3.2 Pollen analysis

IODP Site U1385 Holes E and D were subsampled for pollen analysis at 0.02-0.08
crmed intervals from 120.08 to 125.09 crmcd, except for the transition between the holes
where the sample spacing was of ~0.19 crmcd. From each 1-cm thick sample slice, 2.5 to 5
cm® of sediment were prepared following the conventional palynological procedure for
marine samples (described in detail at http://ephe-

paleoclimat.com/ephe/Pollen%20sample%20preparation.htm). After coarse-sieving (150 pum

mesh) and carbonate destruction (attack with cold HCI successively at 10%, 25% and 50%),
silica and silicates were eliminated by chemical digestion (cold HF at 45% and 70%).

Fluorosilicates were removed with a final treatment with cold HCI at 25%. The obtained
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residue was sieved through a mesh of 10 um and mounted unstained in glycerol to allow

rotation of the pollen grains.

Pollen analysis on 134 samples was carried out under a Nikon light microscope at X500
and x1000 (oil immersion) magnification and identification followed two well-known
European pollen atlases (Moore et al., 1991; Reille, 1992) and the pollen reference collection
available at UMR EPOC, University of Bordeaux. Each pollen sample comprised 20 to 29
pollen morphotypes and reached a total sporo-pollen sum between 142 and 487, with a
minimum of 100 pollen grains excluding Pinus, aquatics and Pteridophyta spores. Due to the
Pinus over-representation in marine sediments, the genus was excluded from pollen
percentage calculations (Heusser and Balsam, 1977; Naughton et al., 2007). Also excluded
were Cedrus, because it is an exotic pollen grain that likely originates from the North African
cedar forest (Magri, 2012), aquatic plants, spores and indeterminable pollen grains. Pinus and
Cedrus percentages were estimated from the main sum plus their individual counts, while
spore and aquatic  percentages were calculated using the total sum

(pollen+spores+indeterminables+unknowns).

A synthetic pollen percentage diagram of major pollen taxa and ecological groups
versus depth is presented in Fig. 2. Following previous pollen studies off southern Iberia (e.g.
Fletcher and Sanchez Gofii, 2008; Sanchez Gofii et al., 2008, 2016; Chabaud et al., 2014;
Oliveira et al., 2016), the pollen types were grouped into three main categories: semi-desert
plants (Artemisia, Chenopodiaceae and both Ephedra types), Mediterranean sclerophylls
(Quercus evergreen-type, Cistus, Olea, Phillyrea and Pistacia) and temperate forest (TF;
Mediterranean sclerophylls and all temperate trees and shrub taxa, excluding Pinus, Cedrus
and Cupressaceae). The temperate forest category corresponds to the commonly used
Mediterranean forest (MF), however, here we designate it by temperate forest because the
vegetation composition displays a marked Atlantic character throughout the pollen record
(Fig. 2). Pollen zones were defined by visual inspection of the pollen diagram (Birks and
Birks, 1980) and constrained hierarchical cluster analysis (Fig. 2). This analysis was
performed using the function chclust of the package rioja (Juggins, 2009) in R environment v.
3.1.1 (R Core Team, 2014).
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Fig. 2. Percentage pollen diagram of selected morphotypes and ecological groups from Site
U1385 plotted against depth. Ecological groups include temperate forest (TF) which here
includes the Mediterranean sclerophylls and all temperate trees and shrub taxa, excluding
Pinus, Cedrus and Cupressaceae; Mediterranean sclerophylls: Quercus evergreen-type,
Cistus, Olea, Phillyrea and Pistacia; and semi-desert plants: Artemisia, Chenopodiaceae,
Ephedra distachya-type and Ephedra fragilis-type. On the right of the diagram are
represented the pollen zones and results of the cluster analysis. Pollen zones are labeled as
following: Site U1385 - MIS (Marine Isotopic Stage) — number of the pollen zone. Shaded
areas indicate open vegetation phases associated with the glacial sections of MIS 32 and MIS
30 bracketing the terrestrial counterpart of MIS 31 in SW lIberia.

3.3 Molecular biomarker analyses

Biomarkers analyses were carried out in 205 levels from Holes E and D between 120.08
and 125.44 crmcd at ~0.01-0.06 crmcd intervals, except in the transition between holes
(sample spacing of 0.18 crmcd). Analyses were performed at the laboratory of IDAEA-CSIC,
Barcelona, and followed the procedure described in detail in Villanueva et al. (1997). Samples
were freeze-dried and extracted with dichloromethane in an ultrasonic bath. After
saponification with 10% potassium hydroxide in methanol, the neutral lipids were extracted
with hexane and dried under a nitrogen atmosphere, and finally derivatized with
bis(trimethylsilyl) trifluoroacetamide. Alkenones were quantified with a Varian gas
chromatograph (model 450) equipped with a septum programmable injector, a flame
ionisation detector and a CPSIL-5 CB column coated with 100% dimethylsiloxane (film
thickness of 0.12 mm). Hydrogen was used as the carrier gas at 50 cm/s. The concentrations
of each compound were determined using n-nonadecan-1-ol, n-hexatriacontane and n-
dotetracontane as internal standards. Alkenone-based sea surface temperature (UX37-SST)
reconstruction was based on the U¥'s; index (Brassell et al., 1986; Prahl and Wakeham, 1987)
and converted into annual mean SST values following the global core-top calibration (Muller
et al.,, 1998). Reproducibility tests show that analytical uncertainty in the alkenone

unsaturation index determination is lower than 0.0165 (~ 0.5 °C) (Villanueva et al., 1997).
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3.4 Time series analysis

Cross-correlation function (CCF) analysis was implemented using the R package stats
(R Core Team, 2014) in order to identify and quantify lead/lag relationships between the TF
record and orbital parameters. Given the strong response of heathland to precession in the
Iberian Peninsula (Roucoux et al., 2006; Margari et al., 2007, 2014; Fletcher and Sanchez
Gofii, 2008; Chabaud et al., 2014), the CCF analysis was also applied to these two time series.
For this analysis, the unevenly spaced time series were interpolated with the Akima-spline at
a regular time step of 300 yr and the linear trend was removed. The correlation coefficients (r)
indicate the degree of similarity between two time series with values ranging from -1 to 1.

The existence of a lag reveals the time offset between both time series.

Fourier spectral analysis for unevenly spaced palaeoclimate time series was performed
to detect potential periodicities in the TF pollen and U¥37-SST records. The REDFIT
methodology and software package was used for this analysis. REDFIT allows testing for
statistically significant spectral peaks that could indicate periodicities in non-constantly
sampled time series against a red-noise background (Schulz and Mudelsee, 2002).

4. Results and interpretations

4.1 MIS 31 definition

Following Hodell et al. (2015) who defined the onset of interglacials at the terminal
stadial event and its demise where 30 drops and millennial variability of log(Ca/Ti) starts,
MIS 31 lasted 32 ky, from ~1094 to 1062 ka (Fig. 3). Although the onset of MIS 31 at Site
U1385 is 13 ky earlier than defined by Lisiecki and Raymo (2005) for the LR04 stack, it is
consistent with recent studies off southern Iberia that used the 50, and SST records to
recognize the beginning of interglacial climate (Voelker et al., 2015) (Fig. 3). This earlier
onset of the MIS 31 interglacial also agrees with the benthic foraminifera 5'C record of
North Atlantic Site U1308 that indicates the resumption of strong AMOC (Hodell et al., 2008)
within the traditional definition of MIS 32 (Lisiecki and Raymo, 2005). Moreover, recent
publications have emphasized the need to reconsider the positioning of the MIS 31 lower
boundary defined by Lisiecki and Raymo (2005) due to the unusual weak character of glacial
MIS 32 in terms of length and/or intensity (Teitler et al., 2015; de Wet et al., 2016, and

references therein).
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4.2 Pollen-based reconstruction of vegetation and climate dynamics in
SW lIberia

Results of pollen analysis are presented in the percentage pollen diagram (Fig. 2) and
Fig. 3. Three pollen superzones are identified and distinguish the two main phases of open
vegetation expansion during MIS 32 and MIS 30 glacial stages from the interglacial forest
development during MIS 31 (Figs. 2 and 3). These superzones are additionally divided into
zones to characterize the dynamics of the vegetation cover and composition (Figs. 2 and 3).
Millennial-scale events of forest decline are indicated in Fig. 4 as they are not systematically

represented by distinctive pollen zones.

4.2.1 Long-term vegetation and climate change

MIS 32 and MIS 30 are characterized by open vegetation cover (zones U1385-32-1 and
U1385-30-1, respectively), dominated by Pinus, Taraxacum-type, Poaceae and semi-desert
plants, while TF and heather are represented by values below 20% (Figs. 2 and 3). Based on
the present day ecology of the dominant vegetation types, these intervals were marked by

prevailing cold and dry conditions (Polunin and Walters, 1985; Prentice et al., 1996).

The second superzone corresponds to the terrestrial interglacial counterpart of MIS 31
in SW lIberia, which we named Sado, and comprises five zones (zones U1385-31-1 to 5)
(Figs. 2 and 3). As documented for SW Iberian interglacials of the middle- to late Pleistocene
(Sanchez Gofii et al., 1999, 2016; Tzedakis et al., 2004; Roucoux et al., 2006; Oliveira et al.,
2016), a rapid expansion of the TF (pollen percentages above 20%) and Isoetes also marks the
onset of the Sado interglacial, at ~1094 ka, and ends at ~1060 ka with the dominance of semi-
desert plants (Figs. 2 and 3). While the beginning of Sado is contemporaneous with the
beginning of MIS 31 as defined by Hodell et al. (2015), its demise occurred two-millennia
after the end of MIS 31 (Fig. 3). This 34 ky-long and floristically diverse terrestrial
interglacial is characterized by well-developed TF (pollen percentages up to 55%, average
30%) and low expansion of Mediterranean sclerophylls (pollen percentages up 14.8%,
average 4.6%), indicating overall warmth and moisture availability in SW Iberia but reduced

climate seasonality (Figs. 2 and 3).
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The earliest interval of the Sado corresponds to a transition phase from ~1094 to 1087.7
ka (U1385-31-1) marked by a relatively low development of the TF, mainly composed of
deciduous Quercus woodland, and a characteristic ‘M’ structure in the TF pollen percentage
record. Relatively high values of semi-desert plants, suggest that limited moisture availability
may have restricted forest expansion (Figs. 2 and 3). During the ensuing interval, between
~1087.7 and 1079.5 ka (U1385-31-2), semi-desert plants contract and the vegetation cover is
dominated by mixed deciduous woodland with small quantities of diverse summer drought-
intolerant trees (Carpinus betulus, Castanea, Corylus, Fagus and Fraxinus excelsior-type)
and abundant heathland (Ericaceae) (Figs. 2 and 3). Since these summer drought-intolerant
taxa require relatively warm winters and warm-cool but wet summers (Polunin and Walters,
1985; Blanco Castro et al., 1997; Gallardo-Lancho, 2001; Tallantire, 2002) and heath also
requires sustained humidity year-round (e.g. Loidi et al., 2007), these vegetation changes
reflect the establishment of a temperate and humid climate regime with precipitation
distributed evenly all over the year. The weak expansion of Isoetes (Figs. 2 and 3), fern ally,
further supports the interpretation of reduced seasonal contrast as their optimal development
requires periods of flooding alternating with desiccation in wintertime (Prada, 1986; Salvo
Tierra, 1990).

During the major forest development (TF% between ~30-55%) (U1385-31-3), from
~1079.5 to 1072.5 ka, a deciduous Quercus expansion accompanied by the occurrence of
various temperate trees and relatively low representation of the Mediterranean sclerophylls
(average 7.8%), reflect a temperate and humid climate regime in SW Iberia with low seasonal
contrast (Figs. 2 and 3). Nevertheless, the reduction of Ericaceae, large increase of Isoetes and
modest expansion of the Mediterranean sclerophylls indicate that this interval was marked by
increased warmth and the highest seasonality (slightly warmer and drier summers) within
Sado interglacial. A prominent feature of this interval is the asymmetric “M” shape depicted
by the TF pollen percentage curve, which points to the occurrence of two warm and humid
phases separated by a short-lived and low-amplitude cooling and drying episode between
1076.8 and 1075.2 ka (Fig. 3). This warmest phase ends with a strong and rapid TF decline
occurring within ~200 yr. A progressive contraction of the TF (U1385-31-4 to -5) follows
suggesting a cooling trend up to the end of Sado interglacial (Fig. 3). The TF long-term
decrease was associated with the expansion of dry-grasslands (in particular Taraxacum-type
and Poaceae) between ~1072.5 and 1067.5 ka (U1385-31-4), and with a distinct heathland
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development from ~1067.5 to 1060 ka (U1385-31-5) indicating a climate shift to wetter

conditions and lower seasonality (Figs. 2 and 3).

Cross correlation analysis reveals that the TF pollen record is not correlated to the
precession (Fig. 5a), but shows a strong positive correlation statistically significant (95%
confidence interval) around lag-0 (r=0.78) with obliquity (Fig. 5b). This indicates that, within
the chronological uncertainties, the two time series are in phase with no apparent offset.
Ericaceae shows a positive correlation with precession statistically significant at lag-0
(r=0.70). The highest correlation coefficient takes place at lag -3 (r=0.75) suggesting that
maximum correlation also occurs with nearly no apparent lag (lag of ~1000 yr) within the age
model error (Fig. 5¢).

4.2.2 Suborbital vegetation and climate variability

The pollen sequence of Site U1385 reveals persistent abrupt climate variability
throughout the record with repeated millennial-to-centennial scale vegetation changes
superimposed on the long-term evolution (Fig. 4). Ten forest decline events (U1385-32-fe-1
to -30-fel0), reflecting atmospheric cooling and drying, were identified as significant
reductions of the TF pollen percentages, between 8 and 24%, occurring at least across two
consecutive samples (Fig. 4). These TF setbacks took place over a period of time ranging
between ~205 yr (U1385-31-fe7) and ~900 yr (U1385-31-fe2) and lasted between ~600 and
3580 yr (U1385-31-fe3 and -fel0, respectively) (Fig. 4).

The coldest and driest events, U1385-32-fel (centered at ~1096.4 ka) and -30-fel0
(~1053.6 ka), occurred during glacial MIS 32 and MIS 30, respectively, and are represented
not only by severe forest declines (TF% minima <10%) but also by maximal expansion of
semi-desert plants and very low abundances of heaths (Fig. 4). These long-lasting phases, ~2
and 3.6 ky, respectively, are however complex. They both encompass two episodes of forest
contraction separated by a short-lived recovery of the TF and heathland at the expense of
semi-desert plants. This internal variability reflects a tripartite climatic oscillation marked by
cold/dry- warmer/wetter- cold/dry conditions in SW Iberia. Afforestation at the MIS 32/31
transition is briefly interrupted at ~1094.5 ka (U1385-32-fe2 event) revealing a discrete shift

to cool and dry conditions on land (Fig. 4).
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The interglacial climate variability during the Sado forest stage is marked by six forest
decline events, U1385-31-fe3 to -fe8, with TF minima centered at ~1091.7, 1088.3, 1080,
1076.6, 1070.6 and 1063.3 ka, respectively (Fig. 4). The forest setbacks U1385-31-fe3 to -fe5
are characterized by important increases of semi-desert plants (up to ~24%) and relatively low
values of TF minima (~15%), implying cool and dry conditions. In contrast, the subsequent
forest decline event U1385-31-fe6 is associated with higher TF values (~29%) and weaker
expansion of semi-desert plants (to ~14%), indicating that a cool and dry climatic oscillation
of low amplitude interrupted the TF maximum development during MIS 31 in SW Iberia.
This long-lasting phase of major TF expansion ended abruptly with a strong contraction of the
forest (~24% change) comprising a short-lived forest recovery before the minimum
percentages of TF, event U1385-31-fe7 (Fig. 4). These changes reflect a rapid vegetation
response to colder and drier conditions interrupted by a brief warming and moisture increase.
The subsequent long-term decrease in the TF, end of Sado interglacial and the onset of MIS
30, was punctuated by two additional TF setbacks, events U1385-31-fe8 and -30-fe9,
associated with similar TF values (~15%) but different changes in herbaceous composition
(Fig. 4). During the event U1385-31-fe8 Ericaceae dominance indicates a cooling with higher
annual humidity, while during U1385-30-fe9 (TF% minima at ~1059.7 ka) a strong expansion
of semi-desert plants suggests a shift to cold and dry conditions at the end of the Sado

interglacial.

Spectral analysis of the TF record using the REDFIT method (Schulz and Mudelsee,
2002) shows a peak around 6 ky with significance at 90% on both precession-tuned (Fig. 6a)
and LRO4-based chronologies (Fig. 6b). These similar results ensure that the identification of

~6 Ky cyclicity is independent of the chosen age model.

4.3 Land - sea dynamics

In line with the pollen record, during the first and last intervals of the glacial sections of
MIS 32 and early MIS 30, the Uk’37-SST profile shows very cold surface waters off SW
Iberia, with absolute SSTs minima of 8.5°C and 10.5°C, respectively (Fig. 3).

The MIS 32/31 transition is marked by an abrupt SST warming up to ~17.5°C

coincident with the onset of the Sado interglacial, followed by a progressive SST increase to

D. Oliveira, 2017 110



Chapter 3 Unexpected weak seasonal climate in the western Mediterranean region during MIS 31

its maximum values (20.2°C) until 1079.5 ka, whereas the forest development remained
moderate (Fig. 3). In contrast, the following interval between 1079.5 and 1072.5 ka is marked
by the major forest development associated with a slight SST cooling. During the subsequent
interval, from 1072.5 to 1067.5 ka, the SSTs show persisting warmth contrasting with a rapid
and strong decline of the TF to moderate extent, which indicates cooler atmospheric
conditions. After ~1067.5 ka, the SSTs continuously decreased from interglacial values

towards MIS 30 glacial conditions paralleling the reduction in the TF (Fig. 3).

Superimposed on the long-term SST trends, two prominent cooling episodes occur
during MIS 32, at 1098 and 1095.7 ka with SSTs ~8.5°C, and further three during MIS 30,
with abrupt SST coolings to ~12°C at 1058.2 ka, and to ~10.5°C at 1053.7 and 1051.8 ka
(Fig. 4). These cold spells recorded in the eastern part of the subtropical gyre are
synchronously detected in the terrestrial realm (U1385-32-fel, -30-fe9 and -30-fe10) and
concurred with high ice volume baseline conditions (U1385 and U1308 580y > 3.5%o) (Fig.
4). In contrast, the forest decline events U1385-32-fe2 to -fe8 punctuating the deglaciation

and the interglacial do not have counterparts in the SST record (Fig. 4).

Fig. 3. Long-term vegetation and climatic changes (presented on precession-tuned age model)
at Site U1385 from MIS 32 to early MIS 30. From bottom to top: Percentages of selected
pollen taxa or group of taxa: (a) semi-desert plants (orange), (b) Ericaceae (blue) and Isoetes
spores (light green), (c) Summer drought-intolerant taxa (Carpinus betulus, Castanea,
Corylus, Fagus, Fraxinus excelsior-type and Ulmus) (dark green), Mediterranean
sclerophylls (red) and temperate forest (TF) (green); (d) Site U1385 Uk’37-SST (black). Bold
lines represent 3-point moving averages of pollen percentages (a-c) and Uk’37-SST (d). (e)
5180y records of Site U1385 (Hodell et al., 2015) (purple), Site U1308 (Hodell et al., 2008)
(black) and LRO4 (Lisiecki and Raymo, 2005) (light blue); (f) 65°N summer insolation
(black), obliquity (green) and precession (red) parameters (Laskar et al., 2004). Marine
Isotope Stages (MIS) following Lisiecki and Raymo (2005) and Hodell et al. (2015) are
shown at the top. Vertical lines indicate the terrestrial counterpart of MIS 31 in SW lIberia
named Sado interglacial (dashed lines) and the major changes in the vegetation composition
(dotted lines) based on the zonation of the pollen diagram (Fig. 2) (bottom). The pink bar
marks the TF maximal expansion during the Sado interglacial.
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Fig. 4. Site U1385 direct land-ocean comparison between the millennial-scale temperate
forest (TF) decline events and oceanic surface changes in the context of eastern North
Atlantic changes. From the bottom to the top: Selected pollen percentage curves of (a) semi-
desert plants (orange), Ericaceae (blue) and (b) TF (green). Uk’37-SST of (c) Site U1385
(black) and (d) Site U1387 from the Gulf of Cadiz (Voelker et al., 2015) (brown). (e) IRD
discharges inferred from the Si/Sr ratio of Site U1308 (Hodell et al., 2008) (black) and IRD%
of Site U1314 (Hernandez-Almeida et al., 2013) (blue). (f) Iceland—Scotland overflow
strength based on the K/Ti record of Site U1314 (Gritzner and Higgins, 2010) (blue). (g)
Benthic 5!3C of Site U1308 reflecting changes in NADW formation and the AMOC (Hodell et
al., 2008) (dark green; bold 3-point moving average). (h) 520y records of Site U1385 (Hodell
et al., 2015) (purple), Site U1308 (Hodell et al., 2008) (black) and LRO4 (Lisiecki and
Raymo, 2005) (light blue). Dashed line designates the ice volume threshold of McManus et
al. (1999). Marine Isotope Stages (MIS) following Hodell et al. (2015) are shown at the top.
Numbered blue bands mark the millennial-scale TF decline events labeled as following: Site
U1385 - MIS (Marine Isotopic Stage) - number of the event.
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Fig. 5. Cross-correlation analysis between:

a) the temperate forest (TF) pollen
percentage record and precession parameter;

b) TF record and obliquity; c) Ericaceae
(heathland)  pollen  percentages  and
precession parameter. The Lag (x-axis)
multiplied by the sampling interval (300 yr)
indicates the offset between two time series.
Dashed blue lines display the 95%
confidence interval.  Orbital  solutions
provided by Laskar et al. (2004).
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5. Discussion

5.1 MIS 31, a “super interglacial” around the world?

The Site U1385 pollen-based vegetation record shows that Sado interglacial was a 34
ky-long forested interval characterized overall by moderate expansion of temperate trees and
very reduced development of Mediterranean sclerophylls (Figs. 2 and 3). This interglacial was
not extremely warm but rather temperate and humid with reduced seasonal contrast. The MIS
31 conditions found here for the subtropical latitudes of the North Atlantic region were
similar to those indicated by the low-resolution western and central Mediterranean pollen
records, where the arboreal pollen is not particularly prominent (Joannin et al., 2008, 2011),
and the pollen-derived quantitative estimates reveal a peculiar wet character and reduced
seasonality in temperature and precipitation (Joannin et al., 2011). Particularly wet MIS 31
conditions are also supported by calcareous nannofossil assemblages at the Montalbano
Jonico section from southern Italy (Girone et al., 2013). Comparison of Sado with SW Iberian
terrestrial interglacials dominated by 100-ky periodicity shows that the maximum expansion
of forest (maximum of 55%) was considerably lower than reported for MIS 5e and the
Holocene (maximum ~ 70 and 77%, respectively) and slightly larger than MIS 19c, 11c and
9e (maximum ~ 50, 44 and 53%, respectively) (Sanchez Gofii et al., 1999, 2016; Chabaud et
al., 2014; Desprat el al., 2016; Oliveira et al., 2016). In contrast, all these interglacials
exhibited higher development of Mediterranean sclerophylls (MIS 19c: 24%, MIS 11c: 17%,
MIS 9e: 24% , MIS 5e: 21% and Holocene: 23%) than MIS 31 (% up to 15%). This
comparison highlights that the Sado interglacial does not stand out for its forest extent and

warmth but rather for the particular weak precipitation seasonality.

In line with the atmospherically driven changes, the Iberian margin SST record is not
characterized by exceptionally high temperatures during MIS 31 (Fig. 3). Although the SST
optimum is slightly warmer than the Holocene, similar maximum SSTs of 20°C were also
recorded at Site U1385 during the last 1.1 My (MIS 19c, 17e, 15¢, 9e and 5e) (Rodrigues et
al., submitted). These conditions are also reflected in the recently published planktonic 580
record of the same site (Hodell et al., 2015) and the nearby Site U1387 Uk’37-SST profile
(MIS 34 to 29) (Voelker et al., 2015). Thus, although in the high-latitudes there is consistent
proxy data and model evidence of exceptionally high oceanic and atmospheric temperatures
during MIS 31 (e.g. Flores and Sierro, 2007; Scherer et al., 2008; Maiorano et al., 2009;
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Naish et al., 2009; DeConto et al., 2012; Melles et al., 2012; Tarasov et al., 2013; Coletti et
al., 2015; Teitler et al., 2015; de Wet et al., 2016), the land-sea comparison from Site U1385
clearly shows that this interglacial was not unusually warm in the subtropical eastern North
Atlantic. Only in a very small number of North Atlantic records does it stand out from the
warmest middle- to late Pleistocene interglacials (Ruddiman et al., 1989; McClymont et al.,
2008; Hillaire-Marcel et al., 2011). In contrast, most of the records evidence that MIS 31 was
warmer than the present interglacial (Helmke et al., 2003; Lawrence et al., 2010; Naafs et al.,
2013; Billups and Scheinwald, 2014; Aubry et al., 2016).

Besides highlighting that the warmth magnitude achieved during MIS 31 is not spatially
coherent, our study supports the extended duration of this warm stage compared to the oxygen
isotope chronology of Lisiecki and Raymo (2005), which places MIS 31 between 1081 and
1062 ka, i.e. lasting for 19 ky (Fig. 3). The precise identification of MIS 31 onset is not
straightforward because there is no sharp and rapid glacial-interglacial transition in the 50y
records (Fig. 3). However, it is clear from our combined analyses of marine and terrestrial
tracers that the interglacial climate regime started several millennia before 1081 ka in the SW
Iberia region (Fig. 3). As in other regions over the globe (Teitler et al., 2015; de Wet et al.,
2016 and references therein), western and central Mediterranean palaeoclimate records also
show that interglacial conditions were established prior to the LR0O4-assigned boundary for
MIS 31 onset (Joannin et al., 2008; Maiorano et al., 2010; Girone et al., 2013; Hodell et al.,
2015; Voelker et al., 2015). Such observations lend support to recent work from the high-
latitudes of both northern and southern hemispheres showing that a substantial warming
started well before the MIS 32/31 transition as defined in the LR04 stack (Teitler et al., 2015;
de Wet et al., 2016). Moreover, our multiproxy reconstruction shows that MIS 31 interglacial
conditions persisted for at least 32 ky (Fig. 3), an unusually long duration, but comparable to
the one estimated for the longer interglacials of the past 800 ky (28+2 ky; MIS 17, 13a and
11c) (Tzedakis et al., 2012). Tzedakis et al. (2012) suggest that the longer duration of these
interglacials could be due to a nearly antiphase relationship between obliquity and precession,
with the first summer insolation minimum occurring during maximum obliquity, which is not
the case for MIS 31 (Fig. 3). Alternatively MIS 31 prolonged interglacial warmth may be
attributed to its unique insolation pattern, with the first SH insolation maxima leading to the
weak character of MIS 32 through interhemispheric climate teleconnections related to WAIS
melting and consequent changes in the palaeoceanographic and atmospheric circulation
(Melles et al., 2012; de Wet et al., 2016).
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5.2 Astronomical factors controlling the MIS 31 vegetation and climate

in SW Europe

Given the exceptional insolation (precession) forcing during MIS 31, an extensive
Mediterranean forest cover in SW Iberia below 40°N with a prominent development of
Mediterranean sclerophylls consistent with the precessional influence on seasonal contrast,
was likely to be expected. Paradoxically, pollen-based vegetation and atmospheric changes
(Fig. 3) and CCF analysis (Fig. 5a) do not show the influence of precession on TF
development. The early phases of the Sado interglacial, from ~1094 to 1079.5 ka, provide a
clear evidence for this non-linear response with the TF progressive development occurring
throughout the descending branch and minima of the summer insolation curve (inverse to
precession) (Fig. 3). Moreover, even if there is a slight increase of Mediterranean sclerophylls
near the MIS 31 precession minima (Fig. 3), their expansion remains weaker compared to
younger interglacials marked by high or low precession forcing such as MIS 5e and MIS 11c,
respectively (Sanchez Gofii et al., 1999; Oliveira et al., 2016). The weakness of the
Mediterranean sclerophylls response to precession forcing ~1073 ka may be also linked to the
impact of millennial-scale climate dynamics in ending the increasing trend of sclerophyll taxa
in U1385-31-fe7 (Fig. 4). Interestingly, the major expansion of the forest cover, which
corresponds to the strongest expression of the temperate and humid climate regime (pollen
zone U1385-31-3), is coincident with the MIS 31 obliquity maxima (Fig. 3). The potential
influence of obliquity on TF development, and therefore on the hydrologic conditions of
southern lberia throughout MIS 31 is testified by the unambiguous significant positive
correlation without time lag given by the CCF analysis (Fig. 5b). These findings are in
agreement with recent climate model simulations for the precession and obliquity forcing on
the Mediterranean freshwater budget (Bosmans et al., 2015), using the extreme values of both
orbital parameters of the last 1 My (Berger, 1978). These climate simulations suggest
increased winter precipitation during obliquity maximum and precession minimum across the
Mediterranean basin including adjacent regions such as SW Iberia. However, at times of
obliquity maximum the summer precipitation is also relatively high, supporting the low
seasonality in precipitation inferred from our pollen record and the predominant role of
obliquity on TF development. Bosmans et al. (2015) proposed that the increase of winter
precipitation over the Mediterranean basin is primarily due to an air-sea thermal contrast

inducing locally convective precipitation, while in southern Iberia and Morocco it is mainly
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driven by large scale precipitation, associated to increased storm track activity as it is also in
current climate (Sousa et al., 2016). The position and strength of the winter storm track are
strongly influenced by the North Atlantic climate dynamics, in particular latitudinal
temperature gradients (Brayshaw et al., 2011). Reduced meridional winter temperature
gradient (warmer high-latitudes temperatures due to maxima in obliquity) would weaken the
flow of the temperate westerlies allowing their southward migration into SW Iberia, and
therefore the increase of moisture. Because the summer climate regime in southern Iberia is
mainly controlled by subtropical climate dynamics (Lionello et al., 2006), enhanced summer
precipitation during obliquity maxima may be related to a more northern position of the North
Atlantic Subtropical High which could have led to less summer aridity at subtropical latitudes.
We speculate that the unexpected wetter conditions and muted seasonality indicated by SW
Iberian vegetation during MIS 31 may also be a result of the higher amount of moisture
available in the atmosphere, due to reduced ice sheets, as demonstrated by high-latitudes
proxy data and model studies (Scherer et al., 2008; Naish et al., 2009; Pollard and DeConto,
2009; DeConto et al., 2012; Melles et al., 2012; Coletti et al., 2015). This would have
produced enough atmospheric humidity in summertime that counterbalanced the strong
precession forcing determining high seasonality and allowing for summer drought-intolerant
trees to develop in SW lIberia during MIS 31, but constraining the expansion of Mediterranean

sclerophylls (Fig. 3).

The pervasive influence of obliquity on the TF development in SW Iberia during MIS
31 is in line with the growing body of evidence that shows an obliquity-forced climate before
~900 ky (e.g. Maasch and Saltzman, 1990; Berger and Jansen, 1994; Mudelsee and Schulz,
1997; Mudelsee and Stattegger, 1997; Maslin and Ridgwell, 2005; Maslin and Brierley,
2015). This obliquity signal is also evident in the western Mediterranean marine pollen record
of ODP Site 976, which displays five obliquity-driven botanical successions through MIS 31-
23 underlying the eight short-lasting precessional vegetation cycles (Joannin et al., 2011).
Pollen analysis from the central Mediterranean region (southern Italy) also show a similar
vegetation response to both obliquity and precession parameters during other time intervals of
the 41-ky world (MIS 43-40: Joannin et al., 2007; MIS 37-23: Joannin et al., 2008). Similarly,
although obliquity plays a dominant role on TF development and composition in the SW
Iberian region between MIS 32 and early MIS 30, Ericaceae shows a clear imprint of

precession with two major phases of heathland expansion coinciding with precession maxima
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(Fig. 3). The precession forcing apparent in the Ericaceae pollen record of Site U1385 is
confirmed by the CCF determined statistically significant correlation, even if the highest
correlation shows a lag of ~1000 yr (Fig. 5¢). The expansion of Ericaceae in southern Iberia
during intervals of precession maxima (summer insolation minima) has been documented for
glacial and interglacial periods across the late Pleistocene as a taxon-specific response to
lower rainfall seasonality (reduced summer dryness) (Roucoux et al., 2006; Margari et al.,
2007, 2014; Fletcher and Sanchez Goiii, 2008; Chabaud et al., 2014). This work shows that
the influence of precession forcing on heathland development also occurred in the 41-ky
world, thereby supporting that this taxon-specific response is pervasive and independent of
the climatic background state. The fern spore Isoetes, which displays a similar (inverse) trend
to the Ericaceae (Fig. 3), also shows a precession signal that may relate to the dependence of
Isoetes on seasonally flooded ground (Prada, 1986; Salvo Tierra, 1990), as opposed to
Ericaceae preference for year-round moisture (e.g. Loidi et al., 2007).

5.3 Land - sea interaction on millennial timescales

5.3.1 Millennial-scale variability during glacials MIS 32 and MIS 30

Site U1385 pollen-based vegetation record reveals that the coldest and driest
atmospheric conditions occurred during the MIS 32 and MIS 30 glacial stages, forest decline
events U1385-30-fel and -32-fel0, concomitantly with abrupt and severe SST cooling at the
SW lberian margin (Fig. 4). Besides their particular long duration, these extreme events
display an interesting common tripartite climatic pattern characterized by cold/dry-
warmer/wetter- cold/dry conditions (Fig. 4). Cold and dry conditions during both glacial
stages are also reported in other western and central Mediterranean (Joannin et al., 2008,
2011; Girone et al., 2013; Hodell et al., 2015; Voelker et al., 2015) and North Atlantic records
(e.g. Ruddiman et al., 1989; Toucanne et al., 2009; Lawrence et al., 2010; Naafs et al., 2013;
Voelker et al., 2015). Nevertheless, apart from Voelker et al. (2015), those previous studies do
not have a sufficiently high temporal resolution to allow for a detailed investigation of the
short-lived internal climate variability. Voelker et al. (2015) document a similar tripartite
climatic pattern during the extremely cold SST events of MIS 32 and MIS 30 in the Gulf of
Cadiz (Fig. 4). This pattern is also evident in the mid-latitude North Atlantic DSDP Site 607
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during the abrupt MIS 30 event (Lawrence et al., 2010), however, the SST warming phase is

represented by a unique sample, which requires a resolution increase.

The climatic imprint of the most intense MIS 32 and MIS 30 events in the Iberian
ecosystems resemble some of the last glacial Heinrich stadials (HS) with regard to the
magnitude and duration of the weak forest episodes (TF pollen percentages remain below
10% for ~2-3 ky), severe cooling of surface waters (SSTs absolute minima of 8.5-10°C) and
climatic structure (three main phases) (e.g. Bard et al., 2000; Sanchez Gofii et al., 2000;
Fletcher and Sanchez Goiii, 2008; Naughton et al., 2009, 2016). Recent studies off western
Iberia have also documented the occurrence of Heinrich (H)-type events throughout the
middle- to late Pleistocene (Martrat et al., 2007; Voelker et al., 2010; Rodrigues et al., 2011;
Palumbo et al., 2013; Marino et al., 2014; Maiorano et al., 2015). However, a complex
tripartite climatic pattern was only noticed in the MD03-2699 U¥37-SST profile during the
cold spell of Termination V (Rodrigues et al., 2011). In analogy to the HS and H-type events
displaying a tri-phase climatic pattern, meltwater-induced reduction in AMOC together with
rapid southward shifts in the position of the Polar Front and Atlantic jet-stream during the
early and late phases (e.g. Naughton et al., 2009, 2016; Rodrigues et al., 2011) appear as
plausible underlying mechanisms for explaining the MIS 32 and MIS 30 extreme cold phases.
Within age uncertainties, disruption of the AMOC by meltwater discharge is supported by
coincident decreases of benthic 5'°C values at Site U1308 and Si-rich IRD events, although
these IRD were not derived from the Hudson Strait as the “classic” HS but rather from
northern Europe, Greenland and/or Iceland (Hodell et al., 2008) (Fig. 4). Site U1314, located
in the subpolar gyre, provides additional evidence for a perturbation of the AMOC during the
MIS 30 event, as revealed by an increase in K/Ti that is inferred to reflect a reduction in the
Iceland-Scotland Overflow Water (Gritzner and Higgins, 2010), and related ice-rafting
(Hernéndez-Almeida et al., 2013). On the contrary, the MIS 32 event is coincident with low
K/Ti ratios (Fig. 4). Considering the Site U1385 pollen record of MIS 38 (Tzedakis et al.,
2015) and the MIS 41-37 palaeoceanographic study (Birner et. al, 2016) evidence for similar
millennial-scale variability during the early Pleistocene and the Dansgaard—Oeschger (D—-0)
events of the last glacial, we propose that Heinrich-type mechanisms may have been also
operating in the 41-ky world, notwithstanding the origin of the iceberg pulses (Hodell et al.,
2008; Bailey et al., 2012; Naafs et al., 2013) and the reduced extent of the ice sheets and
shorter duration of the glacials (e.g. Lisiecki and Raymo, 2005; Elderfield et al., 2012).
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The weak and short-lived event U1385-32-fe2 is associated with a slowdown of the SST
increasing rate in the subtropical gyre, but no AMOC change is indicated (Fig. 4). However, it
is worth highlighting that a small decrease of the forest before the onset of the terrestrial
interglacial, a potential Younger Dryas-type event, has also been documented by other Iberian
margin vegetation records from Terminations I to IV (Desprat et al., 2007) and Termination
IX (Sanchez Gofii et al, 2016). A substantial drop in SSTs, from 16.3 to 12.4°C, is coeval
with event U1385-30-fe9 (Fig. 4). This event is also recorded in the U¥'57-SST profile of Site
U1387 (Voelker et al., 2015) and it may be linked to the progressive AMOC reduction during
the MIS 31/30 transition, as suggested by the benthic 53C decrease at Site U1308, and the
increasing IRD recorded in the subpolar gyre (Hodell et al., 2008; Hernandez-Almeida et al.,
2013) (Fig. 4).

Our study strengthens previous evidence, from SW Iberian margin (Hodell et al., 2015;
Tzedakis et al., 2015; Birner et. al, 2016) and North Atlantic deep-sea sediments (Raymo et
al., 1998; Hodell et al., 2008; Griitzner and Higgins, 2010), for persistent abrupt climate
variability during the glacial climate of the early Pleistocene. Moreover, the present direct
land-sea comparison shows that the most intense millennial-scale cooling and drying events in
the SW Iberia, events U1385-32-fel, -30-fe9 and -30-fe10, only occurred when the 580y
exceeded 3.5%o (Fig. 4). This observation is consistent with the critical ice volume threshold
needed to amplify the magnitude of millennial-scale variability after the MPT (McManus et
al., 1999) and, most particularly, for the enhancement and/or extended duration of the Iberian
vegetation changes (Desprat et al., 2005, 2009; Margari et al., 2010; Oliveira el al., 2016),
although lower 880y thresholds (3.2%o and 3.3%o) have been suggested for the early
Pleistocene (Raymo et al., 1998; Mclntyre et al., 2001; Bailey et al., 2012; Hodell et al., 2015;
Birner at al., 2016). Because changes in the 5'80; are not only driven by ice volume but also
by deep-water temperature (Shackleton, 1987; Skinner and Shackleton, 2005), caution is
required when applying the concept of ice volume thresholds.
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5.3.2 Intra-interglacial climate variability during MIS 31

Our pollen record shows pervasive millennial-scale atmospherically driven changes in
SW Iberian vegetation throughout MIS 31 (Fig. 4), which contrasts with the proposed
suppression of suborbital variability during interglacial stages (6'30p >~3.3-3.5%0) over the
past 1.5 My (Hodell et al., 2015; Birner et al., 2016). Six temperate forest declines (U1385-
31-fe3 to -fe8) indicate repeated atmospheric cooling and drying episodes, whereas SST
remained warm off the western Iberia (Fig. 4). The observed land-sea decoupling at
millennial timescales during MIS 31 is supported by the absence of coincident SST reversals
in the Uk’37-SST reconstruction of the nearby Site U1387 (Fig. 4) (Voelker et al., 2015). The
only exception is the cold spell that appears associated with the forest event U1385-31-fe8,
however this SST decrease is characterized by a single sample at Site U1387 while in our
U*57-SST record the warming trend is well-resolved (Fig. 4). Moreover, it is noticeable that
no Si/Sr peaks at Site U1308 occur during MIS 31 (Fig. 4), suggesting that the SW Iberian
millennial-scale forest declines during the Sado interglacial are not driven by North Atlantic
freshwater forcing. Regrettably, comparison with the other currently available North Atlantic
and Mediterranean records is hampered by their lack of temporal resolution (i.e., centennial-
scale) to investigate in detail the MIS 31 intra-interglacial climate variability (Ruddiman et
al., 1989; Helmke et al., 2003; Tzedakis et al., 2006; Joannin et al., 2008, 2011; McClymont
et al., 2008; Toucanne et al., 2009; Lawrence et al., 2010; Maiorano et al., 2010; Hillaire-
Marcel et al., 2011; Girone et al., 2013; Naafs et al., 2013; Hodell et al., 2015).

The spectral analysis of the TF record carried out to explore the nature of MIS 31
variability on millennial timescales revealed a significant dominant cyclicity around 6 ky
(Fig. 6a, b), which may be linked to the fourth harmonic of the precessional component of the
insolation forcing (5.5 ky cycles) (Berger et al., 2006). Although it has been argued that the
amplitude of precessional-derived cyclicity decreases rapidly from the equator to high-
latitudes (Short et al., 1991; Berger et al., 2006), the cycles related to the half and fourth
precessional components have been recognized in palaeoclimate records from the mid-to-high
latitudes in the North Atlantic throughout the Pleistocene (Wara et al., 2000; Weirauch et al.,
2008; Ferretti et al., 2010, 2015; Billups et al., 2011; Amore et al., 2012; Hernandez-Almeida
et al., 2012; Palumbo et al., 2013; Billups and Scheinwald, 2014). Most particularly, based on
a new land-sea comparison of MIS 19 at Site U1385, Sanchez Gofii et al. (2016) revealed the
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occurrence of 5 ky cycles of cooling and drying in the SW Iberian region associated with
warm SSTs in the eastern North Atlantic subtropical gyre also related to the fourth harmonic
of precession. The suggestion for a low-latitude insolation forcing is primarily based on the
fact that in low-latitudes the incoming daily irradiation over a year is characterized by a
double maximum, which leads to a larger latitudinal thermal gradient and results in enhanced
poleward atmospheric and oceanic transport of heat and moisture (Short et al., 1991;
Mclntyre and Molfino, 1996; Berger et al., 2006). As for the MIS 19 (Sanchez Goiii et al.,
2016), we observe that the MIS 31 TF dataset filtered in the fourth harmonic of precession
frequency (6 ky Gaussian bandpass filter) closely agrees with the largest amplitude in the
seasonal cycle at the equator, A, calculated from the daily mean irradiance of the winter and
summer solstices and autumn and spring equinoxes (Berger et al., 2006) (Fig. 7). Because the
A index represents a measure of the largest seasonal contrast at the equator that is anticipated
to drive the climate system behavior (Berger et al., 2006), its good correlation with the 6 ky-
filtered TF record supports the hypothesis of a low-latitude forcing in the trajectory and
intensity of the atmospheric westerlies transporting warmth and moisture to the SW Iberian
region. It is noteworthy that the most dramatic collapse of temperate forest recorded at Site
U1385, forest decline event U1385-32-fe-7, which is not associated with either the glacial
inception or any evidence of SST cooling, ice-rafting or wider AMOC perturbation (Fig. 4),
correspond, within age uncertainties, to one of the largest amplitude increases of the seasonal
cycle at the Equator (Fig. 7). This observation highlights that forest collapses can occur due to
hydrological forcing originating in the low-latitudes under prevailing warm (globally

~“superwarm”) conditions.

As this low-latitude forcing also involves enhanced oceanic circulation, we expected a
surface water response to the fourth harmonic of precession, yet significant suborbital
periodicities are not found in the spectral analysis of the Uk’37-SST record at Site U1385 (Fig.
S1). This result can be explained by the existence of additional physical mechanism, namely
the dominant influence of the subtropical Azores Current and Iberian Poleward Current
waters at the Iberian margin over MIS 31, as suggested for MIS 11 (Voelker et al., 2010;
Oliveira et al., 2016). These mechanisms that are not considered explicitly in the hypothesis
of a low-latitude forcing in the land-sea decoupling at millennial timescales may have
dwarfed the impact of a precessional-related cyclicity on local SSTs. Even though further

work in the marine and terrestrial realm is needed to confirm the nature of millennial-scale
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changes occurring at precession harmonics frequencies during MIS 31, this study supports a
growing body of evidence that outlines the importance of the low-latitude forcing in the North
Atlantic suborbital variability throughout the Pleistocene, regardless of the baseline climate
states of the 41- and 100-ky worlds (e.g. Weirauch et al., 2008; Ferretti et al., 2010, 2015;
Billups et al., 2011; Hernandez-Almeida et al., 2012; Sanchez Gofii et al., 2016)
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Fig. 7. Comparison of the temperate forest (TF) pollen percentages (green, bold 3-point
moving average) and its 6 ky filtered record (dark green) with the largest amplitude in the
seasonal cycle at the equator (Berger et al., 2006) (black). Gaussian bandpass filtering (0.02
bandwidth) performed using Analyseries (Paillard et al., 1996). Vertical dashed lines indicate
the terrestrial counterpart of MIS 31 in SW Iberia named Sado interglacial.
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6. Conclusions

This new multiproxy record of the early Pleistocene at Site U1385, is the first to
document the SW Iberian vegetation and surface oceanic conditions in the eastern subtropical
gyre at orbital and suborbital timescales over the 1100-1050 ka interval (from MIS 32 to early
MIS 30), which includes the “super interglacial” MIS 31.

The MIS 31 extreme insolation (precession) forcing was favorable for an anomalously
warm interglacial characterized by enhanced seasonality in the SW Iberia region. However,
our study shows that, unlike other locations at higher latitudes, atmospheric and sea-surface
temperatures were not exceptionally high in the context of other middle- to late Pleistocene
interglacials. Moreover, the Site U1385 pollen-based vegetation record reveals for the first
time an unexpected temperate and humid climate regime marked by low abundance of
Mediterranean sclerophylls and the development of diverse summer drought-intolerant trees.
This muted seasonality during MIS 31 is consistent with analysis of vegetation dynamics and
cross-correlation coefficients showing a dominant influence of obliquity on the forest
development rather than precession. Prevailing obliquity-driven vegetation and climatic
changes, in agreement with modeling experiments, are likely associated to a decrease in the
seasonal distribution of rainfall in SW lberia resulting from higher summer precipitation
associated to obliquity maxima rather than to precession minima. The response of Ericaceae
(heathland), in contrast to the temperate forest, is strongly imprinted by precession forcing,
with major expansions occurring during the two precession maxima of the studied interval.
Apart from revealing both obliquity and precession forcing during MIS 31 in SW lberia, our
study shows an unusual prolonged period of interglacial conditions starting ~13 ky earlier
than defined in the LRO4 stack, which supports the need for a redefinition of the lower
boundary of MIS 31.

Superimposed on the orbital-scale driven changes, persistent millennial-scale climate
variability is shown by ten forest decline events reflecting cooling and drying episodes in SW
Iberia from MIS 32 to early MIS 30. The Site U1385 direct land—sea comparison reveals the
different expression of the millennial-scale cooling, in terms of magnitude, character and

duration, under the distinct glacial/interglacial boundary conditions. The particularly long,
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coldest and driest atmospheric events are synchronously detected in the marine realm by large
SST decreases and concur with the larger ice volume conditions of glacial MIS 32 and MIS
30. These extreme events are related to North Atlantic cooling and enhanced iceberg
discharges, supporting the key role of northern ice-sheet instability and associated changes in
the deep-water circulation in amplifying the intensity and duration of suborbital cooling in
SW Iberia throughout the Pleistocene. Comparison of the high intensity MIS 32 and MIS 30
events with Heinrich events reveals close similarities regarding the imprint on terrestrial and
marine Iberian ecosystems and the tripartite climatic structure. In the light of this strong
resemblance, we suggest that Heinrich-type mechanisms, despite the source of the icebergs,
may have also been operating during the glacial climate of the 41-ky world. Finally, our work
provides detailed evidence for MIS 31 intra-interglacial instability in SW lberia. Rapid forest
decline events indicating recurring cool and dry atmospheric episodes with no concurrent SST
change reveal a land-sea decoupling during MIS 31. Spectral analysis results show that these
repeated atmospheric shifts contain a significant suborbital variability at periods of 6 ky,
likely corresponding to the fourth harmonic of the precession cycle. We propose that the
observed millennial-scale climate variability at Site U1385 during MIS 31 might have been
driven by low-latitude insolation forcing, which led to meridional tilts in the temperate
westerlies and consequent cooling and drying in SW Iberia. To better constrain the processes
and mechanisms involved in rapid climate change during the different background climate
states of early Pleistocene, additional high-resolution studies in key regions from the North

Atlantic are required.
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Supplementary Fig. S1. Spectral analysis (smoothed Lomb-Scargle peridogram with 8
degrees of freedom) (Schulz and Mudelsee, 2002) of Site U1385 U¥37-SST reconstruction on
precession-tuned timescale. Dashed lines represent the significance levels (CL).
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Abstract

The suitability of MIS 11c and MIS 19c as analogues of our present interglacial and its
natural evolution is still debated. Here we examine the regional expression of the Holocene
and its orbital analogues over SW Iberia using a model—data comparison approach. Regional
climate based on snapshot and transient experiments using the LOVECLIM model is
evaluated against the atmospheric and oceanic climatic records from I0DP Site U1385. The
pollen-based reconstructions show a larger forest optimum during the Holocene compared to
MIS 11c and MIS 19c, putting into question their analogy in SW Europe. Snapshot
experiments indicate reduced MIS 11c forest cover compared to the Holocene, primarily
driven by lower winter precipitation which is critical for Mediterranean forest development.
Decreased precipitation was possibly induced by the amplified MIS 11c latitudinal insolation
and temperature gradient. In contrast, the reconstructed lower forest optimum at MIS 19c is
not reproduced by the simulations probably due to the lack of Eurasian ice sheets and its
related feedbacks in the model.

Transient experiments with time-varying insolation and CO reveal that the SW Iberian
forest dynamics over the interglacials are closely coupled to changes in summer temperature
and winter precipitation mainly controlled by precession, CO. playing a negligible role.
Model simulations reproduce the observed persistent suborbital atmospherically-driven
vegetation changes in SW lIberia and the dramatic forest reductions marking the end of the
interglacial “optimum”. This observation highlights the potential role of the interactions
between long-term and millennial-scale climate dynamics in amplifying the climate and

vegetation response.

Keywords: Orbital Holocene analogues; Model-data comparison; Mediterranean vegetation;
Marine pollen analysis; Insolation; COx.
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1 Introduction

Past warm intervals are critical experiments for testing how the natural climate system
responds to different forcing factors under reduced ice sheets. Two Quaternary interglacials,
the Marine Isotope Stage (MIS) 11 (425-374 ka; MIS 11c, 425-395 ka) and MIS 19 (790-761
ka; MIS 19c, 790774 ka), have received particular attention from the scientific community
owing to their relatively similar orbital characteristics with the Holocene (e.g. Berger and
Loutre 2002, 2003; Candy et al. 2014; Tzedakis et al. 2012). Such analogy is based on similar
low eccentricity and weak precession variations, albeit when the summer half-year insolation
is considered, both interglacials appear less analogous to MIS 1 (Tzedakis et al. 2017). MIS
11c has long been considered the most appropriate astronomical analogue for the Holocene
and its climatic progression since it displays a similar seasonal and latitudinal distribution of
insolation, which is largely responsible for the climatic structure and duration of interglacials
(e.g. Droxler and Farrell 2000; Berger and Loutre 2002, 2003; Loutre and Berger 2003;
Candy et al. 2014). Based on this similarity, the current interglacial was predicted to be
exceptionally long, lasting for more 50,000 years (Berger and Loutre 2002). However, MIS
11c orbital analogy with the Holocene and its future remains complex and controversial
mainly due to the uncertainties in the precise alignment of the two interglacials (e.g. EPICA
2004; Ruddiman 2005; Masson-Delmotte et al. 2006; Tzedakis 2010) and the seemingly
contradictory evidence in both the climatic structure and greenhouse gas (GHG)
concentrations (e.g. Bauch et al. 2000; McManus et al. 2003; de Abreu et al. 2005; Ruddiman
2007; Helmke et al. 2008; Dickson et al. 2009; Pol et al. 2011; Kandiano et al. 2012; Melles
et al. 2012; Candy et al. 2014; Ganopolski et al. 2016). Regardless of MIS 11c suitability as
an orbital analogue of the Holocene, this interglacial presents additional key features,
including its higher than present sea-level probably associated to the collapse of Greenland
and West Antarctica ice sheets (e.g. de Vernal and Hillaire-Marcel 2008; Raymo and
Mitrovica 2012; Roberts et al. 2012; Reyes et al. 2014; Dutton et al. 2015) and its GHG-
driven climate warming (Raynaud et al. 2005; Yin and Berger 2012). MIS 19c phasing
between precession and obliquity is more similar to MIS 1 than MIS 11c, a reason why it has
been suggested as an even better analogue for the Holocene in terms of orbital configuration,
insolation distribution pattern and palaeoclimatic signatures (Tzedakis et al. 2009a, 2012; Pol
et al. 2010; Rohling et al. 2010; Tzedakis 2010; Yin and Berger 2012, 2015; Giaccio et al.
2015). Considering MIS 19c as an analogue and assuming that ice growth mainly responds to
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insolation and CO> forcing, with [CO2] maxima of 240 ppmv, Tzedakis et al. (2012) propose
1500 additional years to the current interglacial, However, recent work also challenges this
analogy based on the different millennial-scale climatic cyclicity observed throughout the two
interglacials that appears to interact with the long-term variability in triggering glacial
inception (Sanchez Goiii et al. 2016).

Yin and Berger (2012, 2015) have evaluated, using the LOVECLIM model, the
individual contributions of the primary forcings (insolation and GHG) to the variability of
distinct climate-related parameters (temperature, tree fraction, sea ice) of the interglacials.
Their analysis focused at the interglacial climate “optimum” but also over the entire periods
of each interglacial. Those authors found that MIS 11c and MIS 19c can be considered as the
best analogues, particularly MIS 19c, for the present interglacial from an astronomical point
of view and as far as annual and seasonal temperatures under the combined effect of the
primary forcings are concerned (Yin and Berger 2012, 2015). The major difference of MIS
11c would be related to its higher GHG-driven warming that results in a warmer interglacial
than MIS 1 and MIS 19c (Yin and Berger 2012, 2015). As highlighted by Yin and Berger
(2015), looking for analogues implies the intercomparison of the interglacials not only at the
global scale but also at the regional scale. The regional expression of these past interglacials
remains, however, poorly documented due to the scarcity of proxy data and model
experiments. This study aims at filling this gap for the western Mediterranean region by
comparing new and published terrestrial and marine climate profiles of MIS 1 (this work) to
MIS 11c (Oliveira et al. 2016) and MIS 19c (Sanchez Gofii et al. 2016) from Site U1385. This
site covers the last 1.45 Ma, and is located on the SW Iberian margin, a region particularly
sensitive to climate change and the effect of precession (Ruddiman and Mcintyre 1984).
Based on proxy records and model simulations, here we compare the regional expression, i.e.
intensity and climatic variability, of the three interglacials MIS 1, MIS 11c and MIS 19c
marked by low eccentricity to identify the relative importance of insolation and CO- on the

magnitude and evolution of the Mediterranean tree fraction and climate.
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2 Modern setting

IODP Site U1385 (37°34.285'N, 10°7.562'W; 2578 m water depth) was recovered on
the SW Iberian margin (Fig. 1), located on the eastern edge of the North Atlantic subtropical
gyre (Expedition 339 Scientists 2013; Hodell et al. 2013). The modern surface hydrography
off western Iberia is mainly influenced by the Portugal Current and the Azores Current,
depending on the meridional displacements of the subtropical Azores High and the large-scale
wind regimes (FiGza 1984; Peliz et al. 2005). During the summer, the climate of southern
Iberia is directly affected by the northeastward expansion of the Azores High, while the
dynamics of the North Atlantic westerlies dominate in wintertime (Trigo et al. 2004; Lionello
et al. 2006). These complex atmospheric interactions result in the high-seasonality of the
Mediterranean climate (warm/dry summers and cool/wet winters), which promotes the
development of a Mediterranean vegetation in SW Iberia (Blanco Castro et al. 1997). As
shown by Naughton et al. (2007), the pollen signature from the SW Iberian deep-sea
sediments reflects the regional vegetation of the adjacent landmasses, in particular the
vegetation colonizing the hydrographic basins of the Tagus and Sado rivers. Because the
vegetation distribution of these basins is closely related to precipitation and thermal gradients,
conifers (Pinus woodland with Juniperus) generally dominate the highest elevations and
deciduous oak the mid-altitude areas (Peinado Lorca and Martinez-Parras 1987; Blanco
Castro et al. 1997). Evergreen oak and Mediterranean sclerophylls (Olea sylvestris, Pistacia
lentiscus, Phillyrea) occupy the warmest zones at lower elevations (Blanco Castro et al.
1997). Heathlands (Ericaceae) are naturally confined to zones with relatively high humidity
(Pann>600) and rockrose shrublands (Cistaceae) expand in drier environments (Peinado
Lorca and Martinez-Parras 1987; Loidi et al. 2007).
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Fig. 1 Map of the SW Iberian margin showing the detailed bathymetry and location of Site
U1385 and the core MD95-2042. Left inset: General geographical map showing the Iberian
Peninsula. The zonal (red arrow) and meridional (blue arrow) trajectory the atmospheric
westerlies is shown. Black arrows represent the surface water circulation (SPG: subpolar gyre,
NAC: North Atlantic Current, AC: Azores Current, STG: Subtropical Gyre, CC: Canary
Current, PC: Portugal Current).

3 Material and methods

3.1 Chronology

MIS 1 chronology was established from five AMS radiocarbon dates converted to
calendar year before present (cal yr BP) using the Marinel3 curve (Reimer et al. 2013) with
Calib 7.1 (Stuiver and Reimer 1993; http://calib.qub.ac.uk/calib/) (Fig. 2, Table S1). The
lower part of the age-depth model was constrained by one additional control point from the
age model “Age Depth Radiocarbon” of Hodell et al. (2015) that is based on correlating the
Ca/Ti record of Site U1385 to the CaCO3 record of the nearby MD99-2334 core, which has a
robust radiocarbon chronology (Fig. 2). The age-depth model was obtained using linear
interpolation between each of the six control points (Fig. 2). The studied core section
encompasses the last 17.5 ka and the average temporal resolution for the pollen and SST
record is ~465 yr (Fig. 3). MIS 11c and MIS 19c palaeoclimate records are presented on their
original LRO4-derived chronology (Hodell et al. 2015; Oliveira et al. 2016; Sanchez Gofii et
al. 2016) with an average temporal resolution of ~475 yr (Fig. 4).
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Fig. 2 Age—depth model based on five calibrated AMS radiocarbon ages (black circles, Table
S1) and one control point from the radiocarbon age model of Site U1385 (black square,
Hodell et al. 2015). Grey lines indicate the 2c uncertainty envelope.

3.2 Pollen and alkenones analyses

Five holes (A—E) were drilled at Site U1385 using an advanced piston corer system
during the 10DP Expedition 339 (Mediterranean Outflow) (Fig. 1) (Hodell et al. 2013).
Correlation among holes was performed based on X-ray fluorescence core scanning at 1-cm
resolution, which allowed the construction of a continuous spliced stratigraphic section
spanning the last 1.45 Ma (Hodell et al. 2015).

Thirty-eight levels were sampled from Holes E and D every 5 to 10 cm between 0.05
and 2.92 corrected revised meter composite depth (crmcd). The new pollen and biomarkers
analyses followed the methodology described by Oliveira et al. (2016) and Sanchez Gofii et
al. (2016) for the study of MIS 11c and MIS 19c. Pollen samples were processed using the
standard protocol for marine samples including coarse-sieving (150 um mesh), treatment with
cold HCI and cold HF, micro-sieving (10 pm mesh) and slide preparation in glycerol

(http://ephe-paleoclimat.com/ephe/Pollen%20sample%20preparation.htm). A minimum of 20

pollen morphotypes and 100 pollen grains excluding Pinus, Cedrus, aquatics and
Pteridophyta spores were counted in each sample. Pollen percentages are based on the main

sum, which includes all pollen except Pinus, Cedrus, aquatics and Pteridophyta spores. The
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Mediterranean forest (MF) pollen percentage record comprises the Mediterranean taxa and all
temperate tree and shrub taxa excluding Pinus, Cedrus and Cupressaceae. Alkenone-based
sea surface temperature (U¥ 37-SST) reconstruction was based on the proportion of long chain
di- and tri- unsaturated Cs7 alkenones. Alkenones sediment extraction procedure followed
Villanueva et al. (1997). U¥'37-SST was estimated using the U¥'37 index (Prahl and Wakeham
1987) and the global core-top calibration of annual SST (Mller et al. 1998).

3.3 Model and experimental setup

The climate model experiments were performed with the LOVECLIM three-
dimensional Earth system model of intermediate complexity (Goosse et al. 2010). In these
simulations, the atmospheric component (ECBIlt), sea-ice-ocean model (CLIO) and terrestrial
biosphere (VECODE) were interactively coupled while the carbon cycle and the ice sheets
were fixed to their present-day values (Yin and Berger 2012, 2015). VECODE is a model of
reduced complexity in which the vegetation dynamics, defined as a fractional distribution of
desert, tree and grassland, are simulated as a function of the climatic conditions, in particular
the growing degree-days above 0 °C (GDDO0) and the annual mean precipitation (Brovkin et
al. 1997). An extensive description of the model and experiment design used in this study is
provided in Yin and Berger (2012, 2015).

The climate “optimum” of each interglacial was simulated with two sets of snapshot
experiments using the astronomical parameters (1) at times when Northern Hemisphere
summer occurs at perihelion (NHSP) (12 ka, 409 ka and 788 ka) (Yin and Berger 2015) (Figs.
5 and 6a, b) and (2) at the interglacial benthic $*80 peaks of the LR04 stack from Lisiecki and
Raymo (2005) (6 ka, 405 ka and 780 ka) defined by Yin and Berger (2012, 2015). The peak
interglacial greenhouse gas (GHG) concentrations were used in the simulations and ice sheets
were prescribed to their present-day configuration. Alpert—Stein factor separation method
(Stein and Alpert 1993) was performed to evaluate the individual contributions of insolation
and GHG as well as their combined and synergistic effects on the tree fraction (%) over the
southern Iberian region (35N°-41°N, 0-8°W) (Fig. 7). The seasonal and latitudinal
distribution of insolation at the climate “optimum” of MIS 1 was compared to one of MIS 11c
(Fig. 8). Comparison between proxy data and model results of transient experiments covering

at least one precessional cycle (Yin and Berger 2015) was also carried out to investigate the
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regional vegetation and climate dynamics under the varying astronomical configurations and
CO2 concentrations of MIS 1 (last 15 ka), MIS 11c (425-394 ka) and MIS 19c (793-773 ka)
(Fig. 9a, b). In these simulations, the ice sheets were prescribed to their Pre-Industrial (PI)

levels.

4 Results and discussion

4.1 Direct land-sea comparison for MIS 1

The new direct land-sea comparison from Site U1385 identifies the last 17.5 ka climatic
periods, well-documented in the SW Iberian terrestrial and marine environments (e.g. Bard et
al. 2000; Rodrigues et al. 2009; Naughton et al. 2016; Chabaud et al. 2014; Salgueiro et al.
2014): (1) the cold/dry Oldest Dryas (OD)/Heinrich Stadial 1; (2) the temperate/humid
Bolling-Allergd (B-A); (3) the cool/relatively dry Younger Dryas (YD); and (4) the
warm/humid Holocene marked by a major expansion of the MF between ~ 11.6 and 8.5 ka,
followed by a progressive contraction toward the late Holocene (Fig. 3, for pollen percentage
diagram and summary description see Fig. S1 and Table S2). The comparison of the pollen
records from Site U1385 and the nearby core MD95-2042 (Chabaud et al. 2014) during the
overlapping time interval, i.e. the last 14.2 ka, shows clear evidence for the replicability of the
pollen analysis in the SW Iberian margin sediments (Fig. 3). Although the two pollen
diagrams diverge in the values of some taxa such as Pinus and Ericaceae, they bear strong
similarities in terms of vegetation dynamics within the chronological uncertainties and in
particular, they present similar Holocene maximal values of Mediterranean taxa and forest
(Fig. 3, Table S3). Since the results of the marine proxy analyses are also in good agreement
(Fig. 3) and the chronology from core MD95-2042 is more accurate (twice as many
radiocarbon dates than Site U1385), hereafter we also use the higher time-resolution MD95-
2042 dataset for MIS 1 (150 yr average for pollen and 340 yr for SST) (Figs. 3, 4 and 9a, b).
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Fig. 3 Vegetation and climatic changes from Site U1385 (bold lines) and the nearby marine
core MD95-2042 (thin lines) over the last 17.5 ka. From bottom to top: Percentages of
selected pollen taxa or group of taxa (U1385: this study; MD95-2042: Chabaud et al. 2014):
(@) Pinus (black), (b) semi-desert plants (Artemisia, Chenopodiaceae, Ephedra distachya-type
and Ephedra fragilis-type) (orange), (c) Ericaceae (blue), (d) Mediterranean taxa (Quercus
evergreen-type, Cistus, Olea, Phillyrea and Pistacia) (red) and MF (mainly deciduous
Quercus and Mediterranean taxa) (green); (e) Uk’37-SST (dark blue) (U1385: this study;
MD95-2042: Pailler and Bard 2002); (f) 580y records (black) (U1385: Hodell et al. 2015;
MD95-2042: Shackleton et al. 2000). Upper bar indicates the North Atlantic climatic phases:
Oldest Dryas (OD)/Heinrich Stadial 1 (HS1), Bglling-Allerad (B-A) interstadial, Younger
Dryas (YD) stadial and the Holocene interglacial.
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4.2 Interglacial intensity in the SW Iberian region

4.2.1 Comparing reconstructed and simulated interglacial vegetation
and climate “Optima” for MIS 1, 11c and 19c¢

The “optimum” forest development of each interglacial in SW Iberia was determined
following recent compilations that defined the interglacial intensity based on the maximum
values achieved in a range of climatic proxies within the interglacials (Lang and Wolff 2011,
Candy and McClymont 2013; Past Interglacials working group of PAGES 2016). Here, we
started by identifying the interval with the highest percentages of Mediterranean taxa and MF
(Fig. 4, Table S3) because it represents the optimal expression of the Mediterranean climate
(Polunin and Walters 1985). Second, we calculated the mean pollen percentages of
Mediterranean taxa and MF maxima during these intervals (Fig. 4, Table S3). Because the
maximal expansion of MF and Mediterranean taxa occurred at the same date during MIS 1
and MIS 11c at Site U1385, to avoid the effect of potential outliers, the averaged interval
included not only the absolute maximum value but also the values of the samples before and
after it (Fig. 4, Table S3).

Site U1385 pollen record shows that MIS 1 stands out in terms of MF “optimum”
development, displaying the highest MF values (72 % average) (Fig. 4, Table S3). In
contrast, the MF maxima values of MIS 11c and MIS 19c although very similar (40% and
39% average, respectively) are substantially below the average of MIS 1 (Fig. 4, Table S3).
Interglacial sea surface conditions off SW Iberia are characterized by overall warm and
relatively stable SST (Fig. 4). Nevertheless, the peak warmth of MIS 1 (maximum SST: 20
°C) is slightly higher than that of MIS 11c (18.6 °C) and MIS 19c (19.4 °C), although these
differences are close to the limit of the U¥'37-SST estimated uncertainty (~0.5 °C) (Villanueva
et al. 1997) (Fig. 4). At the MF “optimum” development, MIS 1 SST also reached maxima ~
1.6 and 1 °C higher than MIS 11c and MIS 19c, respectively, in line with the atmospherically-
driven MF averaged percentages (Fig. 4).

At present, the MF composition and development critically depend on warm conditions
and in particular on the moisture availability during the winter season (Quezel 2002; Gouveia
et al. 2008). These ecological requirements coupled with the low-amplitude variations in the
U¥'37-SST profiles of MIS 1, 11c and 19c (Fig. 4) lead to the hypothesis that the different
magnitude in the forest expansion during these interglacials is primarily driven by the winter
precipitation conditions over the SW Iberian region. Comparison between proxy data and
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model results allows to test this hypothesis and to evaluate the vegetation and climate
sensitivity to astronomical forcing and GHG.

The major expansion of the SW Iberian forest during MIS 1, 11c and 19c shows closer
correspondence to NH summer insolation maxima than to LR04 §'80y peaks (Fig. 4), within
age uncertainties. Therefore, it appears more appropriate to compare our proxy-based
reconstructions with the snapshot simulations of the interglacial climate “optimum” in which
the insolation of NHSP is used (Figs. 5 to 8). This approach is further supported by the
evidence of the pervasive influence of precession on the long-term Mediterranean vegetation
patterns, with Mediterranean plants displaying maxima associated with precession minima
(Magri and Tzedakis 2000). In addition, recent work (Yin and Berger 2015) comparing the
results of the two sets of snapshot experiments with the proxy data of five warm interglacials,
MIS 1, 5e, 9e, 11c and 19c, showed that the simulations using the insolation of NHSP provide
a better agreement with the proxy reconstructions than the ones using the insolation at the
interglacial 50y peaks.

The simulated tree fraction during MIS 1 climate “optimum” over southern Iberia was
significantly higher than during MIS 11c but not significantly different from MIS 19c (Fig. 5).
Based on experimental studies showing that the pollen tree percentages reflect the past tree
cover patterns (e.g. Williams and Jackson 2003), we interpret the MF pollen percentages at
Site U1385 as an indicator of the SW Iberian tree fraction (Fig. 4). Both pollen-based
vegetation records and snapshot experiments agree on reduced MIS 11c forest cover
compared to MIS 1, however, the model doesn’t reproduce the differences between MIS 19¢
and MIS 1 (Figs. 4 and 5). The modelled tree fraction using transient simulations, which
provide a broader view of the vegetation to a time-varying forcing (insolation and GHG),
further shows that the tree fraction peaks of MIS 1 and MIS 19c are similar and larger than
MIS 11c (Fig. 9a, b). The simulated differences in precipitation and surface air temperature
between MIS 11c and MIS 1 reveal annual and winter surface air temperatures of MIS 11c
only slightly warmer than the ones of MIS 1, and point to the relatively lower winter (DJF)
precipitation over SW lberia as the most important factor leading to its lower tree fraction
(Fig. 6a). These results support our hypothesis that winter precipitation was critical for the
past forest development over SW lberia, being therefore the primary climatic signal recorded
in our MF pollen percentages. Given the results of the simulated tree fraction differences
between MIS 19c and MIS 1 (Fig. 5), as anticipated, MIS 19c regional precipitation is not
significantly different from MIS 1 although the annual and winter surface air temperatures are
slightly higher during MIS 19c (Fig. 6b).
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Fig. 4 Vegetation and climatic changes from Site U1385 over MIS 1, MIS 11c (Oliveira et al.
2016) and MIS 19c (Sanchez Gofii et al. 2016). From bottom to top: Selected pollen
percentage curves: (a) Mediterranean taxa (MIS 1: red, Chabaud et al. 2014, black, this study)
and MF (MIS 1: green, Chabaud et al. 2014; black, this study); (b) Uk’37-SST (MIS 1: Pailler
and Bard 2002) (dark blue); (c) 580 records of Site U1385 (black) (Hodell et al. 2015) and
LRO4 (grey) (Lisiecki and Raymo 2005); (d) Modeled global sea-level relative to present (m)
(purple) (Bintanja and van de Wal 2008); (e) CO: concentration (brown) (Lithi et al. 2008);
(f) 65°N summer insolation (black), obliquity (light blue) and precession (red) parameters
(Berger 1978). The grey bars mark the interglacial vegetation “optimum”, which for the
Holocene was based on the MD95-2042 dataset. Arrows indicate the insolation used in the
snapshot simulations at the dates when boreal summer occurred at perihelion (NHSP) (dark
red) and at the dates of the LR04 &0y, peaks as defined by Yin and Berger 2012, 2015
(grey). Forest phases labeled with local names (bottom) and stratigraphical framework (top)
are indicated.
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4.2.2 What drives the SW Iberian interglacial vegetation at the climate
“Optima”?

We used the factor separation method (Stein and Alpert 1993; Yin and Berger 2012) to
isolate the effect of the two primary forcings considered, insolation and GHG, on tree fraction
over SW lberia (Fig. 7). These results show that, as expected, under the combined effect of
insolation and CO> the peak tree fraction of MIS 1 and MIS 19c is comparable and largely
higher than that of MIS 11c. Most importantly, this analysis clearly demonstrates that the
major factor controlling the interglacial tree fraction maximum over SW lIberia is insolation,
whereas GHG plays a smaller role (Fig. 7). The pollen-based vegetation reconstructions and
NHSP snapshot simulations show a similar result for the MIS 11c and MIS 1 difference,
therefore, our model-data comparison demonstrates the predominant role of insolation on tree
fraction in SW lberia for those stages. These findings extend previous evaluation (Yin and
Berger 2012) of the insolation and GHG contribution to the tree fraction changes along the
last nine interglacials and at both the global and regional scales, specifically in the low
(northern Africa) and high-latitudes (northern Eurasia). Yin and Berger (2012) also showed a
dominant effect of insolation on the global tree fraction change and particularly over Northern
Africa, which was related to the strong impact of insolation (precession) on precipitation. On
the other hand, the CO> contribution becomes important in the high-latitudes given that the

influence of temperature (GDDO) is larger than in the low-latitudes.
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Fig. 7 Combined, individual and synergistic effects of GHG and insolation on the NHSP tree
fraction peak (%) of MIS 1, MIS 11c and MIS 19c for the southern Iberian region (35N°-
41°N, 0-8°W). Combined effect is the total effect of the processes including their interactions
and the synergism correspond to the difference between the combined effect and the pure
individual effect of each process. The anomalies are deviations from the reference experiment
of Yin and Berger (2012) that includes means of the astronomical parameters and of the GHG
concentrations of the past nine interglacials.

To understand the role of insolation and underlying mechanisms in inducing the large
difference between the tree fraction “optimum” of MIS 1 and MIS 11c over SW Iberia, we
calculated the difference in the latitudinal and seasonal distribution of insolation at the NHSP
dates (Fig. 8). During boreal winter, MIS 11c insolation over the high-latitudes was not
significantly different from MIS 1 but it was higher in the low-latitudes (Fig. 8), a pattern that
may have generated a larger latitudinal winter thermal gradient at the MIS 11c peak.
Simulations from Yin and Berger (2012, 2015) show that MIS 11c lower obliquity led to an
insolation-driven cooling at the interglacial “optimum” that was compensated by the GHG-
driven warming during boreal winter, and that in the low-to-mid latitudes MIS 11c was
warmer than MIS 1. This hypothesis is further supported by eastern North Atlantic SST
reconstructions for MIS 1 and MIS 11c showing a steeper latitudinal temperature gradient
during MIS 11c (Kandiano et al. 2012). As the latitudinal temperature gradient has a strong
impact on the atmospheric circulation (e.g. Rind 1998), we propose that MIS 11c increased
thermal gradient between the low and high-latitudes would have led to the intensification and
northward shift of the temperate westerlies with consequent decrease of winter precipitation
over the SW Iberia region. These results are compatible with recent precipitation and
circulation changes over Europe (IPCC 2013), namely with asymmetrical trends on the
number of Atlantic extra-tropical cyclones and precipitation affecting northern and southern
Europe (Trigo et al. 2008). Thus, while the northern Atlantic and Europe have suffered a
positive trend in Atlantic mid-latitude cyclones, the Mediterranean basin is becoming drier
due to fewer low-pressure systems passing through (Sousa et al. 2011). In addition, in line
with recent climate model simulations for the obliquity and precession-driven changes in the
freshwater budget over the Mediterranean, lower obliquity and slightly lower precession
minimum at the MIS 1lc “optimum” may have also contributed to its lower winter

precipitation by reducing the convective precipitation (Bosmans et al. 2015). These large and
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small-scale changes in the atmospheric circulation would explain the reduction of winter
moisture availability and the resulting reconstructed and simulated lower tree fraction at the
MIS 11c “optimum” in SW Iberia. Moreover, we speculate that MIS 11c lower insolation
during the critical spring season for tree growth (Fig. 8) would additionally reduce its tree

fraction maximum in comparison to that of MIS 1.
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Fig. 8 Differences between MIS 11c and MIS 1 at the NHSP dates for the latitudinal and
seasonal distribution of insolation (W m?). The Y-axis indicates latitude and the X-axis marks
the true longitude of the Sun from the beginning to the end of the year (0° and 180° are for the
spring and fall equinoxes; 90° and 270° are for the summer and winter solstices). Insolation is
determined from the insolation parameters of Berger (1978).

The simulated tree fraction differences between MIS 1 and MIS 19c over southern
Iberia show that MIS 19c is the best analogue for the Holocene “optimum”. Both snapshot
and transient experiments display insignificant differences at the peak of the two interglacials
(Fig. 5 and 9a, b), which contrast with Site U1385 pollen records reconstructing a much larger
forest cover for MIS 1 (Fig. 4). This model—data discrepancy could result from the fact that
only insolation and GHG were taken into account in the simulations, but a possible Eurasian
ice sheets during MIS 19c and its influence on the climate and vegetation over SW Iberia

were neglected.
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According to the LR04 benthic oxygen isotope stack (Lisiecki and Raymo 2005) and
marine oxygen isotope records (Hodell et al. 2008; Hodell and Channell 2016), MIS 19c ice
volume was relatively higher than during the Holocene (Fig. 4). Although changes in the §'0
benthic profiles are not only driven by ice volume (Skinner and Shackleton 2005), similar
results are showed by modelled global sea-level (Fig. 4) (Bintanja et al. 2005; Bintanja and
van de Wal 2008) and a recent sea-level stack (Spratt and Lisiecki 2016). Proxy data and
model studies evidence that prior to the Middle Pleistocene Transition (MPT, ~650-1100 ka)
the Eurasian ice sheets had an important contribution to the total NH ice volume (e.g.
Bintanja and van de Wal 2008; Hodell et al. 2008, Naafs et al. 2013). In particular, studies
from the eastern North Atlantic based on organic and inorganic chemistry of ice rafted debris
(IRD) demonstrate that the detrital grains of MIS 19 were not derived from the Hudson Strait
but rather from northern Europe, Greenland and/or Iceland, which indicates a larger
expansion of the Eurasian ice sheets in comparison to the interglacials after MIS 16 (Hodell et
al. 2008, Hernandez-Almeida et al. 2012; Naafs et al. 2013). We suggest that these differences
in ice sheet configuration between MIS 1 and MIS 19c (i.e. NH ice volume baseline
conditions and Eurasian ice sheets extent) may have been responsible for the lower SW
Iberian forest cover during MIS 19c and additionally explain the discrepancy between pollen-
based reconstructions and climate model results. Pollen records off southern Iberia and the
Mediterranean region indicate reduced forest cover for the first millennia of the early
Holocene that was likely associated with the persistence of relatively large Laurentide and
Fennoscandian ice sheets, which may have changed the trajectory of the mid-latitude North
Atlantic storm track with consequent reduced penetration into the Mediterranean region
(Magny et al. 2011, 2013; Desprat et al. 2013). In analogy to the early Holocene, we suggest
that the ice sheet forcing played a major role on winter precipitation over SW lberia,
restricting the maximal forest expansion during MIS 19c. In addition, it is plausible that the
volume of the Eurasian ice sheets during MIS 19c reached a significant size to increase the
planetary albedo and influence the regional climate, including the SW Iberian region.
Compared to MIS 1 and MIS 11c during which the ice sheets in the NH are restricted to
Greenland (e.g. Raymo and Mitrovica 2012), this would have promoted regional anticyclonic
conditions and led to lower temperature and decreased humidity with consequent lower forest

cover and slightly cooler SST as recorded by our multiproxy records (Fig. 4).
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It is noteworthy that the factor separation technique shows a striking opposite result
when considering the synergistic effects of insolation and of GHG on the tree fraction over
SW lberia (Fig. 7). In agreement with the pollen-based vegetation data (Fig. 4), MIS 1
displays the highest positive tree fraction anomaly followed by MIS 19c and largely above
MIS 11c. This suggests that although the insolation is the dominant forcing, the synergism is
also very important, particularly at the Holocene “optimum” (Fig. 7). Explaining the
synergism is not however straightforward, currently we only can state that a negative
synergism, as observed at MIS 11c peak, means that the effect on the tree fraction when
insolation and CO play together is smaller than the sum of the effects when they act
separately. They are not necessarily counteracting with each other but may co-play on one
process (e.g. water vapor, albedo). Nevertheless, the exact physical meaning of the synergism
can only be assessed after investigating all the processes, which is not a simple task and is
beyond the scope of this study.

Our model-data comparison strengthens previous evidence highlighting the importance
for investigating the regional expression of potential past interglacial analogues for the
Holocene and future climate (e.g. Lang and Wolff 2011; Candy and McClymont 2013; Yin
and Berger 2015; Past Interglacials working group of PAGES 2016). Even though analogies
between MIS 1, 11c and 19c have been extensively pointed out (Berger and Loutre 2002,
2003; Droxler et al. 2003; Loutre and Berger 2003; McManus et al. 2003; Tzedakis et al.
2009a, 2012; Masson-Delmotte et al. 2010; Pol et al. 2010; Tzedakis 2010; Yin and Berger
2010, 2012, 2015), our study shows that as far as the vegetation changes in SW Europe
(below 40°N) are concerned, they cannot be considered as analogues for the Holocene climate
“optimum”. Comparison of our pollen-based reconstructions with NW Iberian margin pollen
records (Desprat et al. 2007) and the long European records of Praclaux (southern France)
(Reille et al. 2000; de Beaulieu et al. 2001) and Tenaghi Phillipon (NE Greece) (van der Wiel
and Wijmstra 1987; Tzedakis et al. 2006) further underlines the need for looking for
Holocene analogues in terms of climate and environmental impacts at the regional scale.
While in the northern sites (only extending until MIS 11) where forest expansion is mainly
limited by temperature, the forest “optimum” of the Holocene and MIS 11c are similar (Reille
et al. 2000; de Beaulieu et al. 2001; Desprat et al. 2007), the pollen sequence from NE Greece
displays the same pattern as Site U1385, showing the strongest temperate tree pollen

percentages during MIS 1 and similar temperate forest expansion during MIS 11c and MIS
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19c (Tzedakis et al. 2009b). It is therefore crucial to consider the key role of the hydrological
changes on the interglacial vegetation and climate dynamics, particularly in regions where the
vegetation communities are highly sensitive to moisture availability as the Mediterranean
region (Quezel 2002).

4.3 What drives the climate variability during the Holocene and its
potential analogues in SW lberia

To evaluate the main factors contributing to the vegetation and climate variability during
the entire MIS 1, 11c and 19c in SW Iberia, we performed a comparison between pollen-
based reconstructions and transient experiments with time-varying insolation and GHG. This
approach allows us to overcome the problem of using a single peak forcing in the snapshot
simulations and explore the major controlling factors of the atmospherically-driven vegetation
changes during the different boundary conditions of each interglacial. This comparison shows
that, probably due to lack of ice sheet forcing and related feedbacks, the model doesn’t
reproduce the same deglaciation vegetation change as shown by the pollen records (Fig. 9a,
b). The simulated tree fraction during the deglaciations is relatively high, particularly
between the last glacial-interglacial transition (B-A and YD) and the early Holocene and
during the early MIS 19c, which is not in agreement with the amplitude of the pollen-based
vegetation changes recorded at Site U1385 (Fig. 9a, b). As mentioned above, changes in ice
sheet size and configuration constitute the strongest forcing of the climate system at both
global and regional scale (e.g. Clark et al. 1999; Renssen et al. 2009). Therefore, we suspect
that the neglected melting of the ice sheets and associated lack of ice sheet-climate
interactions in our model experiments are the explanation for the large model-data
discrepancies. Regrettably, this also precludes the precise identification of the onset of the
maximal forest expansion and the model-data comparison in terms of the duration of the
vegetation “optimum” interval (Fig. 9a, b). Subsequently, both vegetation and model
reconstructions show that the major development of the forest cover during all the three
interglacials ended rapidly with a strong contraction of the forest, with no ensuing recovery to
the previous forest extent (Fig. 9a, b). In addition, there is a clear agreement between the
pollen records and the modeled tree fraction for the lower extent and amplitude of the forest

over the end of each interglacial. Both proxy and model results display a higher development
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of the forest over the end of the optimum period in the Holocene, followed by late MIS 19c

and much lower values during the end of MIS 11c (Fig. 9a, b).

To determine the influence of the surface air temperature and precipitation on the
vegetation changes during MIS 1, 11c and 19c, we performed simple regression analyses
between the tree fraction, annual and seasonal temperature and precipitation, on the 1000-year
running mean of the transient simulations original data (Fig. 9a, b, Table 1). In terms of
surface air temperature (GDDO), the strongest correlation of the tree fraction is obtained with
JJA temperature in all the three interglacials, although the annual temperature is also
important during MIS 11c (Fig. 9a, Table 1). As far as the precipitation is concerned, for each
interglacial, the tree fraction is highly correlated with the annual precipitation (Fig. 9b, Table
1). As in the terrestrial biosphere model VECODE the tree fraction is a function of GDDO and
annual precipitation (Brovkin et al. 1997), the estimation of the tree fraction does not directly
involve the seasonal precipitation. Therefore, the strong correlation of tree fraction with SON
precipitation and particularly with DJF precipitation should be due to the high contribution of
these two seasons to the annual precipitation (Fig. 9b, Table 1). In accordance with the
inferred atmospheric changes, from the pollen-based vegetation records, the expansion
(reduction) of the simulated tree fraction was primarily driven by warm (cooler) summer
temperatures and moisture availability (deficiency) during the wintertime (Fig. 9a, b). Both
proxy and model data indicate that the interglacial vegetation and climate dynamics over SW
Iberia have no apparent relationship to atmospheric CO2 concentration. A prominent example
for this negligible CO, forcing is given by its relatively high concentrations over the end of
the interglacials, in particular for MIS 1 and MIS 11c, while the forest cover, summer
temperature and winter precipitation achieved minima values (Fig. 9a, b). We find that the
vegetation and climate changes at this time-scale are mainly driven by astronomical forcing,
in particular precession, in agreement with the strong impact of precession on the climate of
the Mediterranean region south of 40°N (Ruddiman and Mcintyre 1984) and with previous
pollen studies off southern Iberia (e.g. Fletcher and Sanchez Gofi 2008; Sanchez Gofii et al.
2008, 2016; Margari et al. 2014; Oliveira et al. 2016, 2017). As shown in Fig. 9b, in all the
three interglacials the major forest expansion is concurrent with high winter precipitation, and
occurs within precession minima forcing. On the contrary, low forest extent over the end of
the interglacials is associated to precession maxima. These observations are in line with

modeling experiments showing the dominant influence of precession in precipitation
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variations in subtropical regions (Yin and Berger 2012; Bounceur et al. 2015), likely driven
over southern Iberia by large-scale precipitation and changes in storm track activity (Bosmans
et al. 2015).

Superimposed on the long-term vegetation changes, persistent millennial-scale climate
variability is revealed by a series of forest reduction events throughout the three interglacials
at Site U1385 (Fig. 9a, b). Interestingly, this intra-interglacial variability is also reproduced in
the modeled tree fraction, being mainly associated to decreases in the SON and DJF
precipitation (Fig. 9b) while the surface air temperatures exhibit low-amplitude and frequency
variability (Fig. 9a). This leads to a view that the millennial-scale vegetation changes in SW
Iberia under warm climate conditions are essentially generated by hydrological changes
mainly induced by insolation, as they are reproduced in the model experiments
notwithstanding the absence of ice sheet dynamics and all associated feedbacks (Fig. 9a, b).
Although further palaeoclimatic and model work is required to understand the nature of intra-
interglacial variability, this study supports a growing body of evidence that outlines the
importance of the low-latitude forcing occurring at sub-precessional frequencies not only at
the low-latitudes (Berger et al. 2006; Yin and Berger 2015) but also in the subtropical-to-high
latitudes of the North Atlantic (e.g. Weirauch et al. 2008; Ferretti et al. 2010, 2015; Billups et
al. 2011; Hernandez-Almeida et al. 2012; Palumbo et al. 2013; Billups and Scheinwald 2014;
Sanchez Gofii et al. 2016; Oliveira et al. 2017).

One of the most conspicuous features of our pollen-based and model results is the
magnitude of the forest declines ending the interglacial vegetation “optimum” in SW Iberia
and the rapidity with which it is accomplished (Fig. 9a, b). Data and model support that
dramatic forest declines can occur under prevailing interglacial warm conditions in SW Iberia,
i.e. well before the substantial increase in ice volume marking the end of the Iberian
interglacial period, while SST remains high (Fig. 4). The transient simulations show that
these changes in forest cover are a response to long-term change mainly in astronomical
forcing. However, they appear more rapid in the pollen-based vegetation records than in the
model simulations (Fig. 9a, b) and have previously been associated to millennial-scale
variability (Sanchez Goiii et al. 2016; Oliveira el al. 2016). Recent interglacial pollen-based
vegetation records from Site U1385 revealed millennial cycles driven by the fourth harmonic

of the precessional component (Sanchez Gofii et al. 2016; Oliveira el al. 2017). Therefore, we
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suggest that these rapid vegetation changes marking the end of the forest maximal extent in
SW lberia may have been a combined response to the long-term and millennial-scale
astronomical forcing. Moreover, we suspect that other interactions among internal
components of the climate system that are not explicitly represented in the model experiments
may have also been involved in the amplification of the primary forcing and the increase of
the vegetation change rate, such as vegetation changes due to declining insolation and the

associated feedback mechanisms.

Table 1 Correlation coefficient values (R) of simple linear regression between tree fraction
and climate variables. The calculation was made on the 1000-year running mean of the
original simulated data of the transient experiments.

MIS 1 MIS 11c MIS 19c
Surface air temperature | Annual 0.10 0.94 0.70
JJA 0.85 0.94 0.94
DJF -0.44 0.51 -0.28
MAM 0.24 0.76 0.41
SON -0.56 0.17 -0.14
Precipitation | Annual 0.82 0.97 0.96
JJA 0.51 0.20 0.20
DJF 0.53 0.94 0.94
MOM 0.10 0.59 0.46
SON 0.71 0.84 0.91
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Fig. 9a Vegetation and climatic changes from Site U1385 and results of the transient
simulations with time-varying insolation and CO: for MIS 1, MIS 11c and MIS 19c for the
southern Iberian region (35N°-41°N, 0-8°W). From bottom to top: Selected pollen percentage
curves: (a) Mediterranean taxa (MIS 1: red, Chabaud et al. 2014; black, this study) and MF
(MIS 1: green, Chabaud et al. 2014; black, this study); (b) Simulated tree fraction anomaly
(%) (black); Surface air temperature (°C) (c) DJF (dark blue), (d) MAM (green), (e) annual
(black), (f) SON (light blue), (g) JJA (red). The 1000-year running mean of the original
simulated data is plotted. (h) CO, concentration (brown) (L0thi et al. 2008); (i) 65°N summer
insolation (black), obliquity (light blue) and precession (red) parameters (Berger 1978). Forest
phases labeled with local names (bottom) and stratigraphical framework (top) are indicated.
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5 Conclusions

The forcing mechanisms and regional expression of the Holocene and its potential best
interglacial analogues, MIS 11c and MIS 19c, on SW Iberia region are investigated for the
first time through comparison of proxy-based reconstructions and climate model experiments.
This study relies on the comparison of multiproxy records for regional vegetation,
precipitation regime and atmospheric and oceanic temperature variability from I0DP Site
U1385, with snapshot and transient simulations that concentrate on the interglacial climate

“optimum” and the entire interglacial periods, respectively.

1. At the interglacial climate “optimum”, the pollen-based vegetation reconstructions
show that the Holocene forest expansion was particularly prominent and substantially higher
than at MIS 11c and MIS 19c, possibly reflecting the sensitivity of SW Iberian forest
development to winter precipitation changes. Therefore, as far as the vegetation and climatic
variability in the SW Europe, below 40°N, are concerned, MIS 11c and MIS 19c cannot be

considered as straightforward analogues for the Holocene “optimum”.

- The model-data comparison confirms that the tree fraction differences between the
Holocene and MIS 11c are primarily due to the higher winter precipitation over the SW
Iberian region at the Holocene “optimum”. Based on factor separation analyses we find that
insolation dominates the regional tree fraction changes, whereas GHG plays a minor role. In
particular, the differences between the latitudinal and seasonal distribution of insolation at the
Holocene and MIS 11c¢ “optimum”, mainly related to MIS 11c lower obliquity, may have led
to an amplified thermal gradient between low and high northern latitudes at MIS 11c peak

with consequent reduction of large-scale winter precipitation in SW Iberia.

- In contrast to the pollen-based vegetation reconstructions, in both snapshot and
transient experiments MIS 19c¢ appears to be the best analogue for the Holocene “optimum” in
terms of tree fraction in SW Iberia. These large model—data mismatches are probably related
to the underestimation of the ice sheet forcing, which is prescribed at PI values. We suggest
that MIS 19c lower sea-level/higher ice volume and larger Eurasian ice sheets development in
comparison with that of the Holocene may have been responsible for its lower winter
precipitation and tree fraction, through its influence in the mid-latitude atmospheric
circulation. Interestingly, when considering the synergistic effects of insolation and COz on

the tree fraction, which implicates feedbacks processes, the model-data mismatch disappears.
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2. The comparison between the pollen-based and simulated interglacial vegetation with
time-varying insolation and CO> during the entire Holocene and its potential analogues in SW
Iberia reveals that the modeled tree fraction match the data reasonably well. A notable
exception is noted for the deglaciations and attributed to the lack of ice sheet-climate
interactions in the model experiments. We find that the expansion of tree fraction over SW
Iberia is highly correlated with warm summer temperatures and high precipitation during the
wintertime, with both being mainly controlled by precession and with no obvious relationship
with CO> trends. Finally, our work provides data and model evidence for intra-interglacial
instability in SW lberia revealed by a series of forest decreases associated to simulated dry
atmospheric episodes in winter but no concurrent SST change. Based on the transient
simulations, the astronomical forcing is sufficient to drive the observed persistent millennial-
scale variability during the three interglacials since ice sheet-climate interactions were
neglected in the model. Moreover, it is remarkable that the most dramatic forest reductions
ending with the three interglacial “optima”, during low ice volume conditions, are also
reproduced in the transient experiments although they appear more gradual. This observation
highlights the potential role of the interactions between long-term and millennial-scale
climate dynamics in amplifying the climate and vegetation response. Further research is
clearly required to better understand the interaction between orbital and millennial-scale
variability within the different interglacials, including model experiments considering ice

sheet configuration and feedbacks within the climate system.
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Supplementary data

Table S1 AMS C radiocarbon dates from Site U1385 and calibrated ages (cal yr BP) using
the Marinel3 calibration curve (Reimer et al. 2013) implemented in CALIB 7.1 (Stuiver and
Reimer 1993; http://calib.qub.ac.uk/calib/).

Denth 14C 200 Calibrated age Median
(crn?c d) Sample type oy B%) Delta R (cal yr BP) probability
y 2G range (cal yr BP)
052 G.bulloides  7525+408  143+14 1915:2111 2011
1.08 G.bulloides  181+35  143+14 6345:6568 6454
156  G.bulloides 10060433  143+14 10722:11036 10877
1.93  G.bulloides  11499+43  143+14 12683:12940 12812
2.46  G.bulloides 13355445  143+14 15097:15470 15257

Fig. S1 Percentage pollen diagram of selected morphotypes and ecological groups from Site
U1385 plotted against depth. Ecological groups include Mediterranean forest (MF) which
here includes the Mediterranean taxa and all temperate trees and shrub taxa, excluding Pinus,
Cedrus and Cupressaceae; Mediterranean taxa: Quercus evergreen-type, Cistus, Olea,
Phillyrea and Pistacia; and semi-desert plants: Artemisia, Chenopodiaceae, Ephedra
distachya-type and Ephedra fragilis-type. On the right of the diagram are represented the
pollen zones and results of the cluster analysis.
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Table S2 Description and interpretation of the pollen record from Site U1385 for last 17.5 ka.
Pollen zones are designated as following: U1385 (site name) - number of the pollen zone.

MF: Mediterranean forest.

Pollen
zonation . . . Inferred climate
(Basal depth in Pollen diagram main features
. changes
crmced; age in
cal yr BP)
Decreasing abundances of MF values (33-21%). Slightly cooler
U1385-6 Decline in Pinus and deciduous Quercus and drier
(0.62; 2918) | percentages along with higher frequencies of conditions
Ericaceae, Taraxacum-type and Poaceae.
Distinct drop of MF taxa to moderate values
U1385-5 (45.7%) followed by decreasing trend. Important Decreased
(1.26; 8255) decline in Pinus, deciduous Quercus and | temperature and
Mediterranean taxa percentages while Ericaceae, humidity
Taraxacum-type and Isoetes increase.
Marked rise of MF taxa to the highest percentages Mediterranean
(average ~70%) counteracted by lower frequencies climate with
U1385-4 of semi-desert plants. Higher values of temperate humid/mild
(1.56; 11107) and Mediterranean taxa values (particularly Alnus, winters. and
deciduous and evergreen Quercus, Cistus, Olea, warm/’dry
Phillyrea and Pistacia). Increasing percentages of
ls06tes. summers
Decline of MF taxa values at the beginning (in | Slightly lower
U1385-3 particular deciduous Quercus) followed b3./ an tempera’Fu_re and
(1.88: 12750) increase towards the top of the zone. Higher humidity
’ abundances of Chenopodiaceae and Artemisia but (increasing
decreasing. Fall in Cupressaceae percentages. trend)
Pronounced increase of MF taxa percentages Warmer
U1385-2 (average of 42%). Particular rise in Alnus, Fraxinus conditions and
(2.46; 15483) excelsior-type, deciduous and evergreen Quercus, increased
Cistus, Olea and Isoetes while Pinus and semi- humidity
desert plants values (mainly Artemisia) decrease.
Dominance of semi-desert plants and relatively high Maximal cold
U1385-1 values of other non-arboreal pollen taxa, mainly and dry
(2.92; 17496) | Poaceae. Very low percentages of all tree taxa (MF conditions
average < 7%), except Cupressaceae and Pinus.

D. Oliveira, 2017

172




Chapter 4 Regional expression of the best orbital analogues of the Holocene in SW Europe

Table S3 Values of Mediterranean forest (MF) and Mediterranean taxa maxima (averaged
and absolute) for each interglacial during the interval comprising the major expansion of both
ecological groups. For MIS 1 both values from core MD95-2042 and Site U1385 (italic) are
given.

MIS 1 MIS 11c MIS 19c
Time between the maximal
9.15-9.51 ka -
expansion of Mediterranean taxa 408&2 4096 784-785.5 ka
and ME (ka) 9.05-10.39 ka
MF averaged maximum 72 (77.2)

(absolute) (%) 70 (76.4) 40 (43.8) 39 (45.5)

Mediterranean taxa averaged 17 (22.8) 11 (17) 15 (23.6)

maximum (absolute) (%) 14 (19.1) '
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SYNTHESIS

The three preceding chapters of this PhD thesis concentrate on two main topics: 1.
Interglacial SW European vegetation and climate variability during two key analogues for
projected warming, MIS 11 and MIS 31 (Chapter 2 and 3: Oliveira et al., 2016, 2017,
respectively), and 2. Climate forcings controlling the regional expression of the best orbital
analogues (MIS 11c and MIS 19c) for the current interglacial in SW Europe (Chapter 4:
Oliveira et al., under review, Clim Dyn). This synthesis provides a concise overview of the
key findings and addresses the research questions put forward in Chapter 1. Moreover, the
main conclusions attained in three additional publications, for which | have contributed within

the framework of the PhD project, are also provided here.

1. SW European vegetation and climate changes during MIS 11 and MIS 31

As stated before, studying the warmer than present-day climate of MIS 11 and MIS 31
is of particular interest for developing reliable scenarios of future climate-driven change in the
fragile Mediterranean landscapes and ecosystems. Moreover, these interglacial stages offer
the opportunity to understand the interglacial climate variability under contrasting orbital
forcing within and after the Middle Pleistocene Transition (MPT): MIS 31 and MIS 11
belonging to the 41- and 100-ky worlds, respectively. Orbital and suborbital vegetation and
climate changes were investigated by performing pollen analysis at centennial resolution on
the SW lberian margin Site U1385, which allowed a direct comparison between terrestrial and
marine climatic indicators and therefore the reconstruction of vegetation-based regional
atmospheric conditions and their relationships with oceanic temperature variability.

1.1 Orbital-driven variability

The interglacial forest phases of MIS 11 and MIS 31 are characterized by arboreal
pollen percentages oscillating between 20 and 55% (Fig. 1), indicating overall warm
conditions and moisture availability in SW Iberia. Major shifts between forested and open
vegetation conditions (warm/humid-cold periods) within these interglacials reflect the

influence of the orbital-scale climatic variability on the SW Iberian vegetation.
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Fig. 1. Long-term vegetation and climatic changes at Site U1385 from MIS 32 to early MIS
30 (Oliveira et al., 2017) and late MIS 12 to early MIS 10 (Oliveira et al., 2016). From bottom
to top: Percentages of selected group of taxa: (a) Forest taxa (mainly deciduous Quercus and
Mediterranean taxa) (green), Mediterranean taxa (red) and summer drought-intolerant taxa
(Carpinus betulus, Castanea, Corylus, Fagus, Fraxinus excelsior-type and Ulmus) (dark
green). (b) Site U1385 Uk’37-SST (blue). Bold lines in (a) and (b) represent 3-point moving
averages of data. (c) &80y records of Site U1385 (Hodell et al., 2015) (black) and LR04
(Lisiecki and Raymo, 2005) (grey); (d) 65°N summer insolation (black), obliquity (blue) and
precession (red) parameters (Laskar et al., 2004). SW Iberian forest phases as defined in
Oliveira et al. (2016, 2017) and marine isotopic substages (MIS) following Hodell et al.
(2015) on bottom and top, respectively.
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MIS 11 pollen-based reconstruction shows the response of the vegetation at orbital-
scale by detecting a first longest and warmest forest phase (Sines) followed by two forest
phases (Troia and Sintra) (Fig. 1). The impact of precession is clearly reflected in the
decreasing extent of the three forest maxima, which parallels the magnitude of the three MIS
11 precession minima (Fig. 1). The muted precession forcing of MIS 11, implying less
seasonal contrast in SW lberia, is also noted in the weaker development of the Mediterranean
forest and in particular Mediterranean taxa as compared to younger interglacials marked by
large precession variations such as during the MIS 5 (Sanchez Gofii et al., 1999).

Considering the strong imprint of precession on the Mediterranean vegetation south of
40°N (e.g. Sanchez Goiii et al., 2008; Oliveira et al., 2016) and the extreme precession forcing
of MIS 31, a pronounced development of the forest and Mediterranean taxa was likely to be
expected during this stage. However, Site U1385 pollen record reveals that the SW Iberian
counterpart of MIS 31 (Sado) does not display an outstanding maximum in temperate forest
extent in comparison with other interglacials of the middle-to late Pleistocene, including the
ones marked by muted precession changes such as MIS 11 (Fig. 1, Appendix B: Desprat et al,
in press). Moreover, given MIS 31 orbital forcing the vegetation composition reveals an
unexpected weak Mediterranean character. This is shown by the development of diverse
summer drought-intolerant trees and relatively low expansion of Mediterranean taxa (Fig. 1),
which reflect a temperate and humid climate regime with reduced seasonality. These
observations together with cross-correlation analysis suggest that MIS 31 high precession
forcing was dwarfed by the dominant influence of obliquity on the forest development and
composition. In line with recent modeling experiments (Bosmans et al., 2015), the
predominance of obliquity forcing may have contributed to a reduction in the summer dryness
with consequent decrease in the seasonal contrast over the SW Iberian region. Even though
obliquity plays a dominant role on the forest development, Ericaceae (heathland) and the fern
ally Isoetes display a clear precession signal throughout MIS 31 that may relate to a specific

response to rainfall seasonality.
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The comparison between MIS 11 and MIS 31 reconstructions provides the first
evidence for prevailing precession and obliquity-driven vegetation and climatic changes
during the interglacials of the 100-ky and 41-ky worlds, respectively, in SW Iberia, a region
highly sensitive to precession. In addition, this research reveals that atmospheric and surface
oceanic temperatures during MIS 11 and MIS 31 were not exceptionally high in this region
(Fig. 1), unlike other locations at higher latitudes, such as the Arctic, where these stages were
recognized as “super interglacials” (Melles et al., 2012). Additionally, it is also significant the
finding that both stages were characterized by a long duration, although the low sedimentation
rate between Termination V and early MIS 11 hampers the precise determination of its length.
In particular, Site U1385 multiproxy reconstruction shows that MIS 31 was a 34 ky-long
interglacial in the SW Iberia region (Fig. 1), with interglacial conditions starting several
thousand years prior to the assigned onset for MIS 31 of Lisiecki and Raymo (2005). This
early onset of this interglacial partially echoes recent studies suggesting that the boundaries of
MIS 31 should be revised as the warming appears to span the interval from MIS 33 to MIS 31
(Teitler et al., 2015; de Wet et al., 2016). More research is required to confirm whether this is
a regional or global feature as it may offer new insights into the duration of interglacials of
the 41-ky world and of the MPT.

1.2 Origin and diversity of millennial-scale changes

Superimposed on the long-term variability, the highly resolved pollen records from Site
U1385 reveal persistent variability with multiple millennial to- centennial scale shifts in
vegetation throughout MIS 11 (Oliveira et al., 2016) and MIS 31 (Oliveira et al., 2017) (Fig.
2). These vegetation changes represent recurring cool/cold and dry atmospheric episodes,
which have hitherto not been identified in SW Iberia. The direct comparison between
atmospherically-driven vegetation and oceanic changes allows the characterization of
different types of millennial-scale cooling events across distinct boundary conditions (Fig. 2).
This work proposes that the diversity and complexity of millennial coolings in SW Europe
relies on atmospheric and oceanic processes whose predominant role likely depends on

baseline climate states.
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Fig. 2. Millennial-scale variability in the SW Iberia region between MIS 32 and early MIS 30
(Oliveira et al., 2017) and during MIS 11 (Oliveira et al., 2016) in the context of North
Atlantic and insolation changes. From the bottom to the top: (a) pollen percentage curves of
forest taxa (green); (b) Uk’37-SST of Site U1385 (blue); (c) IRD discharges inferred from the
Si/Sr ratio of Site U1308 (Hodell et al., 2008) (brown); (d) 580y records of Site U1385
(Hodell et al., 2015) (black), Site U1308 (Hodell et al., 2008) (grey) and LRO4 (Lisiecki and
Raymo, 2005) (light blue). Dashed line designates the ice volume threshold of McManus et
al. (1999). (e) 65°N summer insolation (Laskar et al., 2004) (black). MIS following Hodell et
al. (2015) on bottom. Numbered bands mark the millennial-scale forest decline events labeled
as following: Site U1385 - MIS (Marine Isotopic Stage) - number of the event. Blue bands
(U1385-32-fel, -30-fe9, -30-fel0, -11-fe5, -11-fe6, -11-fe8 to -fel0) indicate the atmospheric
and oceanic cooling events during large ice volume conditions, while pink bands (U1385-32-
fe2 to -31-fe8, -11-fel to -fe-4, -11-fe-7) represent the land-sea decoupling during interglacial
ice volume minimum and the glacial inception.
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1.2.1 Atmospheric and oceanic cooling during large ice volume

conditions

The most severe and longer forest decline events, U1385-32-fel, -30-fe-10, -11-feb, -
11-fe6 and -11-felO, reflect the coldest and driest atmospheric conditions and are
synchronous with strong drops in SSTs down to ~8.5-10°C off SW Iberia (Fig. 2). These
extreme events appear to be related with millennial-scale cooling events in the North Atlantic,
associated with lithic evidence of iceberg discharges (Fig. 2) and changes in the Atlantic
Meridional Oceanic Circulation (AMOC). Moreover, the direct land-sea comparison at Site
U1385 reveals that once the 3.5%o threshold in the 580y record is exceeded, the intensity and
duration of the Iberian cooling and drying events increase not only in the 100-ky world but
also in the 41-ky world (Fig. 2). These findings agree with the view that millennial-scale
variability throughout the Pleistocene is amplified when ice sheets surpass a critical size (e.g.
Raymo et al., 1998; McManus et al., 1999; Hodell et al., 2015), although 520y, variations are
not only influenced by ice volume (e.g. Skinner and Shackleton, 2005).

The impact of these high intensity events in SW Iberian ecosystems bear significant
similarities to some of the last glacial Heinrich stadials (HS), although they are probably
associated with European iceberg discharges into the North Atlantic rather than from the
Hudson Strait as the “classic” HS. By analogy to the HS, the drastic events detected at Site
U1385 may be linked to atmospheric and oceanic impacts of ice-rafting episodes that led to
the intensification and northward displacement of the westerlies with consequent cooling and

drying over the SW Iberian region (e.g. Sdnchez Gofii et al., 2002).

The forest decline events U1385-30-fe9, -11-fe8 and -11-fe9 also occurred when ice
sheets exceeded a critical size (i.e., benthic §'0p >3.5%o0), however they are characterized by
weaker forest reductions, reflecting less intense cooling and drying episodes on land (Fig. 2).
Moreover, while the events U1385-30-fe9 and -11-fe8 are associated to a moderate SST
cooling and no evidence for iceberg discharge or change in AMOC, the event -11-fe9 does
not appear related to any change in the marine realm (Fig. 2). Thus, although high-latitude ice
sheet instability likely produces an amplification of vegetation and climate changes in SW
Europe, this research further shows that it is not a straightforward predictive “rule”, which

underlines the complexity of millennial-scale variability.
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1.2.2 Land-sea decoupling during ice volume minimum and the glacial

inception

Site U1385 pollen record reveals that a series of millennial-scale cooling and drying
events punctuated MIS 11 and MIS 31, U1385-32-fe-2 to -31-fe-8, -11-fel to -fe-4 and -11-
fe7, during intervals of minimum to intermediate ice volume state (8'80p <3.5%0) (Fig. 2).
However, none of these forest decline events has a counterpart in the SST profile from Site
U1385 or is associated to a SST cooling in the mid-to-high latitudes of the North Atlantic
neither to ice rafting episodes or AMOC perturbation (Fig. 2), suggesting that the observed
millennial air-sea contrast is not primarily related to high-latitude ice sheet dynamics.

For MIS 11 events, a first explanation has been proposed associating the air-sea
decoupling to a frequent positive mode of NAO-type circulation, which increased dryness in
Iberia but affected weakly the local SSTs because of the prevailing influence of subtropical
waters (Oliveira et al., 2016). Spectral analyses were subsequently carried out on both MIS 11
and MIS 31 pollen-based forest records to identify potential climatic cyclicities and explore
the nature of the intra-interglacial variability. These analyses revealed a dominant cyclicity
around 10 ky during MIS 11 (Fig. 3) and around 6 ky during MIS 31 (Oliveira et al., 2017),
which are probably linked to the second and fourth harmonic of the precessional component
of the insolation forcing (11 and 5.5 ky cycles, respectively) (Berger et al., 2006). Because
low-latitudes receive twice the maximum amount of daily irradiation over the course of the
year than higher latitudes, they generate a larger latitudinal thermal gradient that results in
enhanced poleward transport of heat and moisture by either atmospheric (westerlies) or
oceanic circulation (subtropical gyre) (Short et al., 1991; Mclintyre and Molfino, 1996; Berger
et al., 2006). It is hypothesized, therefore, that the atmospherically-driven forest decline
events with no concurrent change in the warm subtropical gyre throughout MIS 11 and MIS
31 may have been driven by the impact of low-latitude forcing on the direction and intensity
of the atmospheric westerlies transporting warmth and moisture to the high-latitudes drying
the SW Iberian region (Fig. 4). The absence of significant suborbital periodicities in the SST
record at Site U1385 may be explained by the persistent influence of the subtropical waters at
the Iberian margin, which likely dwarfed the impact of a precessional-related cyclicity on
local SSTs.
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A particularly interesting feature is that the strongest forest declines marking the end of
the forest “optimum” during MIS 31 and MIS 11, U1385-31-fe7 and -11-fell, occur during
ice volume minimum conditions (Fig. 2). These findings demonstrate that dramatic forest
contractions in SW Iberia can occur due to hydrological forcing originating in the low-
latitudes under globally warm conditions. This increased dependence of Iberian vegetation on
water availability is a key characteristic of the Mediterranean-type ecoregions within the
context of the present climate (Gouveia et al., 2008, 2016). In addition, the observed
decouplings between cold-dry air and warm SST during periods of ice growth appear as
important amplifiers of the glacial inception by increasing the regional moisture that is
transported northward through intensified storm tracks. As suggested by recent works for the
glacial inceptions after the MPT, dominated by 100 ky ice-volume variations (e.g. Sanchez
Gofii et al., 2013, 2016a; Cortina et al., 2015), this would have increased the accumulation of
snow necessary for the build-up of ice sheets at high-latitudes, which along with the decrease
in boreal summer insolation favoured the glaciations. This research underlines the importance
of the low-latitude forcing in the North Atlantic millennial-scale variability regardless of the

baseline climate states of the 100- and 41-ky worlds.
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Fig. 3. Spectral analysis (smoothed Lombe Scargle peridogram with 8 degrees of freedom)
(Schulz and Mudelsee, 2002) of the MIS 11 Mediterranean forest pollen percentages on the
LRO4-based chronology (unpublished data). Dashed lines represent the significance levels
(CL).
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Fig. 4. Schematic representation of the vegetation in the Iberian Peninsula, atmospheric and
surface ocean circulations (blue and red arrow, respectively) and latitudinal temperature
gradient (orange arrow) in the North Atlantic during a) MIS 11 and MIS 31 forest expansions
indicating a zonal configuration of the westerlies and increasing regional precipitation over
SW lIberia. b) MIS 11 and MIS 31 millennial-scale forest reductions associated to a land-sea
decoupling driven by low-latitude insolation forcing, which probably led to meridional tilts in
the westerlies and consequent drying in SW lberia. (after Desprat et al., in press)

2. Climatic forcings controlling the regional expression of the best orbital

analogues (MIS 11c and MIS 19c¢) for the current interglacial in SW Europe

The interest in MIS 11c and MIS 19c interglacials largely stems from their close orbital
analogy with the current interglacial owing to the similarly low values of the eccentricity of
Earth’s orbit, which led to low-amplitude precessional changes and subdued insolation
variations. In Chapter 4 (Oliveira et al., under review, Clim Dyn), the suitability of MIS 11c
and MIS 19c as analogues of the Holocene in SW Europe was evaluated and the contributions
of the primary forcings (insolation and CO>) to vegetation and climate changes were explored.
This was achieved by performing the first model-data intercomparison between the Holocene
and MIS 11c and MIS 19c in SW Iberia. Regional climate snapshot and transient experiments
using the LOVECLIM model focusing on the climate “optimum” and the entire interglacial
periods, respectively, were compared with new and published terrestrial-marine climate
profiles of MIS 1 (Chapter 4), MIS 11c (Chapter 2) and MIS 19c (Sanchez Gofii et al., 2016a)

from Site U1385. Proxy-based reconstructions included the high-resolution records of pollen-
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based vegetation and atmospheric changes directly compared with alkenone derived-SST
changes.

The pollen-based reconstructions show a large discrepancy in forest extent between the
forest optimum of MIS 1 and the ones of MIS 11c and MIS 19c, likely reflecting differences
in wintertime precipitation which are critical for the Mediterranean forest expansion, and in
turn depend on the direction and intensity of the westerlies. These findings demonstrate that
MIS 11c and MIS 19c cannot be considered as straightforward analogues for the Holocene
“optimum” when considering the vegetation and climatic variability in the SW Europe, south
of 40°N.

The results of snapshot simulations confirm a discrepancy in terms of forest expansion
at MIS 11c and the Holocene “optimum”, with lower and higher forest extent, respectively.
We find that these forest differences may be attributed to MIS 11c lower obliquity that
generated an amplified latitudinal insolation and thermal gradient between low and high-
latitudes during MIS 1lc “optimum”. This would have favoured the strengthening and
northward displacement of the westerlies that led to decreased large-scale winter precipitation
in SW Iberia at MIS 11c peak.

Both snapshot and transient simulations exhibit, however, insignificant differences in
the tree fraction at the peak of the Holocene and MIS 19c, which contrast with expectations
based on Site U1385 pollen records reconstructing a much higher forest cover for MIS 1. The
main cause of these large data-model mismatches is probably linked to the absence of ice
sheet forcing in the model, which fixed the ice sheets to their present values. We put forward
that MIS 19c larger Eurasian ice sheet development and its relatively higher ice volume
baseline conditions compared to the Holocene may have influenced the position and strength
of the mid-latitude North Atlantic storm track. This would have ultimately triggered the lower

winter precipitation and tree fraction at MIS 19c peak in the SW of Iberian Peninsula.

Based on the good agreement between the pollen-based and transient simulations with
time-varying insolation and CO: during the entire periods of the three interglacials, it was
demonstrated that the forest development over SW lberia is highly correlated with warm
summer temperatures and high precipitation during the winter season. In addition, our model-
data comparison reveals that these climate parameters in the studied region are primarily

driven by precession, with no noticeable relationship with CO..
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As far as the intra-interglacial instability in SW Iberia is concerned, this study not only
confirms previous hypotheses put forward in Chapter 2 and 3 but also provides additional
insights. In agreement with the pollen-based reconstructions at Site U1385, the transient
simulations of three interglacials reproduce persistent millennial-scale variability in the tree
fraction. Moreover, the model experiments confirm that these millennial-scale forest declines
are mainly caused by dry atmospheric episodes during winter. As previously hypothesized
(see above 1.2.2), the results of the transient simulations also testify that the orbital forcing is
sufficient to drive the intra-interglacial variability since ice sheet-climate interactions were
neglected in the model simulations. This model-data comparison strengthens, therefore, the
suggestion of a low-latitude origin in the observed cold land—-warm sea decouplings at

millennial timescales in the SW Iberia.

Besides this, it is impressive that the transient experiments are able to reproduce the
major forest declines marking the end of the three interglacial “optima” during low ice
volume conditions, such as observed during MIS 31 (see above 1.2.2). Because these forest
events appear more gradual in the model simulations, it must be acknowledged that the
interaction between long-term and millennial-scale climate variability should be further

investigated as it may act as an amplifier of the vegetation and climate response.

3. Main findings of the co-authored publications of relevance to the thesis

Sanchez Gofii et al. (2016b) and Eynaud et al. (2016) were published in the Global and

Planetary Change Virtual special issue on IODP Expedition 339: The Mediterranean outflow.

Sanchez Goifii et al. (2016b) present grain size and physical property data at three sites
from the Gulf of Cadiz (Sites U1388, U1389 and U1390) and compare results with pollen and
oxygen isotope data from Site U1385 for two contrasting intervals: MIS 31-30 and MIS 12—
11. This study shows that the interval from ~1.1-1.05 Ma (MIS 32-MIS 30) before the MPT
(MPT, ~0.9-0.65 Ma, Maslin and Ridgwell, 2005) was marked by wetter climate and weaker
bottom current than the interval from 0.47-0.39 Ma (MIS 12-MIS 11), after the MPT.
Increasing dryness on land during interglacial to glacial transitions and stronger regional

aridity during MIS 12 coincided with an increase in grain size interpreted to represent
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stronger Mediterranean Outflow Water (MOW), supporting a link between aridification in the

Mediterranean region and MOW intensity.

Eynaud et al. (2016) provide an important dataset of understudied dinoflagellate cyst
populations in cores from the Iberian Margin (Site U1385), Gulf of Cadiz and Alboran Sea.
This work compares dinoflagellate cysts from several of the past interglacials (MIS 1, 5, 11
and 19). Comparison between the dinocyst bio-indicator observations and other proxy-based
reconstructions from the same sequences are performed to evaluate the synchronicity of the
marine biota response, as well as the direct comparison between the marine biota and pollen-
based terrestrial ecosystem responses. The dinocyst populations were similar on both sides of
the Strait of Gibraltar indicating a persistent interchange of populations between the Atlantic

and Mediterranean even during sea-level low stands.

Desprat et al. (in press) is accepted for publication in Quaternaire. This study highlights
the interest of applying a direct land-sea comparison approach to understand the climatic
system. It focuses on the regional expression of the interglacials of the last 800 ky in SW
Europe, and it highlights their diversity in terms of duration as well as vegetation and climatic
variability, in particular in SW Iberia where changes in precipitation play an important role.
This work additionally allows discussing mechanisms involved in glacial inception during
orbital analogues of the current interglacial, i.e. MIS 11c (Oliveira et al. 2016) and MIS 19c
(Sanchez Gofii et al. 2016a).
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FUTURE RESEARCH AND RECOMMENDATIONS

The work presented in this thesis provides a number of new and important insights into
the interglacial vegetation and climate dynamics of the 41- and 100-ky worlds in a major
“climate change hot spot”, the Mediterranean region, and the processes triggering the entering
in glaciation. Yet, as often occurs in research, the long process that led to these insights has
triggered additional questions that remain to be elucidated. This section is focused on
questions that emerged through this PhD project and provides some recommendations for

future research.

The chronology of the proxy-based climatic records from Site U1385 is as accurate as
present tools allow. In addition, the main conclusions of this research were based on a direct
land-sea comparison approach, being therefore independent of the timescale chosen.
However, the studies of Site U1385, including the ones present here, would greatly benefit
from the improvement of the age models proposed by Hodell et al (2015), in particular
between Termination V and early MIS 11 when a condensed section/brief hiatus is suspected.
As an example, the LRO4-derived chronology could be easily refined by increasing the
temporal resolution (20 cm) of the benthic 5'®0 record of Site U1385. Similarly, the
improvement of the MIS 1 chronology could be achieved by increasing the number of AMS

radiocarbon dates.

Although the generated pollen data have proven their ability and efficiency in
reconstructing the regional vegetation and terrestrial climate, this thesis research could be
complemented in the future by performing quantitative climatic reconstructions based on the
pollen dataset using, for instance, the modern analogue technique (MAT). This method
considers the relative proportion of the different taxa in each pollen spectrum (Guiot, 1990)
and allows reconstructing climate parameters such as the annual, winter and summer
temperatures (TANN, MTCO, MTWA) and precipitation (Pann, Pwin, Psum). These
guantitative estimations will be particularly important to test if the climate models succeed in

reproducing the pollen-based quantitative climatic reconstructions.
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In addition, future work should focus on the integration of all datasets from Site U1385,

including the ones that are currently in progress:

- Microcharcoal analyses. Microcharcoal is a terrestrial proxy of fire activity at regional
scale (Daniau et al., 2007) that is being analyzed on the same sample set used in this thesis

and, therefore, can be used as a complementary indicator of summer and winter dryness.

- Site U1385 profiles of ice-rafted debris concentration and benthic &2C. The
integration of pollen data with these records will be particularly important to better
characterize Heinrich-type events and assess deep-water circulation changes as recorded by
the relative influence of NADW and Antarctic bottom water along the Iberian margin. This
would give further support to the hypotheses put forward in this thesis regarding the impacts

of high-latitude ice sheet dynamics on the changes in vegetation and climate in SW Europe.

- Dinocyst analysis and quantifications. Complementary sea-surface reconstructions will
be obtained from the analysis of this group of microfossils, which is one of the rare tracers
giving access to both seasonal SST and surface hydrological parameters such as sea surface

salinity and productivity.

The understanding of interglacial climate is strongly biased by the large body of
evidence of the middle-to late Pleistocene, therefore one of the most obvious
recommendations for future work is to extend this research into other interglacials of the 41-
ky world and the transition into the 100-ky world, the intriguing Middle Pleistocene
Transition. This would allow testing if the differences reported here between MIS 31 and MIS
11 are also observed when comparing other interglacials of the 41- and 100-ky worlds. In
particular, the investigation of interglacials displaying contrasting baseline climate states
(insolation/orbital parameters, ice sheet extent and GHG) or intensities (cool versus warm)
from both 41- and 100-ky worlds would improve and extend available knowledge on the
forcings controlling the character of vegetation and climate changes in SW Europe at orbital

and millennial timescales.

As the duration of MIS 31 warming is one of the essential pieces for understanding the
interglacials of the 41-ky world, this study should be extended to encompass the entire
interval between MIS 33 and MIS 31, recently suggested to be one unique 52-ky long

interglacial. This would provide valuable insights into the duration of interglacials within the
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MPT. Furthermore, it could increase the understanding about the boundary conditions and
mechanisms requested to produce exceptionally long interglacials, and the relationship

between the interglacial duration and intensity.

In the course of this PhD research it was recognized the need for other high-resolution
studies from strategically located regions. This would be particularly important to support and
develop the hypotheses put forward in this thesis involving the impact of latitudinal thermal
contrast on the dynamics of the temperate westerlies and NAO-type circulation, which in turn
play a major role on the atmospherically-driven vegetation changes. Thus, it would be crucial

to examine:

- Palaeoclimate data from key geographic locations in the low and northern latitudes of
the North Atlantic allowing to assess latitudinal temperate gradients influencing the SW
European hydrological changes. In particular, this may provide key information for better
understanding the intra-interglacial climate variability related to low-latitude variations in the

seasonal insolation cycle driven by the precession and its harmonics.

- High-resolution records allowing a direct land-sea comparison from other regions
sensitive to the temperate westerlies and related North Atlantic storm track such as the
western subtropical North Atlantic and higher latitudes than the SW European margin in both

the eastern and western North Atlantic.

Comparison of the millennial-scale changes detected in the aforementioned key regions
would shed more light into the relationship of SW European climate variability with high and
low-latitude forcing depending on the baseline climate states. In addition, it would allow a
better understanding of the processes behind the intra-interglacial variability and in particular
those controlling the interglacial climate optimum and hastening the glacial inception. This
will be, however, a challenging task due to chronological uncertainties, differences in time

resolution, biasing in spatial sampling, precise interpretation of the proxy, etc.

Finally, the integration of proxy-based reconstructions from Site U1385 with climate
models has greatly improved the knowledge regarding the forcings modulating the
interglacial intensity and the vegetation and climate changes at both long and short term in
SW Europe. The interaction with the palaeoclimate modelling community needs to be,

therefore, reinforced and future work in this context should (1) include dynamical ice sheets
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in the models accounting for changes in ice sheet topography and related albedo and
freshwater fluxes; and (2) focus on a model-data comparison during other Quaternary
interglacials and in particular on the poorly known interglacials of the 41-ky world and of the
MPT. Hopefully, this will lead to an improved understanding of the interaction of millennial-

and orbital-scale interglacial climate variability under different baseline climate states.
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Appendix A

Site U1385 detailed percentage pollen diagrams
spanning MIS 1, MIS 11 and MIS 31
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Appendix B

Co-authored publications of relevance to the thesis

Climate changes in south western lIberia and Mediterranean Outflow variations
during two contrasting cycles of the last 1 Myrs: MIS 31-MIS 30 and MIS 12-MIS 11.
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Dinoflagellate cyst population evolution throughout past interglacials: Key features
along the Iberian margin and insights from the new IODP Site U1385 (Exp 339).
Eynaud, F., Londeix, L., Penaud, A., Sanchez Goiii, M.F., Oliveira, D., Desprat, S., Turon,
J.-L. (2016). Global and Planetary Change 136, 52—64.

L’étude du pollen des séquences sédimentaires marines pour la compréhension du
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Grain size analysis and physical properties of Sites U1388, U1389 and U1390 collected in the Contourite Deposi-
tional System of the Gulf of Cadiz during the Integrated Ocean Drilling Program (IODP) Expedition 339 “Mediter-
ranean Outflow” reveal relative changes in bottom current strength, a tracer of the dynamics of the
Mediterranean Outflow Water (MOW), before and after the Middle Pleistocene Transition (MPT). The compari-
son of MOW behavior with climate changes identified by the pollen analysis and 5'®0 benthic foraminifera mea-
surements of Site U1385, the Shackleton Site, collected in the south western Iberian margin shows that the
interval MIS 31-MIS 30, ~1.1-1.05 million years ago (Ma), before the MPT, was marked by wetter climate and
South western Iberia weaker bottom current than the interval MIS 12-MIS 11 (0.47-0.39 Ma), after the MPT. Similarly, the increase
Grain-size in fine particles from these glacials to interglacials and in coarse fraction from interglacials to glacials was coeval
Pollen with forest and semi-desert expansions, respectively, indicating the lowering/enhancement of MOW strength

Keywords:
Mediterranean Outflow Water

Ve'getaﬁon during periods of regional increase/decrease of moisture. While these findings may not necessarily apply to all
Climate glacial/interglacial cycles, they nonetheless serve as excellent supporting examples of the hypothesis that
M:z ? ;Mg ? (]) aridification can serve as a good tracer for MOW intensity. The strongest regional aridity during MIS 12 coincides

with a remarkable increase of coarse grain size deposition and distribution that we interpret as a maximum in
MOW strength. This MOW intensification may have pre-conditioned the North Atlantic by increasing salinity,
thereby triggering the strong resumption of the Meridional Overturning Circulation that could contribute to
the great warmth that characterizes the MIS 11c¢ super-interglacial.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The warm and saline water plume formed by the Mediterranean
Outflow exiting the Strait of Gibraltar between 500 and 1400 mbsl is a
prominent feature that presently enhances the water density in the
North Atlantic, thereby affecting deep convection in the North Atlantic
that regulates the Meridional Overturning Circulation (MOC)
(Rogerson et al., 2006; Hernandez-Molina et al., 2014). Estimates from
coarse resolution climate models suggest that without Mediterranean
Outflow Water (MOW), the Atlantic Meridional Overturning Circulation
(AMOC) would be reduced by ~15% and North Atlantic sea surface tem-
peratures would fall by up to 1 °C (Rogerson et al., 2012; Ivanovic et al.,

* Corresponding author.
E-mail address: mf.sanchezgoni@epoc.u-bordeaux1.fr (M.F. Sanchez Gofii).

http://dx.doi.org/10.1016/j.gloplacha.2015.11.006
0921-8181/© 2015 Elsevier B.V. All rights reserved.

2013). Other model simulations show that the position of the North At-
lantic subtropical and subpolar gyres is very sensitive to MOW intensity
(cf. New et al., 2001). For example, an enhanced MOW induces an am-
plified current crossing the Atlantic from Florida to the Canary Current
leading to a more zonal position of the subtropical gyre and a weaken-
ing of the North Atlantic Drift that reaches the subpolar gyre and Nordic
Seas. In contrast, a strong decrease in MOW might slowdown this cur-
rent, thus changing the shape of the subtropical gyre and enhancing
the North Atlantic Drift. Variations in the strength of MOW can there-
fore affect not only the AMOC, but also the climate in general and, in
particular, that of Europe (e.g. Lohmann et al., 2009). Conversely, cli-
mate in high and low latitudes of the North Atlantic region, affects the
present-day Gibraltar water exchange (Rogerson et al., 2012). For ex-
ample, outbursts of cold dry air in winter from the European continent
induce surface water cooling and deep convection in the Mediterranean


http://crossmark.crossref.org/dialog/?doi=10.1016/j.gloplacha.2015.11.006&domain=pdf
http://dx.doi.org/10.1016/j.gloplacha.2015.11.006
mailto:mf.sanchezgoni@epoc.uordeaux1.fr
http://dx.doi.org/10.1016/j.gloplacha.2015.11.006
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Basin that contribute to the formation of MOW (Candela, 2001). Alter-
natively, reduced evaporation in the Mediterranean region and more
northerly and stronger African monsoon rainfall would reduce salinity
in the Mediterranean and, therefore, the Gibraltar exchange (Rogerson
etal, 2012).

Previous studies suggest strong relationships between changes in
MOW intensity and position, and the orbital and millennial scale vari-
ability of Greenland and the North Atlantic; e.g., D-O cycles and
Heinrich events (Rogerson et al., 2006, 2012; Voelker et al., 2006;
Llave et al., 2006; Toucanne et al., 2007). These studies show that re-
peated MOW increases occurred during decreases in air surface temper-
ature and precipitation in the western Mediterranean region and,
particularly during Heinrich events when AMOC decreased (Voelker
et al., 2006). However, few studies address the relationships between
MOW variability and regional climate during older periods beyond the
last climatic cycle (e.g. Llave et al., 2006; Voelker and Lebreiro, 2010),
partly because of the scarcity of paleoclimate records (e.g. Joannin
etal., 2011) of air surface temperature and precipitation changes during
those periods in the Mediterranean region.

During the Early to the Late Pleistocene including the Middle Pleisto-
cene Transition (MPT, ~0.9-0.65 Ma, Maslin and Ridgwell, 2005), when
the dominant cyclicity changed from 41,000 to 100,000 year-cycles, the
MOW became sequentially shallower suggesting the increase of the
density contrast between Atlantic and Mediterranean water (Rogerson
et al., 2012). It has been hypothesized that the shoaling of the MOW
and its intensification are indicators of ice volume increase and Mediter-
ranean aridity (e.g. Llave et al., 2006; Rogerson et al., 2012). The objec-
tive of this work is testing the second hypothesis using several high-
resolution sedimentary sequences and focusing on Marine Isotope
Stage (MIS) 31-MIS 30 (from 1.1 to 1.05 Ma) and MIS 12-MIS 11c
(from 0.47 to 0.39 Ma) collected during the IODP Expedition 339 “Med-
iterranean Outflow” in the southwestern Iberian margin and Gulf of
Cadiz. These intervals are ideally suited to test the aforementioned hy-
pothesis. The LR04 stack record suggests that the most recent interval

-11° -10°
38° e

36°

357

is characterized on average by larger ice sheets and more marked cold
glacial and warm interglacial periods than the MIS 31-MIS 30 interval
(Lisiecki and Raymo, 2005). Previous studies additionally show the re-
gional wet character of the cycle before the MPT (Joannin et al., 2011)
when compared with the cycles after 400 ka (e.g. Sanchez Goiii et al.,
1999; Roucoux et al., 2006). No data are available for MIS 12 and no in-
dicator of aridity, i.e. pollen percentage of semi-desert plants, has been
published for MIS 11 so far.

2. Present-day environmental context

Climate in the southern Iberian continental margin, including the
Gulf of Cadiz, is directly affected in winter by the North Atlantic west-
erlies, while a high pressure cell develops in the North Atlantic during
summer. This seasonality of climate is characterized by mild winters
(m: 5-1 °C; M: 13-8 °C) and hot and dry summers (Pann < 600 mm)
(Peinado Lorca and Martinez-Parras, 1987), and lead to the develop-
ment of a Mediterranean vegetation in the adjacent landmasses domi-
nated by deciduous oak at middle elevation, and evergreen oak, olive
tree, Pistacia, Phillyrea and rockroses (Cistus) at lower elevations
(Blanco Castro et al., 1997). Experimental studies on the pollen repre-
sentation of western Iberian vegetation in the sediments of its margin
(Naughton et al., 2007) show that marine pollen assemblages give an
accurate and integrated image of the regional vegetation occupying
the adjacent continent. Present-day Mediterranean and Atlantic forest
communities of Iberia are well discriminated by south and north marine
pollen spectra, respectively (Naughton et al., 2007).

The dynamics of the North Atlantic subtropical gyre dominate the
oceanic surface currents on the southern Iberian margin (Stramma
and Siedler, 1988). The waters are under the influence of the Portuguese
Current, the southern branch of the North Atlantic Current a part of the
eastern North Atlantic subtropical gyre (Péliz et al., 2005). The interme-
diate layers are directly affected by the MOW that causes the formation
of contourite deposits along the middle slope (e.g. Llave et al., 2007).

Fig. 1. Location of the cores on the CDS (Contourite Depositional System of the Gulf of Cadiz) (orange area), and circulation of the main water masses. Black arrows: NASW (North Atlantic
Surficial Water); white arrows: MOW (Mediterranean Outflow intermediate Water); gray arrow: NADW (North Atlantic deep Water).
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Below the MOW, Northeast Atlantic Deep Water (NADW) and Lower
Deep Water are found (Baringer and Price, 1999). Seasonal coastal up-
welling occurs in summer due to the northerly winds (Fitza et al.,
1982).

3. Material and methods

The evolution of the Mediterranean climate will be documented by
the pollen-derived vegetation study of Site U1385, the so-called “Shack-
leton Site”, while the study of contourite deposition in Sites U1388,
U1389 and U1390 will provide information on MOW variability. Sites
U1388, U1389 and U1390, obtained during the IODP Expedition 339,
are located in the proximal and middle sectors of the Gulf of Cadiz
Contourite Depositional System (CDS) under the influence of the
Lower core of the MOW (Fig. 1). Site U1388 is located about 50 km
southwest of the Spanish city of Cadiz (36°16.142 N; 6°47.647 W), in a
water depth of 663 mbsl. This site lies within the extensive Cadiz
sandy-sheeted drift, which is the proximal part of the larger Cadiz CDS
(Hernandez-Molina et al., 2003; Llave et al., 2007), and is the closest
site to the Strait of Gibraltar gateway drilled during Expedition 339.
Site U1389 is placed ~90 km west of the Spanish city of Cadiz
(36°25.515 N; 7°16.683 W), in a water depth of 644 mbsl. Site U1390
is situated ~130 km west of the Spanish city of Cadiz (36°19.110 N;
7°43.078 W) in a water depth of 992 mbsl. These last two sites are
drilled in the “channels and ridges” sector of the Cadiz CDS, on the
Huelva sheeted/patch drift and Guadalquivir drift, respectively.

Site U1385 (37°34.285’ N, 10°7.562’ W), also collected during the
IODP Expedition 339, is located on a spur, the Promontorio dos
Principes de Avis, along the continental slope of the southwestern Ibe-
rian margin, under pelagic/hemipelagic sedimentation and not affected
by turbidite processes (Hodell et al., 2013). This site is at a water depth
of 2578 mbsl, under the influence of Northeast Atlantic Deep Water at
present time, although it was influenced by southern sourced waters
during glacial periods (Martrat et al., 2007).

3.1. Chronology

The age models for Sites U1388, U1389 and U1390 are in progress.
Age control points presented in Stow et al. (2013) allowed the correla-
tion of these sites to the LRO4 isotopic chronology (Lisiecki and Raymo,
2005). A synthesis of the control points used for each site is presented in
Table 1. Stratigraphic correlation between the different holes and sites
are based on physical and downhole logging data, mainly gamma-ray
(Lofi et al,, in review). The stratigraphy of Site U1385 was built upon a
combination of chemo-stratigraphic proxies (Hodell et al., 2015, this
issue). Ca/Ti was measured in all holes by core scanning XRF and was
used to construct a complete composite section. Oxygen isotopes of
benthic foraminifera were correlated to the marine 6'80 stack of LR04
to provide the age model used in this paper. Additional 680

Table 1
Biostratigraphical datums used to build the age model of cores U1388, U1389 and U1390.

measurements were made of benthic foraminifera to refine the age
model over the MIS 12/11 transition.

3.2. Grain-size analysis

A textural study of grain-size distribution parameters has been car-
ried out at Sites U1388, U1389 and U1390. Bulk sediment subsamples
in silts and sands were taken for grain-size measurements using a
Malvern MasterSizer S (0.05 to 878.67 um) at the University of Bor-
deaux. Grain-size statistical parameters (mean, sorting, skewness and
kurtosis) have been calculated with GRADISTAT program, using the
Folk and Ward (1957) method of geometric (modified) graphical mea-
sures (Blott and Pye, 2001). GRADISTAT software provides descriptors
as primary, secondary and tertiary modes, the median, and a measure
of distribution spread, such as D90-D10, which frequently prove to be
more reliable than the standard size statistics, especially when sedi-
ments are clearly multimodal. Because D90 oscillations obtained by
Malvern MasterSizer are more significant while showing congruent
fluctuations with mean > 63 pm, we use this grain-size parameter
throughout this study to be compared with the other textural attributes
as well as with physical properties: Gamma ray attenuation (GRA) den-
sity, Magnetic Susceptibility (MS), Natural gamma radiation (NGR) and
color reflectance (L*, a*), obtained during the Expedition 339 (Stow
et al., 2013) and with seismic profiles database (Hernandez-Molina
et al., 2015). This correlation was performed in more detail only
in Site U1389. For the other sites, recovery at Site U1388 was generally
poor, and the studied intervals (MIS 12-MIS 11 and MIS 31-MIS 30) at
Site U1390 coincides with a short hiatus described by Stow et al.
(2013)..

3.3. Pollen analysis

Sediment subsamples of 1-cm thickness and 1.5-4.5 cm3 volume
were prepared for pollen analysis using the standard protocol for ma-
rine  samples,  http://www.ephe-paleoclimat.com/Files/Other/
Pollen%20extraction%20protocol.pdf, employing coarse-sieving at
150 pm, successive treatments with cold HCl, cold HF at increasing
strength and micro-sieving (10 um mesh). Known quantities of Lycopo-
dium spores in tablet form were added to permit the calculation of pol-
len concentrations. Slides were prepared using a mobile mounting
medium to permit rotation of the grains and counted using a Nikon
light microscope at 500 x and 1000 x magnifications for routine and
identification of pollen and spores, respectively. Pollen counts reached
a minimum main sum of 100 terrestrial pollen grains excluding Pinus,
aquatics and spores and between 20 and 32 taxa excluding four samples
from MIS 12 with 19 (3 samples) and 17 (1 sample) taxa. The total sum
that includes all terrestrial and aquatic pollen and spores oscillates be-
tween 140 and 936 grains per sample. Pollen percentages for terrestrial
taxa were calculated against the main sum of terrestrial grains, while

. FO: first occurrence and LO: last occurrence.

Biostratigraphic event Age (Ma) Depth (mbsf)

U1388B U1389A U1389C U1389E U1390A

Top Bottom Top Bottom  Top Bottom Top Bottom Top Bottom
FO Emiliana huxley 0.26 4747 56.14 91.96 93.37 11164 12226 189.5 190.5
LO Pseudoemiliania lacunosa 0.46 162.82 178.02 208.73  210.56 21152 221.12 228.65  228.73
LO Gephyrocapsa omega 0.57 228.65 228.73
Stilostomella extinction 0.58-0.7 284.61 293.68
LO Reticulofenestra asanoi 0.9 322.63 33255 326.9 327.44
FO R. asanoi 1.07 360.65  362.15
Top Paracme Neogloboquadrina pachyderma (s) 1.21 284.61 293.68
LO G. spp. 1.24 37766  387.99
LO Helicosphaera sellii 1.24
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percentages for Pinus were calculated against the main sum plus Pinus.
Aquatics and spores percentages are based on the total sum.

4. Results

The time intervals studied, MIS 12-MIS 11 and MIS 31-MIS 30, are
represented by sediments included in Subunit IA and in the top of Sub-
unit IB as described by Stow et al. (2013), respectively. Site U1389 pro-
vides the highest resolution record for MIS 12 and MIS 11 owing to the
poor recovery at Site U1388, and the short hiatus (0.3-0.6 Ma) de-
scribed at Site U1390 (Stow et al., 2013). In the case of MIS 31 and
MIS 30, the best site for lithologic and physical properties correlation
is Site U1389 as well. Site U1388 is younger than 0.6-0.7 Ma, and
there is a second hiatus (0.65-1.2 Ma) at Site U1390 (Stow et al.,
2013). However, the correlation of all sites with seismic profiles pro-
vides some evidence of the sedimentary evolution during these climatic
stages. Site U1385 covers without interruption the last 1.5 Ma but a very
low sedimentation rate or a short hiatus is identified during the MIS 12/
11 transition (Hodell et al., 2015, this issue).

4.1. Sedimentological changes during MIS 12 and MIS 11

The lithological records differ for sites located along a transect ex-
tending from more proximal to distal locations from the Gibraltar Strait.
At Site U1388 a coarsening upward (D90 around 350 um-medium
sands) occurs during MIS 12 (between 170 and 160 mbsf), and fining
upward (D90 around 50 pm-very coarse silt) during MIS 11 (around
150 mbsf) (Fig. 2). There is a unimodal shape in sand fraction during
MIS 12 and bimodal shape during MIS 11, reflecting the mixing of a sub-
ordinate sandy coarse silt and a dominant silt population. This is caused
by an increasing percentage of sand fraction during MIS 12, and of silt
fraction during MIS 11. The binary plots show that coarse grains depos-
ited during MIS 12 are characterized by lower sorting values (very
poorly sorted); negative skewness; and greater variations in kurtosis
between leptokurtic and platykurtic. The finest grains are deposited
during MIS 11 and show positive skewness and better sorting than
MIS12, and leptokurtic kurtosis (Fig. 2). The physical properties show
a correspondence between higher magnetic susceptibility and density
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of sandier layers within the more mud-prone sections, but negatively
correlated with NGR (Fig. 2).

At Site U1389, MIS 12 is identified between 235 and 205 mbsf and
MIS 11 between 205 and 195 mbsf (Fig. 3). The grain size characteristics
of the silt/sand fractions of the intervals MIS 12 and MIS 11 were exam-
ined in detail to investigate any changes in sedimentology through the
period of contourite deposition. Overall, clear differences can be seen
between sediments deposited during MIS 12 and MIS 11 in terms of
sorting, kurtosis and skewness. The D90 grain size is remarkably con-
stant at around 40 um for the majority of samples in MIS 11, and more
variable but coarser in MIS 12 (80-180 pm-very fine to fine sand) gen-
erally showing poorly sorted and negative skewness (Fig. 3). In general,
the distribution of the grain size is bimodal during both isotopic inter-
vals, with the very fine sand mode being dominant during MIS 12, and
the fine silt fraction during MIS 11. Variations of D90 are positively cor-
related with sorting and variability, and inversely correlated with skew-
ness and kurtosis. The beds of coarser grain size correspond to higher
GRA-density, magnetic susceptibility and a* values than for the other-
wise muddy sediment. A remarkable change is observed in the physical
properties in the depth interval occurs at the MIS 12/11 transition: The
lower part 250-220 mbsfis characterized by relatively high and variable
magnetic susceptibilities and GRA-densities as well as widely fluctuat-
ing a* values. A distinct second interval can be discerned from 220 to
>195 mbsf, which displays high NGR values, low a* (i.e. more greenish
colors) as well as magnetic susceptibilities and GRA densities with sim-
ilar fluctuations as above but a considerably reduced scatter of the data.
A plot of sorting against skewness of the sand/silt fractions shows a sim-
ple correlation between the two parameters, with more positive skew-
ness corresponding to better sorting (Fig. 3). The binary plots show fine
grains, symmetric or positive skewed and poorly sorted, with a domi-
nant mesokurtic modal distribution during MIS 11, and coarser grained
and worse sorted during MIS 12, dominantly fine skewed and
platykurtic distribution.

Finally at Site U1390, there are some changes related to the hiatus
associated to the MIS 12-MIS 11: from gentle coarsening to a general
fining upward; from very poorly to poorly sorted; from fine to symmet-
ric skewed; from platykurtic to more constant mesokurtic (Fig. 4). This
coarser layer just after the hiatus shows a bimodal distribution, with a
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Fig. 2. Grain size parameters and physical properties distribution at Site U1388 compared with the LR04 isotopic chronology (Lisiecki and Raymo, 2005).
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main mode at ~100 pum (fine sand) and a subordinate mode at 4 pm
(fine silt). As observed in the other studied sites, physical properties
data show a positive correlation of magnetic susceptibility and bulk
density correlating with the D90 grain size, and a negative correlation
with NGR values.

4.2. Sedimentological changes during MIS 31 and MIS 30

This interval was partially recovered between 365 and 355 mbsf at
Site U1389 (Fig. 5). Although the clay size fraction is more abundant
(47%) than the sand size fraction (20%) in this unit (unit IB) than in
the unit where MIS 12-MIS 11 occurred, unit IA, the silt abundance re-
mains similar. Additionally at 363 mbsf, where the transition of MIS 31
to MIS 30 is supposed to be developed, a change occurs from fine silt
unimodal distribution to a bimodal distribution with a dominant
mode at ~300 pm (medium sand). The same pattern as at the aforemen-
tioned sites is observed in physical properties data, showing a positive
correlation between magnetic susceptibility and bulk density correlat-
ing with the D90 grain size, and negative correlation with NGR values.
In the binary plots, mesokurtic, symmetrical skewed and poorly sorted
is observed in silty fractions during warm intervals, and very poorly
sorted, varied skewed and distributed in sandy fraction during cold in-
tervals, especially during MIS 30 (Fig. 5).

The integration of the studied sites with the geophysical database,
have also allowed correlation of these lithological units with the major
seismic units. The increase in the amplitude of the reflections during
MIS 12 and MIS 30, related to coarsening in the grain size fraction, is
higher during MIS 12 than MIS 30 and correlated with one of the main
discontinuities identified during the Quaternary (Hernandez-Molina
et al.,, 2002; Llave et al., 2007; Marches et al., 2010). No direct data
from sites U1388, 1389 and 1390 exist for MIS 31. However, MIS 31 is
found in the unit IB which is a clearly distinct lithological subunit from
that encompassing MIS 11, unit IA. Unit IB (320-410 mbsf) is largely
dominated by calcareous mud (80%) associated with a minor

u1389 B _

-0.4

contribution of silty and sandy muds (13% including biogenic carbon-
ate) and 7% of silty sand with biogenic carbonate. In contrast, unit IA
(<320 mbsf) is characterized by calcareous mud (60%), silty mud with
biogenic carbonate (25%) being the next main lithology; sandy mud
with biogenic carbonate (9%), and silty sand with biogenic carbonate
making minor contributions to the overall lithology.

4.3. Pollen-based climate changes during MIS 12 and MIS 11

Fig. 6 shows the low resolution pollen and §'80 benthic foraminifera
(8'80,,) records from Site U1385 along with the LR04 oxygen isotopic
stack and insolation and precession changes. The comparison of the
580y, record from Site U1385 (Hodell et al., 2013) with the LR04 stack
clearly identifies MIS 12 and MIS 11 with maximum and minimum
values by ~4.5 and 2.7%., respectively (Fig. 6, panel a). These values
are however lighter than those observed in the LR04 stack because
U1385 values are uncorrected to equilibrium values. MIS 12 is charac-
terized by very high percentages of semi-desert vegetation (30-60%),
similar to those observed in the western Mediterranean region from
cores MD95-2043 and MDO01-2444 during MIS2, MIS4 and MIS6.4
when ice volume was great (Fletcher et al., 2010; Margari et al.,, 2014).
This vegetation indicates extremely dry cold winters and, by analogy
with the last glacial period (Moreno et al., 2005), a windy climate. In
contrast, during interglacial MIS 11, the first high sea level stand of
MIS 11, arapid increase in the Mediterranean forest, up to 45% of pollen
percentages, suggests an increase in winter precipitation and warmer
temperatures as already revealed by the nearby site MD01-2443
(Tzedakis et al., 2009). However, the low pollen representation of the
Mediterranean taxa s.s. (evergreen Quercus, Olea, Pistacia, Phillyrea,
Olea and Cistus), with less than 10%, may indicate a period of muted sea-
sonality contrasting with warmer interglacials in southern Iberia such
as the Eemian (~MIS5e) marked by an average of 20% of Mediterranean
plants (Sanchez Goiii et al., 1999). This muted seasonality in the Medi-
terranean region would be in line with the low eccentricity and,
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Fig. 5. Grain size parameters and physical properties distribution at Site U1389 B correlated with the LR04 isotopic chronology (Lisiecki and Raymo, 2005).
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therefore muted precession (less seasonal contrast), that characterized
MIS 11c in contrast to MIS5e. An alternative hypothesis is that the
warmest phase of MIS 11c (Desprat et al., 2005) is not represented at
Site U1385 owing to the very low sedimentation rates observed during
Termination V and early MIS 11c indicating a condensed section or brief
hiatus between 430 and 410 ka (Hodell et al., 2015, this issue)..

4.4. Pollen-based climate changes during MIS 31 and MIS 30

The 6'80,, anomalies between MIS 31 and MIS 30 are weaker than
those observed between MIS 12 and MIS 11 because of the relatively
weak glacial state (low oxygen isotopic values) during MIS 30, at ~4.2
and 3.7%. in the LR0O4 and U1385 records, respectively (Fig. 6, panel
b). Vegetation during MIS 31 was marked by high percentages of forest
but low percentages and weak diversity of Mediterranean taxa s.s., and
the occurrence of various temperate trees such as deciduous Quercus,
Castanea, Corylus and Carpinus betulus-type that cannot survive summer
drought and develops with relatively high/low mean winter/summer
temperatures, above 0 °C and between 15 and 18 °C, respectively (Fig.
7) (Polunin and Walters, 1985; Blanco Castro et al., 1997;
Gallardo-Lancho, 2001; Tallantire, 2002). The composition of this forest
indicates a warm-cool and wet summer climate with low seasonality.
This climate likely implies less evaporation and lower salinity in the
Mediterranean Sea than during the younger interglacial MIS 11c
marked by a more Mediterranean character (higher diversity of Medi-
terranean taxa and virtual absence of intolerant-summer drought
trees, Fig. 7). The average lower percentages of the fern spore Isoetes
during MIS 31 than during MIS 11c¢ would also indicate a relatively sea-
sonally wetter climate as the optimal development of Isoetes requires

periods of flooding alternating with desiccation (Salvo Tierra, 1990).
The low amount of heathlands in comparison with that observed during
MIS 11c is difficult to explain as the optimal development of European
heathlands requires similar climatic conditions as the aforementioned
temperate trees (Webb, 1998). MIS 30 is marked by the relatively
high forest pollen percentages, at around 20%, when compared with
those of MIS 12 indicating a warmer and wetter glacial climate.
Pollen-based quantitative climatic reconstructions for MIS 31 in the
western Mediterranean region from ODP Site 976 (Alboran Sea) con-
firm the low seasonality in temperature and precipitation with rela-
tively high/low mean temperature of the coldest/warmest month
(MTCO/MTWA) at around 0 °C and 15 °C, respectively, with relatively
high summer, ~150 mm, and annual precipitation, 800-1000 mm
(Joannin et al., 2011). For MIS 30, these reconstructions revealed a de-
crease in MTCO, by about 5 °C, and in annual precipitations, by about
500 mm, though MTWA increase resulted in warmer annual tempera-
tures than those prevailing during MIS 31 (Joannin et al., 2011).

5. Discussion
5.1. Grain size and MOW variations

The standard deviation and mean of the coarse fraction are directly
correlated throughout our data set. A decrease in the degree of sorting
is apparently coupled with higher mean grain-size values. The skewness
is, with a few exceptions, negative especially in coarse grain size. This
means that almost all samples analyzed have excess coarse particles
with respect to a log normal Gaussian distribution. In general, there is
a positive correlation between the skewness values and the kurtosis
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Fig. 7. Pollen diagram with selected taxa of the peak forest interval during MIS 31 and MIS 11c interglacials. Green curves: Eurosiberian tree taxa; red curves: Mediterranean taxa s.s. Semi-

desert includes Artemisia, Chenopodiaceae and Ephedra.

values. Fluctuations within the kurtosis values (measure of the peakness
of a distribution) indicate highly variable depositional processes
(Friedman, 1967). A lithological difference is also observed between
the two intervals, before and after the MPT. MIS 31-MIS 30 interval is
on average richer in clay fraction than MIS 12-MIS 11 (Fig. 8) indicating
weaker bottom currents before the MPT.

These grain-size records of the silt and sand fractions at Sites U1388,
U1389 and U1390 are used to reconstruct variations in the history of the
MOW strength, especially during the transition between MIS 31-MIS 30
and MIS 12-MIS 11. Although a direct link between bottom current
strength and nature of the contourite facies, especially grain size, have
been proposed (Ellwood and Ledbetter, 1977; Stow et al., 1986, 2009),
it remains difficult to determine whether a change in the mean grain-

size is the product of variations in mean speed, in the frequency and/
or the amplitude of current velocity, or the result of increase sediment
supply by rivers and downslope transport (Mulder et al., 2013). Several
attempts have been made to provide grain size parameters that respond
to changes in bottom current strength (e.g. Robinson and McCave, 1994;
McCave et al., 1995;Bianchi and McCave, 1999; Bianchi et al., 2001). Ac-
cording to McCave et al. (1995) increasing current velocities transport
increasingly larger grain sizes. Much of the sediment is dominantly bi-
modal, comprising fine silt (mode between 8 and 15 pm), coarse silt
to fine sand (mode between 39 and 73 um), and medium sand
(mode > 100 pm) components. The position of the mode and the sorting
of each component changes through the succession, but the primary
variation is the presence or abundance of the coarse silt fraction. This
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Fig. 8. Panel a) Mean percentages of clay, silt and sand for the MIS 11 interval from Site U1389 Hole A (16 samples, 195-205 mbsf), MIS 12 interval from site U1389 Hole A (56 samples,
205-235 mbsf), and MIS 30 interval from U1389 Hole B (9 samples, 358-363 mbsf). Grain-size percentages for the MIS 31 are not available because this interval corresponds to a major
discontinuity. The percentages shown are an average of the percentages from Unit IB. Panel b) Mean percentages of clay, silt and sand for the MIS 11 (9 samples, 96.35-101.49 mbsf), MIS
12 (9 samples, 102.49-111.55 mbsf), MIS 30 (21 samples, 239.08-246.41 mbsf) and MIS 31 (41 samples, 246.86-257.82 mbsf) from site U1387. Site U1389 and Site U1387 are in the Lower
and Upper branch of the MOW, respectively. Panel c) Mean pollen percentages of forest, Mediterranean taxa, heathlands, ubiquists and semi-desert plants for the MIS 11c plateau (5 sam-
ples, 55.70-55.63 crmcd), MIS 12 (5 samples, 56.01-56.28 crmcd), MIS 30 (3 samples, 120.08-120.84 crmcd) and MIS 31 (3 samples, 122.39-122.87 crmcd) from site U1385. d) Percent-

ages of sand and silt plotted against the semi-desert pollen percentages..

component is the key variable controlling the overall mean grain size
and sorting of the entire sample. This typical bimodal distribution of
the grain size reflects the mixing of subordinate fine silt and a dominant
sandy silt/silty sand population. This bimodal distribution in the terrig-
enous silt fraction was already underscored by Robinson and McCave
(1994); Bianchi et al. (2001) and more recently by Mulder et al., 2013.

The observed changes in the studied silt/sand fractions are most
likely related to the MOW variability, decreasing from the proximal
(U1388) to the distal (U1389) sites, and increasing from MIS 30 to
MIS 12. A general up-core increase in the abundance of fine silt to fine
sand sizes during the Quaternary and from the distal to proximal sites
to the Strait of Gibraltar, is interpreted as an increase in the average
MOW velocity. Several authors (Llave et al., 2006; Voelker et al., 2006;
Toucanne et al.,, 2007; Rogerson et al., 2010) inferred changes in MOW
intensity paced by millennial scale climate changes from grain-size fluc-
tuations. A higher MOW velocity prevailed during Greenland stadials,
Heinrich events and the Younger Dryas whereas a lower MOW velocity
was inferred for Greenland interstadials, Belling-Allered and Early Holo-
cene. Cold climatic intervals, favorable to deep-sea water formation in
Mediterranean Sea, increased the salinity of the Mediterranean Sea
and thus the density and the downslope velocity of the MOW
(Schonfeld and Zahn, 2000), thus intermittently increased the MOW in-
tensity during the last 50 kyr.

5.2. MOW variation versus Mediterranean aridity: testing the hypothesis

During MIS 31-MIS 30 prior to the MPT, we have identified weaker
bottom currents than those of the post-MPT interval, MIS 12-MIS 11, at
the time of a regional wetter climate and less global ice volume. At gla-
cial-interglacial scale, deep water currents during MIS 31 and MIS 11 in-
terglacials were less intense than those of MIS 30 and MIS 12 glacials,
respectively. Both interglacials are considered to be “super interglacials”
because they are characterized by extremely warm conditions in the
Arctic region (summer temperatures 3 to 5 °C above present interglacial
values) (Masson-Delmotte et al., 2006; Melles et al., 2012; Cronin et al.,

2013 for MIS 11). Additionally, during MIS 31 the dynamics of the East
Antarctic ice sheet were dominated by ablation processes (Maiorano
et al., 2009). MIS 11c¢ was one of the warmest interglacials in
Antarctica (Masson-Delmotte et al., 2010) when boreal coniferous for-
est developed in southern Greenland indicating a nearly ice-free Green-
land (De Vernal and Hillaire-Marcel, 2008), supported by isotopic
studies of Eirik Drift sediments and numerical models (Reyes et al.,
2014). In the western Mediterranean region, MIS 31 and MIS 11c inter-
glacials are thus characterized by lower bottom current strength at pe-
riods were regional climate was generally wet and the low evaporation
and low salinity likely reduced deep convection in the Mediterranean
basin and, therefore, MOW strength. The 6'80geawater-based relative
sea level change record suggests that at the time of MIS 31 ice caps
were more developed than during MIS 11c (Elderfield et al., 2012).
The climatic difference between the two interglacials is reflected re-
gionally in the grain-size and pollen records (Fig. 8a, b, d). MIS 31 is
marked by larger clay fraction than MIS 11, weaker bottom water cur-
rents, and a wetter climate reflected by a forest less Mediterranean in
character also indicating lower temperatures, at least in summer, and
less evaporation. With larger ice-sheets more zonal westerlies could
be deflected towards the Mediterranean region bringing more moisture
during MIS 31 than during MIS 11c and weakening the MOW.

By contrast, larger mean grain sizes during MIS 30 and MIS 12, indi-
cate enhanced circulation during glacials when regional climate was
marked by dry and cold winter outbursts that enhanced MOW (Fig.
83, b, d). The remarkable increase in grain size observed during MIS
12 at Site U1390, being the most distal site of the studied sites and
where a decreasing influence of the MOW is expected, can be coeval
to sediment supply by gravity processes related to neotectonic events
(Llave et al., 2007; Hernandez-Molina et al., 2015). The increase and
larger distribution of the coarse fraction can be also the result of the par-
ticularly strong glacial climate during MIS12. The LR04 benthic oxygen
isotope record and the 8'®0sewater record show very high ice volume
for MIS 12 in comparison with that characterizing MIS 30 (Lisiecki and
Raymo, 2005; Elderfield et al., 2012). Actually, MIS 12 was one of the
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most extensive glaciations with widespread lowland ice-sheets in the
northern hemisphere (Ehlers et al., 2011), onset of perennial sea ice in
the Arctic (Cronin et al., 2013) and long-lasting and very severe
Heinrich stadial in the North Atlantic Ocean (Vazquez Riveiros et al.,
2013) associated with one of the lowest temperature values in
Antarctica (Masson-Delmotte et al., 2006). In the southwestern Iberian
margin a clear mean grain size maxima during the MIS 12 coincides
with warmer bottom water temperature, by at around 5.1 °C, than the
modern one when the MOW replaced northeast Atlantic deep water
(Voelker and Lebreiro, 2010). Our pollen study additionally shows
that strong arid conditions prevailed in the western Mediterranean re-
gion during MIS 12. The high coarse fraction and its large distribution
suggest an enhanced MOW-related salt accumulation during MIS 12.
This salty water would be exported to the North Atlantic, perhaps trig-
gering the large resumption of the MOC that lead to the strong global
warmth of MIS 11c¢ (Lang and Wolff, 2011), one of the strongest of the
last 800,000 years. The magnitude of this warmth is difficult to explain
by orbital parameters alone as it occurred during a time of reduced ec-
centricity modulation (Imbrie and Imbrie, 1980; Vazquez Riveiros
et al., 2013).

The present study allows interpreting coarse grain-size variations as
relative bottom current intensity changes, rather than permitting abso-
lute estimates of current speed. The hydrographic and depositional
background in the study area, however, is complex because of the vari-
ous flow and transport regimes of deep water masses and surface cur-
rents (Rogerson et al., 2012): (1) changes in mean grain size could
reflect different sources of sediment supply associated with the distinct
flow regimes of MOW and NADW; (2) climatically induced changes in
the rivers sediment discharge may disturb or overprint the normal ma-
rine bottom current signal; and (3) additional variability of sediment
supply may be encountered via the erosion of MOW before and after
the Gibraltar Strait. Moreover, the paleoceanographic significance of
sandy contourites indicating periods of enhance bottom currents has
not been widely investigated. This lack of studies is mainly because
sandy contourites that often occur in thin sheets with low deposition
rates are intensively bioturbated, and are usually believed to contain
material reworked from older deposits (Rebesco et al., 2014).

It is still unclear how much of the overall variation in grain size and
sorting is caused by changes in the relative contribution of hemipelagic,
turbidite sedimentation or by variations in bottom current strength and
in situ hydrodynamic sorting. However, the variations through time of
the regional climate identified from the pollen record and particularly
the degree of aridity parallel the variations of the sand-silt percentages.
We observe that the driest conditions of MIS 12 coincide with the
highest proportion of coarse sediments and the wettest climate of MIS
31 is associated with the finer material. Before the MPT the relatively
wet MIS 31 and MIS 30 periods are marked by finer sediments than
the MI 12-MIS 11 interval after the MPT. If we interpret grain size and
sorting variations as the result of changes in bottom current strength
from changes in the MOW, our study supports that the intensification
of the MOW is a tracer of Mediterranean aridification.

The comparison with the grain-size fraction of the cores located in
the upper core of the MOW, U1386 and U1387, shows that the deposi-
tion of clay particles dominated during MIS 30 and MIS 12 glacial pe-
riods (Fig. 8c), and that the coarse fraction was predominant during
the interglacials MIS 31 and MIS 11 (Lofi et al., in review). This apparent
contradiction is well explained by the fact that the lower core of the
MOW is more intense during glacial periods whereas the upper core
of the MOW prevails during warm periods.

6. Conclusions

Variations of grain size, sorting and physical properties of the sedi-
mentary sequences from Sites U1388, U1389 and U1390 retrieved dur-
ing IODP Expedition 339, “Mediterranean Outflow”, in the Gulf of Cadiz
have been interpreted as relative changes of the bottom current

variation during two contrasting periods before and after the MPT,
MIS 31-MIS 30 and MIS 12-MIS 11. This reconstruction has been com-
pared with the pollen-derived regional climate changes identified
from Site U1385 also collected during the same expedition in the south-
western margin of Iberia. We recognize that the interpretation of the
coarse grain-size variations is not always straightforward in the hydro-
logically and sedimentologically complex area of the Gulf of Cadiz. How-
ever, our work shows for the first time that the MIS 31-MIS 30 interval,
and particularly MIS 31, was marked in the south western Iberian region
by wetter conditions and lower seasonality than the interval MIS 12-
MIS 11c. The MIS 31-MIS 30 interval was associated with less propor-
tion of sand-silt fraction when MOW was weaker. At glacial-
interglacial time scale, we identified finer particles during interglacials
reflecting a weakening of the MOW associated with a wetting climate.
Conversely, higher Mediterranean aridity during glacial periods coin-
cided with stronger bottom water current when more evaporation
leads to the increase in the density of the Mediterranean Sea and
MOW intensity. Our work clearly shows that MIS 12 was one of the dri-
est and coldest periods of the Pleistocene in the western Mediterranean
region and that coincided with enhanced bottom currents with a clear
impact in the distal sites. This finding suggests that climate played a
substantial role in the deposition of the coarse grain-size fraction
found in the distal part of the Cadiz CDS. The strong export of salt during
MIS 12 likely entrained North Atlantic freshwater into the Mediterra-
nean Sea and triggered a large resumption of the MOC that lead to one
of the global warmest interglacial of the last 800,000 years, i.e. MIS
11c, that it is difficult to explain by orbital parameters alone. Future
work integrating other proxies and a more detail age control will be es-
sential for a higher resolution sedimentary analysis of sandy contourites
to better compare with the regional climate and infer MOW
paleocirculation.
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10DP 339 Site U1385 (“Shackleton site”, e.g. Hodell et al., 2013a), from the SW Iberian margin, offers the oppor-
tunity to study marine microfossil population dynamics by comparing several past interglacials and to test nat-
ural shifts of species that occurred across these warm periods, in a subtropical context. Here, more specifically,
we present results obtained for the dinoflagellate cyst (dinocyst) population integrated at a regional scale thanks
to the addition of data from proximal sites from southern Iberian margin. When possible, observations made
using the dinocyst bio-indicator are compared to additional proxies from the same records in order to test the

Keywords: . . . . . .
Dinocysts synchronicity of the marine biota response. Pollen data available for some of the compiled marine sequences
Interglacials also offer the opportunity to directly compare marine biota with terrestrial ecosystem responses. This spatio-

temporal compilation reveals that, over the last 800 ka, surface waters around Iberia were tightly coupled to
(rapid) climate changes and were characterised by coherent dinocyst assemblage patterns, highlighting a perma-
nent connection between Atlantic and Mediterranean waters as evidenced through a continuous exchange of
dinocyst populations. Some index species well illustrate the evolution of the regional hydrographic context
along time, as for instance Spiniferites and Impagidinium species, together with Lingulodinium machaerophorum,
Bitectatodinium tepikiense and heterotrophic brown cysts. They constitute key bio-indicators in context of natural
environmental shifts at long and short timescales.

Biodiversity and climate shifts
Southern Iberian margin

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Drastic marine biodiversity changes that occurred over the last cen-
tury raise key questions today in connection with the concept of ecosys-
tem resilience to environmental changes (e.g. Millenium Ecosystem
Assessment synthesis reports, 2005). This is especially true for neritic
ecosystems that encountered major perturbations especially related to
the geochemical balances of sea-surface waters (e.g. eutrophication,
pollution contaminants, acidification, see Crutzen, 2002) but also to
physical parameters (e.g. SST warming, sea-level changes, river nutrient
loads). At present, natural environmental trends are hidden by anthro-
pogenic forcings and reference points are lacking. The natural state is
only found in the recent past, outside of the modern instrumental peri-
od (i.e. the last century), thus preventing actualistic studies from defin-
ing robust baselines for environmental predictions and trajectories.

* Corresponding author.
E-mail address: f.eynaud@epoc-u-bordeaux1.fr (F. Eynaud).
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Paleostudies carried out on fossil sediment archives thus provide in-
valuable information (e.g. Willis et al., 2010) even if they are integrating
only a partial view of the paleo-biodiversity, being only indirectly and
incompletely representative of past biomes and biotopes. Interglacial
optima, and especially their surrounding transitional periods (both de-
glaciations and glacial inceptions), represent key intervals where eco-
systems, comparable to modern ones, could be tested along large
amplitude ecological shifts (e.g. Willis et al., 2010). They permit us to
test if the marine biota offers the same recurrent kind of transient pop-
ulations during such shifts and if so, to picture characteristic patterns
that could be recognized within the assemblages. Are there typical spe-
cies that could be considered as pioneers, opportunistic or pre-adapted,
and so repetitive scenarios that could provide us with a predictive eco-
logical model for the marine biota evolution?

For this study we based our approach on the dinoflagellate cyst
(dinocyst) proxy, an organic-walled bio-indicator related to the phyto-
plankton realm which constitutes sexual reproduction remains of some
dinoflagellate species (e.g. de Vernal and Marret, 2007; Ellegaard et al.,
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2013). Fossil dinocysts have long been used in Mesozoic-Cenozoic
paleoceanographic studies to reconstruct past hydrographical patterns
qualitatively as well as quantitatively through transfer functions (e.g.
Williams, 1971; Turon, 1978; de Vernal et al., 2001; Houben et al.,
2013; de Schepper et al., 2013; Mertens et al., 2014). They constitute a
robust planktic group to document past sea-surface ecological changes
(e.g. Marret and Zonneveld, 2003; Zonneveld et al., 2013) and are espe-
cially powerful in neritic environments where their motile thecal forms
proliferate preferentially (e.g. Dale, 1983; Dodge and Harland, 1991).

Here we compare the evolution of dinocyst relative abundances
across four of the most studied interglacials with regard to their climate
dynamics: Marine Isotopic Stages (MIS) 1, 5, 11 and 19. We thus gath-
ered sedimentary sequences (along which dinocyst assemblages have
been analysed at high resolution) from the south-western European
margin (Iberia), from its Atlantic side as well as from the inner Alboran
Sea. This compilation, providing an integrated view of dinocyst assem-
blage evolution in space and time from a sensitive subtropical area
(e.g. Giorgi, 2006), includes new original analyses on the IODP 339
Site U1385 (Hodell et al., 2013a, 2013b). It gives us the opportunity
to: i) document poorly known dinocyst populations from the intergla-
cial MIS 19 and 11, and ii) study ecological interactions through several
climate cycles of the Quaternary between two end-member environ-
ments on either sides of the Gibraltar strait: the Mediterranean Basin
(residual Tethys) and the North Atlantic.

2. Environmental setting: key features

The modern hydrography of the southern Iberian margin is mainly
forced by water mass exchanges with North-Atlantic waters penetrat-
ing the Alboran Sea at the surface, whereas deep saltier waters exit
the Mediterranean at depth (Mediterranean Overflow Water or
MOW). This scheme is mainly related to contrasted density budgets in
between the two respective basins, however modulated by atmospheric
forcing throughout the transfer of wind stress to surface currents, such
as the Azores and Portugal currents for the Atlantic, or the western/
eastern anticyclonic gyres associated with the Algerian current for
the Alboran (e.g. Rohling et al., 1995; Johnson, 1997; Font, 2002;
Mauritzen et al.,, 2001; Aristegui et al., 2005, 2009, see Fig. 1). This dy-
namical pattern evolves seasonally/yearly according to meridional
shifts/contractions — extensions of the subtropical North Atlantic gyre,
inducing changes in the temporality of upwelling cells and thus major
modifications of the sea-surface productivity conditions (Aristegui
et al., 2005; Peliz et al., 2005; Relvas et al., 2007). At millennial time
scales, significant modulations of the MOW have been recorded during
major climate transitions associated with boreal ice-sheet collapses
(i.e. the well-known Heinrich events, e.g. Heinrich, 1988) with a con-
sensus supporting synchronous accelerations of MOW during these
cold episodes (e.g. Cacho et al., 2000; Voelker et al., 2006; Rogerson
et al., 2010). This also resulted in drastic consequences in water mass
surface exchanges with the reorganisation of the Alboran gyres and ob-
vious impacts on sea-surface productivity on either sides of Gibraltar
(Penaud et al., 2011).

3. Methods

This study relies on new unpublished data (IODP 339 Site U1385 MIS
19and 11 sections — i.e. from the 788-749 ka and 410-384 ka age inter-
vals respectively — from the “Shackleton site”, e.g. Hodell et al., 2013a,)
and also gathers several previously published and unpublished dinocyst
records from the Southern Iberian margin (Fig. 1; see Table 1 for key el-
ements concerning each studied core). We selected marine sequences
that could provide us a fine enough analytical resolution regarding
dinocyst assemblage patterns through time and where comparative
data exists from other paleoenvironmental proxies (mainly derived
from planktic foraminiferal and pollen assemblages, mono-specific
foraminifera 6'20).
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Fig. 1. (a) location of the cores of interest (IODP 339 U1385, SU81-18, MD95-2042, MD99-
2339, MD04-2805CQ) with a sketch of the modern sea-surface hydrological dynamics
(main currents, PC = Portugal current, CC = Canary current, NAD = North Atlantic
drift); (b) detailed view of the modern surface dynamic structures, with: IPC: Iberian Pole-
ward Current, AC: Azores Current, WIWF: Western Iberia Winter Front, after Peliz et al.
(2005); and WAG: Western Alboran Gyre, EAG: Eastern Alboran Gyre, AOF: Almeria—
Oran Front after Hauschildt et al. (1999). Green empty circle: “SHACK area” identifying
the location of twin and/or proximal cores (i.e. SU81-18/MD95-2042) of the “Shackleton
site” — IODP 339 U1385.

Site U1385 was drilled from the SW Iberian Margin during IODP
Expedition 339 (e.g. Hodell et al., 2013a) with the aim of extending fur-
ther back in time the range of the exceptional piston cores previously
retrieved in this area (including those listed in Table 1). Its stratigraphy
was built upon a combination of chemo-stratigraphic proxies (Hodell
et al., 2013a; 2015-this volume), i.e. Ca/Ti ratio, measured in all holes
by XRF core scanning to construct a composite section, coupled to ben-
thic foraminifera oxygen isotopes which were correlated to the ma-
rine 60 LRO4 stack (Lisiecki and Raymo, 2005). More details
regarding this stratigraphical work can be found in Hodell et al.
(20134, 2013b); 2015-this volume). Concerning the other published
paleoceanographical records used in this study, we strictly used the age
models as initially established and published by the authors (cf. Table 1).

Palynological preparations were conducted on IODP 339 Site U1385,
Hole D, Core 10H between Sections 3 and 6 which encompass MIS 19
and on Hole D, Core 7H Section 1 and Hole E, Core 6H Sections 5 and 6
for MIS 11. The preparation techniques follow standard procedures
and can be found at http://www.epoc.u-bordeaux.fr/index.php?lang=
fr&page=eq_paleo_pollens. Acetolysis was not employed to avoid de-
struction of heterotrophic dinocyst taxa such as Polykrikaceae and
Brigantedinium cysts (Marret, 1993; Combourieu-Nebout et al., 1998;


http://www.epoc.uordeaux.fr/index.php?langr&amp;pageq_paleo_pollens
http://www.epoc.uordeaux.fr/index.php?langr&amp;pageq_paleo_pollens
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Table 1
Key information regarding the set of cores used for this study.

Core Latitude  Longitude  Water depth (m)  Marine isotopic stage  References, data sources

I0ODP339 1385 D10H  37.8 —10.02 3146 11,19 This work, Oliviera et al., in preparation, Sanchez-Goiii et al., 2016-this volume
SU81-18 37.77 —10.18 3155 1 Le coeur, in press; Turon et al. (2003)

ODP976 36.20 —4.30 1108 1,511,19 Combourieu-Nebout et al. (1999, 2002), Levi, (1999), Rattinacannou (2007)
MD95-2042 37.80 —10.17 3146 3,5 Eynaud (1999); Eynaud et al. (2000)

MD95-2043 36.14 —2.62 1841 1,3 Rouis-Zargouni (2010), Penaud (2009)

MD99-2339 35.89 —7.53 1177 1,3 Penaud (2009), Penaud et al. (2011), Penaud et al. submitted

MD04-2805CQ 34.52 —7.02 859 1 Penaud et al. (2010)

Kodrans-Nsiah et al., 2008). The samples were used together for
dinocyst and pollen analyses (Sanchez-Goiii et al., 2016-this volume)
with two set of slides mounted independently to facilitate each kind
of observations (i.e. glycerine jelly coloured with fushine for dinocysts
and bidistilled glycerine for pollen). Dinocysts were counted on the frac-
tion 10-150 pum (from 47 to 365 - average 187 - specimens per sample)
using a Zeiss PrimoStar light microscope at x 400 magnifications. Iden-
tifications were based on Turon (1984), de Vernal et al. (1992) and
Rochon et al. (1999). The nomenclature conforms to Fensome et al.
(1998) and Fensome and Williams (2004), and dinocyst assemblages
were described by the percentages of each species calculated on the
basis of the total dinocyst sum including unidentified taxa and exclud-
ing pre-Quaternary specimens. Palynomorph absolute concentrations
(number of dinocysts/cm?®) were calculated using the marker grain
method (Stockmarr, 1971; de Vernal et al., 1999; Mertens et al., 2009).

A composite sequence was built (for what we have called the
“SHACK area”, i.e. green circle on Fig. 1) using relative abundances of
dinocysts from the twin cores SU81-18 (MIS 1 to 2), MD95-2042 (MIS
2 to 6) and IODP 339 Site U1385 (MIS 11 and 19, “Shackleton site”
sensu Hodell et al., 2013a). A Principal component analysis (PCA) was
applied to this raw data set (non- transformed relative abundances)
using the XLSTAT software (XLSTAT Version 2015.4.01.19992 @
Addinsoft 1995-2015, http://www.xlstat.com/en/). The training dataset
and the PCA results can be downloaded on line as Supplementary
information (SI). Additionally, some coherency tests were done
using the XLSTAT and PAST (Hammer et al., 2001) softwares for
the comparison of thermophilous indexes derived from pollen
(Mediterranean forest) and from dinocysts. Two indexes were
used for dinocysts: (a) the warm Impagidinium sum: XW impagidiniums
cumulating relative abundances of the tropical/subtropical I patulum and
L. aculeatum species and of the subtropical/temperate I. paradoxum and
I. sphaericum species; (b) the warm/cold dinocyst ratio as defined
in Combourieu-Nebout et al. (1999), i.e. [W/(W + C)], where
(W) cumulates warm-water indicator species: i.e. Spiniferites
mirabilis s.l. (=S. mirabilis + S. hyperacanthus), Selenopemphix
nephroides, Impagidinium patulum, Impagidinium strialatum,
Operculodinium israelianum, Spiniferites delicatus, and Spiniferites
membranaceus, excluding Operculodinium centrocarpum considered
to be too ubiquitous, whereas (C) gathers cold-water indicators,
namely: Nematosphaeropsis labyrinthus, Bitectatodinium tepikiense,
Spiniferites elongatus, Impagidinium pallidum, Pentapharsodinium
dalei and Islandinium minutum.

4. Trends and common features in dinocyst communities during
climatic optima and their transitions

For the following discussion, we consider the main features detected
in the assemblages over time. Our interpretations are based on domi-
nant dinocyst species and also, in some cases, on biostratigraphically
significant ones. A detailed picture of selected significant dinocyst spe-
cies is provided for the SHACK area (MD95-2042/SU81-18 and IODP
339; Fig. 2) since MIS 11 (from 410-384 ka) and MIS 19 (788-749 ka)
analyses constitute new dinocyst results for this area.

The compilation made for the Southern Iberian margin is mainly
based on the comparison of three specific/index groups, that dominate
alternatively dinocyst assemblages and showed a sensitive response to
climate shifts through time (Fig. 3): i) heterotrophic taxa (sum
established after the taxa list of Marret and Zonneveld, 2003), ii)
warm Impagidinium species (sum of subtropical I patulum
and I aculeatum species, also grouped with temperate I. paradoxum
and I sphaericum species), and iii) the species Lingulodinium
machaeorophorum.

In the SHACK area, autotrophic taxa are marked by the dominance of
well-known temperate to cosmopolite species: L. machaeorophorum,
N. labyrinthus, O. centrocarpum sensu Wall and Dale (1966), cysts of
P. dalei together with numerous species from the Spiniferites group, in-
cluding S. mirabilis s. 1. and S ramosus s. s. (Fig. 2). Heterotrophic
dinocysts are mainly represented by Brigantedinium species (B
cariacoense and Brigantedinium simplex included) together with
Peridinioid taxa such as Selenopemphix quanta or Selenopemphix
nephroides (Plate 1). In this group, it is worth noting the common
occurrence of cysts of Protoperidinium stellatum, which will herein
be refer to the usual binomial name “Stelladinium stellatum” (Plate
1) for practical reasons and in order to be consistent with reference
recent works (e.g. Zonneveld et al., 2013) and with the Sprangers
et al. (2004) dinocyst inventory study from modern sediments of
the Iberian margin. In the MIS 19 section of I0ODP339 1385,
S. stellatum abundances reach up to 7% of the total dinocyst assem-
blage (Fig. 2), while this taxa was not observed in any of the most
recent interglacials MIS 11, 5 and 1 from the twin cores MD95-
2042 and SU81-18 (Eynaud, 1999; Turon et al., 2003). A similar as-
semblage pattern was also observed for the Alboran site ODP976
over a longer time scale (see Fig. 2 in Combourieu-Nebout et al., 1999),
with also an almost disappearance of S. stellatum for time periods follow-
ing the Mid-Brunhes Event (MBE). On the basis of our compilation, the
highest occurrences of S. stellatum observed during MIS 19 (between
roughly 750 and 800 ka BP) could thus sign a specific biostratigraphic
event. At present, this species is characteristic of hypertrophic environ-
ments and was used as a marker of eutrophication in historical times
(e.g. Shin et al., 2010 in the East China and Japan seas; Zonneveld et al.,
2012 in the Adriatic and lonan seas). Furthermore, on the basis of sedi-
ment trap analyses from the Mauritanian upwelling zone, Zonneveld
et al. (2010) related the ecology of S. stellatum and its seasonal dynamics
to those of L. machaeorophorum. It has also been described from modern
sediments of the Gulf of Mexico (Limoges et al., 2013), in Brittany Bays
(Larrazabal et al., 1990), and identified as a potential proxy of sea-level
rise over the last glacial-interglacial period by marked increases of this
species detected at 16 ka BP in near-equatorial latitudes of the Western
African margin (Hardy et al., in prep).

Among the Spiniferites species, S. ramosus and the rare taxa S rubinus
(e.g.Harland, 1992; Head, 1996) also display noticeable biostratigraphic
trends in relation to MIS 19: Between 750 and 800 ka, S. ramosus shows
percentages two times higher than modern values recorded in the area
(e.g. Rochon et al., 1999), and then shows a progressive decline until
present (Figs. 2 and 4). S. rubinus appears as specifically related to the
beginning of MIS 19. Their cumulative abundances reached up to 30%
of the assemblage at 784 ka.


http://www.xlstat.com/en/
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Fig. 2. Main dinocyst taxa shifts (relative abundances) over the “SHACK area” for the last one million years as depicted by a composite sequence consisting of interglacials from cores
SU81-18 (e.g. Turon et al., 2003), MD95-2042 (e.g. Eynaud, 1999; Eynaud et al., 2000) and IODP 339 U1385 (this work). Full interglacial conditions are highlighted by pink bands for

LR04 Benthic 680 stack (Lisiecki and Raymo, 2005) values under 4%o.

4.1. L. machaeorophorum and heterotrophic dinocysts: when past data put
to test modern ecology knowledge

Fig. 3a provides an integrated peri-Iberian picture of dinocyst specif-
ic changes that occurred during interglacials and surrounding glacials in
order to identify coherent ecological adaptations of this group through
time. Climate changes are illustrated in parallel through planktonic

580 signals obtained on the same cores (when available), the global
LRO4 benthic stack (Lisiecki and Raymo, 2005), and summer insolation
values at 65°N (Berger and Loutre, 1991).

Especially obvious in all studied records is the opposition ob-
served between the occurrence of heterotrophic dinocysts and
L. machaeorophorum, which seem to exclude each other. Except
during MIS 1, these two species show opposite patterns with
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Fig. 3. (a) Comparison of interglacial signals along time and space of some selected dinocyst groups and species plotted versus isotopic 680 data of the respective cores (Cacho et al., 2001; Penaud et al., 2010; Voelker et al., 2006; Shackleton et al.,
2000; Hodell et al., 2015), the LR0O4 Benthic 6'80 stack (Lisiecki and Raymo, 2005) and the 65°N summer insolation data (Berger and Loutre, 1991; pink band locate insolation values > 450 W.m2). Mid-Brunhes Event (MBE) after Candy et al., 2010. %
Lmac. = relative abundances, i.e. percentages of Lingulodinium machaerophorum; Sheterotr. dino. = sum of the relative abundances of heterotrophic dinocysts (taxa list after Marret and Zonneveld, 2003); X W. Impagidinium = sum of the relative
abundances of the warm Impagidinium: L. patulum, I. paradoxum, I. aculeatum and I. sphaericum). (b) synchronisation of the 3 W. Impagidinium signals from cores SU81-18 (e.g. Turon et al. 2003) , MD95-2042 (e.g. Eynaud 1999; Sanchez-Goiii et al.,
1999; Eynaud et al. 2000; Sanchez-Goiii et al., 2008) and IODP 339 U1385 (this work) over Terminations 1, 2 and 9 in concordance with the LRO4 Benthic 6'80 stack (Lisiecki and Raymo, 2005). Note the good coherency of dinocyst derived data
(suborbital events included) along comparable sections.
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Plate 1. Some common specimens from IODP 339 1385 (HoleD). Scale bar = 50 pum.
(a) Impagidinium patulum; (b, h) Selenopemphix nephroides; (c) Spiniferites membranaceus;
(d) Stelladinium stellatum; (e) Spiniferites lazus; (f) Brigantedinium carioense;

(g) Impagidinium aculeatum.

the expansion of heterotrophic species during cold periods
(percentages >80% reached during the last glacial) and of
L. machaeorophorum during transitional periods (comparable high
near monospecific values only recorded during glacial inceptions).
This is especially evident for MIS 19, 11 and 5 but should be shaded
for MIS 1 where the L. machaerophorum high abundances occur early
just after the Termination I. The species L. machaerophorum (related
to the motile dinoflagellate Lingulodinium polyedrum) is a widely
distributed dinocyst (e.g. Rochon et al., 1999) but is especially con-
centrated today in coastal/neritic sediments around the Gibraltar
strait (Williams, 1971; Marret and Zonneveld, 2003; Zonneveld
et al., 2013; Penaud et al., submitted). This local high occurrence is
particularly interesting as this species could then be used as a
peculiar taxa index for the present study. L. machaerophorum also
colonizes estuarine environments (Morzadec-Kerfourn, 1977,
1992) and is frequently associated with eutrophic areas (fjords especially,
e.g. Setre et al,, 1997; Dale et al., 1999, but not restrictively e.g. Zonneveld
et al., 2012). As such, Leroy et al. (2013) recently considered its highest
occurrences in the Caspian Sea as a biostratigraphical marker for
the Anthropocene. Finally, it was interpreted as a proxy for past huge
river discharges into the Ocean (Zaragosi et al., 2001; Eynaud et al.,
2007; Penaud et al., submitted) and even considered as allochtonous

in marine waters by Turon and Londeix (1988). Blooms of its motile
form can be responsible for toxic red tides (Moorthi et al., 2006) and
some culture experiments demonstrated that this species is highly sen-
sitive to the water column stratification (Thomas and Gibson, 1990,
1992).

At present, L. machaerophorum distribution in modern sediments
matches fairly well with the distribution of heterotrophic species, with
high abundances preferentially found in coastal regions and close to
upwelling cells (e.g. Zonneveld et al., 2013). It questions the observed
patterns in our records where these species rather seem to oppose:
(1) are they related to nuanced ecological patterns such as seasonality,
i.e. shifts from permanent to seasonal upwelling regimes (or vice-
versa) which could have induced major changes in dinocyst communi-
ties, or (2) are they due to preservation and/or cyst transportation
changes along time? Preservation is especially a critical issue as dinocyst
species are not equally impacted by oxydation in the water-column
and after deposition (e.g. Zonneveld et al., 1997; Zonneveld et al.,
2012; Zonneveld and Brummer, 2000; Bogus et al., 2012): some of
them being very sensitive to water oxygen concentrations and thus
water sources and dynamics. It is generally accepted that brown cysts,
mainly produced by heterotrophic dinoflagellates (i.e. Protoperidinium)
are more sensitive to aerobic degradation than Gonyaulacoid derived
cysts (e.g. Dale, 1976). Among our index taxa for this comparative
study, L. machaerophorum and warm Impagidinium species are respec-
tively classified as moderately sensitive and resistant to oxygen avail-
ability in bottom waters (de Vernal and Marret, 2007).

Does the observed pattern thus signify a difference in bottom water-
mass properties (and thus circulation) rather than a sea-surface produc-
tivity change, or is it a combination of both processes? In our study, the
inter-basin comparison can provide some clues to solve this question, as
the opposition between heterotroph cysts and L. machaerophorum are
systematically observed whatever the considered period and basin.
Such a coherent pattern suggests a similar way of cyst production and/
or preservation despite distinct local surface and bottom conditions. It is
highly improbable that interglacial/glacial changes cancelled these
hydrographical differences since dinocyst population changes are not per-
fectly synchronized between the two basins, thus also underlining their
own specificities through time. Therefore, the alternative solution would
be to consider that the observed downcore antiphase between hetero-
troph cysts and L. machaerophorum is not a matter of post-production/
preservation biases. Then, how to reconcile quite similar modern biogeog-
raphies which, in past times, seemed to exclude each other? Modern
L. machaerophorum ecological requirements are still far from being cor-
rectly identified and this species may represent simply an opportunistic
species. Interestingly, L. machaerophorum dynamics observed from our
compilation (Fig. 3) reveals that this species follows or precedes maximal
expansion of warm sea-surface taxa during interglacial optima. This shift
is then discussed below.

4.2. Warm Impagidinium species along interglacials: what do they reveal?

In this study, the probable most significant dinocyst assemblage we
retained is the one associated with Impagidinium. These typical oceanic
taxa, often thermophilous, are among the common dinocysts found in
the area (e.g., Turon et al,, 2003; Penaud et al., 2011). For this work,
we have lumped together abundances of warm Impagidinium
(3Wimpagidginium) to define a specific index of warm sea-surface
conditions,for which we have tested coherency through time and
from one basin to another (Figs. 3 and 4, see also SI for further de-
tails regarding this group). At present, maximum abundances of
these species are recorded in sediments of the equatorial Atlantic
Ocean with a preference for full marine waters (Zonneveld et al.,
2013). In the studied records, highest W mpagidginium values (i.e.
>10%) are associated with the onset of warm conditions during cli-
matic optima (as defined from low isotopic values plateau, Fig. 3a).
Their expansion is noticeable during short periods only, of maximum
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Fig. 4. Sea-surface key proxies (from dinocysts, foraminifera and alkenones) compared to continental ones (Mediterranean forest) over a composite sequence gathering data from cores
SU81-18 (e.g. Le coeur, in press; Turon et al., 2003), MD95-2042 (e.g. Sanchez-Goiii et al., 1999; Eynaud et al., 2000; Sanchez-Goili et al., 2008) and IODP 339 1385 (this work, Sanchez Goiii
et al., 2016-this volume, Oliviera et al., in preparation). Derived SST from alkenone data: for MIS 1 and 5 from core MD95-2042 after Pailler and Bard (2002), for core MD01-2443 after
Martrat et al. (2007). Percentages of the polar taxa Neogloboquadrina pachyderma sinistral (Nps) after Turon et al. (2003) for core SU81-18, after Sanchez-Goiii (2006) for core MD95-
2042 and after Voelker and de Abreu (2011) for core MD01-2443. Marine isotopic stage limits after Lisiecki and Raymo (2005). Note the progressive regression of the S. ramosus through

time.

duration of 10 ka, in close phasing with negative shifts in the planktonic
6180 signal. They seem specifically to mark post-glacial warm conditions
rather than hypsithermal periods (Fig. 3). The relative short duration of
expansion of these warm Impagidinium is easily explained by competition
stress with other thermophilous taxa such as S. mirabilis (see Turon and
Londeix, 1988; Eynaud et al., 2000; Penaud et al., 2008, 2011 for discus-
sions). It could also typify a peculiar ecological strategy as a pioneer
group and/or as accompanying a change in the oceanic circulation as it
was already suggested by Londeix et al. (2007).

For MIS 5, W mpagidinium increases parallel the three isotopic sub-
stage lightening and coincide well with insolation maxima (pink
bands on Fig. 3a). When comparing the intrinsic dynamics of each inter-
glacial optima in the SHACK area (Fig. 3b) by synchronizing Termina-
tions (here Terminations I, Il and IX after Lisiecki and Raymo, 2005),
and despite differences in temporal resolution analysis, trends in the
3Wimpagidinium Show similar pacing along interglacials. This is especially
obvious for peaks observed just after Terminations and for the glacial
inception following interglacial optima.

Furthermore, the multi-phased interglacial complexes MIS 19 and
MIS 5 are also well reflected in the XWjmpagidginium €volution. Amplitudes
for MIS 1 (green curve; Fig. 3b) are noticeably largest than those of

previous warm MIS (blue and red curves; Fig. 3b), probably resulting
from a major dinocyst community change through time, implying a
growing presence of Impagidinium species associated with a synchro-
nous general decline of Spiniferites species (as previously pointed out).

Fig. 4 synthesizes the most salient features provided by dinocysts
and pollen (here the Mediterranean forest) for a composite sequence
consisting of cores SU81-18 (e.g. Turon et al., 2003), MD95-2042 (e.g.
Eynaud et al., 2000; Shackleton et al., 2003) and IODP 339 1385 (this
work, Sanchez-Goili et al., 2016-this volume ). Additionally we plotted
alkenone-derived SST from core MD95-2042 (MIS 1 and 5 sections after
Pailler and Bard, 2002) and from the proximal core MD01-2443 (MIS 11
section after Martrat et al, 2007). Percentages of the polar taxa
Neogloboquadrina pachyderma sinistral (Nps) are also shown (from
core SU81-18 MIS 1 after Turon et al., 2003, for core MD95-2042 MIS
5 after Sanchez-Gofii, 2006; for core MD01-2443 MIS 11 after Voelker
and de Abreu, 2011). This data set is also compared to the Marine
5180 stack LR0O4 (Lisiecki and Raymo, 2005) and to summer insolation
at 65°N (Berger and Loutre, 1991). Periods of maximum values of
3Wimpagidinium are marked by pink bands. They provide evidence of
discrete warming episodes that took place near Terminations I, Il and
IX, that we can also directly compare with synchronous proximal
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continental responses regarding Mediterranean forest evolution. From
this compilation, sea-surface warming events appear synchronous
with warming detected on land at millennial scales. A test of correlation
was done to check this synchronicity giving a r* of 0.270 (results obtain-
ed with the Past software, see SI). The reader should keep in mind that
pollen and dinocyst preparations are observed from same slides, coming
from identical laboratory procedures, thus implying no artefact when
correlating palynological ocean-continent data. Such a result con-
firms previous observations made for MIS 5 and 3 on the same site
(Sanchez-Goiii et al., 1999, 2000; Eynaud et al., 2000) and permits
us here to confirm and extend the continental/ocean relationship
up to 800 ka.

In contrast to XWimpagidinium, high abundances of B. tepikiense are
observed during cold phases, also characterised by high Nps percent-
ages. A strong representation of B. tepikiense is especially noticeable
during cold MIS 5 interglacial substages. Cold phases are also marked
by high absolute abundances of dinocysts (i.e. concentrations in nb of
cysts/dry cm?) in sediments. These high concentrations were already
noted by several authors on this margin during cold climatic events
(e.g. Zippi, 1992; Eynaud, 1999; Eynaud et al., 2009; Penaud et al.,
2010, 2011) and interpreted as representing changes in the local
upwelling dynamics (from seasonal to year-round) in response to at-
mospheric re-organisations. This interpretation was based on the distri-
bution of modern dinocyst concentrations in the sediments from the
proximal North Canary Basin, which show high dinocyst concentrations
within zones marking upwelling filaments (e.g. Targarona et al., 1999;
Bouimetarhan et al., 2009b). Conversely, on the SW Iberian Margin
(Fig. 1), Zippi (1992) noted an opposite relation between carbonate
content and dinocyst concentrations in the sediment and attributed
that observation to the preferential dissolution of carbonate under
cold climate (and thus the artificial increase of cysts) in concordance
to a high index of fragmentations of planktonic foraminifera shells.
However, Zippi (1992) did not introduce any consideration about the
paleoproductivity issue. Indeed, for calcareous (foraminifera) as well
as for organic-walled (dinocysts) material, the residual concentration
of microfossils in sediments is the result of a complex balance between
production, dissolution and preservation. Thanks to the close correla-
tion made in this study between marine and pollen data, we directly
attribute the modulation of dinocyst concentrations to climate.

5. The significance of population shifts: from ecology to oceanic
circulation patterns

The dinocyst compilation made in this study provides important bio-
diversity information that could be tied to changes in the local and/or
regional hydrographical dynamics in response to climate changes. Pop-
ulation shifts occur repetitively and coherently through time with some
index groups that could be used to evaluate the adaptation capability of
the marine flora. They illustrate a constant population interchange be-
tween the western Mediterranean and the subtropical North Atlantic
despite sea-level changes and the temporal physiographic barrier of
the Strait of Gilbraltar, which should have reduced water exchanges
during low sea-levels of the last million years. These latter processes
have had important echoes on planktonic populations, as demonstrated
by Rohling et al. (1995) for planktonic foraminifera, something also de-
tected with some dinocyst key taxa.

Strong modulations of the MOW have already been pointed out by
several studies for the last glacial (e.g. Cacho et al., 2000; Voelker et al.,
2006; Rogerson et al., 2010), showing an acceleration of the outflow dur-
ing cold phases. Their impact on the distribution of dinoflagellate and
their cysts has certainly been important. A southward migration of bio-
geographical provinces in the North Atlantic and even the invasion of
the Alboran Sea waters by B. tepikiense from where this species is absent
at present (Turon and Londeix, 1988; Combourieu-Nebout et al., 2002;
Penaud et al., 2011; Fig. 3) have been observed concomitantly. This inva-
sion, in a configuration of accelerated MOW, attests to an extensive North

Atlantic intrusion in the Alboran Sea, probably as a way to compensate the
MOW export and its associated deficit. This thus supposes vigorous Atlan-
tic/Mediterranean exchanges at those times and thus enhanced exporta-
tion/importation of cysts.

Cold sub-stages within interglacial complexes (MIS 19 and
5) demonstrate the same biotic pattern with also high occurrences
of B. tepikiense (this work, Combourieu-Nebout et al., 1999; Eynaud
et al., 2000). The context is however different here even if some
analoguous hydrographical mechanisms could be at play, i.e. due
to acceleration of the MOW also, but in this case rather forced by a
reduction of the Gibraltar strait section during cold sub-stages and
associated sea-level low stands (the reader should keep in mind
that at the opposite HEs record a rising sea-level with an estimated
magnitude of up to 30 m, e.g. Siddall et al., 2003). The synchronous
regression of warm species and of L. machaerophorum furthermore
documents a severe cooling and a major change of the water column
stability; a vital requirement for this later species as deduced from
culture (e.g. Thomas and Gibson, 1990). Turbulence at the Gibraltar
strait due to the acceleration of currents, thus preventing a soft
settling of cysts and inhibiting a complete life cycle, could explain
the L. machaerophorum disappearance. This turbulence could be am-
plified by atmospheric processes, i.e. winds, the regression of the
Mediterranean forest on Iberia being also noticed (Fig. 3).

The past population shifts observed in this part of the sub-tropical
North-Atlantic provide some new insights regarding the known mod-
ern ecology and biogeography of cysts and their related theca (i.e.
Marret and Zonneveld, 2003; de Vernal and Marret, 2007). They show
a strong potential for dinoflagellates to adapt, even when facing abrupt
ecological changes. Two taxa would especially be considered as super-
adapted to transient periods: one is a common typical cyst from the
studied area, L. machaerophorum; the other, B. tepikiense, is a taxa rather
distributed in the cool temperate Atlantic but especially adapted to
strong seasonality (i.e. cold winters and warm summers), as those
which characterize waters from the St Laurent outlet at present (e.g.
Rochon et al., 1999). These two species are found at the transition
boundaries of interglacial optima and could thus be qualified of oppor-
tunistic, as conditions accompanying transition phases (glacial incep-
tion and termination) are especially unstable and contrast with the
relative equilibrium of warm optima. However the local high occur-
rence of L. machaerophorum rather argues for a pre-adaptation to the
sea-surface conditions surrounding the Gibraltar strait. Conversely, its
presence with nearly mono-specific abundances in the modern sedi-
ments from the Iberian and North Canary regions since 5 ka at least
(Fig. 2) questions the hydrographic and associated climatic modes of
the last millennia. When comparing its specific dynamics during previ-
ous interglacials, this species does not mark hypsithermal modes but
rather cooler conditions. This supports previous findings showing that
modern conditions around Iberia already shifted toward a late Holocene
Neoglacial state (e.g. Jerardino, 1995). For the Atlantic side, it seems to
have already implied changes in the seasonality of the modern Canary
Current upwelling (e.g. Abrantes et al., 2011; McGregor et al., 2007;
Bouimetarhan et al., 2009a).

6. The nine past and current interglacials: new insights from dinocyst
data of the “Shackleton” site

Even if not continuous, the dinocyst data produced for this compila-
tion gathering cores from the SHACK area (Fig. 1) offer the possibility to
test the significance of this phyto-planktonic population regarding long
term records over the last 800 ka. The purpose of our approach was to
test interglacial periods in low eccentricity contexts first, explaining
why, up to date, our focus and records are thus restricted to some snap-
shots. To present a comprehensive view of these results and simplify the
message brought by dinocyst assemblages, we ran a PCA on the
composite “SHACK” sequence (SU81-18/MD95-2042/I0DP339 U1385,
see Methods and SI). The coordinates of the first three axis obtained
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from this PCA are plotted along time on Fig. 5 and compared to selected
800 ka-long-sequences of interest, along with the [W/(C + W)]
dinocyst ratio for the SHACK area and for the Alboran ODP976 record
which, even if of lowest resolution, encompasses the last 810 ka
(Combourieu-Nebout et al., 1999). A schematic index reflecting qualita-
tively the Aguhlas linkage dynamics (as redrawn from Caley et al., 2012)
is also plotted to further document inter-oceanic exchanges.

This comparison reveals very distinctive patterns and specific signa-
tures (Fig. 5 and SI) for each of the first three PCA-axis (these 3 axis
representing nearly 30% of the total variance, see methods and the
excel file provided in SI for detailed results of the PCA). These signatures
could be summarized as follow: (a) a first axis F1 (13.6% of the total var-
iance), positively related to warm eutrophic species but negatively re-
lated to cold eutrophic ones (see species/variables distribution in SI),
thus bearing the double and coupled environmental signal of SST and
upwelling dynamics. Considering a paleoceanographic perspective,
this axis clearly relates to global changes as seen throughout the (ice-
volume/sea-level linked) LRO4 record and the CO, atmospheric content.

(b) A second axis F2 (7.65% of the total variance), also bearing a
strong SST/upwelling signature but for which species positively corre-
lated to, are representative of the typical Iberian margin modern
dinocyst assemblage (i.e. Sprangers et al., 2004). Its time distribution
shows a close matching with the Ca content (vs terrigeneous compo-
nents) of marine sediments from the subtropical North Atlantic western
margin as derived from XRF data, both for the same “Shackleton site”
(Log (Ti/Ca) from Hodell et al., 2013a, 2013b) and from the southern
core MD03-2705 (Malaizé et al., 2012).

(c) A third axis F3 (7.33% of the total variance), which plainly sepa-
rates autotrophic from heterotrophic dinocyst species, and is interest-
ingly closely mirroring the monsoon index along time (after the stack
produced by Clemens et al., 2008).

From this 810 ka long perspective, arise some noticeable points
which shed light on the high sensitivity of dinocyst communities
regarding climate changes. First of all, it is worth noting the good repro-
ducibility of the [W/(C 4+ W)] ratio at the regional scale except during
MIS 19 where the “Shackleton site” reveals much more contrasted re-
sponses. Differences in time resolution are at the origin of this discrep-
ancy but other evidences are brought by the PCA that this MIS 19
interval is clearly atypical. This is well expressed in the F1 component
which registers large and sharp amplitude shifts (not seen later in the
Pleistocene neither in the Holocene) and additionally shows poor
matching with other 810 ka records as plotted on Fig. 5. Conversely,
F2 and F3 during MIS 19 closely mirror the Ca sedimentary content
and the monsoon index respectively, recording synchronous and
consistent transitions, thus suggesting that the message brought by
dinocyst populations from the Iberian margin is however comprehensive
enough to be assimilated to large scale environmental changes over the
last 810 ka. The link between the Ca content and PCA axis 2 is easily un-
derstandable at the scale of the North Atlantic basin (including its mar-
ginal seas) as it reflects mainly biogenic carbonate content and thus
the pelagic production, well known to be favoured, during warm periods
(e.g. Chapman and Shackleton, 1998; Richter et al., 2006; Hodell et al.,
2013b). In the same way, consistency between the stacked monsoon
index vs the PCA axis 3 could be explained by the fact that this
axis is mainly representing the weight of autotrophic species
which thereby need sea-surface fertilisation and thus dust arrival
to proliferate.

Most problematic is the signal detected with the PCA axis 1 during
MIS 19, which if it does echo the [W(/(C + W)] ratio and the Ca content
within the “Shackleton site”, is not completely attributable to long term
and global trends as stated previously. Is this difference related to the
specific assemblage we encountered during MIS 19, with the occurrence
of atypical species such as S. stellatum and S. rubinus, and the high
percentages of S. ramosus as previously underlined? Could the drastic
climatic transitions occurring between MIS 19 and modern times, i.e.
the MPT and the MBE, have impacted dinocyst population of this area

so significantly? This is highly possible, as these two climatic temporal
nodes are known to sign major oceanic reorganisations, with especially
a strong impact on the Atlantic meridional oceanic circulation (e.g.
Poirier and Billups, 2014; Bell et al., 2015), a key component for the
Iberian margin oceanography and its associated upwelling dynamics.
To valid such an assumption we urgently need to further extend our re-
cord up and back in time, putting a focus not only on past interglacials
but also on glacials, including the atypical MIS 13 and MIS 6 ones, so
as to detect an optimal set of contrasted features.

7. Conclusions

This study was designed to provide new biogeographical and strati-
graphical patterns for the Iberian margin by compiling micropaleonto-
logical records derived from the study of dinoflagellate cysts during
past interglacials. This effort has revealed that surface waters around
Iberia were characterised over the last million years by the repetitive
occurrence of the same dinocyst assemblage; however, some discrepan-
cies in the response of this marine protist community shade its adaption
to glacial and interglacial cycles. Very coherent features occur on both
sides of the Gibraltar strait indicating a constant interchange of popula-
tions and a permanent connection between Atlantic and Mediterranean
marine biomes, even during sea-level low stands. Regarding dinocysts,
this interchange is easily attributed to sea-surface water exchanges,
but the Mediterranean Outflow Waters could also be considered as a
vector of settled cysts. Some index groups could be used to evaluate
the adaptation capability and the dynamics of the marine dinoflagellate
flora, especially the autotrophic cysts: Lingulodinium machaerophorum,
Bitectatodinium tepikiense, together with some species from the
Spiniferites and the Impagidinium groups, which swing with heterotro-
phic dinocysts along time. Changes detected in the dinocyst community
appeared to be coherent at sub-orbital and orbital scales with those de-
tected with other sea-surface proxies and continental bio-indicators
(pollen), demonstrating a close connection between sea-surface envi-
ronments and the Iberian continent over the last 800 ka.
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RESUME

Les interglaciaires des derniers 800 000 ans sont tous des périodes chaudes comme celle dans
laquelle nous vivons, I'Holocéne, mais présentent une diversité marquée en termes d’intensité, de
durée, de variabilité et d’expression régionale ainsi que de forcages (astronomique et gaz a effet de
serre). Dans ce travail, nous nous attachons a examiner la réponse régionale de la végétation et du
climat dans le sud-ouest de I'Europe lors des interglaciaires passés. Pour cela, nous faisons une
synthése des études récentes basées sur I'analyse du pollen préservé dans les sédiments marins de la
marge ibérique permettant de comparer directement les processus atmosphériques et océaniques.
Ce travail met en évidence la diversité des interglaciaires des derniers 400 000 ans dans le sud-ouest
de I'Europe en termes de durée mais aussi de végétation et de climat, en particulier dans le sud-ouest
de la péninsule Ibérique ol les changements de précipitation jouent un role important. Il permet
aussi de discuter des mécanismes jouant un role potentiel dans les entrées en glaciation lors de
périodes caractérisées par un forcage astronomique semblable a notre interglaciaire (Marine Isotopic

Stages 19c et 11c).

ABSTRACT

The interglacials of the last 800,000 years are all warm periods comparable to the current interglacial,
called the Holocene. However, their intensity, duration, variability and regional expression are
different as the result of different astronomical and greenhouse gases forcing. The work presented
here focuses on the regional expression of these interglacials in southwestern Europe, and it is based
on recent studies using pollen from Iberian margin sedimentary sequences that enables a direct
comparison of atmospheric and marine processes. This work highlights the diversity of these
interglacials in southwestern Europe in terms of duration as well as vegetation and climatic variability,
in particular in southwestern Iberia where changes in precipitation play an important role. This work
additionally allows discussing mechanisms involved in glacial inception during orbital analogs of the

current interglacial (i.e. Marine Isotopic Stages 19¢ and 11c).



1- INTRODUCTION

Les archives géologiques montrent qu’au cours des derniers 2.5 millions d’années, la Terre
a connu de grands changements environnementaux se traduisant par des oscillations entre périodes
glaciaires et interglaciaires forcées a I'origine par les variations de l'insolation (Hays et al., 1976;
Shackleton & Opdyke, 1973). Pendant les périodes glaciaires, les calottes de glace couvraient les deux
tiers de I’hémisphere nord avec pour corollaire un niveau marin bas alors que pendant les périodes
interglaciaires, elles étaient tres restreintes, la glace se retrouvant confinée au Groenland et le niveau
marin étant élevé. Ces changements de volume de glace sont identifiés dans les séquences
sédimentaires marines par les mesures du rapport isotopique de I'oxygéne contenu dans les
carbonates des foraminiféres benthiques (§'¥0y), constituant la base de la stratigraphie isotopique
marine. Des valeurs légéres définissent les périodes interglaciaires sensu lato (s.l.) ou stades
isotopiques marins (MIS = Marine Isotope Stages) avec des chiffres impairs tandis que des valeurs
lourdes marquent les périodes glaciaires, correspondant a des MIS pairs. A l'intérieur des périodes
interglaciaires, une alternance de périodes chaudes, nommeées « e », « c » et « a », et plus froides,
«d» et «b», est observée, résultant aussi du forgage orbital. La période interglaciaire sensu stricto
(s.s.) correspond au sous-stade comportant le plus fort minimum de volume de glace qui se retrouve
souvent étre le minimum suivant la déglaciation.

Surimposée a cette variabilité orbitale, des changements climatiques abrupts ayant une
périodicité millénaire ont ponctué les derniers 800 000 ans. Ces changements sont globaux et se
refletent notamment dans les températures des eaux de surface de I’Atlantique Nord (Martrat et al.,
2007) et dans les températures atmosphériques du Groenland (Barker et al., 2011; NGRIP members,
2004) et de I’Antarctique (EPICA community members, 2004). llIs se produisent indépendamment de
I’état de base du systéeme climatique, c’est-a-dire en période glaciaire et interglaciaire. Ces
changements sont généralement associés a des variations du volume de glace (Siddall et al., 2003), de
la concentration des gaz a effet de serre (Knutti et al., 2004; Loulergue et al., 2008) et de la circulation

thermohaline (Lynch-Stieglitz, 2017; Oppo et al.,, 2006). Néanmoins, leur amplitude est plus
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importante lorsque les calottes de glace ont atteint une taille critique (McManus et al., 1999). Les
oscillations étant relativement ténues pendant les périodes interglaciaires, la variabilité millénaire
intra-interglaciaire reste peu documentée lorsqu’on s’intéresse aux périodes chaudes antérieures a
I'Holocéne. Néanmoins, les récents enregistrements haute résolution réveélent qu’en Europe, en
Atlantique Nord et en Antarctique des oscillations millénaires ponctuent les périodes chaudes du
dernier million d’années (Billups et al., 2011; Ferretti et al., 2010; Ferretti et al., 2015; Koutsodendris
etal., 2012; Pol et al., 2011; Pol et al., 2014).

Nous savons actuellement que les interglaciaires du dernier million d’années qui sont tous
des périodes chaudes comme celle dans laquelle nous vivons, sont néanmoins tres variables en terme
d’intensité, de durée, de variabilité millénaire et de forcage (Past Interglacials Working Group of
Pages, 2016; Tzedakis et al., 2009). Certains interglaciaires se démarquent par un fort réchauffement,
en particulier aux hautes latitudes; c’est le cas du MIS 11c (~400 000 ans avant le présent), du MIS 9e
(~300 000 ans) et du MIS 5e (~125 000 ans) (Barker et al., 2011; Masson-Delmotte et al., 2010; Past
Interglacials Working Group of Pages, 2016). Des enregistrements localisés dans les hautes latitudes
de I'hémisphere nord montrent méme que le MIS 11 est un « super-interglaciaire » c’est-a-dire un
interglaciaire particulierement chaud, se révélant étre le plus chaud du dernier million d’années (de
Vernal & Hillaire-Marcel, 2008; Melles et al., 2012). Durant ce stade, les calottes de glace du
Groenland et de I’Antarctique Ouest ont subi une fonte quasi-totale (Raymo & Mitrovica, 2012; Reyes
et al., 2014) entrafnant un niveau marin de 6 a 13 m plus élevé qu’a I'actuel (Dutton et al., 2015). Le
réchauffement des MIS 5e et 9e est aussi associé a une forte régression de la calotte de glace du
Groenland bien que moins importante que pendant le MIS 11 (Hatfield et al., 2016). Le niveau marin
de l'interglaciaire du MIS 5e était lui aussi particulierement élevé, 6 a 9 m au-dessus de l'actuel
(Dutton et al., 2015). Bien que le forcage orbital (insolation) soit a I'origine des cycles glaciaires-
interglaciaires en dictant notamment le « timing » des déglaciations, il ne peut expliquer a lui seul la
variabilité de I'intensité des interglaciaires. Par exemple, I'insolation d’été aux hautes latitudes nord

présente un fort maximum pendant les MIS 9e et MIS 5e mais un maximum de faible intensité



pendant le MIS 11c. Les modéles paléoclimatiques peuvent étre utilisés pour examiner les facteurs
forcant le climat des interglaciaires passés. Les simulations de températures de Yin & Berger (2012;
2015), faisant partie des rares travaux qui ont tenté I'exercice de simuler le climat des interglaciaires
des derniers 800 000 ans, montrent que le fort réchauffement des MIS 9e et 5e aux hautes latitudes
serait le résultat du forcage combiné de l'insolation et des gaz a effet de serre (GES) qui sont tous
deux particulierement importants au cours de ces stades alors que pendant le MIS11, les GES seraient
le forcage dominant. En effet, pendant ces interglaciaires, les concentrations de CO, dans
I'atmosphere étaient particulierement élevées avec les valeurs les plus fortes des derniers 800 000
ans pendant le MIS 9e (Bereiter et al., 2015; Petit, 1999; Siegenthaler et al., 2005). Néanmoins, les
simulations de modeles réalisées par Yin & Berger (2012) ne reproduisent pas les conditions
particulieres du MIS 11c révélées par les enregistrements des hautes latitudes de I’'hémisphére nord.
Les compilations de données (Lang & Wolff, 2011; Past Interglacials Working Group of
Pages, 2016) ainsi que les simulations de Yin & Berger (2012, 2015) montrent également une forte
variabilité régionale de l'intensité des périodes interglaciaires des derniers 800 000 ans. Par exemple,
contrairement aux hautes latitudes, les températures dans le sud de I'Europe apparaissent dans les
simulations équivalentes pour tous les interglaciaires. Néanmoins, ceci doit encore étre confirmé par
les données. Par ailleurs, I'intensité d’un interglaciaire et son expression régionale sont trés souvent
évaluées en terme de température en portant peu d’intérét aux précipitations. Or certaines régions
apparaissent aujourd'hui trés sensibles au réchauffement climatique du point de vue de la
disponibilité en eau, c’est le cas de la région méditerranéenne. Pour déterminer I'expression
régionale des interglaciaires dans le sud-ouest de I'Europe, il apparait donc essentiel d’évaluer les
changements de précipitations.
Quant a la durée des interglaciaires des derniers 800 000 ans, elle est généralement comprise
entre 10 000 et 30 000 ans (Past Interglacials Working Group of Pages, 2016). Cette durée est
implicitement liée aux déglaciations et entrées en glaciations et donc aux mécanismes qui

déclenchent ces deux périodes de transition. Si le forcage orbital prescrit grossierement le « timing »



des entrées en glaciation, il ne peut expliquer précisément le déclenchement des entrées en
glaciation et donc la durée des périodes chaudes. Certains travaux proposent que la variabilité
millénaire a pu jouer un réle dans les entrées en glaciation (Past Interglacials Working Group of Pages,
2016). Les oscillations millénaires sont souvent imputées au forcage des « hautes latitudes » c’est a
dire a la dynamique de la glace associées aux changements de circulation océanique (AMOC, Atlantic
Meridional Overturning Circulation). Néanmoins, certains travaux proposent une origine tropicale en
démontrant que ces oscillations présentent une cyclicité correspondant aux harmoniques de la
précession qui se retrouve seulement dans l'insolation équatoriale (Berger et al., 2006; Billups et al.,
2011; Ferretti et al., 2010).

Les mécanismes contrélant I'intensité, la durée, la variabilité et I'expression régionale des
interglaciaires restent a ce jour mal connus. Déterminer ces mécanismes apparait pourtant essentiel
pour comprendre |'évolution naturelle de notre interglaciaire qui a commencé il y a 11 700 ans. Dans
ce travail, nous nous intéressons aux questions suivantes : quelle est I'intensité des interglaciaires
passés dans le sud-ouest de I'Europe et qu’en est-il des changements de précipitations en particulier
dans la région méditerranéenne ? La variabilité millénaire intra-interglaciaire est-elle détectée dans
les enregistrements de cette région et si oui, comment se caractérise-t-elle en termes d’amplitude et
de cyclicité? Quels sont les mécanismes déterminant la durée des interglaciaires, c’est-a-dire, forgant
les entrées en glaciation ? Pour répondre a ces questions, nous présentons une synthése des études
récentes portant sur les changements de la végétation et du climat dans le sud-ouest de I'Europe
pendant les interglaciaires passés reconstitués a partir du pollen de carottes de la marge ibérique
(Figure 1). L'analyse du pollen préservé dans les sédiments marins couplée a celle de traceurs
paléoclimatiques marins est une approche originale qui permet d’évaluer la réponse des différentes
composantes du systéme climatique (atmosphére/végétation, océan) a un changement climatique
donné. Nous nous focalisons sur I’'expression régionale des interglaciaires des derniers 425 000 ans.
Finalement nous discutons des interactions océaniques et atmosphériques forcant les entrées en

glaciation en nous intéressant tout particulierement aux interglaciaires des MIS 11 (vers 425 000 ans)



et MIS 19 (vers 800 000 ans) qui sont les meilleurs analogues a I'interglaciaire actuel d’un point de

vue des parameétres astronomiques.
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Figure 1 — Localisation des carottes marines étudiées ainsi que des séquences terrestres discutées
dans le texte. La distribution de la végétation en Europe (Levavasseur et al., 2012), le systéme
atmosphérique (fleches grises : vents d’ouest, i.e. les vents dominants) et les principaux courants
océanographiques (fleche rouge : gyre subtropicale nommée STG) affectant la marge et la péninsule
Ibérique sont également présentés (cf. figure couleur en ligne pour plus de détails).

Figure 1 — Location of the studied marine cores and of the terrestrial sequences mentioned in the text.
Vegetation distribution in Europe (Levavasseur et al., 2012), atmospheric system (grey arrows:
Westerlies, i.e. prevailing winds) and main oceanic currents (red arrow: subtropical gyre named here
STG) influencing the Iberian margin are also presented. See online version for color details.



2- COMMENT ETUDIER LES VARIATIONS CLIMATIQUES ?

Les variations du climat résultent de linfluence de forcages climatiques externes, en
particulier le forcage astronomique/orbital (insolation) qui est lié a la position de la Terre par rapport
au Soleil et a la constante solaire, sur les différentes composantes du systéme climatique que sont
I'atmosphere, I’hydrosphéere, notamment les océans, la cryosphére, en particulier les calottes de glace
polaires, la lithosphere et la biosphére. Ces différents réservoirs agissent a leur tour sur le climat au
travers de rétroactions négatives ou positives qui, respectivement, atténuent ou amplifient le signal
climatique. Un changement climatique se caractérise notamment par une fréquence, une durée et
une amplitude qui résultent du forcage astronomique auquel s’ajoutent divers forcages internes liés
aux différents réservoirs (AMOC, mécanique interne de la glace, végétation, éruptions volcaniques,
concentrations du CO,, albédo, etc.). Les enregistrements paléoclimatiques marins, de glace et
continentaux permettent de reconstituer son impact sur ces cing réservoirs dans le passé. Toutefois
pour comprendre ces trois caractéristiques et les mécanismes associés au changement climatique
naturel, il est nécessaire de comparer les changements enregistrés dans les séquences terrestres avec
les archives marines mais leur corrélation est difficile en raison du manque de précision des différents
cadres chronologiques. En effet, ces séquences dispersées géographiquement, ont des modeles d’age
différents, certains basés sur des datations radiométriques (*C, U/Th...), d’autres sur des datations
relatives (stratigraphie isotopique, calage orbital...), comportant tous des incertitudes chronologiques
pouvant aller de quelques décennies a plusieurs milliers d’années. Une fagcon de contourner ce
probléme est de travailler sur des carottes marines a sédimentation continue et non perturbée, riches
en pollen et spores, qui nous renseignent sur I'histoire de la végétation et par conséquent, sur le
climat du proche continent. Ces carottes renferment par ailleurs des indicateurs paléoclimatiques
marins permettant d’estimer la température et la salinité des eaux de surface (foraminiferes
planctoniques, kystes de dinoflagellés, alcénones, coccolithes, diatomées, etc.), les caractéristiques
des eaux du fond (Mg/Ca des ostracodes ou des foraminiféres benthiques, §'3C, etc.), la dynamique

des icebergs et linstabilité des calottes polaires (IRD, « Ice Rafted Debris » qui sont des éléments
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grossiers apportés par les icebergs) et le volume de glace stocké aux pdles (60 des foraminiféres
benthiques ; il est toutefois a noter que d’autres facteurs comme la température des eaux de fond et
la salinité influencent ce rapport isotopique et donc biaisent la relation avec le volume de glace dans
ces enregistrements). La comparaison directe de ces différents types d’enregistrements
paléoclimatiques dans une méme archive permet d’une part d’identifier les changements climatiques
qui ont affecté le continent/lI’atmosphére et de les comparer directement avec la réponse d’autres
composantes du systeme climatique comme |'océan. Ceci permet aussi de documenter d’éventuels
déphasages dans la réponse de ces réservoirs a un méme changement climatique et enfin de discuter
de la fréquence et de la nature de ces changements. Une comparaison entre données et sorties de
modeles paléoclimatiques permet en plus de tester la validité de ces derniéres et donc, le réalisme

des mécanismes impliqués dans les différents modeles pour reproduire le changement climatique.

3- LES ARCHIVES POLLINIQUES MARINES

Depuis une cinquantaine d’années, plusieurs campagnes océanographiques réalisées dans le
cadre de programmes internationaux tels que IMAGES ou ODP/IODP (International Ocean Drilling
Program), ont permis de collecter des carottes marines sur la marge européenne dont les sédiments
sont riches en pollen. Le pollen produit par la végétation du proche continent arrive a I'océan par les
vents et les fleuves. Il est alors ingéré par les organismes planctoniques et par ce biais intégré dans
des pelotes fécales, ou bien aggloméré avec les argiles (Mudie & McCarthy, 2006). Grace a ces
processus, la flottabilité du pollen diminue et il est peu influencé par les courants océaniques. |
devient donc partie intégrante de la neige marine et traverse la colonne d’eau avec une vitesse de
sédimentation relativement importante (estimée a ~100 m/jour dans la colonne d’eau atlantique)
avant de se déposer au fond des océans (Hooghiemstra et al., 1992). Des études portant sur la pluie
pollinique récente en domaine marin que ce soit sur la marge ibérique (Naughton et al., 2007; Turon,

1984b) mais aussi dans le Golfe de Gascogne (Turon, 1984a), en Méditerranée (Koreneva, 1971), sur
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la marge africaine (Dupont & Wyputta, 2003; Hooghiemstra et al., 1986), ou sur les marges ouest et
est de I’Amérique du Nord et dans le golfe du Mexique (Heusser, 1985; Heusser & Balsam, 1977;
Heusser & Van de Geer, 1994) montrent que le pollen des sédiments océaniques reflete une image
intégrée de la végétation régionale du proche continent et, par conséquent, les parametres
climatiques sous lesquels cette végétation s’est développée. En particulier, Naughton et al. (2007)
démontrent par la comparaison de spectres polliniques actuels de I'océan profond, d’estuaires et
d’échantillons de surface continentaux que le signal pollinique de la marge ibérique représente de
facon fiable la végétation du proche continent. En effet, les spectres polliniques du nord de la marge
refletent la forét tempérée, dite atlantique, se développant dans le nord-ouest de la péninsule
Ibérique, et plus particulierement la chénaie caducifoliée, alors que ceux du sud de la marge
discriminent la forét méditerranéenne, e.g. la forét tempérée chaude et le maquis thermophile,
caractéristique de la partie méridionale de la péninsule (Figure 1). Cette représentation fiable est liée
a l'origine fluviatile prédominante de I'apport pollinique. En effet, dans cette zone, I'apport fluviatile
est favorisé car les vents dominants sont du nord-ouest et les bassins hydrographiques des rivieres de
la péninsule Ibérique sont importants, ce qui favorise le transport fluviatile (Dupont & Wyputta, 2003;

Naughton et al., 2007).

4- LA DIVERSITE DES INTERGLACIAIRES DES DERNIERS 425 000 ANS DANS LE SUD-OUEST DE

L’EUROPE

La séquence du sud-ouest de la marge ibérique est un enregistrement sédimentaire
composite de trois sites jumeaux (MD95-2042, MD01-2443 et |IODP U1385), localisés vers 37°N
(Figures 1 & 2; Chabaud et al., 2014; Oliveira et al., 2016; Sdnchez Gofii et al., 1999; Sanchez Goifii et
al., 2016; Tzedakis et al., 2004; données non publiées). Le pollen de ce site provient de la végétation
du sud-ouest de la péninsule Ibérique, dominée par la forét méditerranéenne. Cette région est
influencée par un climat méditerranéen qui se distingue par des étés chauds et secs et des hivers

doux et humides (Figure 1).
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Figure 2 - Enregistrements pollinique et isotopique (8'%0s) du sud-ouest de la marge ibérique
(Chabaud et al., 2014; Hodell et al., 2015; Oliveira et al., 2016; Sanchez Goiii et al., 1999; Sanchez
Goiii et al., 2016; Tzedakis et al., 2004; données non publiées). La forét méditerranéenne est
composée principalement de chénes caducifoliés et de taxons méditerranéens (chéne sclérophylle,
olivier, filaire, pistachier et ciste). Les données polliniques sont comparées aux concentrations des gaz
a effet de serre CO, et CH, (Loulergue et al., 2008; Liithi et al., 2008; Siegenthaler et al., 2005; Spahni
et al., 2005) et au forgage astronomique (Berger, 1978).

Figure 2 — Pollen and isotopic (5*%0s) records from the southwestern Iberian margin (Chabaud et al.,
2014; Hodell et al., 2015; Oliveira et al., 2016; Sdnchez Goidi et al., 1999; Sdnchez Goii et al., 2016;
Tzedakis et al., 2004; unpublished data). The Mediterranean forest is mainly composed of deciduous
oaks and Mediterranean plants such as evergreen oaks, olive trees, phillyreas, pistachios and
rockroses. Pollen data are compared to CO, and CH, records from ice cores (Loulergue et al., 2008;
Liithi et al., 2008; Siegenthaler et al., 2005; Spahni et al., 2005) and astronomical forcing (Berger,
1978).

Quant a I'enregistrement du nord-ouest de la marge ibérique, c’est un composite issu de
trois carottes (MD99-2331, MD01-2447 et MD03-2697) prélevées a 42°N permettant de retracer les
changements de végétation dans le nord-ouest de la péninsule Ibérique au cours des derniers
425 000 ans (Figure 1 & 3; Desprat et al., 2009; Desprat et al., 2007; Desprat et al., 2006; Desprat et
al., 2005; Naughton et al., 2007; Naughton et al., 2009; Sanchez Goiii et al., 2008; Sanchez Goifii et al.,

2005; données non publiées). La végétation caractéristique de cette région est la forét atlantique (ou
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forét tempérée humide) se développant sous l'influence d’un climat atlantique, c’est-a-dire tempéré
et humide avec une faible saisonnalité (Figure 1). En hiver, ces deux régions sont influencées par les
vents d’ouest qui ameénent les précipitations. Par contre, en été la région méditerranéenne est
influencée par le systéme tropical au travers de la branche descendante de la cellule de Hadley et des
anticyclones subtropicaux associés qui produisent la sécheresse estivale alors que le nord-ouest de la

péninsule reste sous I'influence des vents d’ouest.
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Figure 3 - Enregistrements pollinique et isotopique (5%0,) du nord-ouest de la marge ibérique
(Desprat et al., 2009; Desprat et al., 2007; Desprat et al., 2006; Desprat et al., 2005; Naughton et al.,
2007; Naughton et al., 2009; Sanchez Goiii et al., 2008; Sanchez Gofii et al., 2005; données non
publiées). La forét atlantique est composée principalement de chénes caducifoliés, de charmes, de
noisetiers et de hétres. Les MIS impairs caractéristiques des périodes avec un faible volume de
glace/haut niveau marin correspondent aux bandes blanches. Les données de 680 des foraminiféres
planctoniques (Globigerina bulloides principalement et Neogloboquadrina pachyderma senestre en
pointillé) représentent principalement les variations des températures des eaux de surface sur la
marge ibérique.

Figure 3 - Pollen and isotopic (5**0,) records from the northwestern Iberian margin (Desprat et al.,
2009; Desprat et al., 2007; Desprat et al., 2006; Desprat et al., 2005, Naughton et al., 2007; Naughton
et al., 2009; Sdnchez Goiii et al., 2008; Sdnchez Goiii et al., 2005; unpublished data). The Atlantic
forest is mainly composed of deciduous oaks, hazels, hornbeams and beeches. 5§80 data of planktonic
foraminifera, Globigerina bulloides mainly (bold line) and Neogloboquadrina pachyderma left coiling
(dashed line), mainly represent sea surface temperature variations on the Iberian margin.

Les deux enregistrements montrent que les stades isotopiques interglaciaires sont marqués
par I'augmentation du pollen d’arbres, caractérisant la forét tempérée humide dans le nord et la forét
méditerranéenne dans le sud, au détriment du pollen d’herbacées et plus particulierement des

plantes semi-désertiques. Ces changements de végétation indiquent un réchauffement et une
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augmentation des précipitations (Figure 3). Néanmoins, chacun de ces stades comportent deux a trois
phases majeures d’expansion de la forét correspondant chacun a un minimum de volume de glace
marquant les sous-stades isotopiques « a », « c » et « e » pour les MIS 5, 7 et 9 et « a » et « c » pour le
MIS 11. Généralement, la premiere phase de développement de la forét de chaque MIS correspond a
I'interglaciaire s.s. (méme si un doute subsiste pour le MIS 7) sachant qu’elle est contemporaine du
minimum de volume de glace le plus important du stade. L'intensité de I'interglaciaire dans ces deux
régions du sud de I'Europe peut étre estimée grace aux pourcentages de pollen d’arbres. Plus
particulierement, dans le sud de la péninsule, I'expansion de la forét méditerranéenne qui comporte
des éléments méditerranéens (chéne verts, oliviers, pistachiers...) a basse altitude et des éléments
tempérés se développant sous des conditions plus humides au niveau des reliefs, indique I'installation
d’un climat méditerranéen, saisonnier, caractérisé par des hivers doux et humides et des étés chauds
et secs. Il faut noter que le développement de cette forét est principalement limité par les
précipitations hivernales, et donc que I'amplitude d’expansion de la forét d’un interglaciaire traduira
I'importance des précipitations. Dans le nord-ouest de la péninsule Ibérique, I’expansion de la forét
atlantique pendant les périodes chaudes est principalement limitée par les températures hivernales.
Des différences d’expansion maximale d’un interglaciaire a I'autre refleteront alors un réchauffement
plus ou moins important dans le nord-ouest de la péninsule. Les enregistrements polliniques de la
marge ibérique montrent que I'amplitude du développement de la forét méditerranéenne est
spécifique a chaque interglaciaire tandis que I'expansion de la forét atlantique est similaire, les
pourcentages de pollen d’arbres atteignant les 80%, pour les cing interglaciaires des derniers 400 000
ans (Figures 2 & 3). Cela suggere des températures maximales interglaciaires équivalentes dans le
nord-ouest de la péninsule Ibérique mais des précipitations différentes dans le sud, I’'Holocene et le
dernier interglaciaire, le MIS 5e, étant les plus humides, les MIS 9e, 11c et 19¢ étant moins humides et
le MIS 7e le plus sec.

Il existe six séquences polliniques continentales longues dans le sud de I'Europe : Tenaghi

Philippon, loanina et Kopais localisées en Gréce (Okuda et al., 2001; Tzedakis, 1993; Tzedakis et al.,
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1997; Tzedakis et al., 2006), Praclaux dans le Massif Central (de Beaulieu et al., 2001; Reille et al.,
2000), Lake Ohrid en Albanie (Sadori et al., 2016), et Valle di Castiglione en Italie (Follieri et al., 1988).
Néanmoins, nous ne comparerons nos données ni avec la séquence Valle di Castiglione qui n’atteint
que le MIS7, ni avec Kopais et loanina qui nont pas une résolution temporelle suffisante. Tenaghi
Philippon et Praclaux montrent, comme la séquence de la marge nord-ouest ibérique, trés peu de
différences dans I'amplitude d’expansion de la forét entre les interglaciaires des derniers 400 000 ans.
Comme pour le nord-ouest de la péninsule Ibérique, la végétation dans le Massif central n’est pas
limitée par les précipitations mais principalement par les températures. Quant au site de Tenaghi
Philippon, bien que situé dans la région méditerranéenne, il se trouve a la limite nord-orientale de
cette zone ou les hivers sont plus froids et les étés moins secs (Saaroni et al., 1996; Xoplaki et al.,
2003) ; la végétation se développant alentours est donc moins limitée par les précipitations. Les
pourcentages de pollen arboréen de ces séquences terrestres étant trés proches d’un stade a l'autre,
cela confirme que les différences de températures dans le sud de I'Europe entre les interglaciaires des
derniers 425 000 ans sont faibles, du moins pas assez importantes pour avoir des conséquences sur
I’extension de la forét. La séquence du lac Ohrid qui couvre les derniers 500 000 ans montre qu’en
Albanie la forét était plus ouverte indiquant un climat plus chaud et plus sec pendant I'Holocéne et le
dernier interglaciaire que pendant les interglaciaires plus anciens (Sadori et al., 2016). Dans le sud-
ouest de la péninsule Ibérique, les interglaciaires récents sont au contraire marqués par un couvert
forestier plus important attestant de conditions hivernales plus humides. Il faut toutefois noter que le
lac Ohrid est soumis a un climat continental (Popovska & Bonacci, 2007) avec des étés chauds et des
hivers tres froids et une sécheresse estivale moins marquée que celle typique du régime
méditerranéen, régime qui caractérise le climat du sud-ouest de la péninsule ibérique; ceci pourrait
expliquer des différences locales au sein méme du sud de I'Europe.
La variabilité régionale des changements climatiques est particulierement illustrée par la
comparaison avec les changements observés aux hautes latitudes. Précédemment, nous avons

mentionné que les interglaciaires MIS 5e, 9e et 11c apparaissent comme les périodes plus chaudes
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aux hautes latitudes résultant d’un forgage orbital et/ou des GES importants (Figure 2; Yin & Berger,
2012; Yin & Berger, 2015). Par conséquent, nous pouvons dire que méme si un interglaciaire est
marqué par un réchauffement et une fonte des calottes de glace importants dans les hautes latitudes
de I’"hémisphére nord, il n’est pas forcément associé a une forte augmentation des températures dans
le sud-ouest de I'Europe. Par contre, des différences notables de précipitations sont détectées d’un
interglaciaire a I'autre mais pour autant aucune relation ne semble évidente entre réchauffement des
hautes latitudes en relation avec de fortes concentrations de GES et augmentation de la sécheresse
en région méditerranéenne contrairement a ce qu’indique les simulations du climat futur (Hoerling et
al., 2012). Les forgages responsables de la diversité des interglaciaires en terme d’intensité des
précipitations dans la région méditerranéenne restent encore a définir. Un bon candidat serait un des
parameétres orbitaux déterminant l'insolation, la précession, qui a une influence importante sur le
climat des régions situées a des latitudes inférieures a 40°N (Ruddiman & Mocintyre, 1984). La
précession controle I'amplitude de la saisonnalité et donc la quantité de précipitations hivernales
dans les régions subtropicales comme suggéré par des simulations récentes (Yin & Berger, 2012) et

les observations (e.g. Oliveira et al., 2016; Sanchez Goiii et al., 2008).

5- LA DUREE ET LA VARIABILITE MILLENAIRE DES INTERGLACIAIRES ET LES MECANISMES
FORCANT LES ENTREES EN GLACIATION

La durée des phases forestieres dans la péninsule Ibérique et en particulier de la premiere
phase qui correspond a la période interglaciaire s.s. varie entre ~9 000 ans pour l'interglaciaire du MIS
7 et ~31 000 ans pour celui du MIS 11 alors que I'Holocene a commencé il y a 11 700 ans. Il est
intéressant de noter que les interglaciaires des MIS 11 et 19 qui sont semblables a I'interglaciaire
actuel d’un point de vue du forgage astronomique (Loutre & Berger, 2000) sont caractérisés par un
couvert forestier persistant pendant des durées tres différentes, 30 000 ans pour le MIS 11 et 12 300
ans pour le MIS 19 (interglaciaire Tajo, Figure 3), respectivement (Figure 2). Néanmoins, il est connu

que méme si le MIS11 est marqué par une insolation variant avec une amplitude similaire a notre
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interglaciaire, il présente une caractéristique atypique. Il comporte en son milieu un minimum
d’insolation, certes faible, qui n’a pas engendré d’entrée en glaciation, ne mettant donc pas fin a
I'interglaciaire et générant un interglaciaire particulierement long sur un cycle et demi de précession.
Néanmoins, il reste un bon analogue pour examiner les mécanismes associés a I'entrée en glaciation
qui a eu lieu avec la diminution d’insolation suivante. Nous allons maintenant nous focaliser sur la
variabilité climatique des analogues orbitaux a notre interglaciaire, les MIS 11c et MIS 19c, et son rdle
potentiel dans les entrées en glaciations.

L’analyse pollinique des MIS 11 et 19 du site U1385 montre qu’une succession d’épisodes
d’expansion et de contraction de la forét méditerranéenne a eu lieu tout au long de ces stades méme
pendant les périodes interglaciaires s.s., MIS 11c et MIS 19c (Oliveira et al., 2016; Sanchez Goiii et al.,
2016) (Figure 4a, MIS 19 pris comme exemple). Les expansions sont interprétées comme une
augmentation des précipitations hivernales et donc des vents d’ouest avec une direction plus zonale
influencant d’avantage le sud de la péninsule Ibérique. Une direction plus méridionale de ces vents
d’ouest apporterait moins de précipitations dans cette région et expliquerait la diminution du couvert
forestier.

Ces données polliniques peuvent étre comparées avec les SST-alcénones et les
pourcentages du biomarqueur Cs7.4 du site U1385 indiquant les apports d’eau douce, ainsi qu’avec le
contenu en IRD de sites situés plus au nord permettant de retracer les débacles d’icebergs en
Atlantique Nord. Nous constatons que seuls les événements les plus froids et secs sur le continent
(plus fortes réductions de forét) mais aussi les plus longs sont associés a une diminution des
températures des eaux de surface et a des débacles d’icebergs en Atlantique Nord (Figure 4, Oliveira
et al., 2016; Sanchez Goiii et al., 2016). En effet, les épisodes de réduction de forét au sein des MIS
19c et 11c ne sont pas associés a un refroidissement des eaux de surface sur la marge ibérique, ni a
des décharges d’icebergs en Atlantique Nord (Figure 4b). Ceci confirme que des épisodes millénaires
froids et secs peuvent avoir lieu quel que soit le volume de glace (Desprat et al., 2009; Oppo et al.,

1998). Par contre, leur intensité et leur durée sont modulées par des mécanismes de rétroactions
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positives sur ’AMOC associées a la dynamique de la glace et en particulier a I'apport d’eau douce issu

du vélage et dispersion des icebergs (Barker et al., 2015; Oliveira et al., 2016).
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Figure 4 — La variabilité millénaire pendant les interglaciaires (s.l.) : 1) Exemple : le MIS 19 dans sud-
ouest de la marge ibérique d’aprés les enregistrements polliniques (a), SST-alcénones (b) et 3'¥0
benthique (c) du site IODP U1385 (Sanchez Goiii et al., 2016) comparés au forgage astronomique (d)
(Berger, 1978). II) Représentation schématique de la végétation dans la péninsule Ibérique, de la
circulation atmosphérique et de la circulation océanique de surface ainsi que du gradient de
température en Atlantique Nord (fleche orange) pendant les épisodes millénaires du MIS 19¢ et MIS
1lc.

Figure 4 — Millennial-scale variability during interglacials (s.l.): 1) Example: the southwestern Iberian
margin records of MIS 19 : pollen (a), SST-alkenones (b), benthic 5°0 (c) from the IODP site U1385
(Sanchez Goidii et al., 2016) compared to astronomical forcing (Berger, 1978). ) Schematic
representation of the vegetation in the Iberian Peninsula, atmospheric and surface ocean circulations
and temperature gradient in the North Atlantic during millennial events of MIS 19¢c and MIS 11c.

Pendant les MIS 19c et 11c, I'enregistrement des SST de la marge ibérique indique que les
eaux de la gyre subtropicale restent chaudes quelles que soient les conditions d’humidité sur le

continent. La récurrence d’épisodes de sécheresse dans le sud-ouest de la péninsule Ibérique
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impliquerait donc des augmentations périodiques d’arrivée d’air humide et chaud associé au courant
ouest de la gyre subtropicale, aux hautes latitudes de I’Atlantique Nord (Figure 4). Dans la gyre
subpolaire, nous observons également des températures qui restent chaudes au cours du MIS 19c
ainsi que I'absence de décharges d’icebergs (Alonso-Garcia et al., 2011). Le découplage répété entre
une mer chaude et une atmospheére plus froide et seche observé au niveau de la marge sud-ouest
ibérique pendant les MIS 19c et 11c n’est donc pas associé a la dynamique des calottes polaires, et
donc au climat des hautes latitudes.

Les données polliniques du MIS 19 ont fait I'objet d’une analyse spectrale qui révéle que la
variabilité climatique millénaire de ce stade a une cyclicité de 5 000 ans. Cette cyclicité semble étre
associée aux changements d’insolation a I'équateur, en particulier au quatrieme harmonique de la
précession (Berger et al., 2006) qui génére des périodes de surplus de chaleur dans les basses
latitudes, avec par conséquent, un gradient des températures des eaux de surface plus important
entre cette région et les pdles. Cette augmentation répétée du gradient thermique dirige les vents
d’ouest vers le nord, augmentant la sécheresse dans la péninsule Ibérique et favorisant I'apport
d’humidité dans les hautes latitudes. Cette humidité qui tombe sous forme de neige est nécessaire
pour l'accumulation de glace aux hautes latitudes au moment ol linsolation d’été diminue
graduellement, favorisant I'entrée en glaciation (Figure 4d). Les épisodes de découplage SST-forét
s’observent d’ailleurs en méme temps qu’une augmentation des valeurs de 80, suggérant des
augmentations de volume de glace (Figure 4c). La variabilité millénaire pendant le MIS 19c serait donc
liée au forcage tropical et pourrait avoir joué un role prépondérant dans I'entrée en glaciation sous
des conditions de forcage astronomique tres semblable a notre interglaciaire. Néanmoins, I'analyse
spectrale des données polliniques de I’'Holocéne (marge ibérique) montre que notre interglaciaire est
caractérisé par une variabilité climatique ayant une cyclicité dominante de 2500 ans et donc
différente de celle du MIS 19c. Si la variabilité climatique millénaire est un facteur important dans les
entrées en glaciation comme montré dans ce travail, le MIS 19¢c ne serait pas un bon analogue de

I'interglaciaire actuel et leur durée ne serait donc pas nécessairement la méme.
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6- CONCLUSIONS

L'analyse du pollen préservé dans les sédiments marins de la marge ibérique permet de
recueillir des informations uniques sur le climat des interglaciaires des cycles climatiques passés. Deux
séquences longues prélevées sur la marge ibérique, la plus septentrionale couvrant les derniers
425 000 ans et la plus méridionale les derniers 800 000 ans, ont été étudiées afin d’évaluer I'intensité,
la durée et la variabilité des interglaciaires passés dans le sud-ouest de I'Europe. Ces études montrent
que les interglaciaires sont tous marqués par le développement d’une forét atlantique au nord de la
Péninsule et d’'une forét méditerranéenne au sud mais ils présentent effectivement une diversité
importante et des caractéristiques différentes dans les deux régions. Nos données montrent que
contrairement aux hautes latitudes ou les différences de températures d’un interglaciaire a I'autre
sont importantes, dans le nord de la péninsule Ibérique elles ne semblent pas significatives. Par
contre, les différences d’intensité des interglaciaires sont trés marquées dans le sud mais ici associées
aux précipitations. Nous n’avons néanmoins pas observé de concordance entre températures tres
chaudes aux hautes latitudes et secheresse accentuée en région méditerranéenne comme le
suggerent les simulations du climat futur. Notre approche de comparaison directe entre les traceurs
atmosphériques (pollen) et marins a aussi permis de discuter des mécanismes jouant un réle dans les
entrées en glaciation, et en particulier du role de la variabilité millénaire, lors de périodes
caractérisées par un forcage astronomique semblable a notre interglaciaire (MIS 19c et 11c).
Effectivement, ces deux interglaciaires sont marqués par une forte variabilité millénaire traduisant le
passage récurrent d’'une configuration de vents d’ouest zonale a une configuration méridionale,
amenant I'"humidité nécessaire aux hautes latitudes pour I'accumulation de glace et donc favorisant
les entrées en glaciation. Cette variabilité millénaire de la circulation atmosphérique ayant une
cyclicité de 5000 ans (MIS 19c) serait liée au forcage tropical d’origine astronomique et non au

forcage des hautes latitudes.
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