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Abstract

Mediterranean sea surface temperatures and planktonic foraminifera
palaeoecology during short-term climate oscillations of the Late

Pleistocene

Margaret Ann Browne

The Mediterranean is a semi-enclosed sea, ideally located for recording and amplifying
global climate signals. Heinrich Stadial 1 (HS1), the Bglling-Allergd (BA) and Younger
Dryas (YD) are periods of extreme climatic change that occurred during the last
deglacial. Planktonic foraminifera were utilised to address the extent the Mediterranean
Sea responded to these events, and how they impacted sea surface temperatures (SSTs),
hydrology and distribution of planktonic foraminifera on a basin-wide scale. This was
further expanded upon in the Gulf of Lion, in order to determine the
palaeoenvironmental impacts and main drivers in this region during the deglacial.

A database of planktonic foraminiferal counts from 67 cores located across the
Mediterranean Sea were compiled. SSTs were reconstructed using Artificial Neural
Networks (ANN) and mapped for each chronozone, along with key planktonic
foraminifera and palaeoenvironmental proxies. Mean annual SSTs ranged from 13.57°C
and 14.19°C during HS1 and the YD, both cooler than the Last Glacial Maximum
(LGM). SSTs during the BA increased to 15.03°C. The western basin, Adriatic and
Aegean Seas remained cool and strongly eutrophic, dominated by Neogloboquadrina
species, G. bulloides, T. quinqueloba and G. inflata since the BA. The eastern basin was
more productive than today, with a mix of eutrophic species and G. ruber plexus,
though it became increasingly seasonal, oligotrophic and stratified as SSTs warmed
during the BA and YD. These reconstructions highlight the complexity of these
chronozones across the Mediterranean Sea. They also illustrated how global drivers
such as the southerly position of the polar front, North Atlantic atmospheric circulation,
precipitation and wind strength, sea level, summer insolation and position of the ITCZ
governed these signals. River discharge and meltwater pulses were regionally important
along northern margins.

Analysis of the high-resolution Gulf of Lion core M40/4 82-2SL focused the late HS1
to mid Holocene (~15.5 to 7.4 kyr). SSTs were predicted using ANN, and a
combination of faunal abundance, multivariate statistics (PCA) and
palaeoenvironmental proxies were utilised to reconstruct the palaeoenvironment.
Predicted SSTs showed strong correlation with Greenland 520 ice cores, especially
during the BA (15.19°C). SSTs during the late HS1 (10.18°C) and YD (8.3°C) were
cooler than the LGM. The assemblage was strongly eutrophic throughout, with a more
diverse, seasonal assemblage restricted to the early Bglling and Holocene. Holocene
SSTs were cooler than expected (15.06 to 15.76°C), as the early Holocene was
overprinted by a strong cyclical river/meltwater signal. This freshening of surface
waters impacted the depth of the pycnocline, which had significant impacts on N.
incompta. Variations in wind-strength, precipitation, river discharge and Alpine
meltwaters were the main factors governing the Gulf of Lion during the Late
Pleistocene to mid Holocene transition.
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Chapter 1.

1 Introduction

The Quaternary Period spans the last ~2.6 million years and is comprised of the
Pleistocene (2.58 - 0.0117 Ma) and Holocene (0.0117 Ma — Present) Epochs. During
this time, vast ice sheets expanded and retreated across the northern hemisphere in a
series of glacial and interglacial cycles. The most recent glaciation culminated in the
Last Glacial Maximum (LGM) which ended around 19 kyr (Monnin et al., 2001;
Marcott et al., 2014; McCarroll, 2015; Paillard, 2015). The subsequent deglaciation was
interrupted by a series of rapid, short-term climatic events occurring between ~17.5 and
11.7 kyr. Heinrich Stadial 1 (HS1) was a brief cool period (~17.5 to 14.7 kyr BP),
where the release of iceberg armadas into the North Atlantic deposited layers of ice-
rafted debris layers as far south as 50 to 40°N (Ruddiman, 1977; Heinrich, 1988). This
inflow of freshwater weakened the strength of the Atlantic Meridional Overturning
Circulation (AMOC) and North Atlantic Deep Water (NADW) formation, cooling SSTs
and impacting on atmospheric and oceanic circulation patterns in the northern
hemisphere. This was followed by the warmer Bglling-Allerad (BA), when the recovery
of the AMOC and an increase of CO; rapidly increased atmospheric temperatures (Bond
et al., 1993; Dansgaard et al., 1993). The final Younger Dryas period was brief return to
very cold conditions where, once again, a potential freshwater influx into the North
Atlantic slowed the AMOC and NADW formation (Broecker et al., 1988). Evidence of
these extreme events have been recorded in ice-cores, marine sediments and a range of

terrestrial proxies across the northern hemisphere.

The Mediterranean Sea is an ideal location in which to study short term climatic events
as the low signal to noise ratio amplifies the signals associated with climatically induced
environmental change (Cacho et al., 2001; Cacho et al., 2002; Moreno et al., 2005). For
this reason, the Mediterranean Sea has been the target of numerous studies focusing on
these Late Pleistocene abrupt climatic events. Specifically, fluctuations in sea surface
temperatures (SSTs) have been recorded using alkenones (Emeis et al., 2000; Cacho et
al., 2001; Essallami et al., 2007; Castafieda et al., 2010; Mojtahid et al., 2015;
Bazzicalupo et al., 2018) and transfer functions (Kallel et al., 1997b; Sicre et al., 2013;
Dubois-Dauphin et al., 2017) providing much needed palaeoenvironmental data during

these late glacial events. However, these studies are constrained to specific locations



(e.g. the Alboran Sea, the Tyrrhenian Sea and the Levantine Basin) and are generally
based on a small number of cores prohibiting a basin-wide analysis of these climatic

gvents.

As known reliable indicators of palaeoceanographic and palaeoclimatic change,
planktonic foraminiferal assemblages have been the focus of research for many years to
better understand the prevailing hydrological systems associated with these short-term
climatic events (Cacho et al., 1999; Buccheri et al., 2002; Sbaffi et al., 2004; Geraga et
al., 2005; Frigola et al., 2008; Kontakiotis, 2016; Giamali et al., 2020). Again, while
providing an extensive local palaeoceanographic history, they cannot be confidently
extrapolated and applied over a basin-wide scale (Hayes et al., 1999). Some basin-wide
studies have been undertaken in the Mediterranean Sea, for example Hayes et al. (2005)
reconstructed SSTs during the LGM, whilst Thomopoulos et al. (2010) mapped the
distribution of some planktonic foraminifera at 1000-year intervals during the last 18
kyr. Both studies provide significant palaeoenvironmental analysis across the entire
Mediterranean Sea, but do not focus specifically on the aforementioned short-term

climatic events that characterise the deglacial period.

The modern north-western Mediterranean Sea is a key location for seasonal Western
Mediterranean Deep Water (WMDW) and is characterised by cool, highly productive
waters (Wust, 1961; Medoc, 1970; Estrada, 1996). The region is strongly influenced by
cold katabatic winds and winter storms that originate in the North Atlantic, as well as
outflow from the River Rhoéne that drive this WMDW and high productivity (Estrada,
1996; Millot and Taupier-Letage, 2005; Palangues et al., 2006; Papadopoulos et al.,
2012). As a consequence, the modern planktonic foraminifera assemblage is primarily
composed of cool water eutrophic species that peak during the winter-spring bloom,
which is unusual for the generally warm oligotrophic Mediterranean Sea (Rigual-
Hernandez et al., 2012). Numerous studies in the eastern basin, Alboran and Tyrrhenian
Seas utilise planktonic foraminifera as a palaeoenvironmental proxy for reconstructing
the Late Pleistocene/early Holocene (Kallel et al., 1997b; Cacho et al., 1999; Cacho et
al., 2001; Shaffi et al., 2004; Di Donato et al., 2008; Melki et al., 2009; Martrat et al.,
2014; Rodrigo-Gamiz et al., 2014a; Dubois-Dauphin et al., 2017; Bazzicalupo et al.,
2018). From these studies, it is evident that the response of planktonic foraminifera to
rapid climate change was varied and asynchronous across the western basin. Given the
strong connectivity of the north-western Mediterranean to the North Atlantic

atmospheric circulation systems, as demonstrated by speleothem and palaeobotany



proxy records in the surrounding hinterlands, it is an ideal location to test the timing and

impact of global drivers of these rapid climate changes (Frisia et al., 2005; Genty et al.,
2006; Fletcher et al., 2010; Moreno et al., 2010; Belli et al., 2013; Morales-Molino and
Garcia-Anton, 2014; Naughton et al., 2016). Unfortunately, the north-western basin is

poorly serviced by palaeoenvironmental studies using planktonic foraminifera (Rohling

et al., 1998; Melki et al., 2009). Therefore, our understanding of how planktonic

foraminifera responded to the most recent deglacial in this key location is limited.

To this end, this work addresses several important research questions:

1.

2.

To what extent are HS1, the BA and the YD recorded in the Mediterranean Sea
and what was the basin-wide significance of these short-term events?

What was the impact of these climatic events on the prevailing hydrological
systems?

How did these climatic events affect the basin-wide distribution of planktonic
foraminifera and to what degree?

Specifically, to what extent was the north-western Mediterranean Sea impacted
by the deglacial, and how can planktonic foraminifera inform our understanding

of the associated changes in surface water hydrology?

Acknowledging these research questions, the following aims and objectives formulate

the basis of this thesis:

AiIms:

1.

To provide a detailed and comprehensive basin-wide palaeoclimatic and
palaeoecological reconstruction of HS1, the BA and the YD climatic events in
the Mediterranean Sea.

To reconstruct SSTs and palaeoenvironment of the deglacial and early Holocene
periods in the north-western Mediterranean Sea, to test the timing and impact of

rapid climate change in the region.

Obijectives:

To construct a chronologically constrained dataset for each chronozone
comprising of planktonic foraminiferal census counts.
To reconstruct SSTs using the artificial neural networks (ANN) transfer function

for each chronozone.



3. To map the distribution of individual planktonic foraminiferal species for each
chronozone.

4. Provide a detailed planktonic foraminifera assemblage for the late HS1 to early
Holocene period in the Gulf of Lion.

5. To reconstruct SSTs and provide a palaeoecological interpretation for the Gulf

of Lion during the deglacial/Holocene transition.

To achieve these aims and objectives it was necessary to obtain faunal count data from a
plethora of sediment cores covering as large a spatial area as possible. The collation of
this data comprised of existing published data and the addition of new unpublished data.
All data had to meet specific criteria, e.g. chronological control points and >150um size
fraction. This sampling strategy would ensure that all the requirements for a
comprehensive dataset would be met. SSTs were reconstructed using the ANN transfer
function. This technique was chosen as it has a low prediction error rate (£1°C), thereby
producing reliable SST estimates. In addition, using the ANN also enabled direct

comparisons with results obtained in the LGM study undertaken by Hayes et al. (2005).

Core M40/4 82-2SL was chosen for this study as it was a known high-resolution core
from the Gulf of Lion, which extended through the deglacial and early Holocene time
series (Broggy, 2011). Detailed sampling provides a sub-centennial record of planktonic
foraminifera counts and SST predictions using ANN, to accurately test the timing and

degree of palaecoenvironmental change was experienced in the Gulf of Lion.

It is anticipated that having completed the aims and objectives, this research will
enhance our understanding of the late glacial palaeoenvironments in the Mediterranean
Sea. In addition, the provision of palaeotemperatures can be used to assess the quality of
numerical models. The high-resolution record in the Gulf of Lion will test the degree
that global and/or regional controls had on palaeoenvironmental change in north-

western Mediterranean Sea during the deglacial and early Holocene period.



Chapter 2.

2 Climatology and physical oceanography of the

Mediterranean region

The Mediterranean Sea is a semi-enclosed basin located between the subtropics of
northern Africa and the more temperate north-western Europe. Due to the complex land
distribution, the Mediterranean Sea is composed of two deep basins (the western and
eastern basin), which are separated by the shallower Strait of Sicily (Figure 2.1). The
western basin connects to the North Atlantic through the Strait of Gibraltar and contains
a number of distinct sub-basins, i.e. the Alboran, Balearic and Tyrrhenian Seas and the
Gulf of Lion. Once through the Strait of Sicily, the eastern basin is comprised of the
lonian and Levantine Seas, with the Adriatic and Aegean sub-basins to the north.
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Figure 2.1: Map of the Mediterranean region, encompassing the sea and surrounding topography.

Given its transitional location, both the climate and oceanography of the Mediterranean
Sea are strongly influenced by seasonal changes in atmospheric circulation and
oceanography of the North Atlantic, as well as from the subtropical high-pressure
systems from further south. To determine the processes that influenced the
Mediterranean region in the Late Pleistocene, we need to understand the climate and
oceanography of the present-day Mediterranean, as well as potential factors that may
have operated in the region in the past. Therefore, this chapter will introduce and review
the global and regional atmospheric patterns that impact the modern Mediterranean
region, as well as outline the hydrographic structure of the sea, as well as the processes
that influence it.



2.1 Climate

2.1.1 Atmospheric variability

Global atmospheric variability is characterised by the complex interaction of latitudinal
variations in insolation, albedo, land-sea distribution and ocean circulation, and the
effect of the rotation of the earth on these factors. Variations in latitudinal net radiation
mean that warm, less dense equatorial air rises, moves poleward, sinks as colder denser
polar air and moves back towards the equator, in what is called a Hadley Cell. However,
as these air masses are subject to the Coriolis force, they are subdivided into three
separate cells, the low latitude Hadley Cell (between 0-30° N/S), the Ferrel Cell in the
mid latitudes (30-60° N/S) and the high latitudes Polar Cell (60-90° N/S) (Figure 2.2)
(Lockwood, 1985). Each of these cells are separated by different pressure regimes.
Between the ascending branches of the high-pressure Hadley Cells at the equator, the
convergence of warm, moist buoyant air by the Trade Winds forms a low-pressure belt
called the Intertropical Convergence Zone (ITCZ) (O'Hare et al., 2013). The ITCZ is

characterised by heavy precipitation, cloudiness, and intense latent-heat release.
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Figure 2.2: Northern Hemisphere atmospheric circulation patterns during the summer. Arrows illustrate the
movement of the dominant winds: H=areas of high sea level pressure; L = areas of low sea level pressure. Taken
from Rohling et al. (2009).

Between the Hadley Cell and the Ferrel Cell, cold dry air descends giving an area of
high pressure known as the Subtropical High-Pressure Belt (i.e. the Azores high-
pressure cell in the North Atlantic) (Lionello et al., 2006b; Seager et al., 2019).
Circulation changes within the Hadley cell causes the location of the ITCZ and the

Azores High to migrate with the changing seasons (Alpert et al., 2006). In particular,



the position of the ITCZ migrates, following the annual cycle of surface solar heating,
I.e. it moves towards the equator during winter months and poleward in the summer. In
addition, the mean location of the ITCZ is to the north of the equator. This is linked to
the oceanic heat transfer from the southern hemisphere into the North Atlantic by the
Atlantic Meridional Overturning Circulation (AMOC), which is balanced somewhat by
the southern transport of atmospheric energy by the northerly location of the ascending
branch of the Hadley Cell and ITCZ (Marshall et al., 2013; Schneider et al., 2014). This
interconnection between the AMOC and the ITCZ was important for the Mediterranean
region during the abrupt climate changes of the Late Pleistocene and will be discussed
in Chapter 4.

These atmospheric cells and their associated pressure regimes dictate the global wind
patterns located at different latitudes. Within the Hadley Cells, convergence of warm air
towards the equator generates the Trade winds. Between 30-60° (N/S), as warmer
tropical air moves poleward, it is deflected to the east by Coriolis force, creating the
Westerlies, which are intrinsic to the Mediterranean climate, especially during the
winter (Lionello et al., 2006a). Towards the poles, the high-pressure Polar Cell is
characterised by cold dense dry air. The winds from the Polar cell are deflected, forming
the weak Polar Easterlies. There is a significant pressure and thermal gradient between
the northern flowing milder low latitude air and the cold polar air, and they do not
readily mix (O'Hare et al., 2013). Where this convergence occurs is known as the Polar
Front Zone. The polar front has a significant influence on the development of
cyclogenesis in the Northern Hemisphere, which directly impacts on regional weather
systems in the Mediterranean region. The pressure differences create the high-altitude,
fast moving circumpolar Upper Westerly winds, which meander in long waves, known
as Rossby Waves. In winter months, when the temperature gradient is greater, the
meanders become shallower and low-pressure systems (depressions) can form. Within
these Upper Westerlies, strong, narrow currents (i.e. jet streams) occur and are
instrumental in the formation and flow direction of these storm tracks (O'Hare et al.,
2013). For example, depressions can travel rapidly cross the North Atlantic Sea,
bringing wet and windy conditions to western Europe and the north western

Mediterranean.

Changes in the pressure and acceleration of the jet stream along the poleward limbs of
the Rossby Waves, help initiate depression formation and enhanced cyclogenesis. The

Polar Front Theory was developed by the Bergen school over a century ago, and



describes the six stages of the development of these mid-latitude cyclones (depression)
that track from west to east along the atmospheric polar front (Figure 2.3) (O'Hare et al.,
2013). During the initial Stage A, a front is formed, dividing cold and warm air masses.
During Stage B, a wave develops along the front, and a low-pressure centre becomes
established along the crest of this wave. As the cyclone develops into Stage C, the wave
becomes more pronounced due to the cyclonic movement of the air masses. The eastern
edge of the wave is characterised by a warm front that is followed by the westerly
flowing warm air mass, with the cold front and cold air mass moving in from behind.
As the depression deepens (Stages D-E), the cold front moves faster, and the fronts start
to become occluded. Warmer air from the contracting warm sector is pushed upwards,
cooling and condensing to form zones of rainfall that precede the fronts. The cyclone
reaches maturity (Stage E) when the fronts are fully occluded, and rainfall is firmly
established along this occluded front. The occluded front lengthens and moves away
from the centre of the depression (Stage F). Mid-latitude cyclones last 3-5 days from
initiation and once it dissipates, the polar front is re-established. However, depressions
usually occur in families, which progressively form further south, as they trail the

previous depression (O'Hare et al., 2013).
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Figure 2.3: Six stages of the formation of mid-latitude depressions. Taken from O'Hare et al. (2013).

In the northern hemisphere, these mid-latitude cyclones dominate winter weather

patterns in north-west Europe. However, there is also a strong positive correlation of



winter precipitation in the Mediterranean, especially the western basin, and these North
Atlantic depression systems, which are tracked into the region by the more southerly
location of the polar front jet and associated strong Westerly winds (Trigo et al., 2006;
Baldi et al., 2008). In contrast, when Westerly winds and jet streams are weakened
during the summer, the Mediterranean region is dominated by the high pressure ridge
extending from the subtropical Azores High, leading to warm, dry conditions (Xoplaki
et al., 2003).

2.1.2 Mediterranean climate

The Mediterranean climate can be broadly described as having warm to hot summers
with low precipitation, and mild wet winters (Lionello et al., 2006b; Lionello et al.,
2012a). Due to its transitional location, there are two main Képpen-Geiger climate
types, the Arid (B) desert and steppe climates to the south and the Temperate (C)
Mediterranean and Humid Subtropical climates to the north. Arid regions along the
north African coastline are characterised as dry, with near unbroken sunshine
throughout the year and are directly linked to the presence of global high-pressure cells
(Hess and Tasa, 2010). Precipitation rates in the Sahara region are <30cm/year (with or
without a defined wet season), with air temperatures ranging from mid-teens in winter
to >30°C during the summer (Hess and Tasa, 2010).

In the more temperate northern regions, annual rainfall is 38-64cm, though with variable
seasonal precipitation rates. Summers are virtually rainless (<40 mm rain in the driest
month) and winter rates are approximately 8-13cm per month (Hess and Tasa, 2010).
Summers are dominated by stable high-pressure systems linked to subtropical highs
which, in combination with cool ocean water, lead to a dry stable atmosphere, clear
skies and significant sunshine (Hess and Tasa, 2010). Air temperatures range from 16-
21°C in the north-western margins of the western basin, to 24-27°C in the eastern basin
(Hess and Tasa, 2010). In winter, these high-pressure systems move south, allowing for
more influence by the Westerlies and midlatitude cyclones and associated rain-dominant
fronts. Winter air temperatures are mild and can vary from 7-13°C (Hess and Tasa,
2010).

2.1.3 Prevailing winds

Due to the complex topography and land distribution of the Mediterranean region, and

its location in a transitional area between the Westerlies to the north and the Azores



High pressure system to the south, winds are complex and seasonally variable (Ruti et
al., 2016). More than 45 different winds have been described from the region (MEDEX,
1996). In winter, the winds are strongly influenced by pressure ridges and troughs at
500mb level in the atmosphere, mainly from the north, which cause more active weather
in the Mediterranean region (Quantic, 2008). In the summer the weather is usually more
settled, both on the surface and at 500mb level (Quantic, 2008).

The Mediterranean region is strongly influenced by several katabatic air flows, which
are characterised by the sinking of dense cold air, generated in higher ground, which is
then funnelled downslope through the surrounding valleys (Quantic, 2008). These
winds are not as influenced by atmospheric pressure gradients, though can be
strengthened by passing lows. These winds can reach gale force, especially if the
mountainous source is snow covered, flowing down through long and steep valleys. In
the western, northern and eastern rim of the Mediterranean, regional winds are
influenced by the surrounding topography. The Mistral and Tramontane winds are
funnelled into the Gulf of Lion, while the Bora and Etesian winds extend into both the

Adriatic and Aegean seas (Figure 2.4).
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Figure 2.4: Topography of Mediterranean region, with associated winds (MEDEX, 1996).

The Mistrals are cold northerly katabatic winds that flow south from central southern
France through both the Garonne and Rhone Valleys to the west and east of Massif
Central to the Gulf of Lion (MEDEX, 1996). The Tramontane winds form part of the
Mistral system, but flow into the Gulf of Lion from a more north-westerly direction
through the Naurouze Gap between the Pyrenees and the Massif Central (Lionello et al.,
2006a). The Mistral and Tramontane winds are most common in the winter, though they
can occur year-round (Givon et al., 2021). Gale force Mistrals often develop when
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cyclogenesis occurs over the Gulf of Genoa with the passage of the 500mb trough
through eastern France (MEDEX, 1996) (see section: Cyclogenesis). These ~100 knot
winds can extend through the western and central Mediterranean. In the eastern basin,
Bora winds are generated when cold winter polar air builds in the Balkans and are
katabatically funnelled through gaps in the surrounding mountain ranges towards both
the Adriatic and Aegean Seas (MEDEX, 1996; Quantic, 2008). East of the Adriatic,
these cold Bora winds flow in a south-west direction through the Dinaric Alps across
the sea; whereas in the Aegean Sea region, north/north-east Bora winds flow from the
Balkan Peninsula through the Rhodope and Boz Daglar mountains in western Turkey,
and the Pindus Mountains in Greece (MEDEX, 1996; Quantic, 2008). Following a
similar track of the winter Bora winds, the north-eastern Etesian winds are generated by
northerly monsoonal winds that flow into the Aegean Sea and eastern Mediterranean
(see section: Monsoons). These winds are affected by low-pressure systems over
Turkey and high pressure in eastern Europe (MEDEX, 1996).

In addition, there are several non-katabatic winds of note, including the cold Westerly
winds, and warm Levante and Sirocco winds. Westerly winds flow in from the North
Atlantic through the Straits of Gibraltar from autumn through to spring, either coming
before cold fronts (from the south-west) or after passing cold fronts (from the south-
east) (Quantic, 2008). They are concentrated in the Alboran Sea and south of the
Balearic Islands, and are associated with 500mb low-pressure troughs passing through
the straits (MEDEX, 1996). In contrast, during the summer, the warm Levante winds
are channelled westward from the Alboran Channel through the Straits of Gibraltar and
when gale-force, they can extend out as far as the Gulf of Cadiz (MEDEX, 1996;
Quantic, 2008). Along the east coast of Spain, the more north-easterly Levante winds
occur throughout the year, though more commonly during the spring and autumn
(Quantic, 2008). These winds are generated when there are high-pressure systems over
Central Europe, with relatively low pressure in the western Mediterranean; if there is a
high-pressure system over the Balearic Islands, or if there is an approaching cold front
coming in from the west. Finally, Sirocco is the name for all hot, dry, dust-laden winds
that flow north from the hot deserts of Northern Africa into the central and eastern
Mediterranean region (Quantic, 2008). The warm Sirocco winds are unique in the
Mediterranean region, as they are not generated or channelled by mountainous
topography; they occur when surface or upper level depressions travel eastward along

the southern Mediterranean/north Africa coast. They can occur throughout the year but
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reach gale force mainly during the spring (MEDEX, 1996). As the wind travels north
over the sea, it brings warm moist air and clouds to the northern margins of the
Mediterranean (MEDEX, 1996; Quantic, 2008).

2.1.4 Cyclogenesis

One of the dominant features of the Mediterranean climate is the occurrence of frequent
intense cyclones, especially during the winter and spring. During the Northern
Hemisphere winter, the Mediterranean is one of the most cyclogenetic regions in the
world and cyclones are one of the influential factors determining weather patterns in the
region (Pettersen, 1956; HMSO, 1962). There are several factors that contribute to the
frequency, intensity and duration of cyclones in the region, such as its location between
the subtropics and the mid latitudes, the complex land-sea distribution, the steep
orography of the northern coast and the thermal differences between the Mediterranean
Sea and the incoming atmospheric winds (Harding et al., 2009; Lionello et al., 2012a).
The enclosed sea is a significant source of moisture and energy for the generation of
cyclones, and the surrounding mountain ranges and steep-sided valleys are instrumental
in focussing and directing cyclonic systems, especially south of the Alps towards the
Gulf of Genoa (Lionello et al., 2006a). Most significant cyclogenesis occurs in the
western basin, with cyclolysis occurring in central and eastern Mediterranean (Lionello
et al., 2012a). Although not as deep, extensive or long lasting as North Atlantic systems,
cyclones in the Mediterranean region form a separate branch of the northern hemisphere
storm track and are characterised by increased precipitation, wind, storm surges, waves
and landslides (Lionello et al., 2006a).

The highest rate of cyclogenesis occurs mainly during winter months, peaking in
January (HMSO, 1962; Lionello et al., 2006a; Almazroui et al., 2017). In the western
basin, orographic cyclogenesis is concentrated mainly in the Gulf of Genoa into the
Ligurian Sea, as well as the Gulf of Lion and south of both the Pyrenees and Apennines.
The Gulf of Genoa is the main centre for cyclogenesis within the Mediterranean
throughout the year (Trigo et al., 2002; Ulbrich et al., 2012). Most cyclones do not
develop into extreme weather events and not all severe weather events are associated
with cyclones (Jansa et al., 2014). However, in some instances deep cyclones are
associated with intense and persistent rainfall and strong winds, and it is estimated that
80% of all heavy rainfall in the western basin is associated with a nearby cyclone, which

channels and forces upward low-level warm moist air, leading to heavy precipitation
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(Jansa et al., 2001; Jansa et al., 2014; Ruti et al., 2016). This association between heavy
precipitation and strong winds with cyclonic activity is also observed in the eastern
basin, where heavy rain and snow in Greece is associated with fast moving cold

orographic cyclones (Jansa et al., 2014).
2.1.5 Monsoons

The South Asian Monsoon (SAM) is a substantial pattern of winds and precipitation
centred over southern Asia and the Indian Ocean. As a result of the seasonal northward
migration of the ITCZ during the summer, in addition to rapid warming over the Indian
continent, strong westerly winds trigger large scale cyclones, bringing with them the
characteristic intense summer monsoonal rains (Rodwell and Hoskins, 1996; Goswami,
2012). The SAM has been demonstrated to be critical in influencing the eastern
Mediterranean (Reddaway and Bigg, 1996; Rodwell and Hoskins, 1996; Rodwell and
Hoskins, 2001; Kothe et al., 2014). The Rossby wave response to the increase in
temperature and westerly winds of the SAM, causes an area of adiabatically descending
air to form to the west of the SAM (Rodwell and Hoskins, 1996). This descent forms
the Persian trough from the Persian Gulf into the Aegean Sea; its flow and direction
governed by the eastern Mediterranean mountain ranges (Tyrlis et al., 2012).
Intensification of the SAM enhances the Persian trough, which combined with the
subtropical Azores high to the west, causes an atmospheric pressure difference between
the two basins. This is positively correlated to increasing the east-west SLP gradient,
strengthening Etesian winds over the lonian Sea, decreasing winds in the central
western basin, the hydrostatic decline in SST across the Mediterranean and is
characterised by the dry arid conditions experienced in the eastern basin (Reddaway and
Bigg, 1996; Xoplaki, 2002; Ziv et al., 2004; Tyrlis et al., 2012).

Finally, the East African Monsoon (EAM) had an indirect impact on the Mediterranean
climate through fluvial discharge from the Blue Nile/Atbara, which drains the
spring/autumn monsoonal rains from the Ethiopian Highlands into the Levantine Basin
(prior to the opening of the Aswan High Dam in 1964) (Weldeab et al., 2014). The two
monsoon events (i.e. spring “long-rains” and autumn “short rains”) are associated with
the south-north and then returning north-south migration of the ITCZ (Camberlin and
Philippon, 2002). During the spring, the direction of the trade winds reverse, bringing
moist oceanic air and monsoonal rains inland from the Indian Ocean. In the summer, the

south-westerly Somali Jet is strengthened with a region of subsidence forming along its
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western side, shutting down the monsoons for the summer months; then in the autumn,
the Somali jet weakens bringing less intense rains into the eastern Horn of Africa (Funk
et al., 2016). Prior to the mid-1960s, 70% of the average discharge from the Nile came
from the monsoon-related Blue Nile/Atbara discharge (Rohling et al., 2009). The
impact of this Nile discharge on the Levantine Basin will be discussed in the following

section.
2.2 Oceanography

The Mediterranean Sea is distinct in that it is a semi-enclosed sea, subdivided into two
deep basins (>4000m in places) by the Strait of Sicily (~330m average depth), with
inflow of Atlantic waters through the Straits of Gibraltar (Wist, 1961). Mean annual sea
surface temperatures (SSTs) are warm (19.7°C), ranging from cooler (~17°C) along the
northern margins (i.e. north-west Mediterranean, northern Adriatic and Aegean Seas),
increasing towards the south-eastern basin (~23°C) (Figure 2.5; Table 2.1) (Locarnini,
2018). It is an evaporitic basin (i.e. evaporation (E) exceeds input from precipitation (P)

and rivers (R)), with a mean salinity value is 38.2 practical salinity units (psu), which

has a direct influence on the circulation and biogeochemistry of the sea (Table 2.1)
(Tanhua et al., 2013; Locarnini, 2018).
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(Locarnini, 2018).

In its most simplistic form, fresher cooler Atlantic waters enter through the Straits of
Gibraltar, flow eastward along the north African coast into the eastern basin, increasing

in temperature (T) and salinity (S), until they sink and form intermediate waters that

14



flow back towards the western basin (Figure 2.6). This deeper water then exits the
Straits of Gibraltar into the North Atlantic as the Mediterranean Outflow Water
(MOW). However, the circulation of Mediterranean waters is more complex due to the
presence of the Adriatic and Aegean sub-basins, net evaporation during the summer and

deep-water formation initiated by winter cooling of surface waters by katabatic winter
winds.

Mediterranean Western Eastern
Sea Basin Basin
SST (°C) 19.70 18.61 20.34
Salinity (psu) 38.20 37.62 38.54

Table 2.1: Mean annual SST (°C) and salinity (psu) for the Mediterranean Sea and western and eastern basins
derived from the World Ocean Atlas (WOA) (2018) (Locarnini, 2018). psu = practical salinity units.
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Figure 2.6: Longitudinal cross section of Mediterranean Sea Water masses, with modern winter current direction
and salinity (psu). Taken from Rohling et al. (2009).

Therefore, this section will outline the main present-day surface, intermediate and deep
circulation patterns, areas of deep-water formation, as well as the influences of
freshwater discharge into this warm hypersaline sea. This review of oceanic processes is
essential to understand the hydrographic systems in the Mediterranean Sea. These
systems ultimately control parameters which determine the distribution of foraminifera.
In addition, understanding modern oceanic process will allow us to identify potential
differences during the deglacial period since the LGM. For example, to what extent did
sea surface temperatures (SSTs) vary during the Late Pleistocene and were these
changes homogenous across the Mediterranean Sea? Also, is there evidence of
extensive changes or restructuring of the ocean circulation, or hydrological structure

during these periods and what are the potential drivers of these changes?
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2.2.1 Surface circulation

Incoming North Atlantic Surface Waters (NASW) that flow through the Straits of
Gibraltar into the Alboran Sea (S: 36.1-36.2 psu; T:15-16°C) are quickly entrained and
mixed during periods of upwelling with the Mediterranean Intermediate Waters (MIW)
to form the warmer (T: 16°C), slightly more saline (S: 36.5 psu) Modified Atlantic
Water (MAW) (Figure 2.6; Figure 2.7) (Millot and Taupier-Letage, 2005). This fast-
moving 100-200m deep MAW jet is instrumental in the formation of two highly
productive, semi-permanent anti-cyclonic gyres; namely the Western and Eastern
Alboran Gyres (WAG and EAG) (Figure 2.7) (Millot, 1999). As a result of the
incoming NASW, upwelling of the MIW, the presence of the gyres and intense winter
Westerlies, the Alboran Sea is rich in nutrients and highly productive, especially during
the winter bloom (Nov-Mar) (Béarcena et al., 2004; Hernandez-Almeida et al., 2011)
(Figure 2.7).
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Figure 2.7: Surface water circulation in the Mediterranean Sea. Modified from Millot (1999), Millot and Taupier-
Letage (2005) and Rohling et al. (2009).

On the eastern edge of the EAG, the MAW is deflected south towards Oran where it
meets the dense and more saline (S: >37.6 psu) resident Mediterranean waters, forming
the semi-permanent Almeria-Oran Front (Tintore et al., 1988; Arnone et al., 1990;
Millot, 1999). From here, the MAW bifurcates, flowing west to complete the gyre and
east as the cool nutrient rich Algerian Current, lying approximately 30km off the
Algerian coast (Figure 2.7). The Algerian Current begins as a narrow (30-50km) and
deep (200-400m) current, but as it extends eastward towards the Channel of Sardinia, it

thins, widens and becomes increasingly unstable (Millot, 1999; Robinson et al., 2001).
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It is characterised by large scale meanders (~10kms) and “coastal eddies” (~10s-100kms
in diameter) that can be subdivided into i) smaller short lived cyclonic eddies and ii)
longer-term and larger anticyclonic eddies (associated with upwelling) that migrate and
expand (30-100km) both northward as “open sea eddies” and towards the east (Arnone
et al., 1990; Millot, 1999).

The instability of the Algerian Current to the south of Sardinia causes the MAW to split,
with one branch flowing to the north of Sicily towards the Tyrrhenian Sea; the other to
the east towards the Straits of Sicily into the eastern basin (Figure 2.7). In the western
basin, the MAW forms the Western Basin Gyre as it flows northward along the
continental slope off the coast of Italy into the Ligurian-Provengal Basin, where it
becomes known as the Northern Current, then south through the Catalan Basin, and
finally returning to the Alboran Sea where it is entrained and mixed with the incoming
NASW (Millot, 1999; Millot and Taupier-Letage, 2005). Once the greatly modified
MAW returns to the Alboran Sea, its distinct salinity, density and SST gradients are
instrumental in the formation of the Almeria-Oran Front. Within the central and
northern Tyrrhenian Sea, seasonal cyclonic eddies can occur, triggered by winter wind
upwelling events, especially east of the Strait of Bonifacia; this is in contrast to the
southwestern Tyrrhenian Sea where the orography of the islands protect it from such
events (Millot, 1999).

At the Straits of Sicily, it has been estimated that two-thirds of the MAW (winter SST:
~15°C; S: 37-37.5 psu) flow into the eastern basin (Garzoli and Maillard, 1979;
Tsimplis et al., 2006; EI-Geziry and Bryden, 2014). Due to the complex topography,
width of the strait and the number of islands, on first leaving the Strait of Sicily the
MAW splits i) as a branch that flows to the north-east; ii) as mesoscale eddies that move
towards the central lonian Sea; iii) south as branches towards Tunisia and Libya (Millot
and Taupier-Letage, 2005). As the northern branch, known as the Atlantic-lonian
Stream (AIS), meanders eastward through the lonian Sea, it feeds the Mid lonic Jet and
fast-flowing Mid-Mediterranean Jet (MMJ). By the time the MMJ reaches the Ligurian
Sea, temperature, evaporation and salinity have increased (T winter): ~17°C; S: <38.8
psu), and it has become increasingly unstable, forming a series of cyclonic and
anticyclonic gyres and eddies, including the Rhodes, Mersa Matruh, Cretan and West
Cyprus gyres (Figure 2.7) (Malanotte-Rizzoli et al., 1997; Robinson et al., 2001). At
Cyprus, the MMJ splits again i) to the north to form the Asia Minor Current (AMC); ii)
south towards the Shikmona eddy (Robinson et al., 2001).
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2.2.2 Intermediate water formation

During winter storm events in the Levant, cold Bora/Etesian winds track across the sea,
cooling surface waters (T: 16-17°C) and increasing rates of evaporation which, when
combined with the high salinities (S: ~39.2 psu), cause this dense water to sink to form
the Levantine Intermediate Water (LIW) (Figure 2.6) (Robinson et al., 1992; Malanotte-
Rizzoli et al., 1997). The main areas of LIW formation are within the Rhodes Gyre,
though it may extend across the whole north Levantine basin, as well as the Aegean Sea
and south Levantine Sea (Figure 2.8) (Malanotte-Rizzoli et al., 1997; Tsimplis et al.,
2006).
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Figure 2.8: Intermediate water circulation in the Mediterranean Sea. Modified from Millot and Taupier-Letage
(2005).

The LIW can be identified by a distinct halocline (salinity maximum) that lies between
150-600 m depth (Wist, 1961). It spreads out across the eastern basin, where it is
entrained and recirculated by the many gyres and eddies, deflected north into the
Adriatic and southern Aegean Seas, and west towards the Straits of Sicily where it is
partially deflected back into the lonian Sea, as well as exiting into the western basin as
Mediterranean Intermediate Water (MIW) (T: 14°C; S: ~38.5 psu) (Garzoli and
Maillard, 1979; Malanotte-Rizzoli et al., 1997). West of the Straits of Sicily the LIW
splits with i) one branch deflected to the north by the Coriolis force into the Tyrrhenian
Sea (forming the Tyrrhenian Dense Water (TDW) at 200-2000m) and to the west
around Sardinia; ii) the other branch flows west along the north African coast to the
Alboran Sea (T: 13.2°C; S: 38.5 psu), through the Straits of Gibraltar into the North
Atlantic as the MOW (Malanotte-Rizzoli et al., 1997; Millot, 1999; Tsimplis et al.,
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2006). In the North Atlantic, the MOW can be identified as a rotating lenses of warm
salty water (36.5 to 37.5 psu and T: 10.5 to 14.0°C) that sits at ~1000m depth and flows
northward along the north-western European coast (van Dijk et al., 2018).

In the north-western basin, Winter Intermediate Water (WIW) forms when the winter
Mistral winds track across the Gulf of Lion and the Ligurian Sea, cooling the surface
Northern Current enough to cause the cooler dense saline water (T: 12.5-13°C; S: 38.1-
38.3 psu) to sink beneath the MAW, but not enough to trigger deep mixing (Millot,
1999). Millot (1999) also noted that the degree of winter storminess can directly
influence the depth of vertical mixing; therefore, during milder winters WIW formation
can exceed that of deep water formation in this region. WIW form during colder
winters, though they may be easily mixed with the upper boundary of deeper waters,
meaning they can be harder to differentiate. WIW can be differentiated from the slightly
warmer LIW, and both flow in a similar southerly direction as the Northern Current to
join the LIW as it enters the Alboran Sea and out the Straits of Gibraltar (Figure 2.8)
(Millot, 1999; Robinson et al., 2001; Tsimplis et al., 2006).

2.2.3 Deep water formation

Within the Mediterranean, deep water formation (DWF) is crucial for the thermohaline
circulation of the Mediterranean Sea. During winter months, well oxygenated deep
waters are formed in the northern regions of both the west and east basins, though

through slightly different mechanisms (Tanhua et al., 2013).
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Mediterranean Sea. Modified from Millot and Taupier-Letage (2005).
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2.2.3.1 Western Mediterranean Deep Water

The Gulf of Lion, Ligurian and Provencal sub-basins are the key areas for DWF in the
western basin (Figure 2.9). There is strong seasonality in the structure of the water
column. From April to early autumn, the stratified oligotrophic waters develop a strong
thermocline (10-20m thick) that deepens through the summer (10-50m deep), separating
the cold bottom waters (~13.5°C) and the warmer fresh buoyant surface waters (20-
25°C) (Millot, 1979). During these periods a deep chlorophyll maximum (DCM)
develops within the pycnocline located at the base of the nutrient-depleted euphotic
zone (where light levels are approximately 1% of the surface), in close association with
the nutricline (Estrada, 1985; Estrada et al., 1993; Estrada, 1996).

Violent mixing and
deep convection

Surface
Water

Mediterranean
Intermediate
Water

Preconditioning Phase

Surface
Water

Intermediate
Water

Western Med, cool, deep Water

Western Med, cool, deep Water

Figure 2.10: The preconditioning and violent mixing phases of deep-water formation in the Gulf of Lion. Taken from
Rohling et al. (2009).

During winter months however, the combination of intense storms, winter SST cooling,
high salinities and increasing water density trigger violent mixing of the water column,
to form the Western Mediterranean Deep Water (WMDW). It is a three-phase process:
i) the preconditioning phase; ii) violent mixing phase, and iii) sinking and spreading of
the deep water (Figure 2.10) (Medoc, 1970). The preconditioning phase begins during
winter months when the saline surface waters begin to cool (T: 10-12°C; S: 38.4 psu)
causing the density of the waters to increase (Wist, 1961). There is some mixing of the
water column at this stage, but it retains its three distinct layers, i.e. the cold fresher
surface waters overlying the warm saline WIW, with cold medium saline deep waters
below. With the onset of winter storms, increased cyclogenesis and strong Mistral
winds, intense cooling and evaporation of surface waters increase and the pycnocline
shallows from 200-250m to <100m (Petrenko, 2003; Papadopoulos et al., 2012). By
February, the density rapidly increases causing the water column to become unstable,

triggering deep vertical mixing that extends vertically as columns to depths >2000m,
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thus eliminating surface and intermediate waters (Medoc, 1970).

This deep mixing upwells nutrient rich deep waters up to the photic zone increasing
productivity, leading to strong winter-spring blooms (Rigual-Hernandez et al., 2012). It
is also noted that productivity of north-western Mediterranean waters is closely linked
to atmospheric patterns, i.e. colder stormier years leads to deeper vertical mixing and
increased entrainment of nutrients, thus higher productivity (Estrada et al., 1985). When
the winter storms abate, this cold saline (T: 12.8-13°C; S: 38.4 psu) nutrient rich, well
oxygenated mixed water spreads out and sinks to 1500-3000m; the densest water is
trapped in the deepest parts of the basin in the Algero-Provencal Basin (2700-2900m),
with the less dense waters redistributed by the western basin anticyclonic gyre and
mesoscale eddies (Millot, 1999; Millot and Taupier-Letage, 2005). From the Algerian
Basin, the least dense WMDW can flow northeast into the deep Tyrrhenian Sea where it
sinks to below the TDW (~3900m), or west into the Alboran Sea (Millot, 1999).
WMDW in the Alboran Sea, though residing at depths of >1000m can form part of the
outgoing MOW, through seasonal mixing with MIW (Bergamasco and Malanotte-
Rizzoli, 2010).

2.2.3.2 Eastern Mediterranean Deep Water

Eastern Mediterranean Deep Water (EMDW) is formed in the southern Adriatic and
Aegean Seas (Figure 2.9). When compared to WMDW, the EMDW is warmer, has a
higher salinity and is denser. As with the western basin, deep mixing is influenced by
winter cooling of highly saline waters by orographic winds such as the Bora and Etesian
winds. Prior to the mid-1990s the Adriatic Sea was regarded as the main source of deep-
water formation in the eastern basin and the role and importance of the Aegean Sea as a
major contributor to EMDW was debated (Klein et al., 1999; Roether et al., 2007). In
the late 1980s to late 1990s, during a period of increased salinity followed by cold
climatic forcing, the density of the Aegean Deep Water (AeDW) increased so that the
outflow of AeDW superseded the Adriatic Deep Water (AdDW) as the primary source
of DWF in the Eastern Mediterranean. This oscillation is known as the “Eastern
Mediterranean Transient” (EMT) (Figure 2.11) (Klein et al., 1999; Roether et al.,
2007).
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Figure 2.11: Thermohaline Circulation of the western and eastern basins a) before and b) after the Eastern
Mediterranean Transient. Taken from Bergamasco and Malanotte-Rizzoli (2010).

The structure within the Adriatic Sea is comprised of: i) relatively fresh surface waters
that are fed by rivers such as the River Po into the northern basin; ii) the incoming warm
salty LIW; iii) the locally formed AdDW that also exits through the Strait of Otranto
(Gacic et al., 2001). Deep water within the Adriatic forms through two different
processes, i.e. shelf convection in the northern Adriatic and open ocean convection in
the southern Adriatic (Amitai et al., 2018). In the northern Adriatic, the shallow
topography (<100m depth) and significant wind-driven winter cooling of surface waters
are key in forming North Adriatic Deep Water (NAdDW) (Manca et al., 2002; Tsimplis
et al., 2006). As the cold winter winds significantly cool the shallow fresh waters, the
density increases triggering deep vertical mixing, ventilation and homogenisation of the
water column (T: ~9°C; S: 38.11 psu) (Mantziafou and Lascaratos, 2004). This cold
high-density water then flows south along the western side of the basin, where it splits
to sink down into the Middle Adriatic pit (250m, where additional wind-driven DWF
occurs), or continues further south into the southern Adriatic (Mantziafou and
Lascaratos, 2004; Chiggiato et al., 2016). During the height of winter cooling (Feb-
Mar), the south flowing NAdDW reaches the Bari region of the ~1200m deep Southern
Adriatic Pit where it destabilises, mixes with incoming LIW and sinks down with the
existing deep-waters of the southern Adriatic. In addition, there is a shallower (<700m)
locally produced deep-water that forms through open ocean convection within the
~150m wide southern Adriatic gyre at the Southern Adriatic Pit (Mantziafou and
Lascaratos, 2004). The processes here reflect those of the Gulf of Lion, where
stratification of surface waters above the warm dense saline LIW occurs during in the
summer/autumn preconditioning phase, followed by the violent mixing phase caused by
winter wind-driven cooling, and finally the sinking and spreading phase (Mantziafou
and Lascaratos, 2004). Although salinities of the ADDW (S: <38.7 psu) are less than the
MIW (S: >39 psu), due to their cooler temperature (13-13.6°C) the dense AdDW sinks
below the MIW and exits the Adriatic through the Otranto Strait into the lonian Sea
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(Robinson et al., 1992; Tanhua et al., 2013).

In the Aegean Sea, the situation is a little more complicated by the identification of the
EMT in the mid-1990s. In general, the Aegean is characterised by significant
temperature and salinity fluctuations (T: <13°C to >24°C; S: <31 to >39 psu) (Poulos et
al., 1997). Salinity varies with the varying sources of surface water inflow, including
substantial summer inflow from the Marmara Sea of the brackish Black Sea Water
(BSW) (S: ~18 psu), winter fluvial discharge and fresher MAW surface waters (S:
~38.5-38.9 psu), which are in contrast to the inflow of the high salinity Levantine
Surface Water (LSW) (S: >39.3 psu) (Poulos et al., 1997; Millot and Taupier-Letage,
2005; Velaoras et al., 2014; Herrle et al., 2018). Aegean Intermediate Water (AelW)
which is colder than LIW (T: 14.39°C; S: 38.93 psu), is formed during winter
convection events to depths of 200-300m and can be identified throughout the Aegean
(Gertman et al., 1990). To the south in the Cretan Sea, intense winter cooling by
Bora/Etesian winds within the Cretan Cyclonic Gyre can trigger deep mixing to depths
of 400-700m forming the colder, denser Cretan Intermediate Water, which exits into the
lonian Sea usually settling below the LIW, at depths between 500-1200m (Klein et al.,
1999; Roether et al., 2007; Velaoras et al., 2014).

However, during the extreme winter of 1987 densities below 1000m began to increase
to their peak in 1992-1993 when there was a significant outflow of warm dense AeDW
(T: 13.6 °C; S: >38.8 psu) over the Cretan Sills into the eastern Mediterranean. The
cause of this AeDW has been attributed to a sustained cold period with low
precipitation; increase in the salinity of the LSW, which blocked the inflow of the
MAW; a redistribution of the internal salt budget and a decrease in BSW (Klein et al.,
1999; Velaoras et al., 2014). This outflow of AeDW accounted for 65% of EMDW
during that period (Roether et al., 1996). It has been suggested that these AeDW
formation events have occurred in other periods of the recent past, where there is a
salinity preconditioning phase within the Cretan Sea, that increases the density of the
CIW and the amplitude of the DWF is governed by the degree of atmospheric forcing
during the event (Velaoras et al., 2014).

The outflow of both the ADDW and AeDW cascade down into the northern Levantine,
Cretan and lonian Seas, where they mix with the upper layers of the resident deep
EMDW (>800m). These newly formed EMDW circulate in a basin-wide counter-
clockwise gyre, where branches of the least dense waters exit through the deeper
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channel at the Tunisian side of the Strait of Sicily (Millot and Taupier-Letage, 2005).
Renewal time of for EMDW formed mainly from AdDW is estimated to be ~126 years
at depths >1200m (Robinson et al., 2001).

2.2.4 Freshwater input

The water budget of the Mediterranean Sea is composed of the inflow of lower salinity
and brackish waters from the Atlantic and Black Sea, freshwater from rivers and
precipitation, and evaporation. Of the net contributors to the annual water budget, input
from rivers accounts for <20% (modern estimates from direct observations: ~8.1 x
10%m3 s’; when including unaccounted rivers: 10.4 x 10°m?® s1) (Struglia et al., 2004).
Variations in the rates of freshwater discharge have an important influence on coastal
SST, the buoyancy of surface waters, the formation of LIW and WMDW/EMDW, as
well as being an important source of sediment and nutrients, which has a direct impact

on the
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Figure 2.12: Schematic illustration of chlorophyll-a concentration in the Mediterranean Sea. Taken from GRID-
Arendal (2013a); data source Barale et al. (2008).

primary productivity of coastal regions (Figure 2.12) (Struglia et al., 2004; Ludwig et
al., 2009). In addition, the rates of E - (P + R) are not consistent throughout the region
or annually; E rates are reduced in the northern Mediterranean due to the location of
major rivers (62% of annual discharge is located in the Gulf of Lion, Adriatic and
Aegean Seas) and during the winter/spring, E - (P + R) rates are broadly comparable
(Robinson et al., 1992; Struglia et al., 2004). Annual rates of fluvial discharge are
naturally linked to rates of precipitation, as well as the North Atlantic depression
systems tracked into the Mediterranean (Struglia et al., 2004) (see sections:

Atmospheric variability and Cyclogenesis).
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Figure 2.13: Schematic illustration of the main rivers and volume of freshwater discharge into the Mediterranean
Sea. Taken from GRID-Arendal (2013b); Data source Struglia et al. (2004); Ludwig et al. (2009).

In the western basin, the main rivers are the Rhone River and deltaic system in the Gulf
of Lion and the Ebro into the Balearic Sea, with contributions from the Tiber into the
Tyrrhenian Sea and the Moulouya and Shellif into the Alboran Sea and Algerian Basin,
respectively (Figure 2.13). In the eastern basin, the alpine River Po and the outflow of
the Black Sea are significant sources of fresh/hyposaline water for the Adriatic and
Aegean, while the Nile dominants the southern Levantine Sea (Figure 2.13). The Po and
other alpine rivers that discharge into the Adriatic contribute the greatest volume of
freshwater (annual mean 2500m? s%), followed by the Rhone (annual mean 1700m?3 s™)
and rivers of the northern Aegean (~500m? s™) (Struglia et al., 2004). Peak flow is in
early spring (spring melt), followed by the dry season in August, and second peak in the

autumn due to enhanced rainfall (Struglia et al., 2004).

Outflow from rivers and their associated sediment plumes are normally deflected to the
right by Coriolis force, then entrained by surface currents, e.g. the Northern Current in
the Gulf of Lion, which redistributes suspended sediments and nutrients to the south-
southwest along the coast (Millot and Taupier-Letage, 2005). In addition, local
hydrography, submarine physiography and climatic patterns can play a part in the
dispersal of suspended particulates, i.e. winds and mesoscale gyres can deflect waters
from the river plumes to be transported 10-100km out in the basins over the subsequent

days and months (Arnau et al., 2004). Nitrogen (N), phosphorous (P) and silica (Si) are
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main nutrients transported by rivers; the form in which these nutrients are transported
(i.e. dissolved, particulate, organic and inorganic) has a bearing on how available the
nutrient is for biological activity (Ludwig et al., 2009). Chlorophyll-« concentration,
which is a good indirect indicator of phytoplankton biomass, is concentrated in coastal

waters, usually in proximity of river outflow (Figure 2.12) (Colella et al., 2016).

Deposition of terrestrial sediments by rivers and deltaic systems are also key in areas
such as the Gulf of Lion, where ~80% of sediment deposited on the continental shelf is
supplied by the Rhéne (Jallet and Giresse, 2005; Jalali et al., 2018). It has been
estimated that the total suspended solids discharged from the large Rhéne catchment
(95600km?) is on average 60-100 10° t/yrt, with Holocene sediment rates estimated as
~80cm (1000yr)* (Roussiez et al., 2005; Jalali et al., 2016).
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Chapter 3.

3 Planktonic foraminifera as palaeoenvironmental proxy

3.1 Introduction to foraminifera

Foraminifera (Kingdom: Protozoa; Subkingdom: Biciliata; Infrakingdom Rhizaria;
Phylum: Sarcomastigophora; Subphylum: Sarcodina; Superclass: Rhizopodea; Class:
Granuloreticulosa; Order: Foraminiferida) are complex unicellular organisms composed
of soft-tissue (cytoplasm) enclosed within a small calcareous (CaCOsz) chambered shell
or test (usually <Imm) (Armstrong and Brasier, 2009; Schiebel and Hemleben, 2017). It
has been estimated globally that there are over 6,000 distinct species and another 1,500
thus far unknown, and it is estimated that this abundant group account for 55 to 90% of

deep sea biomass (Armstrong and Brasier, 2009; Appeltans et al., 2012).

Foraminifera can be further subdivided into benthic and planktonic forms. Benthic
foraminifera are the oldest and most diverse group, with the most primitive forms dating
back to the Precambrian (1150-690 Ma) and the first fossils recorded in the Early
Cambrian (ca. 520 Ma) (Culver, 1991; Pawlowski et al., 2003). They live on or within
sediment or attached to harder substrates such as rock or plant material and inhabit a
wide range of aquatic environments, from intertidal marshes to distal deep-sea
sediments. Depending on their life mode, the morphology of their tests is quite diverse
(e.g. trochospiral, milioline, planispiral or spherical) and can be composed of secreted
organic matter (tectin), secreted minerals such as calcite, aragonite or in rare cases
silica, or formed by the entrainment and cementation of external particulates to form an
agglutinated test (Gupta, 1999; Armstrong and Brasier, 2009). They range in size from
the ubiquitous smaller benthic (<1mm), to larger symbiotic-bearing benthic species
(>1mm) found mainly in oligotrophic surface waters (Armstrong and Brasier, 2009).

Planktonic foraminifera are the main proxy used in this research and will be discussed
in detail in the following sections. Planktonic foraminifera are exclusively marine
protists that float within the water column, from shallow surface waters to the deep sea
and inhabit all latitudes in the global oceans and marginal seas. The planktonic mode of
life has evolved many times since the mid-Jurassic from benthic groups; however
following the Cretaceous-Palaeogene (K/Pg) extinction event that decimated the early

planktonic communities, modern planktonic foraminifera emerged, evolved and
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diversified during the early Paleogene (Darling et al., 2009; Schiebel and Hemleben,
2017). Although there are only an estimated 45-50 extant planktonic morphospecies in
modern oceans, the contribution of planktonic foraminifera to the deposition of global
biogenic carbonate has been estimated to be 32-80% of the total deep-marine CaCO3
budget (Schiebel, 2002). Their abundance, test geochemistry and excellent preservation
has enabled them to be the one of the most utilised proxies for palaeoceanographic
research (Kucera, 2007).

Classification of planktonic foraminifera genera was traditionally governed by test wall
texture, i.e. pore size and presence/absence of spines. Based on work by Loeblich and
Tappan (1987), the systematic study of extant morphospecies has placed planktonic
foraminifera in the Suborder Globigerinina, then further subdivided them into three
Superfamilies: Globigerinoidea (spinose), Globorotaliacea (macroperforate, non-
spinose) and Heterohelicoidea (microperforate, non-spinose) (Schiebel and Hemleben,
2005; Darling and Wade, 2008). Defining characteristics of species included wall
texture (e.g. spinose, cancellate, smooth, microperforate); test shape (e.g.
globigeriniform, spherical, spiro-convex or umbilico-convex trochospiral); coiling mode
(e.q. streptospiral, planispiral, trochospiral); chamber shapes (e.g. spherical, angular
conical, clavate); aperture type and position (e.g. umbilical, extra-umbilical),

modification of the aperture (e.g. teeth, bulla) and the shape of spines.

However, pioneering work with gene sequencing by Wade et al. (1996), Darling et al.
(1996), de Vargas et al. (1997) and Darling et al. (1999) through to more recent work
(André et al., 2014; Weiner, 2014; Morard et al., 2018) on the small ribosomal subunit
RNA gene (SSU rDNA) has revealed the true complexity of the diversity of planktonic
foraminifera. The discovery of over 250 genotypes has broadly corroborated the
taxonomic grouping of morphospecies, with some exceptions, e.g. Globigerinella
siphonifera, and has enabled greater understanding of the seemingly broad ecological
ranges and patterns seen in modern morphospecies (Darling and Wade, 2008; de Vargas
et al., 2015). There are suggestions that variations of reproductive periodicity or
distribution patterns of species may be due in part to different reproduction and

ecological preferences of genotypes (Schiebel and Hemleben, 2017).
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Table 3.1: List of all morphospecies, including their genotypes and subtypes recorded in this study. * Molecular genetics are not fully resolved. ND is No Data. Faunal province: T = Tropical; ST =
Subtropical; TL = Transitional; SP = Subpolar; P = Polar. Based on Kennett and Srinivasan (1983); Chaisson and Pearson (1997); Darling and Wade (2008); Aurahs et al. (2009); Ujiié et al. (2010);
Aurahs et al. (2011); Morard et al. (2011); André et al. (2013); André et al. (2014); Spezzaferri et al. (2015); Schiebel and Hemleben (2017); Spezzaferri et al. (2017).
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Fluctuations in the quality or abundance of prey over spatial or temporal timescales in
similar habitats or regions may lead to niche partitioning and ecological adaption by
different genotypes (Darling and Wade, 2008; Schiebel and Hemleben, 2017). The
specific morphospecies, with their genotypes and subtypes that are found in the modern

Mediterranean Sea and surrounding waters are listed in Table 3.1
3.1.1 Morphology

The calcareous (CaCO:s) planktonic foraminiferal test (usually <600um) is divided by a
number of successive interconnected globular chambers that are continually added in
increasing size throughout the life cycle of the organism (Hemleben et al., 1989;
BouDagher-Fadel, 2015). The test is composed mainly of bilamellar calcite or aragonite
walls, with additional carbonates (MgCO3, FeCOs), SiO., Sr and amino acids (Sadekov
et al., 2005; Boltovskoy and Correa, 2014). The globular nature of the chambers is an
adaption to aid buoyancy as they float within the water column. Chambers are typically
trochospirally coiled and depending on the species, they may have external thin spines.
The internal cytoplasm (or endoplasm) of the organisms’ single cell incorporates the
nucleus, mitochondria, chloroplasts, Golgi body and food vacuoles, and all biological
activity of the organism is controlled from here (Armstrong and Brasier, 2009). This
endoplasm interconnects with the spiral chambers and the outside environment through
pores and an aperture in the test surface. Pores in the test walls range in size and
density, from small (<1um) and sparsely spaced pores in microperforate forms, to larger
(>1um) and more densely spaced pores in macroperforate species (BouDagher-Fadel,
2015; Schiebel and Hemleben, 2017).

In the final chamber and outside of the test, the cytoplasm changes to a frothy ectoplasm
that can form pseudopodia, which allow the transport of nutrients into the endoplasm.
Pseudopodia can occur as networks of sticky net-like rhizopodia, filopodia or
reticulopodia that stream out into the surrounding waters supported by spines, if present,
or radiate out from the test in non-spinose species and enable the foraminifera to trap
food and transport particles into the test (BouDagher-Fadel, 2015; Schiebel and
Hemleben, 2017). Each species has specific food requirements, such as bacteria,

diatoms, chrysophytes and other small protozoa (Schiebel and Hemleben, 2017).

Globigerinid spinose species are more likely to be symbiont-bearing and inhabit shallow
warmer waters (Fairbanks et al., 1982; Hemleben et al., 1989). The spine distribution,

base type and shape in cross-section (e.g. round, triradiate, triangular) can vary between
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species. There have been a number of suggested benefits for the evolution of spines,
such as to allow the foraminifera to control and maintain their depth in higher energy
shallower waters; to increase the surface area of their rhizopodial network for food
capture, and for the wide distribution of endosymbionts along the spines to more
efficiently diffuse CO2 and O2 (Hemleben et al., 1989; BouDagher-Fadel, 2015).

The test surfaces of most extant Heterohelicoidea and Globorotaliacea non-spinose
species are coated in conical calcite pustules that occur in greater density and size near
the aperture and reduce in size and abundance near the periphery of the test. It has been
suggested from observations of Globorotalia menardii, that these pustules form an
anchor point for rhizopodia in non-spinose species (Hemleben et al., 1989). Non-
spinose species generally do not contain symbionts, though there are some exceptions to
this such as facultative symbionts observed in G. glutinata and G. inflata (see below).
Therefore, non-spinose species have wider depth habits than symbiont-bearing species,

which are restricted to the photic zone.
3.1.2 Symbionts

Symbionts are a key component of many planktonic foraminifera, especially spinose
species (Table 3.2). Symbionts are usually dinoflagellate or chrysophyte algae that can
be found within the rhizopodial system and internal cytoplasm of their host. Symbionts
are not transferred through sexual reproduction from parent to the gamete, therefore
shortly after fertilisation offspring must acquire their symbionts independently. This has
been suggested to occur at the Deep Chlorophyll Maximum (DCM), where there are
sufficient numbers of algae and food to allow for the juveniles to successfully acquire
symbionts (Hemleben et al., 1989). Once they acquire their photosynthesising
symbionts, compounds such as oxygen, carbon and nitrogen are transferred to the
foraminifera (Uhle et al., 1997; Schiebel and Hemleben, 2017). These compounds are
intrinsic for supporting the metabolism, stable isotope ratios of the test, calcite and
organic products, respiration rates, and the calcification and chamber formation of the
hosts (Schiebel and Hemleben, 2017). It has been observed that T. sacculifer, O.
universa and G. ruber have the same algal endosymbiont and display very similar
growth rates, indicating that the thermal preference of their endosymbionts may
influence their growth patterns (Table 3.2) (Lombard et al., 2009; Schiebel and
Hemleben, 2017).

Availability of algal symbionts in the water column is dependent on variations in
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seasonal or regional temperature, salinity and trophic conditions, as well as changes in
turbidity or water depth. Changes in these conditions can therefore affect the abundance,
growth and development of symbiont-bearing species. The presence of symbionts has
been suggested as a catalyst for increased diversification of species during the
Paleogene. This enabled such species to expand their habitat niche into environments
such as warm, oligotrophic surface waters where food and nutrients are scarce, but light
is abundant. This gives these species a distinct advantage to symbiont-barren species in
such low-nutrient waters (Norris, 1996). Ortiz et al. (1995) noted that abundance and
size of symbiont-bearing species in the northern Californian Current system increased
further offshore as biomass and turbidity levels decreased, indicating that ambient light
levels were one of the main controlling factors for the distribution of symbiont-bearing
species within their optimum sea surface temperature (SST) range. In turbid eutrophic
waters, these symbiont-bearing species have smaller shell sizes and are rare as they are
outcompeted by generalist or opportunistic species, such as G. bulloides or G. glutinata
(Ortiz et al., 1995; Kucera, 2007). It is also assumed that higher productivity, thus
increased turbidity within the mixed layer forces symbiont bearing species to shoal for

optimum light levels (Rebotim et al., 2017).

Algal symbionts Facultative algal symbionts

G. ruber white C. nitida
G. ruber pink G. glutinata
T. sacculifer . G. inflata
0. universa Dinoflagellates T. quingueloba Chrysophytes
G. rubescens
G. tenella
G. siphonifera Chrysophytes
G. falconensis Yes (no details) Bacterial symbionts

. Yes . .
G. calida (Uncharacterised) G. bulloides Cyanobacterial
Symbiont-barren Unknown
G. scitula
G. _truncatulmmdes B. digitata
N. incompta
N. pachyderma

Table 3.2: Symbionts-bearing and symbiont-barren planktonic foraminifera (Kucera, 2007; Schiebel and Hemleben,
2017; Takagi et al., 2019)

Most non-spinose species do not contain algal symbionts, though some such as G.
inflata and G. glutinata are found to contain facultative chrysophytes, which may mean
these foraminifera periodically utilise the algal photosynthate products, then digest the
algae at a later date (Schiebel and Hemleben, 2017).
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3.1.3 Reproduction

It is believed that planktonic foraminifera reproduce primarily sexually to promote
greater genetic diversity, allowing species to adapt to a wider range of habits
(Armstrong and Brasier, 2009). However, planktonic foraminifera are now thought to
have retained the ability to reproduce asexually, and has been observed in both G. uvula
and N. pachyderma (Davis et al., 2020; Takagi et al., 2020). To assist successful
reproduction of such small organisms, planktonic foraminifera have evolved a range of
strategies to narrow the time and location for synchronised reproduction (Weinkauf et
al., 2020). Such strategies include releasing a large number (>10°) of motile gametes
that contain sufficient food for a prolonged period of locomotion, and species-specific
preferences for the periodicity and water depth that trigger gametogenesis (Schiebel and
Hemleben, 2017). There are a series of stages for gametogenesis, e.g. shallow dwelling
spinose species sink, shorten then discard their spines; a sack-like chamber develops
and symbiont-bearing species ingest or expel their symbionts; their cytoplasm becomes
granular, changes colour then withdraws within the test; a bulging mass of cytoplasm
appears at the aperture, then ruptures to expel the many flagellated gametes and finally
the empty parental test sinks to the sea floor (Schiebel and Hemleben, 2017). Variations
to this generalised cycle occur between spinose vs non-spinose, and symbiont-bearing
vs barren species. In addition, during ontogeny and the process of gametogenesis,
morphological changes can occur to the foraminifer test. Such changes include the late
growth of a coarse crystalline calcite crust (e.g. G. truncatulinoides); the addition of
layers of calcite before gametogenesis (i.e. gametogenic calcification) (e.g. G. bulloides,
N. pachyderma); formation of sac-like final chambers (e.g. T. sacculifer), a bulla (e.g.
G. glutinata) or the final chamber may be smaller or disfigured, i.e. a kummerform
chamber (e.g. G. ruber), and O. universa may add a “Biorbulina” sphere over its final
chamber (Hemleben et al., 1989).

The patterns, rates and periodicity of reproduction are different for each species, and
potentially within morphospecies, i.e. specific for each genotype (Figure 3.1).
Reproduction in many shallow dwelling species is triggered by a synodic lunar cycle,
such as once per month e.g. T. sacculifer, G. calida, G. glutinata, G. bulloides, O.
universa, or twice per month, e.g. G. ruber white, G. ruber pink and G. siphonifera
(Bijma et al., 1990; Jonkers et al., 2015). Recent models suggest that if planktonic
foraminifera reproduce purely sexually, some form of temporal synchronisation and

spatial concentration must occur, such as migrating to a physical boundary layer, such
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as the halocline or pycnocline (Weinkauf et al., 2020). It is inferred that the productive
DCM layer represents the best trophic conditions to support juvenile foraminifera
(Hemleben et al., 1989; Schiebel and Hemleben, 2005). Intermediate or deeper water
species have different reproductive patterns, e.g. G. truncatulinoides has an annual
cycle, where is ascends to shallow waters in productive regions or gyres during the early

spring and undergoes gametogenesis (Hemleben et al., 1989).

Water Depth
l

100 m-|

2000 m

Figure 3.1: Schematic diagram illustrating the depth habitats and reproduction cycles of planktonic foraminifera
from tropical to polar waters. The average living depth habitat is represented by a stippled horizontal line. Taken
from Schiebel and Hemleben (2017).

3.2 Faunal Distribution

Globally, the geographic distribution of planktonic foraminifera morphotypes is seen to
adhere to the following five broad latitudinal faunal provinces: i) the extensive warm
tropical and ii) subtropical waters roughly between 40°N to 40°S; iii) a narrow
transitional zone characterised by a mix of “warm” and “cold” species, the upper
boundary of which is marked by an annual isotherm of 18°C; iv) subpolar and v) polar
waters (Figure 3.2) (Bé and Tolderlund, 1971; Kucera, 2007). These faunal provinces
correspond to the broad requirements of planktonic foraminiferal species, such as
temperature, salinity, turbidity, radiance requirements for symbiont-bearing species,
trophic demands and prey availability (Schiebel and Hemleben, 2017). Upwelling
regions, characterised by eutrophic waters, high availability of algal prey, increased
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turbidity and dominance of G. bulloides, have been proposed as a 6" faunal province
(Thiede, 1975).

Although the geographic distribution of individual species can extend across these
faunal provinces (e.g. G. glutinata has the broadest distribution and optimum mean SST
(6.9 — 27°C) of all morphospecies (Hilbrecht, 1996)), each zone is typified by a
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Figure 3.2: Planktonic foraminiferal provinces in the modern ocean, not including upwelling zones. The distribution
of the provinces (Bé, 1977; Vincent and H., 1981) follows SST gradients, reflecting the strong relationship between
SST and species abundance. The abundance plots are based on surface-sediment data from the Atlantic Ocean
(Kucera et al., 2005a), averaged at one degree centigrade intervals. Dark red: Tropical; Red: Subtropical; Orange:
Transitional; Green: Subpolar; Blue: Polar. Taken from Kucera (2007).
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characteristic faunal assemblage and abundances. For example, N. pachyderma
morphospecies is almost exclusively a (bi-)polar species especially in waters <9°C,
although very minor occurrences can be found in waters with SST up to 24°C (Zari¢ et
al., 2005; Kucera, 2007). This is in comparison to the more restricted distribution of the
tropical G. ruber pink, which has been observed in SSTs ranging between 16-29°C, but
only in the Atlantic Ocean (Zari¢ et al., 2005; Kugera, 2007). In addition, changes in
species abundance, e.g. from tropical to subtropical species centred at 18-20°C, suggest
overlapping assemblages form diverse ecotone communities at the transition of faunal
provinces (Morey et al., 2005), where they can be influenced by, and react to seasonal
changes in hydrography, e.g. the Azores Front in the North Atlantic (Schiebel et al.,
2002a).

Global SST plays a crucial role in the latitudinal, abundance and diversity of planktonic
foraminiferal in the world’s oceans, but other ecological (e.g. productivity);
hydrographic (e.g. currents, frontal systems, areas of upwelling) and geographic features
can influence distribution both globally and regionally. In addition, biological
requirements (presence/absence of symbionts; prey type, quality and abundance) and
ecological preferences (depth; water column structure), as well as with the historical
influence of restricting gene flow, e.g. the restriction of G. ruber pink to the Atlantic
Ocean and Mediterranean Sea since MIS 5.5 (~120ka), all have an influence on the
distribution, diversity and abundance of planktonic foraminifera (Thompson et al.,

1979; Arnold and Parker, 1999). These factors will be discussed in the following

sections.
3.2.1 Abundance and diversity

Abundance, diversity and the distribution of planktonic foraminifera biomass is directly
affected by SST, along with hydrological (depth, water column structure, salinity) and
trophic conditions (chlorophyll-a concentration, nutrients, prey availability and quality)
(Watkins et al., 1996; Kucera, 2007; Schiebel and Hemleben, 2017). Foraminiferal
biomass is dependent on the number and size of the individual species present and this
can vary spatially, seasonally and even within the water column with high biomass in
shallow waters to decreasing values in deeper waters. Average global standing stocks of
planktonic foraminifera are low in comparison to other protozoans or zooplankton, but
range from 10-100 ind./m? (Schiebel and Hemleben, 2017), which is in contrast to

~1.42 ind./10m™ values reported in late spring plankton tows of the mainly oligotrophic
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Mediterranean Sea (Mallo et al., 2017).

Mean annual SST and mean annual temperature at depth (i.e. thermocline) are the main
factors governing diversity, along with hydrodynamic and ecological effects of
upwelling and stratification of the water column. In oligotrophic subtropical gyres of the
middle latitudes, diversity peaks in areas with a deep permanent thermocline and SSTs
of less than 27°C, where vertical niche partitioning allows for species to become
ecological specialists (Rutherford et al., 1999; Al-Sabouni et al., 2007). For example,
shallow species such as G. ruber and T. sacculifer inhabit the mixed layer, N. dutertrei
and G. menardii are present in the upper thermocline, followed by the deeper species G.
scitula in the mid-thermocline, with G. truncatulinoides and G. hirsuta occupying the
deepest part of the thermocline (Rutherford et al., 1999). This is in comparison to the
cooler homogenous waters of high latitudes that have little or no thermocline, high
productivity and a short productive season; or tropical waters (>27°C) that have a sharp
shallow based thermocline that inhibit the development of extensive vertical niche
separation of the faunal community. Diversity decreases in areas of upwelling due to the
negative effects of high primary productivity, chlorophyll concentration and increased
turbidity on symbiont-bearing species (Bé and Tolderlund, 1971; Ottens and
Nederbragt, 1992; Al-Sabouni et al., 2007; Schiebel and Hemleben, 2017).

3.2.2 Preservation

When utilising census counts of planktonic foraminiferal assemblages for
palaeoenvironmental studies, preservation of fossil tests is an issue that must be
addressed. Following early death or reproduction, empty tests of planktonic
foraminifera descend towards the sea floor, either to be buried within the sediment or
they can be dissolved within the water column. Biological decomposition can begin
quite quickly within the upper 700m of the water column and is caused by bacterial
decomposition of the remaining cytoplasm and increasing acidification within the test
(Schiebel and Hemleben, 2005). This bacterial decomposition is greater in well-
oxygenated waters, therefore chances of preservation is greater in anoxic environments
(Schiebel and Hemleben, 2005).

Dissolution of calcite tests is governed by the degree of CaCOs saturation in the
seawater. With increasing depth, especially below the photic zone, the partial pressure
of CO- increases (with decreasing rates of photosynthesis and temperature, and
increasing water pressure), leading to a lowering of pH from approximately 8.2 to 7
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(Armstrong and Brasier, 2009). Although the effects of dissolution <3000m is
noticeable, they are deemed to be minor (Berger et al., 1982). The depth at which
thermodynamic dissolution rates rapidly increase is called the lysocline (between 3-
5km) and can be identified in fossil assemblages by the preservation of tests in sediment
cores (Berger et al., 1982; Kucera, 2007). The point where CaCQOs in solution equals the
supply of CaCOs is called the calcium carbonate compensation depth (CCD) and
beyond this point, little calcite is preserved, e.g. <3% of the planktonic foraminifera
assemblage is preserved at depths >4000m in the Arabian Sea (Conan et al., 2002).

In comparison to most undersaturated deep open ocean settings, the Mediterranean Sea
is strongly supersaturated in both calcite and aragonite throughout the water column
(Schneider et al., 2007). A number of reasons have been proposed for this, including the
high salinity of Mediterranean waters, the inflow of highly alkaline waters from rivers
and the Black Sea, and the proximal locations of areas of deep water formation, which
enable the quick redistribution of this excess CaCO3s down to deeper waters (Schneider
et al., 2007). Therefore, carbonate dissolution of foraminiferal tests is not a significant
factor in the Mediterranean Sea. However, this supersaturation in CaCO3z may lead to
some diagenetic overgrowths of inorganic calcite crusts on the primary test calcite that
was precipitated during the foraminifera’s life cycle, which may affect the geochemical

signature of the test wall (van Raden et al., 2011).
3.3 Ecological Factors

On a more mesoscale, foraminifera abundance, flux and distribution are governed by
species specific biological requirements and preferences, and regional hydrological or
trophic factors, such as SST, food quality and availability, nutrient availability, depth
preference and seasonality.

3.3.1 Sea surface temperature

Sea Surface Temperature (SST) is regarded as the most important influencing factor in
the distribution, diversity and size of planktonic foraminifera. Morey et al. (2005)
determined the relationship between mean annual SST and faunal distribution to be
more significant than the 34 other environmental variables analysed. Accounting for
30.4% of the faunal variance, the close correlation of species with SST reflected the
latitudinal variability among species. In addition, SST explains approximately 90% of

the geographic variation in diversity of the Atlantic Ocean (Rutherford et al., 1999).
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Bé and

Bé and Tolderlund (1971) Tolderlund and Bé (1971)* Hutson Bijma et al. (1990) Hilbrecht (1996) Zarié et al. (2005)
Species (977"
Range (°C) Optimum (°C) Range (°C) Optimum (°C) Optimum Range (°C) Optimum Range (°C) Optimum** (°C) Range (°C) Optimum (°C)
Min | Max Min Max Min Max Min Max (o) Min Max (o) Min Max Min Max Min Max Min Max
G. rubescens’ 23.00 12.85 | 28.90 | 27.15 27.25
G. tenella’ 285 | 28.90 | 24.60 28.70
G. ruber
white 14 30 21 29 13.30 | 29.50 >21.3 24.20 14 32 26.50 275 | 28.95 | 22.80 2680 | 9.80 | 31.00 | 21.80 | 30.60
G. ruber pink >24.4 240 | 28.70 | 26.85 27.90 | 16.40 | 29.60 | 22.60 | 29.50
T. sacculifer” 15 30 24 30 15.00 | 29.50 >22.1 25.20 14 32 26.50 1.85 | 28.95 | 27.15 2765 | 970 | 31.00 | 23.10 | 29.70
C. nitida 20 30 2040 | 28.90 | 22.15 26.35
G. calida 5.95 | 28.90 | 20.50 27.10
G.' . 12 30 19 28 10.50 | 29.50 | 17.40 | 25.30 23.50 11 30 9.30 | 28.95 | 18.90 28.30 | 11.90 | 31.00 | 20.10 | 30.70
siphonifera’
B. digitata’ 9.15 | 2895 | 1520 | 28.30
O. universa’ 10 30 17 23 1050 | 29.50 >18.2 21.70 12 31 23.50 285 | 28.95 | 14.80 15.55
G. truncat. 4 | 21 | 17 22 | 1050 | 2810 | 1540 | 2200 | 2030 285 | 2895 | 12.85 | 22.65
(s&d)
G. falconensis 3.80 | 28.80 | 16.45 23.00
G. inflata 1 27 13 19 220 | 26.90 | 10.40 | 19.90 16.50 215 | 28.95 | 1255 20.30
G. scitula 22.70 445 | 28.90 | 12.85 20.05
G. bulloides 0 27 3 19 210 | 23.30 | 9.00 | 11.00 13.40 0.35 | 28.95 | 6.45 12.05 | 1.90 | 31.00 | 1.40 | 29.80
T. humilis 12.85 | 28.30 | 12.85 19.95
uti 10.60 | 13.40
G. glutinata 3 30 24 27 2.50 | 29.50 1850 | 2200 22.20 1.85 | 2895 | 6.90 27.15
T. quing. 1 21 <12 220 | 16.00 | 4.60 | 10.80 9.90 -0.35 | 2890 | 4.45 8.50
N. incompta 10 24 10 18 -0.35 | 2875 | 9.00 17.95 | -1.80 | 29.80 | 5.80 | 23.60
220 | 2330 | 220 | 6.50 4.80 <09/
N. pachy. 7.20 9 <4 -0.35 | 2895 | -0.35 985 | -1.18 | 23.70 <6.81

Table 3.3: SST ranges and optima (°C). Species are grouped by faunal provinces, as defined in Figure 3.2 (Kucera, 2007). * Studies where N. pachyderma and N. incompta not differentiated. ”
SPRUDTS group (missing H. pelagica) as defined by Rohling et al. (1993) as warm subtropical water indicator. } Optimum SST based on 75% of population, as defined by Hilbrecht (1996) (Zarié et
al., 2005). ** SST Optimum = >75%. G. truncat. = G. truncatulinoides; T. quing. = T. quinqueloba; N. pachy = N. pachyderma; s = sinistral; d = dextral.
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Most morphospecies have broad thermal ranges, e.g. the “warm” spinose species G.
ruber white inhabits waters with SSTs between 9.8 and 31°C, but most species have a
preferred optimum abundance range defined by their highest relative abundances, which
for G. ruber white is 21.8-30.6°C (Zari¢ et al., 2005). These global thermal ranges were
originally calculated from SSTs at sediment traps or plankton tow stations where
species were recorded and are summarised in Table 3.3 (Bé and Tolderlund, 1971;
Tolderlund and Bé, 1971; Bé and Hutson, 1977; Bijma et al., 1990; Hilbrecht, 1996;
Zari¢ et al., 2005). Note, most thermal ranges are indicative of surface water
temperature only and may not encompass the absolute water temperature that the
species may live in, e.g. the preferred SST range of N. incompta or N. pachyderma is
5.8-23.6°C and <0.9°C respectively however, these deeper dwelling species live within
the DCM which may be several degrees cooler, therefore their true thermal range could
be several degrees lower (Fairbanks and Wiebe, 1980; Zarié et al., 2005). Distribution
of N. pachyderma and G. ruber pink are closely aligned to SST, with the lowest
optimum SST (<0.9°C) and narrowest SST range (16-29°C) respectively (Zari¢ et al.,
2005). Once beyond their optimum tolerance temperature range, planktonic
foraminifera display a gradual reduction in rates of growth and reproduction, as well as
nutrient uptake (Arnold and Parker, 1999).

It has been demonstrated that there is a progressive increase in growth rate within well-
defined optimal thermal ranges, where the maximal growth rate is near the upper end of
each species specific thermal niche (Table 3.4) (Lombard et al., 2009). Above or below

these optimal growth limits, growth appears to stop.

Optimal thermal Maximal growth limits
Species range (°C) (°C)
Min Max Min Max
G. ruber white 11 32 20 29
T. sacculifer 11 32 20 29
G. siphonifera 11 32 20 29
O. universa 11 32 20 29
G. bulloides 7 28 9 25
N. incompta 4 23 6 20
N. pachyderma <12 <5

Table 3.4: Optimal temperature ranges and maximal growth limits (Lombard et al., 2009).

In general, test size increases from the poles towards the equator, with the highest
correlations occurring between test size, the mean annual temperatures at the surface
and at 200m, and the degree of stratification of the water column (Schmidt et al., 2004).
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Ambient water temperature influences cell physiology, enzymatic activity and
calcification of the test. Larger test sizes in tropical/subtropical warm waters occur
through the potential combination of greater stratification, enhanced calcification of
tests in carbonate supersaturated warmer waters and increased irradiance, which
promote algal symbiotic activity and photosynthesis. This equatorward increase is not
consistent however, as shell size minima were observed at 2°C and 17°C for most
species, except for the more resilient G. inflata (Schmidt et al., 2004). These
temperatures coincide with polar and subtropical fronts, which have unfavourable
environmental conditions for symbiont-bearing species (such as increased turbidity,
homogenised water column, vertical displacement of individuals by currents among
others), leading to low diversity and smaller test sizes in these regions (Schmidt et al.,
2004). This pattern is seen in upwelling regions too, as the number of larger spinose
symbiont-bearing species decrease in the turbid waters, accompanied by the dominance
of the smaller G. bulloides (Schmidt et al., 2004).

3.3.2 Salinity

Salinity was considered a factor in planktonic foraminifera spatial distribution, as it may
have osmotic effects on the foraminifera cell, as well as the effect of density and
flotation (Bé and Hutson, 1977; Hemleben et al., 1987). In modern oceans, foraminifera
inhabit waters ranging from 32.7 — 37.3%., with N. pachyderma inhabiting the most
hyposaline waters (Hilbrecht, 1996). However, laboratory studies by Bijma et al. (1990)
determined that most species have a wide but differing salinity tolerance, ranging from
22 to 49%o and it was concluded that salinity did not limit the biogeographic variation of

species.
3.3.3 Depth ranges

Early studies using stratified plankton tows or analysis of shell geochemistry noted that
living planktonic foraminifera had variable depth habitats; they calcified their shells at
different depths and in general, the abundance of species decreased from surface waters
to the base of the mixed layer (~200m) (Emiliani, 1954; Fairbanks et al., 1980;
Fairbanks et al., 1982). Unlike other motile phytoplankton and zooplankton, there is no
evidence of diel vertical migration in planktonic foraminifera communities (Greco et
al., 2019; Meilland et al., 2019). It has been suggested that the vertical distribution of
specific species varied during their life cycle, indicating that they migrate in response to
changing ecological requirements and potentially due to specific depth habitats during
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ontogeny (Figure 3.3) (Fairbanks et al., 1980; Hemleben et al., 1989; Schiebel and
Hemleben, 2005; Iwasaki et al., 2017; Rebotim et al., 2017; Kretschmer et al., 2018;
Greco et al., 2019; Pracht et al., 2019; Lessa et al., 2020). However, vertical migration
during ontogeny is difficult to observe or to model (Kretschmer et al., 2018). In a recent
study of planktonic foraminifera depth variation in stations spanning the subtropical
South Atlantic, Lessa et al. (2020) determined that environmental parameters were the
primary factor in the vertical variation of species, and there was little statistical evidence

of reproductive or ontogenetic factors.
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Figure 3.3: Seasonality of living depth (white tests) and sedimentation of empty tests (grey tests) of polar, temperate
and tropical/subtropical species. Mixed layer water (blue line) and maximum photic depths (1% isolume; yellow line)
are given on the left y-axis, and integrated primary production (PP, green line) is given on the right y-axis. The
reproductive cycle of intermediate (e. g. G. hirsuta) and deep-dwelling planktic foraminiferal species (G.
truncatulinoides) as they ascend to the photic zone before the spring bloom (black “R™), and empty tests settle to the
seabed after reproduction (white "R"). Taken from Schiebel and Hemleben (2017).
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Depth . ALD Depth Yearly Monthly
habitat Species X
(m) (m) habitat cycle cycle
G. ruber pink 39.51 S B-W
Surface G. tenella 52.16 \Y; M
(<100) G. ruber white 57.84 \Y B-W
T. sacculifer 60.71 \Y May-Jul NM
G. calida 73.33 \Y - -
G. glutinata 78.62 Vv May-Jul NM
O. universa 79 S M
N. incompta 80.93 V May-Jul
Surface — G. siphonifera 83.78 \% M
subsurface G. falconensis 92.92 Vv - -
(50-200) | G. truncatulinoides 96.36 \Y May-Jul NM
G. bulloides 102.35 \Y M
G. inflata 104.35 V M
G. rubescens 107.41 Vv - -
N. pachyderma 113.35 ND M
Sub-surface | T. quinqueloba 143.9 Vv M
(130-230) | G.scitula 224.28 \Y} May-Jul M

Table 3.5: Average living depth (ALD) of modern planktonic foraminifera. Species with a yearly cycle: months with

the deepest ALD. Monthly cycle: B-W = bi-weekly; M = monthly; NM = new moon. Algal symbionts: F = facultative

algal symbionts; B = bacterial symbionts. ND = No data; S = Stable: V = Variable. Based on Rebotim et al. (2017)
and Schiebel and Hemleben (2017).
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Figure 3.4: Average living depths (ALD) of the living planktonic foraminifera. The box and whiskers plots highlight
the median and the upper-lower quartiles. Species are ordered according to their mean ALD. Colours are used to
highlight species with similar depth preferences. Taken from Rebotim et al. (2017).

Depths habitats of foraminifera can be divided into three broad categories: a) surface
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species that live within the photic zone (<100m) and have an average living depth of 40-
60m; b) surface to subsurface species that range from 50-200m, and c) subsurface
species that have an average living depth of >70m, but range from 130 to >230m
(Figure 3.4; Table 3.5) (Rebotim et al., 2017). The extent and patterns of any vertical
migration is specific to each species. Species such as G. ruber pink and O. universa
have relatively narrow living depth ranges, but have broad temperature ranges, which
enables them to maintain a stable depth habitat regardless of changing thermal
conditions (Field, 2004; Rebotim et al., 2017). Others display variable vertical
migration in response to changing ecological or hydrological conditions, such as light
intensity (e.g. symbiont-bearing T. sacculifer); temperature (e.g. G. calida and G.
rubescens deepen with increasing water temperatures) or food availability (e.g. N.
incompta) (Field, 2004; Kuroyanagi and Kawahata, 2004; Rebotim et al., 2017).
Species also display seasonal ontogenetic patterns in depth habitat (as discussed in
Section 3.1.3), such as annual (e.g. G. truncatulinoides deepest in summer months) or
synodic lunar cycles (e.g. G. ruber or G. glutinata, which are deepest around the new
moon), which are superimposed on their primary depth habitats (Figure 3.1; Figure 3.3)
(Schiebel and Hemleben, 2005; Rebotim et al., 2017). Hydrological changes in the
water column, such as the location of the pycnocline, deepening of the mixed layer,
stratification, development of a DCM, periods of upwelling or eddies can influence their
depth habitat (Schiebel et al., 2002a; Field, 2004; Kuroyanagi and Kawahata, 2004; Al-
Sabouni et al., 2007; Salmon et al., 2015).

3.3.4 Seasonality

Interannual seasonal changes in SST, as well as water-column structure and influx of
food sources and nutrients, can influence the temporal and spatial dynamics of a
planktonic foraminiferal population. When tropical/subtropical spinose species, such as
G. ruber white, G. ruber pink, T. sacculifer, O. universa, G. siphonifera, G. rubescens
and G. tenella inhabit shallow waters within their optimum temperature range (>25°C),
there is little annual flux in their abundances. In cooler waters however, seasonal peaks
in abundance occur in warmer more stratified waters during the summer (e.g. G. ruber
pink in July-September) or autumn (G. ruber white in September to October), indicating
that temperature is the key factor governing their abundance rather than food, due to the
presence of endosymbionts (Jonkers and Kucera, 2015; Salmon et al., 2015; Schiebel
and Hemleben, 2017). It is inferred that such species have preferred thermal niches, i.e.

a preferred temperature range for the optimal balance between growth and respiration,
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which correlate specific temperature ranges per species with increased reproductive

success (Jonkers and Kucera, 2015).

Cooler/temperate (mostly) symbiont-barren or deeper dwelling species G. bulloides, G.
glutinata, T. quinqueloba, N. incompta, N. pachyderma, G. scitula and G. calida display
strong, consistent uni- or bimodal peaks during both the autumn/winter and the more
significant spring bloom (especially in the mid latitudes), coinciding with cooler waters,
periods of maximum chlorophyll-a, deepening of the mixed layer and redistribution of
nutrients to the euphotic zone, leading to heightened primary productivity and increased
seasonal planktonic foraminifera flux (Kuroyanagi and Kawahata, 2004; Jonkers and
Kucera, 2015; Salmon et al., 2015; Schiebel and Hemleben, 2017).

Finally, deep water species such as G. inflata and G. truncatulinoides have a single
short peak during the winter/spring that is not linked to productivity, but may be linked
to their long reproductive cycle and shallowing to warmer more dynamic surface waters
to reproduce (Jonkers and Kucera, 2015). Of the deeper species, only G. scitula shows a

seasonal pattern similar to that of cold-water and temperate species.
3.3.5 Food preferences

Availability and distribution of food directly influence the spatial and temporal
distribution of planktonic foraminifera, as it affects their growth rates, longevity and
timing and success of reproduction (Schiebel and Hemleben, 2017). Most planktonic
foraminifera are omnivorous, though this differs significantly between spinose and non-
spinose species, and within the groups themselves. Prey includes i) zooplankton: mainly
copepods and ciliates, and include among others, tunicates, radiolarians and pteropods;
ii) phytoplankton: mainly diatoms, but also include dinoflagellates, eukaryotic and
thecate algae and iii) bacteria. Studies of contents of food vacuoles in the cytoplasm of
spinose species demonstrate that they are preferentially carnivorous, though they do

feed on phytoplankton.

The highest abundances of symbiont-bearing spinose species are generally found in
oligotrophic waters in subtropical gyres, where food is not readily available, but the
waters are clear, allowing maximum light penetration in the photic zone (Watkins et al.,
1996; Zari¢ et al., 2005; Kudera, 2007). It was found that G. ruber was less dependent
on zooplankton than other spinose species such as T. sacculifer and G. siphonifera,

suggesting that it is more adapted and successful in low productivity regions, where it
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can more efficiently utilise nutrition from primary producers (Anderson, 1983).

Non-spinose species are preferentially herbivorous (mainly diatoms), therefore inhabit
more eutrophic waters with high phytoplankton productivity, such as upwelling areas or
in waters that experience seasonal phytoplankton blooms (Hemleben et al., 1989;
Schiebel and Hemleben, 2005). Non-spinose species are not suited to capture large live
prey, though zooplankton prey remains are found in their food vacuoles and it has been
suggested that they can feed on particulate organic, i.e. matter inactive or dead animal
prey, e.g. G. truncatulinoides utilise their rhizopodial net to entrain small pieces of
animal protein (Anderson et al., 1979). More recently, it was found that
Gammaproteobacteria within particular organic matter formed a significant proportion
of the diet of N. incompta type Il from stratified waters along the Californian coast, with
more limited feeding on phytoplankton (Bird et al., 2018). It should be noted that the
trophic requirements for most genotypes have not yet been resolved, therefore how it

fully impacts their abundance and distribution remains an unknown (Bird et al., 2018).

Food availability during ontogeny can affect both the size of the chambers (i.e. the
greater the food availability, the larger the chamber size) and longevity of the
foraminifera (i.e. if food is scarce, the foraminifera will delay gametogenesis until more
favourable conditions return, thus they will live longer). Growth rates are different for
carnivorous (higher) and herbivorous (lower) species, possibly indicating the response

to the energetic content differences of their prey (Lombard et al., 2009).
3.3.6 Nutrients

For most non-algal symbiont bearing species, nutrient availability plays a significant
role in governing their distribution, abundance and test size (Schiebel and Hemleben,
2017). These species feed mainly on phytoplankton (e.g. diatoms or dinoflagellates). In
turn, phytoplankton primary productivity is controlled by their own specific biological,
physical and trophic demands, including availability of nutrients, including organic and
inorganic carbon and nitrate (NOs), as well as nitrogen dioxide (NO3), phosphate (POa)
and silicate (SiOa) (Schiebel et al., 2004). Morey et al. (2005) determined that a fertility
or nutrient gradient was the 2" most influential parameter for variability of
tropical/subtropical fauna (7.9%). A canonical correspondence analysis (CCA) analysis
of global sediment and water-column samples inferred an inverse relationship between
SST and salinity to a nutrient and fertility gradient between fertile tropical/subtropical
upwelling areas (e.g. N. dutertrei) and low fertility oligotrophic waters (e.g. G. ruber)

47



(Morey et al., 2005).

Globally, primary productivity gradually increases with temperature from the subpolar
to temperate zones, in comparison to highly variable fertility gradients in warmer
subtropical and tropical zones (Schmidt et al., 2004). However, upwelling zones display
the greatest fertility gradient. When nutrient levels increase within the upper water
column, this can lead to an increase in the productivity of primary producers and within
a few days, trigger changes in the foraminiferal assemblage and flux rates at specific
times of the year (Schiebel et al., 1995). In temperate waters, there can be two seasons
of enhanced primary productivity (spring and autumn blooms) caused by a combination
of deep vertical mixing of the water column, which entrains nutrient-rich waters from
below the pycnocline into the nutrient depleted euphotic zone, nutrient recycling and
light intensity. This is also seen in low latitude stratified oligotrophic waters, where
regional seasonal effects of monsoons or upwelling increase nutrient availability and
increase primary productivity (Schiebel and Hemleben, 2005). In addition, more
proximal areas with high terrestrial input from either delta or river plumes, or nearshore

canyon heads also have high nutrient availability (Retailleau et al., 2012).

Increased homogenisation of the water column and higher prey densities affect quality
and penetration of light into the euphotic zone, which directly impacts on symbiont
bearing species (Bijma et al., 1992). In upwelling areas, symbiont-bearing species
generally have smaller shell sizes, caused by the effects of under-saturation of O in
deeper waters and low light levels on symbionts that restrict host respiration and
metabolism. This is in comparison to fertile waters in river plumes that are enriched in

O2 and are associated with larger test sizes (Bijma et al., 1992).

In oligotrophic waters, such as the Mediterranean Sea, a well-developed DCM can
occur when the pycnocline and nutricline lie within or close to the base of the euphotic
zone. The maximum depth of the DCM is correlated to the position of the seasonal
pycnocline and the depth of minimum light intensity needed for phytoplankton to grow
(Fairbanks and Wiebe, 1980). With the development of a DCM and the entrainment of
nutrients into waters with higher light intensities, phytoplankton biomass significantly
increases (Fairbanks and Wiebe, 1980). Neogloboquadrina species such as N. incompta
and N. dutertrei have been found to be closely associated with the high productivity of a
DCM (Fairbanks et al., 1982; Rohling and Gieskes, 1989; Field, 2004; Kuroyanagi and
Kawahata, 2004).
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The response of planktonic foraminifera to enhanced productivity has been noted in
numerous studies of upwelling areas, temperate waters and following storm events
(Schiebel et al., 1995; Schiebel et al., 2001; Schiebel et al., 2004; Retailleau et al.,
2012). Schiebel et al. (2001) observed the effect of changes in nutrient availability and
chlorophyll-a redistribution within the BIOTRANS research area, located in the eastern
North Atlantic (20°W, 47°N). Late summer stratified waters with a well-defined DCM
were dominated by N. incompta, and associated warm water species such as G. ruber,
O. universa, T. sacculifer and G. siphonifera. Following the southerly tracking of a
frontal zone and storm induced deep water-column mixing, there was increased
chlorophyll-a redistribution and entrainment of nitrates from below the nutricline. The
subsequent faunal assemblage was dominated mainly by G. bulloides and the deeper T.
quinqueloba. This dominance of G. bulloides and T. quinqueloba was also observed
during the autumn bloom in the Bay of Biscay and was associated to riverine nutrient
input, increased turbidity and associated enhanced primary productivity (Retailleau et
al., 2012). In several studies, primary productivity pulses characterised by diatoms
coincide with a strong swift response by G. glutinata (Schiebel and Hemleben, 2000;
Schiebel et al., 2001).

In addition to influencing the abundance and distribution of foraminiferal species,
increased deep mixing of the water column, re-suspension of fine particulate organic
matter and nutrients, and the associated increase in phytoplankton following intensive
storm events has been associated with an increase growth rates of the planktonic
assemblage (Schiebel et al., 1995).

3.4 Distribution of planktonic foraminifera in the Mediterranean Sea

As planktonic foraminifera are the main proxy used to reconstruct Late Pleistocene SST
and hydrological conditions in the Mediterranean Sea, it is important to review the
modern distribution of planktonic foraminifera. What species currently inhabit the
Mediterranean Sea? How do modern hydrological conditions impact on the structure of
faunal communities, and is there any seasonality in their annual flux? Understanding
how the living assemblage is adapted to modern conditions in the Mediterranean Sea
will help to determine to what extent foraminifera were impacted by rapid
palaeoenvironmental changes during the deglacial. How did they respond to variations
in SSTs? Did their responses differ on a basin-wide scale? Can we decipher any other

factors that influenced their distribution, such as changes in hydrological structure and
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trophic conditions, particularly in the Gulf of Lion? In turn, can we identify the main
mechanisms of deglaciation in the Mediterranean? A detailed understanding of the

modern Mediterranean assemblage will help us address these questions.

The spatial distribution of modern planktonic foraminifera in the Mediterranean Sea has
been investigated in a number of studies over the past 50 years. These studies include
plankton tows taken along transects spanning the Mediterranean Sea, time-series
sediment traps and core-top surface sediment samples. Plankton tows studies include
Cifelli (1974), Pujol and Vergnaud Grazzini (1995) and Mallo et al. (2017) (Figure 3.5).
The main benefits of plankton tows are that they provide a snapshot of the living
assemblage and hydrological conditions at given depths, at specific times in the year,
and have good spatial distribution across the Mediterranean Sea. However, this
specificity of time and place is also a limiting factor, especially when applying their
results to sediment cores. In addition, they are further constrained by the size fraction of
the plankton nets used (e.g. 150 um), which will not capture the full size range of

smaller species, e.g. T. quinqueloba.

Sediment trap data are available for the Gulf of Lion (Rigual-Hernandez et al., 2012),
Alboran Sea (Béarcena et al., 2004; Hernandez-Almeida et al., 2011) and most recently,
the Levantine Sea (Avnaim-Katav et al., 2020). Generally, sediment trap studies span
1+ year(s). They are deployed at specific depths and sample the flux of all species
(regardless of size) at regular timescales. Variations in the composition and flux of the
full assemblage through the year(s) can provide evidence of seasonality in response to
bloom events or short-term hydrological events, which is invaluable when deciphering
the complex signals in sediment cores. Unfortunately, sediment trap studies that report
planktonic foraminifera counts are poorly distributed across the Mediterranean Sea. In
addition, results are specific to the sediment trap site location and may be significantly
influenced by specific events that occurred during the study period, e.g. 1997-1998 El
Nifo-Southern Oscillation event recorded in the Alboran Sea (Barcena et al., 2004;
Hernandez-Almeida et al., 2011).

Finally, the study by Thunell (1978) utilised core-top surface sediments to map the
distribution of modern planktonic foraminifera across the Mediterranean. Surface
sediments are collected from core-tops or box-cores and represent an averaging of
species abundance and flux over years, decades to centuries, depending on
sedimentation rates and taphonomic effects at the site (Morey et al., 2005; Siccha and
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Kucera, 2017). Although they lack the temporal constraints or hydrological data of
plankton tows or sediment trap studies, their generalised abundance data is more
comparable with sediment core data. In the Mediterranean, surface sediment sites are
more abundant and have greater spatial distribution than either plankton tows or
sediment trap sites (Thunell, 1978). Therefore, they provide a good overview of species

distribution across the modern Mediterranean.

Cifelli (1974) published the first reported results of plankton tows from a summer cruise
in 1969. This cruise track extended from the lonian Sea in the eastern Mediterranean
Sea to east of Madeira Island in the Atlantic Ocean (Figure 3.5). This study provided a
snapshot of the late spring/early summer faunal assemblages. In the western basin,
Cifelli (1974) determined that the assemblage was composed of an equal mix of cooler
“northern” and subtropical species. “Northern” (i.e. “North Atlantic”) species included
G. bulloides, N. incompta, T. quinqueloba and G. inflata, whereas subtropical species
comprised of G. siphonifera, G. ruber, G. tenella, T. sacculifer, G. truncatulinoides and
O. universa. In contrast, “northern” species were replaced by greater numbers of
subtropical fauna in the eastern basin, though there was a noticeable increase in cooler

subpolar and transitional species in areas of intermediate water formation.

Thunell (1978) published the first study to map the spatial distribution and inferred
faunal preferences of 16 key planktonic foraminiferal species within the Mediterranean
Sea. The study utilised 66 core-top samples located throughout both the eastern and
western basins, though with the exception of the Adriatic Sea or the seas north of Libya
(Figure 3.5). As with Cifelli (1974), this study documented a noticeably cooler, grazing
assemblage in the western basin, and a warmer predatory eastern assemblage. Many
aspects of this study are now outdated, such as the lack of differentiation of certain
morphospecies (N. pachyderma and N. incompta; G. ruber white and G. ruber pink, and
G. truncatulinoides sinistral and dextral). In light of the identification of planktonic
foraminifera genotypes, there is the added complexity that the distribution of certain
genotypes display an apparent seasonal signal and/or niche competition in the
Mediterranean, e.g. G. ruber subtypes Ilal and Il1a2 (Aurahs et al., 2009). However,
Thunell (1978) remains the only study that has mapped the spatial distribution of
modern morphospecies across the Mediterranean Sea. This allows for a basic
comparison with the spatial distribution of morphospecies during the Late Pleistocene.
In addition, the core top dataset has formed the basis of the training dataset for Artificial

Neural Networks for the Mediterranean Sea (Hayes et al., 2005). This will be discussed
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further detail in the Chapter 5.

A seminal work investigating the abundance and distribution of living planktonic
foraminifera across a NW-SE transect of the Mediterranean was published by Pujol and
Vergnaud Grazzini (1995). This study utilised a series of plankton tows deployed at 5
depth intervals within the top 350m at 14 stations in winter (Feb-Mar 1986), late
summer (Sep-Oct 1986) and early spring (Apr 1990) in the Alboran Sea only (Figure
3.5). As with the previous studies, it was clear that the composition and diversity of
species changed from the more productive west to oligotrophic east. However, these
variations were also reported across the seasons and at different depths. The averaged
flux of planktonic foraminifera (0-350m) in the Mediterranean Sea was lower in the
summer than in the winter. Again, this varied across the basins and seasonally, e.g. in
the Gulf of Lion, summer tows varied from <200 to 3700 ind./1000m? from summer to
winter, whereas the opposite was observed in the south-eastern basin. The recent

sediment trap study in the Levantine Sea contradicts this and will be discussed further
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Figure 3.5: Distribution of plankton tow, core top and sediment trap site locations a) the Mediterranean Sea, b)
Alboran Sea and c¢) Gulf of Lion, as published by Cifelli (1974); Thunell (1978); Pujol and Vergnaud Grazzini
(1995); Barcena et al. (2004); Hernandez-Almeida et al. (2011); Rigual-Hernandez et al. (2012); Mallo et al. (2017).

This study demonstrated that although the Mediterranean experiences extremes in SST

and SSS, it is food availability and hydrological structure of the water column that are
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the driving forces for the spatial and seasonal distribution of planktonic foraminifera.
SSTs <13°C were only seen as a notable factor in the presence of N. incompta at all
sampled depths in the Gulf of Lion. Increased productivity and abundance of grazing
species were linked to periods of winter upwelling and deep-water formation (e.g.
north-west Mediterranean, Alboran Sea, Cyprus) and fronts/eddies along current
systems (e.g. the MAW along the north African coast to the east of the Strait of
Gibraltar). The presence of a DCM was associated with a mixed assemblage of deeper
grazers. In the northwest Mediterranean, the DCM was situated at ~75m during the
summer, but shallowed to 40-50m during the winter, coinciding to the peak at that depth
in N. incompta, along with G. bulloides and G. inflata. In the summer, the stratified
oligotrophic waters were dominated by shallow dwelling, symbiont-bearing predator
species (primarily G. ruber white, G. ruber pink and T. sacculifer) that thrive in the

well-lit photic zone, with G. truncatulinoides at greater depths in the western basin.

The most recent basin-wide study was conducted by Mallo et al. (2017) in May 2013
using BONGO nets at 20 stations sampling the upper 200m of the water column (Figure
3.5). This research presented the absolute and relative abundance of planktonic
foraminifera in relation to SST, SSS, productivity and water geochemistry. Absolute
abundance of planktonic foraminifera was extremely low during summer months (an
average of 1.42 + 1.43 ind./10m3), which is comparable to the summer abundances
reported by Pujol and Vergnaud Grazzini (1995). In addition, Mallo et al. (2017)
reported low diversity with only 12 morphospecies recorded. This was significantly
lower than the diversity reported in Cifelli (1974), Thunell (1978) and Pujol and
Vergnaud Grazzini (1995), who all reported between 18 and 20 morphospecies. Notable
absences were G. truncatulinoides, the Neogloboquadrinids, T. quinqueloba, G.
glutinata and many of the SPRUDTS groups. This low diversity may reflect the
seasonality or life cycles of the species, or the size of specimens may have been too

small to be captured in the nets (150um).

In general, the early summer faunal distribution support older summer plankton tows
(Cifelli, 1974; Pujol and Vergnaud Grazzini, 1995) and as well as data from sediment
trap studies (discussed below) (Barcena et al., 2004; Hernandez-Almeida et al., 2011;
Rigual-Hernandez et al., 2012; Avnaim-Katav et al., 2020). G. ruber white was the
most abundant species along with O. universa, particularly in the eastern basin. G.
inflata and G. bulloides were the main species in the western basin, along with T.

sacculifer. As would be expected, cooler SSTs and food availability were the governing
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factors for eutrophic species. The distribution of G. ruber white and G. ruber pink
coincided with the west to east temperature and salinity gradient and their ability to
thrive in oligotrophic waters. Interestingly, the high percentage of G. ruber white in
Tyrrhenian Sea was linked to greater food availability, inferring that once G. ruber is in
suitably warm waters, food a key determinant for their distribution. Similarly, food and

nutrient rich upwelling areas were factors for T. sacculifer and O. universa.

Within the mainly oligotrophic Mediterranean Sea, the cooler surface waters in the Gulf
of Lion and the Alboran Sea basin are the most productive. These high productivity
regions have been studied in detail using a comparison of sediment trap and surface
sediments by Rigual-Hernandez et al. (2012) in the Gulf of Lion, and Barcena et al.
(2004) and Hern&ndez-Almeida et al. (2011) in the Alboran Sea.

Rigual-Hernandez et al. (2012) analysed data from two sediment trap stations located
either side of the gulf in the Gulf of Lion over a 12 year period (1993-2006) (Figure
3.5). Both stations displayed a unimodal pattern that accounted for approximately 80%
of the total average annual flux. This peak occurred during the coldest part of the year
(SSTs ranged 13 to 14.5°C) and coincided with the highest annual chlorophyll-a
concentrations and the late winter/early spring phytoplankton bloom (Rigual-Hernandez
et al., 2012). This typical winter-spring assemblage was dominated by G. bulloides,
along with G. truncatulinoides, N. incompta and G. inflata. During the spring-summer
and early autumn when the waters were warmer and more stratified, there were minor
peaks of O. universa, G. siphonifera, T. sacculifer and G. ruber white and G. ruber

pink, accounting for just 4 to 6% of the relative abundance.

Comparisons were made with core top data located along a transect between the two
stations (Figure 3.5). The same four eutrophic species dominated the core top
assemblages. However, the relative abundances differed from within the highly
productive Rhone Delta plume (dominated by G. bulloides), to the more distal less
productive sites, where species diversity increased and higher relative abundances of N.
incompta and G. truncatulinoides. These more distal results are similar to those reported
by Pujol and Vergnaud Grazzini (1995) in their Gulf of Lion stations. Importantly, it
was inferred by Rigual-Hernandez et al. (2012) that given the unimodal planktonic
foraminiferal signal recorded in both sediment traps, the fossil assemblage in the core
tops in this region would reflect primarily the high productivity, cooler water winter-

spring bloom assemblage.
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Results from a series of sediment traps and surface sediments located along the
productive margins of the Alboran Sea gyres were published by Béarcena et al. (2004)
and Hernandez-Almeida et al. (2011) (Figure 3.5Figure 3.5). The sampling period of
the sediment traps incorporated the intense seasonal upwelling experienced in the
Alboran Sea, but also coincided with the global 1997-1997 El Nifio-Southern
Oscillation (ENSO) event (Barcena et al., 2004; Hernandez-Almeida et al., 2011).

The Western Alboran Gyres (WAG) region was dominated by G. bulloides, with G.
inflata and minor G. ruber white (>90% of the total population); whereas T.
quinqueloba and G. bulloides dominated the Almeria-Oran Front (AOF) (~85% of the
total population), along with G. inflata and G. ruber white (Barcena et al., 2004;
Hernandez-Almeida et al., 2011). There was a unimodal peak during the winter-spring
bloom, which was delayed due to the extended warming of the late summer/autumn
SSTs of the ENSO event. When the gyres finally were re-established, G. bulloides
dominated the assemblage, driven by the increase in upwelling/wind-driven
productivity and food availability (Barcena et al., 2004). This was in contrast to the
relative abundance from core top sediments, where G. bulloides accounted for <40% of
the total population. G. inflata was present throughout the sampling period (<20%), but
it had the highest annual relative abundance (43%) in surface sediments. The mean
annual relative abundance of G. ruber white in surface sediments was low (<3.3%), but
it formed a significant component of the assemblage during the autumn and
unseasonably warm early winter. Interestingly, the spring plankton tow data reported by
Pujol and Vergnaud Grazzini (1995) for this region has greater similarity to the core top
data than the spring patterns recorded in sediment traps. This disconnect between the
sediment trap data from 1997/1998 and surface samples illustrate the considerable
influence of the ENSO event that winter, where the opportunistic G. bulloides

flourished in comparison to G. inflata (Barcena et al., 2004).

The faunal assemblage and flux patterns recorded in the sediment trap deployed in the
AOF region was markedly different to the WAG (Hernandez-Almeida et al., 2011).
There were three substantial seasonal peaks during the summer, late autumn/winter and
spring, coinciding with cold upwelling/productive periods. T. quinqueloba (~20%) and
G. bulloides (~18%) were the dominant species during these productive periods. During
the unseasonably warm late summer/early autumn period, stratification, low
productivity and deepening of the thermocline lead to a peak of both G. inflata and G.

ruber. These results are similar to the summer assemblage of Cifelli (1974) and core top
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data from Thunell (1978).

The recent sediment trap study by Avnaim-Katav et al. (2020) in the ultra-oligotrophic
Levantine Sea is the sole planktonic foraminifera sediment trap study in the eastern
Mediterranean. During the sampling period in 2017/2018, oligotrophic conditions were
observed throughout the year. Similar to Mallo et al. (2017), species diversity in this
region was very low. 96% of species were comprised of symbiont bearing predatory
species, primarily G. ruber white, with G. rubescens, G. tenella, O. universa, G. ruber
pink, G. calida, and G. siphonifera. The average annual planktonic foraminifera flux
was extremely low and displayed short-lived winter and late summer peaks. The main
peak in February (dominated by G. ruber white, G. rubescens and G. calida, accounting
for 46% of the annual flux) coincided with the lowest annual SST and minor increase in
chlorophyll. This was followed by a minor late summer peak (G. ruber white, G. ruber
pink and O. universa) when SSTs >28°C. The greater abundance during winter
contrasts Pujol and Vergnaud Grazzini (1995). In general, this seasonal assemblage was
similar to plankton tows and nearby core-top samples, with the exception of the marked
decreased in G. bulloides and unexpectedly, G. ruber pink (Pujol and Vergnaud
Grazzini, 1995; Mallo et al., 2017; Siccha and Kucera, 2017). The decrease in G.
bulloides was attributed to increasing SSTs and oligotrophy in the modern Levantine
Sea, whereas the reasons for the decrease in G. ruber pink was less clear (Avnaim-
Katav et al., 2020).
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Chapter 4.

4 Palaeoclimatic signals of the Late Pleistocene

The Quaternary Period spans the last 2.58 Ma and is subdivided into the Early (from
2.58 Ma), Middle (from 773 kyr BP) and Late Pleistocene stages (from 126 kyr BP),
and the Holocene Epoch (from 11.7 kyr to the present) (Cohen et al., 2013). It is
characterised by a series of long-term glacial and interglacial periods, where the waxing
and waning of vast ice sheets dominated much of the northern hemisphere continents,
interspersed with shorter term stadial and interstadial periods. This predominantly cold
period began as a gradual cooling in the Paleogene, with more pronounced cooling
during the Miocene and Pliocene (Bell and Walker, 2005). These fluctuations in climate
are evident globally in a wide range of proxies, such as deep-sea, ice and lake cores,

coral reefs and pollen archives.

The focus of this chapter will be on the latter part of the Late Pleistocene, a period of
significant short-term climate oscillations following the Last Glacial Maximum. This
section will outline the proposed forcings and feedbacks of long-term climate change, as
well as the drivers for millennial-scale variability observed in the Late Pleistocene, both
globally and within the Mediterranean region. This will provide the context for
understanding how and why these climate forcings are observed in the geological

archives of the Mediterranean Sea.
4.1 Mechanisms of long-term climate change

Astronomical theories, known as Milankovitch cycles, have been identified and used to
account for the periodicity and timing of long-term climate change. The main
mechanisms illustrated in Figure 4.1, as summarised by Bell and Walker (2005) are: i)
“Precession of the equinoxes” describes the direction of the tilt of the earth’s axis,
which can “wobble” over time, thus effecting the distribution of radiation received by
the northern and southern hemispheres during the perihelion and aphelion. It has two
interconnected periodicities, a major cycle of ~23 kyr and minor one of ~19 kyr; ii)
“Obliquity of the ecliptic” is the degree of the tilt of the earth’s axis, which has a
cyclical range of 21.5° to 24.5° and a periodicity of ~41 kyr; iii) “Eccentricity of the
orbit” is the change from an elliptical to a more circular orbit of the earth around the

sun, which impacts the amount of radiation received during the summer and winter. The
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shape of the orbit has a periodicity of 95 to 136 kyr (~100 kyr average), along with an

additional longer-term and more significant 413 kyr cycle.

Eccentricity Obliquity/Tilt Precession
22.1°-24.5°

100,000 years 41,000 years 23,00(5 years

Figure 4.1: Illustration of the main mechanisms of Milankovitch cycles, i.e. eccentricity, obliquity, and precession.
Taken from Astrophysics Team University of Lincoln (n.d.).

Precession and obliquity affect the latitudinal and seasonal distribution of solar
insolation, whereas eccentricity alone impacts global and annual mean insolation
(Berger, 1978; Berger and Loutre, 1991). In addition, eccentricity has a key role in
modulating the seasonal and latitudinal effects of precession and obliquity, e.g. during
periods of low eccentricity (more circular orbit), changes in seasonal insolation due to
precession are weaker than periods of higher eccentricity (more elliptical) (Jansen et al.,
2007; McCarroll, 2015). The Milankovitch theory proposes that the growth and
shrinkage of ice sheets is controlled by high northern latitude boreal insolation changes
(Milankovitch, 1941; Milankovi¢, 1998). During periods of summer insolation minima
at 65°N, snow and ice persist throughout the year, enabling the growth of northern
hemisphere ice sheets (Figure 1.2) (Berger and Loutre, 1991; Imbrie et al., 1993; Jansen
et al., 2007; Vettoretti and Peltier, 2011; Yin and Berger, 2011; Past Interglacials
Working Group of PAGES, 2016). In its most simplistic form, this enhanced build-up
of snow then ice would trigger its own feedback mechanisms through increasing albedo;
changes in atmospheric circulation, e.g. the southern displacement of the polar front jet
stream and the paths of storm tracks across the North Atlantic; surface and deep water
circulation changes, e.g. the strength and pathway of North Atlantic currents and deep
water formation (DWF). These feedbacks would also impact on atmospheric
composition of gasses and particulates, e.g. reduce CO,, CH4 and water vapour, and
increase dust; all of which would finally impact on reducing precipitation rates, thus

leading to the cessation of ice growth (Maslin, 2009). These shorter-term feedbacks will
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be discussed in more detail in section 4.2 Short-term climate change.
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Figure 4.2: Interglacial Peaks (dashed line) correlated with: i) LR04 stack of marine benthic foraminifera 620
(Lisiecki and Raymo, 2005); insolation parameters ii) precession (red) with eccentricity (blue) (negative plotted

high); iii) obliquity (in degrees); iv) calculated insolation at 65°N for the summer solstice. Taken from Past
Interglacials Working Group of PAGES (2016).

Increasing summer insolation and insolation seasonality, which occurs when the
precession minima (i.e. northern hemisphere summer occurs at perihelion) and
maximum obliquity are in phase, were key triggers for the onset of the last deglaciation
around 19-20 kyr, and peaked in the early Holocene (Clark et al., 2009). This increase
in northern hemisphere summer insolation led to enhanced summer ablation, rapid ice
mass loss in many northern hemisphere ice sheets and mountain glaciers, and rising sea
levels. In addition, insolation is a key forcing for variations in precipitation and northern
high latitude temperatures, sea ice and vegetation during the deglacial period (Yin and
Berger, 2011). Sea level rise and certain melt water pulse (MWP) events can be linked
to the onset of rising summer insolation at ~19 kyr, when there was 5-10 m rise in sea-
level (19 kyr MWP), and MWP-1B occurred during the insolation maxima of the early
Holocene (~11.5-11 kyr) (Clark et al., 2004; Stanford et al., 2011b; Carlson and Clark,
2012; Abdul et al., 2016). However, the relationship of these responses with insolation
are not always linear. The observed lagged response of sea level to deglacial insolation
changes were attributed to the more complex interactions between northern hemisphere
ice volume and the strength of Asian Summer Monsoons with insolation (Grant et al.,
2014).

It is evident that astronomical theories account for the “rhythm” of glacial cycles (Hays
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et al., 1976). However, there remains many unanswered questions, e.g. when minimum
precession/obliquity maxima are in phase and insolation in Northern Hemisphere
summer is heightened, it would be expected that this would correlate with or produce
strong interglacials, but this is not always the case (Figure 4.2) (Yin and Berger, 2010;
Paillard, 2015; Past Interglacials Working Group of PAGES, 2016). In addition,
regional and seasonal responses to changing insolation need to be accounted for (Past
Interglacials Working Group of PAGES, 2016). The initial cyclicity of ~41 kyr during
the early- to mid-Pleistocene reflects a potential influence of the obliquity cycle;
however by the late Pleistocene, the duration of glacial cycles slowed and lengthened,
and were followed by shorter interglacials so that their periodicity became ~100 kyr,
equating more to an influence of eccentricity (McCarroll, 2015; Paillard, 2015). Finally,
astronomical forcing cannot account for this shift from 41 to 100 kyr periodicity, the
intensification of glacial cycles in the last 800ka or the marked increase in cooling that

began in the Late Miocene.

800

600

CH, (pPb)

400

300

250

CO, (ppm)

200 ¢

0 200 400 600 800
Age (ka)

Figure 4.3: Atmospheric carbon dioxide (CO2) and methane (CH4) concentrations over last 800ka. Dashed red lines
represent the considered typical preindustrial values. Taken from Past Interglacials Working Group of PAGES
(2016).

Variations in other forcing factors, such as greenhouse gasses (i.e. carbon dioxide
(COz), methane (CH4) and nitrous oxide (N20)) (Figure 4.3) and albedo (from
variations in the extent of ice sheets, sea level and vegetation, and dust/aerosols in the
atmosphere) have been found to be of significant internal feedback mechanisms
(PALAEOSENS Project Members, 2012; McCarroll, 2015). The effects of albedo have
been modelled for the LGM and researchers have determined that ice sheets are
responsible for ~50% of cooling during the LGM (Jansen et al., 2007). Atmospheric
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CO: levels during glacial periods were ~100ppm lower than interglacial periods (180 to
300 ppm); during the LGM, CO; levels were closely correlated with 580 records from
Antarctic ice cores, thus were attributed as a driver for the other ~50% of cooling during
the LGM (Jansen et al., 2007; Paillard, 2015). There is a strong link between ice sheet
growth rates and greenhouse gasses. The development of larger northern hemisphere ice
sheets is associated with sequestering significant amounts of atmospheric CO: by the
oceans and storing it at depth, through DWF, nutrient driven planktonic productivity

and amount of ice sheet cover (McCarroll, 2015).

Throughout the Quaternary period, it is evident that external/internal forcings and
feedback mechanisms do not operate in isolation. The Late Pleistocene cycles (i.e. ~100
kyr interglacial/glacial periods, followed by an abrupt termination) can be attributed to a
combination of linear and non-linear responses to ice sheet growth; changing sea levels,
oceanic circulation and atmospheric CO3; effects of albedo, moisture availability and

insolation from astronomical forcings.
4.2 Short-term climate change

Short-term climate oscillations can be defined as changes over millennial, centenary or
decadal timescales. In general, the late glacial to the early Holocene period (~18 to 11.7
kyr BP) represents the gradual return to interglacial conditions. However, it is
punctuated by short-term changes including Heinrich Stadial 1 (HS1), the Bglling-
Allergd (BA) and Younger Dryas (YD), followed by the more stable warmer early
Holocene, which also experience more discrete cold events at 11.2 kyr and 8.2 kyr
(Figure 4.4). During this timeframe, the Northern Hemisphere was dominated by the
release of ice sheet armadas into the North Atlantic; the retreat and wasting of the great
Laurentide and Fennoscandian ice sheets and subsequent meltwater discharge; changes
in sea surface circulation and DWF in the North Atlantic; rising sea levels and eustatic
uplift.

4.2.1 Mechanisms for short-term climate change

4.2.1.1 North Atlantic Ocean Circulation

The Atlantic Ocean has many unique characteristics including DWF occurring at both
poles; latitudinal exchange of surface, intermediate and deep waters; it has higher rates
of evaporation, thus higher SSTs, salinity (1 to 2psu) and density than the Pacific Ocean

(Craig et al., 2017). The ocean is made up of three main water masses: i) the cold deep
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nutrient-rich Antarctic Bottom Waters (AABW) that are formed around Antarctica, flow
northward, and sink to the abyssal plain (>4000m) from where they travel through the
tropics to the North Atlantic basin; ii) the dense warmer, nutrient poor and saline North
Atlantic Deep Waters (NADW) that form east of Greenland and in the Labrador Sea,
and flow southward between 1500 to 3500m deep; iii) the uppermost cool, nutrient rich
and oxygen-poor Antarctic Intermediate Waters (AAIW) also formed near the Antarctic
and flow northward above the NADW, as they are less dense (Figure 4.5).
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Figure 4.4: Late Pleistocene and Holocene ice core GISP2 and NGRIP Greenland 6180 profiles, displaying
INTIMATE event stratigraphy (GS = Greenland stadial; GI = Greenland Interstadial) with the corresponding
location of HS1, BA and YD (Grootes and Stuiver, 1999; Alley, 2004; NGRIP dating group, 2008; Rasmussen et al.,
2014). Colder periods highlighted in blue.

Warm saline surface waters flow north from the tropics as the North Atlantic Current
(NAC), driven mainly by wind, tides and eddies, and transports heat from the Southern
Hemisphere and tropics towards the Nordic and Arctic Seas (Maslin, 2009). As the
NAC flows north, it loses heat to the atmosphere through evaporation, enabling this
cool dense water to sink at around 60°N to form NADW. In addition, the dense
hypersaline (36.5 to 37.5 psu) Mediterranean Outflow Water (MOW) exits the Straits of
Gibraltar and flows northward at depths between300 to 1400m to Arctic Sea, where the
injection of dense salty waters aids the creation of NADW (van Dijk et al., 2018). This
process of mixing, cooling and DWF releases a significant amount of energy into the
atmosphere, equivalent to an additional 25% to the insolation received within the North
Atlantic region each year (Broecker and Denton, 1989). This thermohaline circulation
pattern forms part of the Atlantic Meridional Overturning Circulation (AMOC), a
conveyor system that enables heat exchange and carbon sequestering between the lower
and higher latitudes in the North Atlantic. The strength and pathways of the AMOC
system are driven by mechanisms such as surface heat exchange, evaporation, salinity,
atmospheric winds, the extent of sea-ice and input of freshwater from melting ice
(Figure 4.6) (Broecker et al., 1985; Rahmstorf, 2006; Bakke et al., 2009; Sherriff-
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Tadano et al., 2017; van Dijk et al., 2018; Frajka-Williams et al., 2019; Kostov et al.,
2019).

o S0 1000 1500 2000 2500 900 3500 4000 4500 K000 500 6000 6500 7000 7500 6000 %00
Distance fkm]

Depth (m)

I
|

500 1000 1500 2000 2500 300 3500 4000 4500 5000 5500 6000 7500 8000 8500 9000 9500 10000 10500 11000

6500 7000 11500 12000 12500 13000 13500
Distance (km)

Figure 4.5: Longitudinal cross section through the North Atlantic, displaying the potential temperature variations
(top panel) and salinities, with the main waters masses and direction of flow highlighted (bottom panel). From the
“WOCE Atlantic Ocean Atlas"” (Koltermann et al., 2011).
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Figure 4.6: Schematic of global thermohaline circulation, indicating areas of deep water formation, upwelling and
surface water salinities. Taken from Rahmstorf (2006).
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Other fundamental components of North Atlantic circulation include the Polar and
Azores Fronts. Oceanic fronts are usually classified as zones of convergence of different
water masses, where the largest horizontal gradients of different water properties occur,
e.g. temperature and salinity. The polar front forms the boundary where the NAC and
Arctic waters meet and follows the Greenland and eastern Canadian continental margins
close to the sea ice edge (Bashirova et al., 2014). It acts as a physical barrier,
constraining sea ice and iceberg drifting, and forms an ecological barrier for marine
fauna. Further south, the warm Azores Currant is a branch of the Gulf Stream that flows
eastward towards the Gulf of Cadiz, along the Azores Front (35 to 37°N), which
demarks the northern limit of the 18°C water mass associated with the subtropical
Eastern North Atlantic Central Water (Gould, 1985; Rogerson et al., 2004; Martin-
Garcia, 2019).

Changes in ocean circulation have several climate forcing and non-linear feedback
mechanisms that impact short-term global climate patterns. In the North Atlantic, these
include the significant transport of heat into the Arctic by the AMOC; regulation of
carbon storage at depth; the location of the warm surface water currents which impact
both the amount of sea-ice in the Arctic and the influence of albedo; the influence of the
“bipolar seesaw” on cross-equatorial heat partitioning and the positioning of the inter-
tropical convergence zone (ITCZ); and sea levels, where a weakened or shutdown of the
AMOC has the potential to rapidly increase regional sea levels by ~1m, due to the
barotropic pressure balance between surface currents and sea surface slopes (Rahmstorf,
2006). Southerly migrations of the polar front have been documented in the North
Atlantic during the LGM and HEs, bringing cold waters as far south as 40°N, along the
western European margin (Mclntyre et al., 1972; Ruddiman, 1977; CLIMAP Project
Members, 1981; Bard et al., 1987; Cortijo et al., 2005; Eynaud et al., 2009; Bashirova
etal., 2014).

It is therefore evident that variations in the strength of the AMOC or the location of
NADW formation has impacts on the global amount of heat and CO available in the
oceans and the atmosphere. Numerous studies have determined that the AMOC plays a
central role in short term climate change in the northern hemisphere, especially since the
LGM through to the Holocene (Heinrich, 1988; Broecker and Denton, 1989; Bond et
al., 1992; Broecker, 1998; Alley, 2007). However, the exact mechanisms of AMOC
induced climate are still being determined for key events over the past 20 kyr. For

example, three simplified modes of AMOC have been proposed for during this period:
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i) during interstadial periods, deep mixing and NADW formation occurs in Arctic Seas
around Greenland and Labrador; ii) a reduction of the depth of mixing and the area of
NADW formation is relocated further south to the Irminger Sea, south of Iceland during
stadial periods; iii) significant weakening or the complete shutdown of the NADW can
occur during HE (Rahmstorf, 2002, 2006; Alley, 2007). These proposed mode changes
are linked to variations in the density of surface waters due to the influx of large
volumes of freshwater causing latitudinal shifts or shutdowns of the AMOC. However,
the situation is inherently more complex. Deglacial events show individual and unique
characteristics and responses that complicate this simplified view. For example during
HE1 (~19 to 15 kyr BP), the catastrophic release of iceberg armadas from disintegrating
northern hemisphere ice shelves caused a freshening and increase in the buoyancy of
North Atlantic waters, inhibiting/reducing NADW formation and weakening/offsetting
the AMOC (Bond et al., 1992; Rahmstorf, 2002; McManus et al., 2004; Ivanovic et al.,
2018).

In more recent studies, variations in the AMOC and strength of NADW in the Nordic
Sea were identified to have begun ~400 years prior to the termination of both GI-1 (BA)
and GS-1 (YD) events, as defined in Greenland ice cores (Lane et al., 2013; Barker et
al., 2015; Muschitiello et al., 2019). During the latter stages of the of the BA, with
increasing inflow of meltwaters, SSTs began to cool and there was an expansion of sea-
ice and southern migration of the oceanic polar front (Muschitiello et al., 2015;
Muschitiello et al., 2019). Similarly, the resumption of the NADW prior to the
termination of the YD was correlated to a gradual increase in SST, decrease in
meltwater production, sea-ice extent and iceberg discharge, along with the northward
migration of the oceanic polar front (Muschitiello et al., 2019). In addition, atmospheric
circulation (i.e. wind strength and direction) is inherently linked to AMOC strength,
enhanced NADW formation and ice sheet extent (Sherriff-Tadano et al., 2017). During
the early GS-1, the cooling of SSTs and the expansion of sea ice in Nordic Seas allowed
large-scale anticyclonic atmospheric blocking systems to be established in north-eastern
Atlantic and over the Fennoscandian ice sheet (Bakke et al., 2009). This high-pressure
system displaced the polar front jet to the south, allowing cold air and North Atlantic
storm tracks towards north-western Europe (Bakke et al., 2009; Lane et al., 2013;
Renssen et al., 2015; Renssen et al., 2018; Schenk et al., 2018). It was proposed that
this atmospheric blocking pattern impeded the northern heat transfer by the AMOC,
further weakening NADW (Muschitiello et al., 2019). The mid-YD strengthening of the
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AMOC was accompanied by the asynchronous migration of the polar front jet stream

northward over north-western Europe (Lane et al., 2013).
4.2.1.2 Atmospheric greenhouse gasses

Variations in atmospheric greenhouse gasses such as carbon dioxide (CO2), methane
(CHa) and nitrous oxide (N20) are not only important for influencing long-term climate
signals, but changes in the sources and sinks of atmospheric gasses have a bearing on
shorter term climate oscillations. As seen in Section 4.1, levels of CO; varied greatly
between glacial/interglacial periods (from ~180 to 280 ppm) and it has been suggested
that CO- increase is the primary mode for the onset of a deglacial period (Shakun and
Carlson, 2010; Shakun et al., 2012; Shao et al., 2019). Indeed, changes in atmospheric
CO; are required to account for the globalisation of climate signals and have been
estimated to contribute between a third to two-thirds of global cooling events, along
with orbital and insolation variations, and more regional influences of ice albedo and ice
sheet extent (Shakun et al., 2012). The main CO> reservoirs include: i) the atmosphere;
i) the terrestrial biosphere and biomass uptake; iii) the oceans. Within the oceans,
variations in CO> occur through CO- exchange between the atmosphere and surface
waters; CO. chemistry within surface waters, driven by deep sea ventilation; pH,
salinity, temperature and productivity changes; absorption of carbon by marine biota
and sequestering of dissolved inorganic carbon to the deep ocean (Broecker, 1981;
Marcott et al., 2014).

Antarctica ice cores are generally used to analyse trends in greenhouse gasses over the
past 800 kyr, as they have less impurities than Greenland cores and provide a more
reliable continuous record, though generally at a lower resolution and precision than
Greenland ice cores (Jouzel, 2013; Marcott et al., 2014). Data from the well-constrained
West Antarctic Ice Sheet Divide ice core (WDC) have been used as a good analogue to
data from Greenland and provide sub-centennial records of global CO; levels (Marcott
et al., 2014). Between the LGM and mid-Holocene, there was an increase in global CO>
(~80ppm), with three proposed shorter-term modes in CO> variations: i) there was a
gradual increase in CO2 during HS1 and the YD (~10ppm/kry™); ii) three rapid
increases in CO2 occur within HS1 and at the start of both the BA and Holocene (10 to
15ppm in 100 to 200 years); iii) there are 1 to i kyr stable periods during the latter part
of HS1, BA and early Holocene, where there were no significant changes in global CO>
(Figure 4.7) (Shakun et al., 2012; Marcott et al., 2014). These modes of CO; variation
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have been linked to changes to deep water ventilation and temperature variations

recorded between the northern and southern hemispheres (Shakun et al., 2012).
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Figure 4.7: Greenhouse gasses and 5180 values from Greenland and Antarctica. a) 580 from West Antarctic Ice
Sheet Divide ice core (WDC) (grey/black) and water 6'80 temperature composite from East Antarctica (green). b)
Atmospheric CO2 concentrations. c) Direct radiative forcing of CO2, CH4 and N2O. d) Atmospheric CH4
concentrations. &) NGRIP §'80. Coloured bands at bottom indicate times when CO: is stable (blue), slowly
increasing (pink) or rapidly increasing (red). Taken from Marcott et al. (2014).

During the LGM, DWF in the North Atlantic is assumed to have shoaled and reduced,
and Antarctic and northern Pacific waters become strongly stratified, allowing enhanced
carbon sequestering in the deep oceans (Sigman et al., 2007; Shao et al., 2019). During
the initial deglacial stages (HS1), the slow increase in CO2 coincided with variations in
the “bipolar seesaw”, where a cooling of the North Atlantic and an injection of iceberg
armadas into the North Atlantic triggered a reduction in the strength of the AMOC,
inhibiting latitudinal transfer of heat between the hemispheres (Shakun et al., 2012;
Marcott et al., 2014). This had the effect of warming the southern hemisphere,

increasing Antarctic wind-driven overturning and buoyancy, allowing sequestered CO>
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to be released to the atmosphere, thus enhancing postglacial global warming (Sigman et
al., 2007; Shakun et al., 2012; Marcott et al., 2014). The associated jumps in CO-
observed at the start of the BA and Holocene are correlated to the resumption of the
AMOC, and changes to terrestrial carbon storage during these warm periods (Marcott et
al., 2014). The longer plateaux in CO2 observed during the latter HS1, BA and early
Holocene are associated with a strong AMOC, enhanced latitudinal heat exchange and
cooling in the Antarctic, possibly causing a stratification and reduction of degassing of
the Southern Oceans (Marcott et al., 2014).

Analysis of Greenland &*3C ice core records show that both N2O and CH4 levels peaked
at the beginning of interglacial warming events (i.e. an increase of 50%), then slowly
fell during the subsequent slow decline into the glacial period, as well as fluctuating
within millennium timescales (Flickiger et al., 2004; Alley, 2007; Wolff et al., 2010).
Both gasses have a wide range of sources, such as wetlands or peat for CH4, and soil
and productive regions in oceans for N2O, thus how and the magnitude of their
influence on short-term climate change is different (Flickiger et al., 2004; Schilt et al.,
2013; McCarroll, 2015).

CHya is both responsive to changes in its source and only requires small quantities to be
added to the atmosphere for it to act as a powerful climate forcer (Nisbet, 2002). The
main pre-anthropogenic source of CH4 were wetlands, particularly in tropical to boreal
regions (Matthews, 2000; Fluckiger et al., 2004). CH4 emissions are strongly impacted
by the extent and productivity of these wetlands, with a positive correlation with
increasing rates of precipitation and temperature (Matthews, 2000). Other factors that
influence CHa variability include orbital variations, such as precession and degree of
summer insolation; and input from methane hydrate sources, such as seasonal thawing
of permafrost regions and organic rich deep sea sediments, following changes to sea
level, SST or pressure in the waters above (Nisbet, 2002; Fliickiger et al., 2004; Huber
et al., 2006; Ruddiman, 2006). Within the past 65 kyr, variations in CH4 concentrations
are seen to be in close correlation with the temperature changes observed at the
beginning of DO Events (DO 9 to 17), though with a 25 to 75 + 25 year lag, as well as
observed over millennial/sub-millennial timescales (Huber et al., 2006). Records of CH4
from the WDC during the Late Pleistocene show a gradual increase in CH4 after the
LGM up to the beginning of the BA, where there was a rapid increase until the YD,
when it decreased, followed by a rapid increase again at the beginning of the Holocene
(Figure 4.7) (Marcott et al., 2014).
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The dominant N2O source during the Late Pleistocene was terrestrial soils mainly in the
tropics and to a lesser extent in temperate regions (Fluckiger et al., 2004). Emissions of
terrestrial N2O were governed mainly by rates of precipitation and temperature. In the
oceans, N2O can be sourced from changes in the rates of denitrification in upwelling
areas and nitrification of the open ocean influenced by periods of stratification
(Fluckiger et al., 2004). Since the LGM, rates of N.O were seen to decrease during HS1
and the YD, which has been attributed to a reduction in the AMOC; while levels began
to rise several centuries prior to the beginning of the DO, due to an intensification of
terrestrial emissions caused by higher rates of precipitation and temperature, and
increased denitrification due to enhanced upwelling at the beginning of a DO event
(Fluckiger et al., 2004; Schilt et al., 2013).

4.2.1.3 Solar output variations

Several mechanisms for the variation in insolation and the quality of solar energy have
been observed and attributed as drivers for short-term changes to global climate over
decadal to centennial timescales, e.g. in modern times a 0.1% variation in insolation has
been observed over a 11 year cycle (Jansen et al., 2007). Mechanisms for insolation
variations include sunspots (i.e. dark patches in the photosphere, leading to a decline in
solar output) and solar flares (i.e. brief violent eruptions of solar energy). The 11 year
periodicity in the number of sunspots and irradiance have been associated with, e.g.
temperature records in north-west Europe; and variations in solar flares can cause
changes in atmospheric circulation, precipitation, storminess and SSTs (Bell and
Walker, 2005). Over longer timeframes, changes in solar output can be correlated with
fluctuations of the *C and 1°Be isotopes in the atmosphere, which are modulated by
ionised gasses ejected from the sun’s surface (i.e. solar winds) (Stuiver and Braziunas,
1993; van Geel et al., 2003). Solar periodicities of 88, ~200 and ~2500 years have been
identified from a range of palaeo proxies, such as terrestrial, deep sea and ice cores and
have been suggested as potential trigger mechanisms for the rapid climate events in the
Late Pleistocene (Bond et al., 2001; van Geel et al., 2003; Mayewski et al., 2004).
During warm periods, atmospheric A*C values decrease and increase during cold
periods such as GS-1/“Younger Dryas”, GI-1d “Older Dryas” or the 8.2ka event, and
these variations have been associated (in part) to changes in solar activity (van Geel et
al., 2003; Mayewski et al., 2004; Wiersma and Renssen, 2006).

The mechanisms that enable variations in *C include UV radiation and cosmic ray flux.
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An increase (decrease) in UV radiation increases (decreases) the production of ozone in
the stratosphere, thus warming (cooling) the stratosphere (Haigh, 1994). This has the
effect of varying upper atmospheric winds, leading to latitudinal changes to the
descending arm of Hadley Cells and location of mid-latitude storm tracks (Haigh, 1996;
van Geel et al., 2003). In addition, variations in cosmic ray flux influence cloud cover
(i.e. aerosol formation and cloud nucleation are positively affected by ionisation by
cosmic rays), which can increase albedo and impact rates of precipitation, which is

thought to have occurred in the early Holocene cool period (van Geel et al., 2003).
4.2.1.4 Volcanism and volcanic aerosols

Following the LGM, the retreat and wastage of the large Northern Hemisphere ice
sheets resulted in significant isostatic rebound and crustal fracturing (Kutterolf et al.,
2013; Praetorius et al., 2016). Rates of volcanic activity at ~12,000 yr BP in areas such
as Iceland, were ~100 times that of the preceding glacial or subsequent Holocene
period, with global rates estimated to be between two and six times above that of
background levels during the last deglaciation (Maclennan et al., 2002; Huybers and
Langmuir, 2009; Brown et al., 2014). This heightened period of volcanism led to an
increase of volcanic ash, dust and gasses such as sulphur dioxide (SO.) and hydrogen
sulphide (H2S) being ejected into the atmosphere (Maclennan et al., 2002; Timmreck,
2012). In regions such as Iceland, eruptions primarily occurred beneath the ice, thus
were much more explosive and allowed for greater distribution of the dark mafic ash
across the Fennoscandian ice sheet, leading to an ash-induced decrease in albedo and

enhanced melting (Muschitiello et al., 2017).

In contrast, oxidisation of volcanic gasses SO2 and H.S in the stratosphere form
sulphuric acid (H2SO4) and sulphuric aerosols, which increase both albedo and the
diffusion of solar radiation in the troposphere, with a potential global cooling of 0.2 to
0.3°C in the years following an eruption (Bell and Walker, 2005; Timmreck, 2012).
Halogen-rich volcanic eruptions in the Western Antarctic (~17.7 kyr BP) have been
proposed as a mechanism that may have triggered the rapid deglacial in the southern
hemisphere, as halogen aerosols ejected into the stratosphere can deplete ozone and

increase UV radiation reaching the earth’s surface (McConnell et al., 2017).

Impacts of volcanism have also been noted on global oceanography, circulation and
precipitation rates (lles et al., 2015). Following major periods of tropical volcanism,
models suggest that the AMOC in the North Atlantic can intensify and delay continental
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winter warming of the Northern Hemisphere ~10 years after the eruptions, as is

suggested for the onset of the Little Ice Age in the late 13" century (Timmreck, 2012).
4.3 Mechanisms of Late Pleistocene short-term climate change

Generalised patterns of Late Pleistocene short-term climatic oscillations can be
identified in ice cores, deep-sea sediment cores and in a range of terrestrial proxies
across the northern hemisphere. This next section will introduce the main short-term
events that occurred since the LGM in the North Atlantic region, discuss the main
triggers and drivers of these events, and detail how these events impacted the

Mediterranean region.
4.3.1 Heinrich Stadial 1

In North Atlantic marine sediments, Heinrich Events (HE) can be identified as short
intense cold pulses, characterised by layers of ice-rafted debris (IRD) found in deep sea
marine sediment cores (Heinrich, 1988; Bond et al., 1992; Alley and MacAyeal, 1994;
Alley and Clark, 1999). This IRD is comprised of a heterogeneous lithic sediment with
grain sizes that range from fine silts and clay (<63 um) up to occasional rock fragments
(>3000 pm) (Heinrich, 1988; Andrews, 2000; Hodell et al., 2017). This sediment was
entrained by ice originating primarily from the North American Laurentide ice sheet,
but also from the Greenland, Fennoscandian and British-Irish ice sheets. The sediments
were redeposited as detrital carbonate rich sediments by melting sea ice and glacial
meltwater in areas more proximal to the ice sheets, with more distal IRD layers
deposited by floating icebergs (Heinrich, 1988; Bond et al., 1992; Andrews, 2000;
Hodell et al., 2017). Seven HE (HE6 to HE1, although some researchers assign HEQ to
the Younger Dryas) have been identified in the North Atlantic over the past 65 kyr
(Andrews and Voelker, 2018).

Before proceeding however, the terminology surrounding this period requires
clarification. For this study, the term Heinrich Event (HE) represent the climatic event
that triggered the release of the iceberg armadas and the subsequent deposition of IRD
in the North Atlantic, and HE can be variable in duration. The term Heinrich Stadial
(HS) has been utilised to describe the longer chronostratigraphic interval that contains
the actual Heinrich Event (or multiple Heinrich Events), as well as encompassing the
associated cold period (which may be longer than the HE), decreased SST and glacial

advances (Sanchez Goiii and Harrison, 2010; Hodell et al., 2017). However, Andrews
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and Voelker (2018) recently recommend that the use of the term “stadial” for this
chronozone should be discontinued to prevent confusion with its usage for a period of
glacial advance. They recommended replacing the use of HS with the Greenland stadial
(GS) and Interstadial (GI) nomenclature, i.e. Heinrich Stadial 1 (HS1) would equate to
GS-2.1a (Rasmussen et al., 2014). However, in regions that are more distal from
Greenland such as the Mediterranean Sea, one cannot assume synchronicity in the
timing of these events over such distances. Therefore, in terms of this research HS1 is
used to describe the period between the LGM and the onset of the BA, i.e. the “mystery
interval” of Denton et al. (2006) (~17.5 to 14.7 kyr BP).

Following the LGM, with an increase in summer insolation and heightened SST, the
northern hemisphere ice sheets began to recede (Figure 4.8) (Denton et al., 2010).
Melting of European ice sheets from the English channel into the north-eastern Atlantic
began around 20 kyr, peaking between 18.3 to 7 kyr BP (Denton et al., 2010; Hodell et
al., 2017; Ivanovic et al., 2018). This influx of large volumes of freshwater and rising
sea levels from accelerated melting of the Eurasian ice sheet is linked to the beginning
of HS1, and potentially was a trigger for AMOC weakening and the HE (Hodell et al.,
2017).

- Summer insolation 40°N

(W/m?)
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Figure 4.8: Summer and winter insolation curves at 40°N for the last 50 kyr. Taken from Frigola et al. (2008).

Evidence from global proxies for HS1 reflect the complexity of this period. Numerous
studies in the northern hemisphere record cold conditions in the north-western Atlantic;
a weakening/shutdown of NADW and AMOC; expansion of sea ice; enhanced
seasonality (i.e. greater summer insolation with extremely cold winters (Figure 4.8))
and recession of global mountain glaciers from ~17.5 kyr BP; the ITCZ was displaced
to the south; the Asian monsoon weakened, which is in contrast with an increase in both
COz and CHa, and warmer conditions in Antarctic (Monnin et al., 2001; McManus et
al., 2004; Denton et al., 2006; Barker et al., 2009; Denton et al., 2010; Hodell et al.,
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2017). In distal cores taken in the North Atlantic as far south as subtropical waters off
the Iberian margin, two HE have been identified (HE1la: ~16.2 kyr BP and HE1b ~15.1
kyr BP) and are associated with the southern displacement of the oceanic polar front (as
far south as ~40°N) leading to a pronounced cooling phase, and a decrease in both SST
and salinity (Bard et al., 2000; Eynaud et al., 2009; Denton et al., 2010; Martins et al.,
2015; Hodell et al., 2017).

The exact mechanism(s) for triggering HE is still unclear. MacAyeal (1993) proposed
the “binge-purge model” caused by the internal mechanical failure of the large
Laurentide ice sheet. This theory suggests that geothermal and heat generated from
friction at the base of the ice sheet thawed the basal sediments grounding the ice sheet,
leading to the rapid surge towards the ice margins, releasing catastrophic floods of cold
meltwater and huge armadas of icebergs into the North Atlantic. In contrast, Denton et
al. (1999) believe global cooling a result of external climate forcing in the millennia
prior to the HE resulted in increased precipitation, ice sheet growth and ablation of
icebergs from expanding sea ice. Rodgers et al. (2003) proposed that SST warming in
the tropics, as a result of increasing insolation or CO, greenhouse gasses prior to HE,
allowed warm, moist air from the Pacific Ocean to be advected over continental North
America, leading to enhanced summer melting of the Laurentide ice sheets (Lohmann,
2016; Zhang et al., 2017; Oughton and Urrego, 2021). Other theories include: deglacial
increases in sea levels that destabilised the margins of sea ice shelves triggering the HE;
the “bipolar” seesaw, where changes in hemisphere heat transfer triggered increases in
meltwater discharge, impacting on sea levels, AMOC strength and NADW formation;
synchronicity of HE events with **C and °Be records infer that variations in solar
output may influence the SST and salinity of Arctic waters, thus impacting on NADW
formation; or ice-sheet collapse linked to basin-wide subsurface warming in the North
Atlantic (~2°C) due to the slowdown of AMOC 1 to 2 kyr prior to the HE events (Alley
and MacAyeal, 1994; Hemming, 2004; Maslin, 2009; Marcott et al., 2011; Bassis et al.,
2017). Regardless of the internal or external triggering mechanism(s), the release of ice
and cold meltwaters from the disintegrating ice shelves was equivalent to an increase of
~4 m/kyr global mean sea level rise, and caused a freshening and increase in the
buoyancy of North Atlantic waters, inhibiting NADW formation and weakening or
shutdown of the AMOC (McManus et al., 2004; Ivanovic et al., 2018).
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4.3.2 Bolling-Allergd

Initially identified by Dansgaard et al. (1993), 25 Dansgaard-Oeschger (DO) events -
including the Bglling-Allerad (BA) - have been identified from &80 records in the
GRIP and GISP2 Greenland ice cores during the last interglacial (~120 kyr) (GI-25 to
GI-1) (Dansgaard et al., 1984; Oeschger et al., 1984; Dansgaard et al., 1985; Johnsen et
al., 1992; Dansgaard et al., 1993; Grootes et al., 1993; Maslin, 2009; Wolff et al., 2010;
MccCarroll, 2015). DO events are defined as significant millennial-scale shifts from
stadial to interstadial periods, with temperature changes in the order of 8 to 16°C that
initiated very rapidly (within decadal timescales) and are followed by a more gradual
return to stadial conditions (Bond et al., 1999; Li and Born, 2019). Data from Greenland
ice cores indicate that the estimated annual accumulation rates of snow doubled from
5.5cm/yr during the stadial to 10.1cm/yr during interstadial periods (e.g. GI1-10 to GI-3),
CHa and N2O values increased, and sea salt and dust levels decreased (Monnin et al.,
2001; Andersen et al., 2006; Li and Born, 2019). DO events have an average periodicity
of ~1500 yr, though the duration and the magnitude of warming/cooling varies, e.g. GI-
3 lasted only 300 years in contrast to G1-23 which lasted 2,500 years (Wolff et al.,
2010). Most have the characteristic asymmetrical sawtooth pattern of rapid warming
followed by gradual cooling, with some DO events followed by a HE (Wolff et al.,
2010; Li and Born, 2019). Bond et al. (1993) suggested that certain DO events could be
grouped together into cycles with increasingly cooler interstadials, followed by a
terminal HE, e.g. GI-12 to GI-9 were followed by HE4, and GI-8 to GI-5 were followed
by HE3. However, as this does not always occur, e.g. from 23 to 15 kyr BP, the
sequence was GI-2, LGM, then HE1, this cannot be regarded as a general characteristic

of DO events.

Evidence of DO events can be most clearly identified in Greenland ice cores, though
deep sea sediment cores in the surrounding Arctic seas and the North Atlantic also
display the DO signals (Broecker et al., 1985; Bond et al., 1993; Dansgaard et al., 1993;
Alley and Clark, 1999; Voelker, 2002; Alley, 2007). The mechanisms for triggering DO
events and the subsequent return to stadial conditions has not yet been fully resolved
due to the short duration of some DO events and the resolution of the proxy data
(Lynch-Stieglitz, 2017). The dominant mechanism is believed to be linked to fresh
meltwater input or salinity variations that increased deep water ventilation, strengthened
the AMOC and meridional heat transport from the equator towards Arctic waters, thus

warming the northern hemisphere (Broecker et al., 1985; Lynch-Stieglitz, 2017; Li and
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Born, 2019). The influx of meltwater is believed to have been triggered by an increased
in summer 65°N insolation, sea levels and greenhouse gasses, which led to the BA
warming (Maslin, 2009). However, more recent models propose a “spontaneous” or
unforced oscillation of combined atmosphere-ice-ocean system, i.e. positive feedbacks
from variations in atmospheric wind patterns, the location and strength of the Atlantic
subpolar gyre, sea ice extent, ocean mixing and heat exchange in northern hemisphere
seas (Li and Born, 2019). Other factors include the displacement of the ITCZ to the
north, enhanced evaporation and precipitation in the northern hemisphere, strengthening
Asian and African monsoons and increased CH4 emissions from tropical wetlands
(Wang et al., 2001; Erhardt et al., 2019).

The BA (~14.7 to 12.8 kyr BP) is the most recent DO event (DO-1) following HS1. It
broadly equates to warmer Gl-1 defined from Greenland ice cores, though the BA
chronozone is not synonymous with GI-1 (Rasmussen et al., 2014). In the northern
hemisphere, the BA has the characteristic initial rapid DO warming, followed by a slow
oscillating cooling towards the Younger Dryas. However, this warming was not a global
event. In the southern hemisphere there was a return to stadial conditions, known as the
Antarctic Cold Reversal (14.5 to 12.9 kyr) (Broecker et al., 2010; Fiedel, 2011). The
BA chronozone has been subdivided into the Bglling warm period, “Older Dryas” (OD)
cold period (~14.4-14 kyr) and the Allergd warm period, which is briefly interrupted by
the “Intra-Allergd Cold Period” (IACP) (Menviel et al., 2011). However, the OD and
IACP are terms not used by INTIMATE event ice core stratigraphy, as these short
chronozones cannot be accurately correlated to specific cold events evident in
Greenland cores (Rasmussen et al., 2014; Head and Gibbard, 2015). Brief intra-
interstadial cold periods are recorded during the gradual 30 decline during GI-1, and
are subdivided as Gl-1e to Gl-1a (with a further subdivision of Gl-1c: Gl-1c3 to Gl-
1cl) (Figure 4.4) (Rasmussen et al., 2014). These interruptions are said to represent
amplified cooling from brief meltwater pulses from the Laurentide ice sheet (Menviel et
al., 2011; Deschamps et al., 2012).

During the early BA, the southern limit of winter ice and position of the oceanic polar
front receded to near Iceland, the Azores Front moved northwards to its modern
position, and there was an estimated ~15°C atmospheric warming over Greenland
during the initial Bglling warming (Bell and Walker, 2005; Liu et al., 2009;
Repschléger et al., 2015; Cowling et al., 2020). The rapid recovery of the AMOC after

HS1 and increasing CO- are the proposed triggers for the BA event (Monnin et al.,
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2001; Liu et al., 2009; Menviel et al., 2011). It is estimated that CO; increased by 20 to
35 ppmv in less than 200 years, and it was proposed that ~10°C of the BA warming was
as a result of CO. induced warming (Liu et al., 2009; Kohler et al., 2011; Marcott et al.,
2014). Other greenhouse gasses also increased, with sources of enhanced CHg attributed
to the tropics and boreal regions, with N2O originating from more productive or
expanded wetlands (Monnin et al., 2001; Alley, 2007). From the initial peak in AMOC
strength in the Balling, the AMOC gradually slowed as it progressed through the
Allergd period, interspersed with brief periods of enhanced ice sheet melting that further
weakening the AMOC, e.g. the OD and IACP chronozones (Menviel et al., 2011;
Yasuhara et al., 2019). A key feature of the early BA is a short but substantial meltwater
pulse known as Meltwater Pulse 1A (MWP-1A), which had a significant impact on
global sea levels, e.g. ~14 to 18m in the Pacific and ~20m in the North Atlantic
(Fairbanks, 1989; Peltier and Fairbanks, 2006; Deschamps et al., 2012). However, its
chronology and role during the BA is debated (Stanford et al., 2006; Stanford et al.,
2011a; Rigual-Hernandez et al., 2017). Earlier studies correlated the MWP-1A to the
OD chronozone (Peltier and Fairbanks, 2006; Stanford et al., 2006; Thornalley et al.,
2010; Menviel et al., 2011). However, Stanford et al. (2011a) reanalysed multi-proxy
global datasets and suggested MWP-1A was part of a multi-centennial to millennial
event that began 14.6 kyr BP and peaked ~13.8 kyr BP. In the Pacific, Deschamps et al.
(2012) dated MWP-1A in Tahitian coral reefs to 14.65 to 14.31 kyr, coinciding with the
onset of the Bglling. In addition, the origin of these MWP-1A meltwaters is also under
debate, with potential sources attributed to the Laurentide, Fennoscandian and/or
Antarctic ice sheets (Peltier and Fairbanks, 2006; Deschamps et al., 2012; Rigual-
Hernandez et al., 2017; Yeung et al., 2019). Another important feature of the BA was
that the ITCZ was relocated to the north, which increased precipitation in the mid
latitudes of the northern hemisphere (Menviel et al., 2011). Snow accumulation rates
increased from 6.2 cm/yr to 12.6cm/yr in Greenland between GS-2 and GI-1, which was
greater than recorded for the preceding stadial/interstadial cycles (Andersen et al., 2006;
Menviel et al., 2011).

4.3.3 Younger Dryas

The final Late Pleistocene cold period (GS-1) recorded in Greenland ice cores has been
dated to 12.9 to 11.7 kyr b2k (Rasmussen et al., 2014). The Younger Dryas (YD)
chronozone has been widely documented in the North Atlantic and north-west Europe

and broadly equates to GS-1, but it is not a synonym for this interstadial event (Bell and
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Walker, 2005; Rasmussen et al., 2014). The YD is so named due to the proliferation of
the arctic flower Dryas octopetala that accompanied a return to tundra vegetation in
north-west Europe and open steppe to the south (Carlson, 2013; McCarroll, 2015). The
YD chronozone has also been called HO, due to its similarities to Heinrich Events
(Andrews et al., 1995). Paradoxically, the YD cold dry period occurred when the
deglacial northern hemisphere was warming as it approached the summer insolation
maxima (Figure 4.8) (Carlson, 2013). There was a rapid return to cooler waters in the
North Atlantic, an expansion of sea-ice, re-location of the polar front south to the north-
western Iberian Peninsula, a re-advance of alpine glaciers and air temperatures fell by
~8°C along coastal north-west Europe (Ruddiman and Mclintyre, 1981; Bell and
Walker, 2005; lvy-Ochs et al., 2007). Mean annual air temperatures recorded in
Greenland ice cores cooled by ~16°C during GS-1, with seasonal variations of 4 to 6°C
cooler during the summer and extremes of 26 to 28°C cooler during winter,
temperatures comparable to HS1 cooling (Severinghaus et al., 1998; Denton et al.,
2005; Liu et al., 2012). Indeed, enhanced seasonality is a noted feature of the northern
hemisphere during the YD (Denton et al., 2005; Lie and Paasche, 2006). Precipitation
values decreased by ~40%, with an associated increase in dust and winds (Alley, 2000).
Atmospheric CO; rose from ~240ppm to ~260ppm and has been linked to the
slowdown of the AMOC (Monnin et al., 2001; Marcott et al., 2014). CHjs rates
decoupled from CO- and began to decrease by 200ppb ~200 years before the start of the
YD (Marcott et al., 2014).

Global sea levels were ~60m below modern values, though rates of sea level rise fell
from 20mm/yr? during the mid-Allergd, to just 7 to 4 mm/yr? during the YD, and has
been attributed to the re-advance of the Fennoscandian ice sheet (Fairbanks, 1989; Bard
et al., 2010; Lambeck et al., 2014; Abdul et al., 2016). Sediment cores and speleothems
from the tropics and China record the southern displacement of the ITCZ and
weakening of the Indo-Asian monsoon (Chiang et al., 2003; Carlson, 2010; Renssen et
al., 2018).

The global mean cooling was estimated to be ~0.6°C, approximately ~10% of the global
cooling during the LGM (Rahmstorf, 2002; Shakun and Carlson, 2010). As seen during
HS1 and BA, the temperature regimes varied between and within the hemispheres, with
an average cooling of ~2°C in the mid latitudes and ~5°C cooling in the high latitudes
of the northern hemisphere, in comparison to an average warming of 1 to 2°C below
~45°S (Shakun and Carlson, 2010). Both the magnitude of cooling in the northern
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hemisphere and the global 0.6°C cooling suggest that an AMOC slowdown, which
coincided with the termination of the Antarctic Cold Reversal, was the trigger for the
YD event, rather than global atmospheric forcing (Shakun and Carlson, 2010). To allow
for the extremes in summer/winter temperatures recorded in Greenland, sea ice filled
the Norwegian Sea and extended as far south as ~40°N along the eastern seaboard of
North America and ~50°N along the west coast of Europe (Broecker, 2006; Brauer et
al., 2008; Abdul et al., 2016; Muschitiello et al., 2019). Sea ice formed due to the fresh
cold surface waters, inhibiting the release of oceanic heat and increased albedo (Brauer
et al., 2008; Broecker et al., 2010; Abdul et al., 2016; Rea et al., 2020). In addition,
patterns of northern hemisphere YD atmospheric circulation were strongly influenced
by ice sheet topography (in particular the Laurentide ice sheet) and persistent
atmospheric blocking over the north-eastern Atlantic and Fennoscandian ice sheet
(Raible et al., 2015; Schenk et al., 2018). The polar front jet was displaced to the south,
directing cold Westerly winds and storm tracks towards continental Europe in winter,
increasing cyclogenesis and precipitation, in particular towards the eastern
Mediterranean Sea (Rea et al., 2020). These blocking regimes and the expanse of winter
sea ice led to extreme cold, dry conditions during the winter. There is recent evidence
from palaeobotanical studies that warm summer temperatures were experienced in both
north and south-eastern Europe during the YD (Schenk et al., 2018; Magyari et al.,
2019; Schenk et al., 2020). While it is clear winter cooling was greater than summer
(modelled July air temperature anomalies range from -1 in southern Europe to -4
towards the Scandinavia), these proposed warm YD summer conditions are debated
(Renssen et al., 2015; Renssen, 2020).

Terrestrial records in north-west Europe have recorded two distinct phases in the YD, an
initial cold stable phase, followed by a more unstable phase with spring snow melts, the
resumption of the AMOC and the gradual improvement of the climate towards the
warmer Holocene (Lane et al., 2013). The timing of these phases are not synchronous in
terrestrial proxies across north-west Europe when plotted against the Icelandic Vedde
Ash layer (a well-known stratigraphic marker ~12.1 kyr), and the regional
representations of the YD phases have been linked to the position of the polar front jet
stream (and cold Westerly winds), which gradually made a slow oscillating retreat north
from ~12.3 kyr (Bakke et al., 2009; Lane et al., 2013; Muschitiello et al., 2019;
Cowling et al., 2020).

Although the YD period is well documented and studied, the trigger for the slowdown
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of the AMOC is still debated (Carlson, 2010). Several theories have been developed to
account for this rapid return to glacial conditions in the high latitudes of the northern
hemisphere, despite rising CO. and increasing summer insolation. The most prominent
proposed mechanism was a catastrophic input of meltwater, IRD and detrital carbonate
rich sediments originating from the proglacial Lake Agassiz, which were redirected
from the Gulf of Mexico into the eastern North Atlantic via the St. Lawrence estuary
(Broecker et al., 1989; Broecker, 2006; Carlson, 2013; Pearce et al., 2015). This input
of cold fresh meltwater would have decreased surface water densities in the North
Atlantic, slowing or even briefly shutting down the AMOC and impacting NADW
formation (Broecker et al., 1989; Alley and Clark, 1999; McManus et al., 2004;
Broecker, 2006; Carlson, 2013). However, there are still some significant unanswered
questions relating to this catastrophic flooding hypothesis. For example, a gradual
cooling trend is evident in some proxies at the start of the YD, which would be unlikely
during a catastrophic flood event; also the location of an eastern meltwater channel from
Lake Agassiz to the St. Lawrence River or an alternative northern route to the Arctic
Sea has yet to be identified (Broecker et al., 2010; Carlson, 2013).

Firestone et al. (2007) proposed an alternative catastrophic trigger, i.e. the Younger
Dryas Boundary Impact Hypothesis. This theory suggests that an extra-terrestrial object
hit or exploded just above the Laurentide ice sheet ~12.9 kyr, triggering the onset of YD
cooling. This impact/airburst was said to have generated enough heat to destabilise the
ice sheet, releasing meltwaters into the eastern North Atlantic and initiating continental-
scale wildfires, Late Pleistocene megafauna extinctions and a decline of the North
American Clovis culture. This hypothesis is still actively debated, with new supporting
research, e.g. a recently discovered impact crater in north-western Greenland suggested
as a potential impact site; while much of the original evidence, chronology and
assertions have been re-evaluated and discounted, and cast doubt on the impact
hypothesis as a trigger for the YD (Pinter et al., 2011; Holliday et al., 2014; van Hoesel
et al., 2014; Kjeer et al., 2018; Thackeray et al., 2019).

More recently, there is evidence of enhanced meltwater released from the
Fennoscandian ice sheet and Baltic Ice Lake in southern Sweden in the late Allerad
chronozone (Bjorck, 2007; Muschitiello et al., 2015; Muschitiello and Wohlfarth, 2015;
Muschitiello et al., 2016). This incursion of meltwater from the eastern North Atlantic
may have led to the gradual changes observed for deep-water ventilation and NADW

formation in the Nordic Sea ~400 years before the pCO? cooling signal was recorded in
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Greenland (Muschitiello et al., 2015; Muschitiello et al., 2019). This slowdown
potentially acted as a precursor to the later rapid YD climate change, i.e. sea ice
distribution, increasing wind intensities and shifting of the jet stream south, which
redirected wind and moisture from the Arctic (cooling them as they flowed over sea ice)
into north-west Europe (Brauer et al., 2008; Rach et al., 2014; Muschitiello et al., 2015;
Abdul et al., 2016; Muschitiello et al., 2019).

4.4 Late Pleistocene short-term climate change in the Mediterranean

Sea: signals and drivers

4.4.1 Heinrich Stadial 1 in the Mediterranean region

In modern oceans, N. pachyderma forms ~100% of the population in Arctic waters
(Darling et al., 2006; Kretschmer et al., 2016). During HE1, the total abundance of
planktonic foraminifera reduce significantly in the North Atlantic and the population
was dominated almost exclusively by N. pachyderma (Heinrich, 1988; Hodell et al.,
2017). Therefore, heightened percentages of N. pachyderma have been used to track
changes in the location in the polar front in the North Atlantic during the
glacial/deglacial period (Mclntyre et al., 1972; Ruddiman et al., 1977; Bard et al., 1987,
Bond et al., 1992). During HS1, N. pachyderma recorded off the Iberian margin
(ranging from >90% to the north and >10% in the Gulf of Cadiz) indicate the relatively
stable southerly position of the polar front (~40°N) during this chronozone (Figure 4.9)
(Cayre et al., 1999; Eynaud et al., 2009; Martins et al., 2015). The presence of these
cold waters and periodic IRD deposits during HS1 had significant impacts on both the
hydrology and atmospheric circulation patterns of the western Mediterranean Sea.

Naughton et al. (2016) identified a complex 3-phase signal to HS1 along the western
margin of the Iberian Peninsula, where SSTs, air temperatures and precipitation varied
with changes in both the polar front jet stream and oceanic polar front. The initial phase
is characterised by minimal IRD deposits (HE1a), a significant decrease in both SST
and air temperatures (10 to 16°C and ~6°C respectively), an increase in Westerlies,
precipitation and fluvial discharge, and Pinus and temperate forests in the Iberian
Peninsula began to recede (Naughton et al., 2009; Martins et al., 2015; Naughton et al.,
2016). The suggested cause of this cold-wet phase was that the southern displacement
of the North Atlantic subtropical gyre, and the polar jet stream was located as far south
as the Gulf of Cadiz (Naughton et al., 2009; Repschléger et al., 2015; Naughton et al.,
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2016). The middle phase had a slight warming of SST, though the waters were still cold
enough for N. pachyderma, but there was little IRD deposited. The terrestrial
environment became slightly warmer, with a slight increase in Pinus and became
increasingly dry, with a change to semi-desert vegetation, especially in western Iberian
and in the Pyrenees (Naughton et al., 2016). This phase also displayed an intensification
of the trade winds, all indicating that the polar jet stream was displaced further north
(Naughton et al., 2009; Naughton et al., 2016). During the final phase, there was a
moderate warming of surface waters (as attested by a decrease in N. pachyderma and an
increase in T. quinqueloba) with deposition of IRD (HE1b) in the region (Naughton et
al., 2009; Naughton et al., 2016). Air temperatures increased slightly, as indicated by
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Figure 4.9: Interpolated position of the polar front (PF) and subarctic waters along the Iberian margin during the
Last Glacial Maximum (LGM), Heinrich Event 1 (HE1), Younger Dryas (YD) and the 8.2 kyr cold event. (left)
Relative abundance of N. pachyderma in the sediments (modern values in the area <5%). (right) 5*20 signal of G.
bulloides. Taken from Eynaud et al. (2009).
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the increase in Pinus, and were accompanied by an increase in precipitation and
Westerly winds (Naughton et al., 2016). These patterns indicate that the polar jet stream
had moved to a more southerly position again.

In general, terrestrial studies based pollen, lake and speleothem profiles, as well as
cosmogenic exposure ages from glacial landforms, support this pattern of cooling, with
periods of enhanced aridity in the western Mediterranean. The existing temperate forests
declined to be replaced by semi-desert, open ground and coniferous steppe taxa
(Combourieu Nebout et al., 2002; Combourieu Nebout et al., 2009; Fletcher et al.,
2010; Desprat et al., 2013). Lakes from the Iberian Peninsula show a period (with either
one or two pulses, depending on the resolution of the proxy) of reduced sedimentation
and increased salinity, indicating reduced precipitation during the period (Moreno et al.,
2012). Speleothem records record a hiatus during HS1, when conditions were too cold
and/or dry to allow speleothem deposition (Moreno et al., 2010). The aridity
experienced during HSs over the past 100 kyr was deemed a limiting factor in the
growth of glaciers in the Mediterranean region (Allard et al., 2021). However, glacial
advances were recorded in the mountainous regions on the Iberian Peninsula, Pyrenees
and southwestern Alps, pointing to the southerly position of the polar front jet, which
funnelled North Atlantic storm tracks and increased precipitation over the north-western
Mediterranean (Hughes and Woodward, 2017; Palacios et al., 2017; Reixach et al.,
2021).

Marine sediment core records corroborate the evidence of a cold HS1 climate, with the
southward displacement of both the polar front jet stream and ITCZ. In the western
basin, foraminifera, alkenones, surface water 5'80, deep water §*3C values, peaks in
aeolian dust and terrestrial biomarkers indicate that surface water densities were high,
SSTs were cold, westerlies were enhanced, strengthening cyclonic activity and
promoting greater WMDW formation and upwelling in the Alboran Sea (Kallel et al.,
1997b; Rohling et al., 1998; Cacho et al., 1999; Cacho et al., 2000; Sierro et al., 2005;
Frigola et al., 2008; Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et al., 2015;
Bazzicalupo et al., 2018). This pattern of enhanced DWF is antiphase to that of the
North Atlantic, where NADW formation was supressed, and upwelling and productivity
were reduced along the Iberian margin (Sierro et al., 2005; Ausin et al., 2020). SSTs
during HS1 were colder than that of the LGM, with summer SST in the Gulf of Lion
indicating that temperatures were 5°C cooler than present day (~22°C), with estimates

of 4°C decreases in the Alboran Sea and up to 8°C in the Tyrrhenian Sea (Kallel et al.,
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1997b; Rohling et al., 1998; Cacho et al., 1999; Cacho et al., 2001).

However, this pattern of enhanced WMDW formation was not constant throughout the
HS1 period. After the initial phase of enhanced DWF during the beginning of HS1, over
a period of <lka coinciding with HE1, cold meltwaters from the North Atlantic (which
may have included icebergs) are believed to have entered the western Mediterranean
(Cacho et al., 1999; Sierro et al., 2005; Bazzicalupo et al., 2018). Associated peaks of
N. pachyderma, variations in redox conditions, decrease in salinity and negative
anomalies in 880 in planktonic and §*3C in benthic foraminifera are evident throughout
the western basin (Kallel et al., 1997b; Rohling et al., 1998; Cacho et al., 1999; Kallel
et al., 2004; Sierro et al., 2005; Cacho et al., 2006; Melki, 2011; Rodrigo-Gamiz et al.,
2011; Martinez-Ruiz et al., 2015). This influx of cold fresh meltwater maintained the
cold SST, but would have decreased the salinity and density of surface waters, causing a
collapse of WMDW formation during HE1, mirroring the NADW formation
slowdown/cessation in the North Atlantic at this time (Sierro et al., 2005; Martinez-
Ruiz et al., 2015). Benthic foraminifera assemblages, Ba/Al proxies and total organic
carbon analysis of HE1 sediments were correlated to the deposition of an Organic Rich
Layer (ORL), known as pre-ORL1 in the western Mediterranean (Cacho et al., 2002;
Rogerson et al., 2008; Melki, 2011; Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et al.,
2015). This pre-ORL1 layer occurred as a result of reduction in the thermohaline
circulation and ventilation of deep-water, with heightened marine productivity in
surface waters (Rogerson et al., 2008; Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et al.,
2015). Once the inflow of cold meltwaters subsided during the final phase of HS1, there
was a return to deep convection of the western basin, as seen by the return of high 520

surface water and 5*°C deep water values (Sierro et al., 2005; Melki, 2011).

5180 and 53C spikes (~16 kyr BP) in speleothems and decreasing lake levels both
located in Israel, indicate the cold arid conditions were also experienced in the eastern
Mediterranean Sea during HS1 (Bar-Matthews et al., 1997; Bar-Matthews et al., 1999;
Bartov et al., 2003). Sedimentological analysis of the Nile discharge demonstrated that
the main Nile drainage network was cut-off from the White and Blue Nile headwaters
(Lake Victoria and Lake Tana) due to reduced river levels, inferring a reduction in the
African Monsoon at the time (Box et al., 2011). In deep sea marine records in the Straits
of Sicily, HS1 is marked by cool SST (ranging from winter temperatures of 8 to 10°C
and summer 9 to 11°C), lower salinity waters and the presence of N. pachyderma,

though at low abundances (1 to 3%) (Essallami et al., 2007; Rouis-Zargouni et al.,
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2010). In the lonian and Aegean Seas, HS1 is identified from an enrichment in 580 and
lower SST inferred from alkenone-based paleothermometry and planktonic foraminifera
assemblages (Geraga et al., 2008; Geraga et al., 2010). In the Levantine Basin, SST
decreased to reflect the cold period (~16°C), however, in contrast to the western and
central basins, eastern waters were noticeably more saline, due a higher excess of

evaporation over precipitation during this arid period (Essallami et al., 2007).

In summary, the increased aridity and cooling experienced in the Mediterranean Region
during HS1 was driven by the southern position of the polar front jet to a position along
the Iberian margin (Eynaud et al., 2009; Martins et al., 2015; Naughton et al., 2016;
Reixach et al., 2021). However, the north-west Mediterranean experienced periods of
enhanced cyclogenesis as cold North Atlantic storms were funnelled through the
neighbouring mountains (Reixach et al., 2021). SSTs and the hydrology of the western
basin were greatly influenced by these heightened winds, with periods of enhanced
WMDW formation, upwelling and productivity (Rohling et al., 1998; Cacho et al.,
1999). In the eastern basin, the presence of this cold polar air, as well as the reduction of
the African Monsoon kept SSTs cool and the region dry (Bartov et al., 2003);Box, 2011
#196}. In addition to atmospheric drivers, the periodic inflow of cold fresher waters
from the North Atlantic associated with HEs, was another key driver for the low SST
and reduced deep water ventilation in the western basin during HS1 (Sierro et al., 2005;
Rogerson et al., 2008; Martinez-Ruiz et al., 2015).

4.4.2 Bglling-Allergd in the Mediterranean region

The response of the Mediterranean region to the BA warm humid period is observed in
both terrestrial and marine proxies. However, the signal is complex and is spatially
variable across the region. Pollen records from western Mediterranean show an increase
in temperate forest species, similar to the modern vegetation of the western
Mediterranean. Many of these records indicate increasingly warm humid conditions
during the Balling period that peak towards the end of the Allergd (Combourieu Nebout
et al., 2002; Combourieu Nebout et al., 2009; Dormoy et al., 2009; Fletcher et al., 2010;
Garcia-Alix et al., 2014; Naughton et al., 2016). However, this pattern contrasts the Gl-
1 signal in Greenland ice cores (i.e. initial peak followed by a slow oscillating decline
towards the end of the chronozone) (Combourieu Nebout et al., 2009; Fletcher et al.,
2010; Naughton et al., 2016). Interestingly, an abrupt BA initiation similar to the GI-1
signal, is observed in speleothem records in southern France and eastern Alps, whereas
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other caves in northern Iberian and Adriatic Peninsulas show the more gradual increase
in temperature and humidity during the BA (Frisia et al., 2005; Genty et al., 2006;
Moreno et al., 2010; Belli et al., 2013). It was inferred with the strengthening of the
AMOC, the western Mediterranean experienced extended periods negative “North
Atlantic Oscillation (NAO)-like” conditions, i.c. anomalously low pressure that allowed
more winter storms and Westerly winds to be tracked into the basin during the Bglling
warm period (Genty et al., 2006; Moreno et al., 2010; Rodrigo-Gamiz et al., 2011;
Garcia-Alix et al., 2014; Naughton et al., 2016). The OD and IACP chronozone signals
are evident in the pollen record, where multi-centennial scale forest declines occur
along with a return of semi-desert, coniferous and open ground species (centred ~14 and
~13.3 kyr BP), indicating brief returns to drier and/or colder conditions (Combourieu
Nebout et al., 2009; Dormoy et al., 2009; Fletcher et al., 2010).

In the north and eastern Mediterranean, the signal is very similar. Temperate forests
were prevalent, and lake levels show an increase in precipitation/temperature ratios
indicating that both warm and wetter conditions were experienced in this region
(Rossignol-Strick, 1995; Robinson et al., 2006; Langgut et al., 2011; Panagiotopoulos
et al., 2013; de Beaulieu et al., 2017). This is in agreement with sedimentological
analysis in both the Aegean and eastern Mediterranean basin, where there a decrease in
aeolian dust, increased deposition of fine grained sediment from enhanced riverine
input, and geochemical ratios all indicate a sharp increase in wet conditions, peaking
between 13.8 and 13.7 kyr BP (Hamann et al., 2008; Heymann et al., 2013). The OD
and IACP chronozones are recorded in the eastern basin, however the western
Mediterranean signals have greater precipitation gradients, suggesting that these cold
events were potentially stronger and drier in the eastern basin (Dormoy et al., 2009). As
in the western basin, speleothems in Israel indicated a gradual warming and increase in
precipitation rates during the BA (Bar-Matthews et al., 1997; Bar-Matthews et al.,
1999). In contrast, although temperate forests did increase in the central Mediterranean
during this period, the assemblage was still dominated by semi-desert species,
indicating that while temperatures did increase, the region remained relatively dry in
comparison to both the western and eastern basins (Desprat et al., 2013). This pattern of
aridity is also evident in aeolian and terrigenous sediments from the southern

Mediterranean and North Africa (Bout-Roumazeilles et al., 2012).

Marine records along the Iberian margin indicate that the BA signal is closely linked to

the retreating position of the polar front and the northward migration of subtropical
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waters (Cacho et al., 2001). Along west coast of the Iberian peninsula, deep sea
sediment cores recorded patterns of high fluvial input, decreasing 520 values and
polar/subpolar foraminifera species and greater influence of warmer waters from North
Atlantic subtropical gyre (Rodrigues et al., 2010; Repschlager et al., 2015; Naughton et
al., 2016). SSTs in the early Bglling ranged from 15 to 17°C, though in sites that were
under greater influence of cold freshwater terrestrial runoff decreased to ~11°C during
the late Allerad (Rodrigues et al., 2010).
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Figure 4.10: Schematic of west-east profile of the Mediterranean Sea during the BA (14.6-12.9 kyr). Black arrows:
Surface water comprising MAW and freshwater discharge from onshore (i.e. melt water discharge, river discharge).
Dashed-dotted black arrows: LIW and WIW. Grey arrows: EMDW. Dotted black arrows: MOW. Dashed black lines
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of Sicily; WMS = Western Mediterranean Sea; EMS = Eastern Mediterranean Sea. Taken from Fink et al. (2015).

An important feature of the BA chronozone in the deep-sea basins of the western
Mediterranean and the Alboran Sea is Organic Rich Layer 1 (ORL1), which was
deposited between ~14.35 and 8.9 kyr BP (Cacho et al., 2002; Rogerson et al., 2008;
Martinez-Ruiz et al., 2015; Pérez-Asensio et al., 2020). This ORL1 deposit is a dark
organic-rich sediment with >0.8% total organic carbon (TOC) and is characterised by a
“saddle” pattern to alkenone accumulation maxima, as defined by Rogerson et al.
(2008) (Martrat et al., 2014; Pérez-Asensio et al., 2020). Although similar to sapropels
from the eastern Mediterranean, sapropels such as Sapropel 1 (S1) have significantly
more TOC (~2% carbon), they occur at different time intervals and durations (S1 began
~ 10kyr BP) and ORLs are not linked to precession maxima (Rogerson et al., 2008;
Pérez-Asensio et al., 2020). During the BA various aluminium (Al) and
uranium/thorium (U/Th) ratios indicate higher precipitation and fluvial input, enhanced
surface water productivity, reduced aeolian sediment deposition, variations in bottom
water oxygenation and a decrease in thermohaline circulation (Rogerson et al., 2008;
Melki, 2011; Rodrigo-Gé&miz et al., 2011; Martinez-Ruiz et al., 2015). Sea levels were
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estimated to have risen from -100 to -70m in the Mediterranean Sea at a rate of as 60
mm/yr during MWP-1A (Fink et al., 2015; Zecchin et al., 2015). The input of both
alpine meltwater from Rhone and freshwater from monsoon flooding that was
transported in from the eastern basin by the LIW, reduced surface water density, leading
to a reduction in in Wester Mediterranean Deep Water (WMDW) formation and
promoted Western Intermediate Water (WIW) formation in the Gulf of Lion (Figure
4.10) (Rogerson et al., 2008; Fink et al., 2015; Rohling et al., 2015). All these factors
were fundamental in developing and sustaining ORL1, which lasted until the Early

Holocene.

As with the terrestrial signals, the response of marine proxies to the BA climate
amelioration also display this complexity and variability across the Mediterranean Sea.
In the Alboran Sea, the onset of the BA was rapid, with a stepwise increase in SST until
the Allergd period (Cacho et al., 2001). Some estimates of SST in the Alboran Sea
range from ~13.5 to 14.5°C during the initial phase of the BA, increasing up to ~15.5°C
around 14.5 kyr BP (Cacho et al., 2001), while other estimates from Mg/Ca and U* 57
temperature profiles suggest a rapid increase to almost full interglacial SST (~18°C)
were achieved (Rodrigo-Gamiz et al., 2014a; Jiménez-Amat and Zahn, 2015). The
lower SST estimates were said to reflect the influence of the intensification of seasonal
deep mixing in the Alboran Sea during the initial phase of the BA leading to enhanced
productivity, which began to wane during the Allerad (Cacho et al., 2001). This
seasonal upwelling and enhanced productivity of warm surface waters is reflected in the
dominance of G. bulloides, G. inflata, G. ruber and SPRUDTS (Bazzicalupo et al.,
2018). The establishment of the ORL1 environment in the Alboran Sea had an impact
on the planktonic foraminiferal assemblage. G. inflata is a deeper water eutrophic
species that usually thrives along the gyre margins in the Alboran Sea (Barcena et al.,
2004; Hernandez-Almeida et al., 2011). However, during the late BA period the
percentage of G. inflata decreased as the shoaling of the pycnocline and a reduction in
deep vertical mixing allowed nutrients into the photic zone forming a DCM, enabling N.
incompta to flourish (Bazzicalupo et al., 2018).

In the Gulf of Lion, the boundary between HS1 and the BA is highlighted by the rapid
fall in G. bulloides and an initial peak, then slow decline of G. ruber and O. universa,
suggesting a decrease in upwelling, with a rapid increase (by ~6°C) then fall in SST
(Melki et al., 2009). Benthic foraminifera indicate dysoxic deep water conditions (a

possible ORL1 signal?) and 580 differences between benthic and planktonic species
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indicate WMDW formation was supressed (Frigola et al., 2008; Melki et al., 2009;
Melki et al., 2010). This reduction in WMDW allowed the formation of WIW,
stratification of the water column and the creation of a DCM (Rogerson et al., 2008;
Fink et al., 2015). This pattern of changing water column structure and heightened
eutrophication, with the initial dominance in G. inflata, followed by N. incompta, are
similar to the observations in the Alboran Sea (Melki et al., 2009). In other areas of the
western basin, SST in the Balearic Sea and Tyrrhenian Sea were estimated at ~14°C and
14 to 17.5°C respectively and surface water salinity was reduced, in comparison to the
HS1 (Kallel et al., 1997b; Cacho et al., 2001; Di Donato et al., 2009; Dubois-Dauphin
et al., 2017). The foraminiferal assemblage in the Tyrrhenian Sea was dominated by G.
ruber and G. inflata with a fall in G. bulloides, suggesting enhanced seasonality and
productivity due to heightened precipitation and fluvial runoff (Kallel et al., 1997b;
Cacho et al., 2001; Di Donato et al., 2008; Di Donato et al., 2009; Lirer et al., 2013). It
has been suggested that the clearer OD and IACP signals in the Tyrrhenian Sea, in
comparison to analogous records in the Alboran Sea, was due to the greater influence of

north-westerly winds in this region (Cacho et al., 2001).

ORL1 deposits do not occur in the eastern Mediterranean. However, the eastern basin
was under the influence of the African Humid Period (AHP) (14.8 to 5.5 kyr)
(deMenocal et al., 2000; Kontakiotis, 2016). During the AHP, increasing northern
hemisphere summer insolation increased the intensity and northward expansion of
precipitation from African monsoons (Figure 4.8) (deMenocal et al., 2000; Shanahan et
al., 2015). This intensification in precipitation, riverine discharge (especially the Nile),
along with the combination of rising sea levels, meltwater from the Alps and increased
NASW inflow, led to summer stratification of the water column, more sluggish deep
water ventilation and a decrease in eutrophic benthic foraminifera species in many areas
of the eastern Mediterranean (Asioli et al., 2001; Schmiedl et al., 2010; Cornuault et al.,
2016; Dubois-Dauphin et al., 2017; Cornuault et al., 2018). As seen in many of the
western basin cores, the HS1/BA transition is clearly identified in many cores by the
characteristic appearance of G. inflata, O. universa and G. ruber (Geraga et al., 2008;
Rouis-Zargouni et al., 2010). In the Sicilian Strait, SSTs were estimated at ~17°C, while
both the Adriatic and Aegean Seas are characterised by an initial rapid increase in SST
(~13 to 17°C spring/autumn range) and gradual cooling, with evidence of the cooler OD
and IACP events (Asioli et al., 2001; Rouis-Zargouni et al., 2010; Sicre et al., 2013;

Kontakiotis, 2016). Both sub-basins indicate increasingly productive surface waters
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with enhanced summer stratification and a strong DCM (Asioli et al., 2001; Geraga et
al., 2008; Triantaphyllou et al., 2009; Kontakiotis, 2016). However, further south and in
the lonian Sea, there are localised areas of winter upwelling and weakening of the
DCM, which has been linked to sea level rise and strengthening winds (Asioli et al.,
2001; Geraga et al., 2008; Kontakiotis, 2016). The Levantine basin recorded SST
comparable to the Holocene during the BA (~21°C) and lower salinity surface waters
(Essallami et al., 2007; Castafeda et al., 2010).

As discussed, the response of the Mediterranean to the BA warming is complex and
asynchronous across the region, making deciphering and resolving the differences
between these signals quite difficult. Rising sea levels, the retreat of the polar front to
the north and inflow of warm subtropical waters impacted SSTs, productivity, density
and WMDW formation, leading to the onset of the deposition of ORL-1 in the western
Mediterranean Sea (Kallel et al., 1997b; Cacho et al., 2001; Rogerson et al., 2008;
Melki, 2011; Naughton et al., 2016). The period was also humid, with seasonal
variability in winds and storm tracks incoming from the North Atlantic, as well as the
displacement to the north of the ITCZ allowing greater influence from the monsoons,
and elevated fluvial and meltwater discharge into the Sea (deMenocal et al., 2000;
Genty et al., 2006; Di Donato et al., 2008; Fletcher et al., 2010; Kontakiotis, 2016).

4.4.3 Younger Dryas in the Mediterranean region

In the Mediterranean Sea, the complex signal of the YD period is spatially varied and
contrasting between marine and terrestrial proxies. Off the north-western Iberian
Peninsula, SST during the YD fell by 2 to 4°C, but this decrease was not as extreme as
in HS1 and no IRD sediments were recorded (Eynaud et al., 2009; Naughton et al.,
2016). The oceanic polar front and polar front jet stream were not displaced as far south
as during the HS1, and their positions oscillated throughout the YD as evidenced in the
variability and intensity of both winter precipitation and Westerly winds along the
north-south Iberian Peninsula, as well as within the Mediterranean region (Figure 4.9)
(Eynaud et al., 2009; Naughton et al., 2016). These milder SSTs along the coast also
reflect the greater influence and mixing by warmer subtropical waters from the south
(Eynaud et al., 2009).

In general, nannofossil productivity proxies off the south-western Iberian coast indicate
a drop in SST of ~4°C, a stratified water column with low productivity and a deepening
nutricline, which was linked to the weakened AMOC and southward displacement of
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the Subpolar Front (Ausin et al., 2020). However, when examined in detail, the two YD
phases seen in many terrestrial records in north-west Europe were identified in this
region: 1) the colder “YDa” (dated 13.4 to 12.5 kyr) had weaker upwelling, a shallower
nutricline and higher productivity, ii) followed by a warmer “YDb” period (12.5 to 11.4
kyr), which experienced more upwelling, had a deeper nutricline and less productivity
than earlier in the YD (Ausin et al., 2020). These two main phases were further
subdivided into four subdivisions using both pollen and alkenone-based SST proxies
from the south-western Iberian Peninsula (Naughton et al., 2019). The onset of GS-1
“GS-1a” (12.89 to 12.72 kyr) was increasingly cold (SST ~9°C) and dry, peaking in
“GS-1b” (SST ~8°C; 12.72 to 12.39 kyr). “GS-1¢” (12.39 to 12.03 kyr) became
progressively warmer (SST ~8.5 to ~10°C) and wetter. GS-1 termination “GS-1d”
(12.03 to 11.77 kyr) was an unsettled phase with alternating rapid cool/wet and cold/dry
phases (SSTs oscillating between ~9 to 16°C) (Naughton et al., 2019).

Within the Mediterranean Region, these subdivisions can be recognised in both
terrestrial and marine high-resolution records, especially the variations in the late and
terminal YD. However, most researchers do not subdivide the early YD. Throughout the
remainder of this section, the phases of YD variability will be referred to as YD-1 for
the early YD and YD-2 for the later YD (further subdivided YD-2a and YD-2b).
However, these subdivided chronozones make no reference to the chronology of these
phases, as their occurrences vary spatially and temporally within the region, or they

have not been dated in the literature.

Pollen records from the northern Iberian Peninsula characterise YD-1 as a cold and dry
period, with the decrease in temperate Mediterranean forest species and increase in
steppe and semi-desert species; followed by a gradual increase in Pinus, Cedrus and
heath species indicating greater precipitation, heightened westerlies and terrestrial
runoff during winter months in YD-2 (Combourieu Nebout et al., 2009; Fletcher et al.,
2010; Naughton et al., 2016). However, this two-phase signal is not evident in many
sites to the south or east, away from the Atlantic margin or in more mountainous
regions. These regions record persistent cold and drier conditions, though the
occurrence of temperate species in these sites indicate the continued presence of winter
precipitation and Westerly winds throughout the YD (Combourieu Nebout et al., 2009;
Dormoy et al., 2009; Fletcher et al., 2010; Moreno et al., 2012; Naughton et al., 2019).

This variability may be explained by a recent study that reconstructed atmospheric
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circulation patterns during the YD. Rea et al. (2020) interpolated precipitation patterns
over western Europe using palaeoglacier equilibrium line altitudes (i.e. the elevation
where annual ablation equals accumulation) for the coldest period of the YD, which the
authors attributed to the early YD (Figure 4.11). A high-pressure blocking system over
the Fennoscandian ice sheet into central Europe, along with expanded sea-ice in the
North Atlantic, pushed the polar front jet stream southwards towards north-western
Mediterranean (Figure 4.11). The resultant precipitation reconstruction is similar to the
modern Scandinavian (SCAND) circulation, where precipitation increases in spring and
autumn in the north western Mediterranean, shifting to winter over the Iberian Peninsula
and across the rest of the Mediterranean Sea (Rea et al., 2020). Geochemical proxies
from the Alboran and Balearic Seas indicate that fluvial input was high during YD-2
indicating a strong seasonal precipitation signal (Jimenez-Espejo et al., 2007). Pollen
records from other areas in the western Mediterranean, such as the Tyrrhenian Sea,
again show this decline in temperate forests and establishment of semi-desert species
(Rossignol-Strick, 1995).

T
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Figure 4.11: Interpolated precipitation anomalies in comparison to modern day in Europe during the YD. Taken
from Rea et al. (2020).

There is little indication of YD glacial re-advance in the Iberian Peninsula, though rock
glaciers (linked to cold dry periods) were present in Spain (Hughes and Woodward,
2017). The Egesen Stadial in the Alps equates to the YD chronozone, where there were
the development and growth of small valley glaciers, and cirque advances, with the final

phase of moraine development dated ~11.9kyr (lvy-Ochs, 2015). There is evidence of a
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YD glacial re-advance in the Maritime Alps, Greece and Morocco, indicating an excess
in precipitation in the form of snow in these areas (Hughes et al., 2006; Hughes and
Woodward, 2017). Speleothem records in the north of Spain show an abrupt positive
shift in 5'3C records, indicating intense cooling and enhanced aridity, comparable to
glacial times (Moreno et al., 2010). Air temperatures estimates from caves in northern
and eastern Spain showed a decrease of ~7°C (winter) to ~4°C (summer) compared to
the BA period (Baldini et al., 2019). Precipitation rates were higher in summer than in
winter months, which was attributed to reduced moisture uptake by winter Westerlies,
due to increased sea ice in the North Atlantic (Baldini et al., 2019). ORL-1 deposition
continued through the YD in the deep basins of the Western Mediterranean. WMDW
strength was still reduced, with WIW in the Gulf of Lion and Levantine Intermediate
Water (LIW) dominant throughout the western basin (Figure 4.12) (Cacho et al., 2002;
Rogerson et al., 2008; Martinez-Ruiz et al., 2015; Dubois-Dauphin et al., 2017; Pérez-
Asensio et al., 2020). In general, it was a eutrophic period with high productivity,
heightened organic matter influx and sediment deposition from both aeolian dust (from

north Africa) and rivers (Martinez-Ruiz et al., 2015; Pérez-Asensio et al., 2020).

depth below present-day sea level [m)
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Figure 4.12: Schematic of west-east profile of the Mediterranean Sea during the Younger Dryas (12.9-11.7 kyr).
Black arrows: Surface water comprising MAW and freshwater discharge from onshore (i.e. melt water discharge,
river discharge). Dashed-dotted black arrows: LIW and WIW. Grey arrows: EMDW. Dotted black arrows: MOW.

Dashed black lines indicate roughly the water mass boundaries. SoG = Straits of Gibraltar; AS = Alboran Sea; Strait
of Sicily = Strait of Sicily; WMS = Western Mediterranean Sea; EMS = Eastern Mediterranean Sea. Taken from Fink
et al. (2015).

Alkenone-based SSTs suggest the Alboran Sea cooled by ~4°C, with YD-1 cooling co-
incident to the GS-1 atmospheric cooling and YD-2 SST increase ~600 years prior to
the Holocene warming in Greenland ice cores (~12.25 kyr) (Cacho et al., 2001; Cacho
et al., 2002; Rodrigo-Gamiz et al., 2014a; Ausin et al., 2015a; Jiménez-Amat and Zahn,
2015). Prior to the YD termination, a small drop in SST (~1°C) was recorded and
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equates to the instability of the YD-2b period (Cacho et al., 2001). These oscillations in
SST in the Alboran sea were attributed to the shifting position of the polar front, which
impacted on the strength and flow paths of incoming Westerly winds, NASW inflow,
regional variations in fluvial input and upwelling intensities (Cacho et al., 2001; Ausin
et al., 2015a; Pérez-Asensio et al., 2020). Both productivity ratios (determined from Ba
ratios) and nannofossils (especially coccolithophore species that thrive in turbid fresher
surface waters and fresh-water diatoms) peaked in YD-1 in the Alboran Sea, along with
the dominance of N. incompta throughout the YD (Barcena et al., 2001; Jimenez-Espejo
et al., 2007; Bazzicalupo et al., 2018). The strong influence of LIW and WIW and
weakened WMDW is evident by the decoupling of the epifaunal and deep infaunal
benthic foraminifera 5*3C signal (Pérez-Asensio et al., 2020).

In the Gulf of Lion, 580 SST estimates fell to ~9°C (summer) in YD-1, but had
recovered to ~16°C by the end of YD-2 (Melki et al., 2009; Dubois-Dauphin et al.,
2017). Surface water salinity was estimated to have decreased by ~2%. from the BA to
~35 to 35.5%o during this period. Planktonic foraminifera assemblages are dominated by
N. incompta, T. quinqueloba, G. glutinata and G. bulloides, with rare G. ruber, with the
highest accumulation rates in YD-1 (Melki et al., 2009). Benthic accumulation rates
were also very high (~4600 individuals/cm?/kyr), with an increase in shallow infaunal
opportunistic eutrophic species that responded to an influx of organic matter to the sea
floor (Melki et al., 2009). $*3C values showed productivity was similar to that of today
in the Gulf of Lion (Melki, 2011). This heightened primary productivity associated with
this influx of organic matter and low §*3C were attributed to enhanced winter vertical
mixing — driven by the intensification of the Mistral winds, along with freshwater input
from the River Rhdne or possible deep-water cascade events (Figure 4.12) (Melki et al.,
2009; Melki, 2011).

Further south, SST estimates in the Balearic Sea were comparable to those in the Gulf
of Lion and productivity was high, with continued fluvial input (Frigola et al., 2008;
Fink et al., 2015; Dubois-Dauphin et al., 2017). Neodymium isotopic composition
(eNd) on foraminifera and cold water corals show a greater influence from an
intermediate water mass (WIW or LIW) than WMDW during YD-1 though this
decreased towards the YD-2 termination (Dubois-Dauphin et al., 2017).

In the Tyrrhenian Sea, surface waters in YD-1 were cold (~10°C), highly productive,
with a well-developed DCM, as reflected by a peak in dinocyst species and eutrophic
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planktonic foraminiferal species N. incompta, T. quinqueloba and G. glutinata
(Capotondi, 1995; Capotondi et al., 1999; Rouis-Zargouni et al., 2010; Morabito et al.,
2014). This was followed by a peak in G. bulloides, G. inflata and G. ruber indicating
the increased mixing of surface waters during the warmer YD-2. The influence of the
LIW was strong in the Tyrrhenian Sea during the YD and it was suggested that the cool
dry conditions during the YD favoured enhanced net evaporation and LIW production

the in eastern Mediterranean (Toucanne et al., 2012).

Pollen data from marine and lacustrine cores from the Aegean and lonian Seas and
adjacent region, show a fall in forest species and dominance of semi-desert species,
indicating dry conditions (estimates of annual precipitation <150mm in lowland regions,
with a significant fall in winter precipitation) and air temperatures falling below
freezing (Rossignol-Strick, 1995; Robinson et al., 2006; Dormoy et al., 2009;
Panagiotopoulos et al., 2013). In detail, Dormoy et al. (2009) identified the three phases
of YD: YD-1 (dated 12.6 to 12.4 kyr) indicates air temperature ~5°C cooler; YD-2a
(12.4 to 12.2 kyr) records an increase of 3-5°C; YD-2b (12.2 to 11.7 kyr) identified a
return to colder conditions (~1°C cooler). Semi-desert pollen in a marine core taken off
the south central Mediterranean document this dry arid period, though there is still a
significant presence of deciduous forests (Quercus, Cedrus and Pinus) (Desprat et al.,
2013). Although cold, upland areas in north-western Tunisia and lowland areas in
southern Italy were humid enough to act as refugia for temperate forest species during
the YD (Desprat et al., 2013; de Beaulieu et al., 2017).

Speleothems in north-eastern Italy record high seasonality in YD-1 speleothem growth,
but in contrast to the wetter summers seen in northern Spain, precipitation was greater
during the autumn and long winters, which then became drier with less seasonality in
YD-2 (Belli et al., 2013; Baldini et al., 2019). These patterns in seasonality and
increasing aridity were linked to increasing Bora wind strength during the YD.
Although there is an overestimation of precipitation anomalies in the Dinaric Alps and
over Turkey, the reconstruction of Rea et al. (2020) supports these findings, and
suggests that there was heightened winter cyclogenesis and precipitation in the eastern
basin in YD-1, when the incoming cold polar front jet stream met the warm eastern
Mediterranean Sea (Figure 4.11). In Soreq Cave in Israel, §*80 values peak around the
YD period (dated 13.2 to 11.4 kyr), with an associated increase in §'3C, indicating cold
dry conditions in the eastern Mediterranean region (Bar-Matthews et al., 1997; Bar-
Matthews et al., 1999). Inflow from the Nile deceased during the YD due to the
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southern offset of the ITCZ, weakened monsoons and a brief hiatus in the AHP
(deMenocal et al., 2000; Mojtahid et al., 2015; Shanahan et al., 2015). Analysis of
sediments in south central Mediterranean indicate significant aeolian deposition from an
arid Tunisia (Bout-Roumazeilles et al., 2012; Desprat et al., 2013). This aeolian
sedimentation influence is also observed in other regions of the eastern Mediterranean,
though the pattern varies (Hamann et al., 2008). A gradual cooling occurred over ~2
kyr, with an initial reduction in Saharan dust that progressively increased during the
YD, indicating that the North African region exerted more control over the SE
Mediterranean during YD-2 (Castarfieda et al., 2010).

Around the Strait of Sicily and southern Adriatic Sea, MAT SST estimates range from
~9.5°C (Apr/May) to ~11°C (Oct/Nov) (Essallami et al., 2007; Sicre et al., 2013). The
three YD phases were identified in the cool eutrophic waters of the northern Adriatic
from planktonic foraminifera (Asioli et al., 2001). The assemblage alternates from a
stratified YD-1 dominated by T. quinqueloba; YD-2a represented by a peak of the
upwelling species G. bulloides, and finally YD-2b, where a return of T. quinqueloba
and minor peak of G. inflata indicate more seasonally stratified surface waters (Asioli et
al., 2001). The southern Adriatic is also dominated by eutrophic species, especially N.
incompta in YD-1, which was replaced by warm oligotrophic species G. ruber in YD-2
(Geraga et al., 2008). The YD-1 assemblage in the Aegean Sea is dominated by N.
incompta, followed by the more gradual transition to G. ruber, G. bulloides, G.
glutinata and T. quinqueloba in YD-2 (Geraga et al., 2010). As in the southern Adriatic,
this indicated eutrophic waters with a DCM in YD-1, becoming increasingly seasonal
and warm in YD-2. It was inferred that DWF was limited in the eastern basin, with LIW
dominating the ventilation of the surface waters driven by strong winter convection, and
minor seasonal fluvial input in YD-1, though falling by YD-2 (Asioli et al., 2001,
Schmiedl et al., 2010; Kontakiotis, 2016). The Levantine Basin was significantly
warmer, with minimum SST MAT estimates ranging from ~16°C (Apr/May) to ~20°C
(Oct/Nov), though the warming of SST following the YD was more gradual than
elsewhere in the Mediterranean (Essallami et al., 2007; Castafieda et al., 2010). G.
ruber and other warm water species decreased in YD-1 and there was an increase in the
eutrophic species N. incompta, G. truncatulinoides and G. inflata; YD-2 was
characterised by an increase in G. bulloides and G. ruber indicating warmer water with
increased seasonal upwelling (Mojtahid et al., 2015).

Although not as extreme as HS1, in general, the YD in the Mediterranean was cold and
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dry. However, oscillations in the southerly position of the oceanic polar front, expansion
of Arctic sea ice and changes in North Atlantic atmospheric circulation are all key
drivers in the variability of the YD signal observed throughout the Mediterranean region
(Eynaud et al., 2009; Geraga et al., 2010; Ausin et al., 2015a; Jiménez-Amat and Zahn,
2015; Naughton et al., 2016). During the early YD, air temperatures were cold,
precipitation rates were spatially variable and the sea was cool and productive, with
continued weakening of deep-water ventilation in the western basin (Cacho et al., 2001;
Melki et al., 2009; Dubois-Dauphin et al., 2017; Pérez-Asensio et al., 2020). In the
latter half of the YD, as the polar front began its retreat northward, SSTs began to
increase and terrestrial proxies point to increased variability of precipitation and
seasonality between the basins (Sbhaffi et al., 2004; Combourieu Nebout et al., 2009;
Belli et al., 2013; Ausin et al., 2015a).

In summary, late Pleistocene oscillations in northern hemisphere climate are clearly
represented throughout the Mediterranean Sea, though they are spatially and
chronologically complex. Although the global climate became significantly more stable
in the Holocene period, several short-term deteriorations, such as the 11.4, 9.3 and 8.2
kyr events, are recorded in Greenland ice cores (Rasmussen et al., 2014). These early
Holocene events and their impact in the north-western Mediterranean Sea will be

discussed in more detail in Chapter 7.
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Chapter 5.

5 Materials and methods

This chapter will present the materials and methodology used for both
micropalaeontological and chronological analysis of core M40/4 82-2SL, as well as the
data requirements and chronological controls applied when collating the planktonic
foraminifera census count data for the Late Pleistocene events within the Mediterranean
Sea. The analytical, statistical and spatial interpolation methods used for both the Late
Pleistocene databases and M40/4 82-2SL, including Artificial Neural Networks (ANN),
palaeoenvironmental proxies and Principal Component Analysis (PCA), will be

discussed in detail.
5.1 Late Pleistocene datasets

In order to conduct a basin wide reconstruction of the Mediterranean Sea during HS1,
the BA and YD, a comprehensive and spatially widespread compilation of planktonic
foraminifera count data had to be generated for each chronozone. Initially, the
chronology of HS1, the BA and YD in the Mediterranean needed to be defined, to
determine what sample intervals in each core dataset needed to be targeted. Once
potential marine sediment cores were identified, a series of data requirements and
quality control parameters need to be met prior to the inclusion of data into the
compilation. These chronological and database requirements will be discussed in detail

below.
5.1.1 Chronology of the Late Pleistocene chronozones in the Mediterranean Sea

The most recent INTIMATE Stratigraphy Research group chronostratigraphic
framework for Late Pleistocene events, as recorded in the NGRIP and GISP2 Greenland
ice cores, was published in 2014 (Rasmussen et al., 2014). A series of significant events
were evident in both ice cores, alternating between stadial (GS) and interstadials (Gl)
and sub-events (Table 5.1a). However, synchronicity of these events cannot be assumed
to be correlated to regions beyond Greenland (Austin and Hibbert, 2012; Blaauw,
2012). There is no definitive consensus for the exact onset or end dates for Heinrich
Stadial 1 (HS1), the Balling-Allerad (BA) or the Younger Dryas (YD) within the
Mediterranean Sea (Cacho et al., 2002; Geraga et al., 2005; Frigola et al., 2008).
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Therefore, to begin to define the chronology of the Late Pleistocene chronozones within
the Mediterranean Sea, a literature review was conducted for research based on marine
microfossils, corals and deep-sea sediment cores. Terrestrial records or proxies were not
used, as the effects of climate change may not be diachronous or comparable between
proxies (Blaauw, 2012; Lowe and Walker, 2014). Between 18 and 24 published articles
were reviewed, with the average onset and end dates for each chronozone summarised
in Table 5.1b.

In addition, as M40/4 82-2SL is such a high-resolution core, the chronology of the Late
Pleistocene events is well constrained, though as the core only extends to ~15.5 cal kyr
BP, the start date of HS1 was not recorded (discussed further in Section 5.2.2 below).
Therefore, the interpolated date ranges of the YD, BA and end of HS1 from M40/4 82-
2SL were used to supplement the dates obtained from the literature (see Table 5.1b).
There is close correlation across all sources to the onset and end of most chronozones,
with the main differences observed at the end of both the BA and HS1. However, as
both these events were so clearly defined in M40/4 82-2SL, the date ranges for the YD
(12800 to 11550 + 50 cal yr BP), the BA (14700 to 12800 * 50 cal yr BP), and HS1 end
date (14700 + 50 cal yr BP) chronozones were taken from M40/4 82-2SL.. The start date
of HS1 was obtained from the literature and is defined as 17100 + 50 cal yr BP. A
confidence interval of + 50 years was added to all chronozones to allow for calibration

or correlation errors arising from older datasets or lower resolution cores.

a) INTIMATE U b) Mediterranean Stratigraphy
Stratigraphy
Age Mean
with dates from M40/4 82-
Event L Chronozone .
Onset definition Start / End published 2SL
uncertainty sources (cal yr BP)
(yr b2k) (cal yr BP)
Holocene Start 11703 + 4 YD End 11500 + 600 11550
GS-1 Start 12896 + 4 YD Start 12850 + 850 12800
BA End 13075 + 825 12800
GlI-1 Start 14692 + 4
BA Start 14725 + 1225 14700
HS1 End 14950 + 950 14700
GS-2.1a Start 17480 + 200
HS1 Start 17100 + 900

Table 5.1: Comparison of INTIMATE Event Stratigraphy (yr b2k) (Rasmussen et al., 2014), (a) the average
chronozone start and end dates (cal yr BP), (b) obtained from published Mediterranean Sea marine datasets and the
interpolated chronozone dates (cal yr BP) from M40/4 82-2SL. Note: the Bglling-Allergd chronozone is not a
synonym for GI-1 or Younger Dryas chronozone for GS-1 (Rasmussen et al., 2014).
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5.1.2 Data requirements

To source potential Mediterranean Sea datasets, a literature review was conducted to
identify articles that used deep-sea marine sediment cores with counts of planktonic
foraminifera. The online Open Access library Pangaea® (http://www.pangaea.de/) was
utilised to search for published datasets, both for cores identified in the literature and
other potential datasets. For datasets not available on Pangaea®, corresponding authors
were contacted, requesting the original planktonic foraminifera counts and
chronological control points. Furthermore, Dr Cloke-Hayes supplied several

unpublished chronologically constrained datasets.

Potential datasets had to meet a defined set of criteria prior to compilation in the Late
Pleistocene databases. As the ANN training dataset used by Hayes et al. (2005)
incorporated the 150 um fraction core top dataset of Thunell (1978), all planktonic
foraminifera census counts had to belong to >150 um fraction. Both total and
percentage counts were acceptable, but the complete faunal assemblage had to be
recorded. Due to the taxonomic criteria used by Thunell (1978), the following species
were grouped together: i) N. incompta and ‘P/D integrades’ are ‘P/D integrade + N.
incompta’, ii) G. ruber white and pink are G. ruber (total); iii) G. siphonifera and G.
calida are ‘siphon+calida’; iv) G. truncatulinoides sinistral and dextral are ‘G.
truncatulinoides (total)’ and v) G. sacculifer plexus remain undifferentiated. For some
older datasets published on Pangaea®, the SPRUDTS group were not differentiated (see
Appendix 3) (Jorissen et al., 1993). However, if the SPRUDTS data formed only a
minor component of the total percentage (<3% average within the entire chronozone),
the SPRUDTS data was included and assigned to G. sacculifer, as this morphospecies

was on average the most significant SPRUDTS species during the Late Pleistocene.

It should be noted that the datasets collated were from a diverse range of studies from
the late 1970s through to 2017 and as such, this can introduce some discrepancies
within the data (Table 5.2). Over these 40 years, taxonomic definitions for many
morphospecies has changed, e.g. N. pachyderma sinistral and dextral are now
reclassified as N. pachyderma and N. incompta; and there have been the substantial
progress in identifying morphologically similar genotypes (Darling et al., 2006; Darling
and Wade, 2008; Aurahs et al., 2009; Ujiié et al., 2010; Aurahs et al., 2011; Morard et
al., 2011; André et al., 2013; André et al., 2014; Schiebel and Hemleben, 2017).
Therefore, there was little consistency with the naming convention or classification of
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species. In some studies, G. ruber morphospecies was subdivided into G. ruber white,
G. ruber pink and G. elongatus, in others it was just G. ruber. Therefore, some
generalisations in morphospecies were made for the spatial distribution analysis (see
5.1.4 Spatial analysis). G. ruber plexus includes G. ruber white, G. ruber pink and G.
elongatus; all Neogloboquadrina species merges N. pachyderma sinistral, N.
pachyderma dextral and/or N. incompta; “P/D intergrades” and N. dutertrei; G.
truncatulinoides includes both dextral and sinistral coiling varieties; and G. sacculifer

contains both “with sac” and “without sac” variants.

In total, data from 67 cores was collated, with 60, 62 and 63 cores compiled in the YD,
BA and HS1 databases respectively (Table 5.2, Figure 5.1).
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. : Water . 14c
. Longitude Latitude Coring o
Region r th . AM itation
€di Core (WGS8d) | (wessa) | 9eP device > CIEILE
(m) dates
Alboran CEUTA10PCO08 -4.87 36.02 914 PC Yes Ausin et al. (2015a)
Sea KS 310 -1.57 35.55 1900 NS Yes Hayes et al. (1999)
— ) i Cacho et al. (1999); Cacho et al. (2001); Shaffi et
(n=5) MD 95-2043 2.62 36.14 1841 cC Yes | 7 (2001): Pérez-Folgado et al. (2003)
ODP 977 1.96 36.03 1984 NS Yes ?;(;gisFolgado et al. (2003); Pérez-Folgado et al.
SuU81-07 -3.48 35.57 1375 PC No Kallel et al. (1997a)
Balearic MD99-2343 4.03 40.50 2391 PC Yes Sierro et al. (2005)
Sea APC & Gonzalez-Donoso et al. (2000) Jimenez-Espejo et
(n=2) ODP 975B 451 38.90 2400 XCB Yes al. (2007)
Gulf of BC 15 5.93 41.95 2500 NS Yes Rohling et al. (1998); Hayes et al. (1999)
Lion M40/4 82-2SL 3.78 42.31 1079 PC Yes This thesis
(n=3) MD 99-2346 4.15 42.04 2100 NS Yes Melki et al. (2009)
Tyrrhenian | AC 854 11.77 41.75 662 PC Yes’ Capotondi et al. (1989)
Sea BS 78-12 9.82 42.67 626 PC Yes Jorissen et al. (1993); Hayes et al. (1999)
(n = 10) BS 79-22 14.38 38.39 1449 GC No Shaffi et al. (2001)
BS 79-33 14.03 38.26 1282 GC Yes Cacho et al. (2001); Shaffi et al. (2001)
BS 79-37 13.42 38.30 1400 GC Yes Shaffi et al. (2004)
BS 79-38 13.58 38.41 1489 GC No ;ac(g% SZ)aI' (2001); Shaffi et al. (2001); Sbaffi et
GNS 84-c106 14.71 40.48 292 NS Yes Di Donato et al. (2008)
KET 80-03 13.35 4055 1920 NS Yes Kallel et al. (1997b) Zachariasse et al. (1997);
Paterne et al. (1999)
KET 80-19 13.21 40.33 1920 PC No Kallel et al. (1997h); Kallel et al. (2004)
LC 07 10.07 38.14 488 PC No Hayes et al. (1999); Dinarés-Turell et al. (2003);
Incarbona et al. (2008)
Strait of Chain61-19 13.10 35.78 1475 PC No Muerdter and Kennett (1983/84); Muerdter (1984)
Sicily CS72-37 12.28 36.68 1304 PC No Kallel et al. (1997a)
(n=5) KET 80-39 11.41 36.32 290 NS No Hayes et al. (2005)
MD 04-2797 CQ 11.67 36.95 771 CASQ Yes Rouis-Zargouni et al. (2010)
TRI171-15 13.95 36.73 820 PC No Muerdter and Kennett (1983/84); Muerdter (1984)

101



: : Water : 4c
Region Core OTEE L depth Cor!ng AMS Citation
(WGS84) (WGS84) device
(m) dates
Adriatic IN 68-3 18.75 40.70 868 PC Yes Jorissen et al. (1993)
Sea IN 68-5 18.53 41.23 1030 PC Yes Jorissen et al. (1993); Hayes et al. (1999)
(n = 8) IN 68-7 18.23 41.93 1225 PC Yes Jor!ssen et al. (1993) _
IN 68-9 17.91 4179 1234 PC Yes Jorissen et al. (1993); Rohling et al. (1997); Hayes
et al. (1999)
IN 68-21 14.78 42.88 252 PC Yes
IN 68-28 16.92 41.98 396 PC No .
IN 68-29 17.13 42 797 PC No | Jorissenetal. (1993)
IN 68-38 17.57 41.12 716 PC No
Aegean Sea | AEG-3 24.85 40.13 685 BGC Yes
(n - 18) AEG-4 25.93 37.40 404 BGC No
AEG-5 26.16 37.33 430 BGC Yes
AEG-19 24.83 39.27 380 BGC ves | Aksuetal. (1995D)
AEG-20 24.97 38.43 630 BGC Yes
AEG-22 26.75 35.75 820 BGC Yes
C40 24.08 36.94 852.80 NS Yes Geraga et al. (2000)
C69 24.21 36.55 632 NS Yes Geraga et al. (2005)
LC 21 26.58 35.66 1522 PC Yes | Hayes et al. (1999); Casford et al. (2002)
MARO03-02 26.37 38.07 398 PC No
MARO03-03 25.82 37.86 720 PC No
MARO03-25 26.44 37.17 494 PC Yes Isler et al. (2016a); Isler et al. (2016hb)
MARO03-27 25.32 38.31 651 PC Yes
MARO03-28 25.02 39.02 453 PC Yes
MNB3 25.00 39.26 800 GC No Geraga et al. (2010)
Zachariasse et al. (1997); Casford et al. (2007);
SK1 23.60 39 1041 PC Yes Kontakiotis (2016)
SL-11 25.80 39.10 258 GC No
SL-21 25.42 39.02 317 GC Ng | Casfordetal. (2007)
lonian Sea 75KS76 22.11 35.91 2890 PC Yes Znaidi-Rivault (1982)
(n=12) gg gé 51‘112 gigg 22;’3 gg mg Principato (2003); Principato et al. (2003)
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. : Water . 14c
. Longitude Latitude Coring o
Region Core (WGS84) (WGS84) depth device AMS Citation
(m) dates
BC 07 20.54 35.76 3022 BC No
Lynchll-3 16.70 35.03 2432 PC No Muerdter (1984)
ODP 964A 17.75 36.27 3658 PC Yes Barry (2017)
ODP 969A 24.88 33.84 2200.30 PC Yes Barry (2017)
ODP 973A 18.01 35.01 3695 NS Yes Hessler et al. (2014)
P4 18.93 36.23 3560 NS No Hayes et al. (1999)
T87/2/120G 23.75 34.97 707 GC Yes Znaidi-Rivault (1982); Rohling et al. (1993);
T87/2/27G 23.02 35.08 607 GC Yes Zachariasse et al. (1997); Hayes et al. (1999)
Z1 19.87 39.25 1160 GC Yes Geraga et al. (2008)
Levantine LC-31 31.17 35 2298 PC Yes Casford et al. (2007)
Sea MD 84-641 33.63 33.03 1375 NS Yes Melki et al. (2010)
(n = 4) TRI172-22 29.02 35.32 3150 PC No Thunell et al. (1977); Thunell and Williams (1983)
75KS5 31.75 34.83 1560 PC Yes Znaidi-Rivault (1982)

Table 5.2: Details of cores collated for the Late Pleistocene chronozones, including their location, water depth, coring device, if they include valid *C AMS dates and citations. Coring Device: BC =
Box core; CASQ = Calypso Square core; CC = Calypso Corer; GC = Gravity Core; BGC = Benthos Gravity Core; PC = Piston Core; APC & XCB = Triple APC & double XCB coring. 7*C AMS

dates, but no sample depth reported.
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Figure 5.1: Distribution of cores used for Late Pleistocene datasets.

5.1.3 Chronological framework and data compilation

As the Late Pleistocene datasets ranged from a variety of authors over the past 30 years,
the methods used to date and calibrate control points varied greatly. Some older studies
used uncalibrated radiocarbon years (Jorissen et al., 1993). In more recent studies, 4C
AMS dates were recalibrated using software such as Calib (Stuiver et al., 2017) or
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OxCal (Ramsey and Lee, 2013) and a AR value may/may not have been applied (Shaffi
et al., 2004; Geraga et al., 2010; Melki et al., 2010; Rouis-Zargouni et al., 2010).
Therefore, direct comparison between the original datasets is not possible. To enable
reliable and consistent comparison between these datasets, a set of criteria and metadata
requirements, proposed by recent palaeoecological studies were adapted and applied to
this database (Thomopoulos et al., 2010; Giesecke et al., 2014; Flantua et al., 2016;
Borreggine et al., 2017). For each site the following information was recorded: site
name; year of data preparation; control point type; depth of sample; non-**C dates or
control points ages; for 1*C samples, the original age model, calibration method and
software used, the *C date (min, max, errors), reservoir correction, the published
calibrated age (min, max, best age, errors); and any additional relevant comments from
authors, such as presence of outliers, turbidites, hiatuses etc. In addition, the mean
Mediterranean Sea AR value of 58 + 15 C years was applied to all recalibrated *C
AMS dates (Reimer and McCormac, 2002; Faivre et al., 2015). Once the data was
compiled, all **C AMS dates with reported errors and the mean AR value were
recalibrated using Calib v.7.0.2 and the Marinel13 calibration curve (Reimer et al., 2013;

Stuiver et al., 2017). The full list of control points is listed in Appendix 1.
5.1.3.1 Age quality level

It should be noted that the nature of chronological and age model generation and
reporting over the past ~30 years has been inconsistent. In many instances the original
14C dates, corrections or depth of samples used for dating were not published.
Numerous studies with limited or no *C dates used a variety of different methods to
provide a chronostratigraphic framework for their cores, such as independently dated
event ages (e.g. the start and end dates for S1) that are biostratigraphically “tuned” to
the results of the planktonic foraminifera abundance curves (Capotondi et al., 1989;
Aksu et al., 1995a); biostratigraphic correlation to well-dated cores, such as MD 95-
2043 in the Alboran Sea, originally published by Cacho et al. (1999) (Jorissen et al.,
1993; Shaffi et al., 2001); tuning against other proxies, e.g. G. bulloides §*80 curves to
the Greenland ice cores (Jimenez-Espejo et al., 2007), as well as utilising dated tephra
layers (Kallel et al., 1997a). In most instances, the ages of these control points were
reported without errors. Many of these methods can be quite subjective and potentially
can add additional biases and errors to the data. Using control points in a core in the
Mediterranean Sea that are tuned to Greenland ice cores or biostratigraphically to cores

located in different Mediterranean sub-basins or hydrographic regimes are also
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problematic, mainly as they assume synchronicity of events both globally and/or within

the Mediterranean region (Blaauw, 2012).

To account for the variations in quality of geochronology of the data, for each

chronozone an age quality (AQ) level was assigned based on methodology defined by
Mix et al. (2001) and adapted by the MARGO working group for the LGM (Hayes et
al., 2005; Kucera et al., 2005a) . However, the two radiometric dates that were required

within the LGM chronozone was reduced to just one for the YD, BA and HS1

chronozones, as the extent of these intervals are more discrete than the LGM

chronozone (19-23 cal kyr BP). For the Late Pleistocene chronozones, the AQ criteria

applied were as follows:

Level 1: Chronological control was based on at least one of the following: i) a
radiometric date within the target interval, most commonly a reservoir-corrected
14C year date adjusted to calendar years using CALIB v 7.0.4; ii) a U/Th date or

dated tephra layer with reported uncertainties.

Level 2: Characterised by at least one of the following: i) at least one the
radiometric date occurring within £3 kyr of the chronozones; ii) correlated with
an adjacent Level 1 core, using bio- or %0 stratigraphic data. Biostratigraphy
was based mainly on the abundant G. inflata and N. incompta, as both have
distinct Late Pleistocene profiles in the Mediterranean (Ruddiman and Mclntyre,
1981; Margreth et al., 2011).

Level 3: Chronological control was based on: i) at least one radiometric date (>
3 kyr) within the core dataset; ii) correlated with an adjacent Level 2 core, using
bio- or 880 stratigraphic data; iii) a dated tephra layer without reported

uncertainties.

Level 4: Datasets with no radiometric dates but were chronologically
constrained using: i) stratigraphic markers (e.g. Sapropel 1 start and end dates of
~6-9 kyr); ii) bio- or §*80 stratigraphic correlation to a further removed Level 1

core.

The AQ level and number of samples per core are listed in Appendix 1 and displayed in

Figure 5.2.
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Figure 5.2: Age quality scores for cores collated for the Late Pleistocene datasets.
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5.1.3.2 Age models

Revised age models were generated for all cores, where possible. For a limited number
of cores, the investigators did not report sample depths or the original **C AMS dates
with their errors, therefore the original age model was retained with a reduced AQ value
(see Appendix 1 and Appendix 2). Most original chronologies were based on linear
interpolation, which assumes that changes in sedimentation rates only occur only at the
depth of the control points used. However, in recent years more rigorous age modelling
software such Bacon, Bchron, Clam and OxCal have been developed, which provide
more realistic accumulation curves (Telford et al., 2004; Blaauw, 2010a, b). The non-
Bayesian, ‘classical’ age depth modelling software Clam v.2.2 software (run in the
program “R”) was selected to generate the revised age models, as in many instances the
number of control points per core was less than 4, therefore unsuitable for more
sophisticated Bayesian age-modelling curves (Blaauw, 2010a, b). For those cores with
four or more control points, a ‘classical’ smooth weighted spline interpolation (smooth:
0.3), reported with 95% confidence intervals was used, while those with less than four
control points or those reported without analytical errors, a linear interpolation between
neighbouring samples, with 95% confidence intervals were generated (Appendix 1)
(Blaauw, 20104, b).

The revision of age models allowed for direct comparison between datasets, especially
for those cores with recalibrated *C AMS dates were problematic “tuned” control
points were removed (Giesecke et al., 2014; Flantua et al., 2016; Alberico et al., 2017).
It should be noted that these revised age models are not designed to replace the original
chronology, as the authors’ original interpretation of the chronology will have been
informed by their in-depth understanding of the local depositional environment (Flantua
et al., 2016).

5.1.4 Spatial analysis

For each chronozone, a number of variables were mapped within the Mediterranean
Region. For each dataset, the mean abundance of the main morphospecies were
classified and mapped. To allow direct comparison with the spatial distribution of
modern species, the arbitrary percentage ranges utilised by Thunell (1978) were used
for the majority of species. More concise ranges were used for low abundance taxa to
allow for a more meaningful display of their more limited occurrences and this change

of range is noted in the legend. The mean predicted annual, summer and winter SSTs,
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and seasonal SST variability for each chronozone were also displayed spatially. The
ranges used by Hayes et al. (2005) were utilised to classify these datasets. Finally, the
mean eutrophication (E-Index) and stratification (S-Index) indices values were also
mapped for each core. These palaeoenvironmental proxies are discussed in further detail
below (see section 5.3.3 Palaeoenvironmental proxies). This data was presented as

classified data points.

In addition, an interpolated surface was created for each variable and classified using
the same ranges as the data points. Spatial interpolation is a common technique used to
generate a continuous surface between disparate points within a region (Mallick et al.,
2014; Kusuma et al., 2018). There are a number of methods available, such as Inverse
Distance Weighted (IDW), natural/spatial neighbour, spline and kriging (Kusuma et al.,
2018). A number of interpolation methods, such as IDW and spatial neighbour, were
tested then discounted due to the limitations caused by the uneven distribution of data
points, the inability to either extend the interpolation beyond the extent of the data
points, or constrain the interpolation with the Mediterranean coastline. Clearly the
physical geography of the Mediterranean region has a direct bearing on the spatial
distribution of species and other environmental parameters, i.e. data points from cores
taken from different sub-basins (e.g. Tyrrhenian and Adriatic Seas), should not have
direct influence on the interpolation on the other side of the Italian peninsula. Therefore,
a minimum curvature, regularized spline interpolation was used (i.e. the “Spline with
barriers” tool in Esri ArcPro v.2.5.2) (Briggs, 1974; Zoraster, 2003). This method
creates a surface that passes through the data points, but can extend beyond the limit of
the data points to create a smooth surface (Figure 5.3). In addition, it had the added
benefit to allowing the interpolation to extend to, and be constrained by, the coastline. A
similar analysis method was used by Thomopoulos et al. (2010) to display the spatial
distribution of specific taxa and SST variability every 1 kyr over the past 18 kyr in the

Mediterranean Sea.

Value

Distance )

Figure 5.3: Spline interpolation. The surface bends through the data points, which allows the surface to exceed the
range of the dataset (GIS Resources, 2020).
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There are a number of caveats with these interpolations to be aware of. It is clear from
Figure 5.1 that the spatial distribution of cores collated for the three chronozones is not
homogeneous across the Mediterranean Sea. The eastern basin is better represented in
the dataset with 47 cores, in comparison to 20 cores in the western Mediterranean. In
addition, there are a number of areas, such as along the North African coast (in
particularly off the north/north-east of Tunisia and Libya coast) where no cores exist, or
they did not meet the data requirements for this study. The results of the interpolation in
these regions should be viewed with caution. In areas that have few or no data points,
the spline interpolation can overshoot the extent of neighbouring data points and
introduce artefacts in the interpolation, which can suggest enhanced or reduced values.
Finally, the AQ scores of the core datasets for each chronozone should be kept in mind,
as minor anomalies in the interpolation may be due to a lower quality core of the dataset
and should be treated with caution. For all maps, AQ is represented by variations in
symbol size and is noted in the legends. The basemap is the Esri World Ocean Base
(Esri, 2014).

5.2 MA40/4 82-2S5L

M40/4 82-2SL was a known high resolution core from the Gulf of Lion, as sections
from it that spanned the mid to late Holocene, were utilised as part of a study on the
application of G. truncatulinoides sinistral and dextral as biostratigraphic markers in the
western Mediterranean Sea (Broggy, 2011). Palaeoenvironmental analysis of the mid to
late Holocene identified three phases of climate variability, as well as a series of cool
periods that could be linked with North Atlantic cooling events (Broggy, 2011).
However, the older sections of this core were unprocessed and unanalysed. Therefore,
the potential of this core to answer the research question of how the Gulf of Lion was

impacted by deglacial extreme events was clear.

The 532 cm deep-sea sediment gravity core M40/4 82-2SL (42.31°N, 3.78°E, water
depth 1079m) was taken during the RV Meteor cruise (M40/4) to the Mediterranean Sea
in Jan-Feb 1998 (Figure 5.4). The core was located in the Gulf of Lion, and was part of
a E-W transect of gravity cores intended to aid reconstruction of sapropels in the eastern
basin and Mediterranean Sea palaeoenvironments from the Last Glacial Maximum
(LGM) to the present (Emeis et al., 1999; Hieke et al., 1999). The lithology was
predominantly an olive grey homogenous nannofossil/foraminiferal ooze, with minor

bioturbation observed between 70-80 cm, periodic silt lamination from 470-360 cm and
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no signs of turbidites (Figure 5.5) (Hieke et al., 1999).

2 3 4 2 6 7
3 £
Toulouse Montpellier ‘
diE=) N
— pd N G — Marseille fr—" ,“
X ulf & eI
« <
/ of
Lion
~ Andorra 5
gy v
. i
7 @ M40/4 82-2SL Lorsos sy
| Basjn
&
.5 /
&
Barcelona
° Spartacus
T eamount
A
0 0 50 10D
<o Troud | A J
\
z“(' ilometers
AQ\ Esn, Garmin, |GEBCO, NOAA NGDC land other contributor
% Satirces: Esifi, HERE. Garmin, GEBCPO, National Geographi
. M40/4 82-2SL f’: NOAA, and the GIS User Communitly
1 Palmade
1

Figure 5.4: Location of M40/4 82-2SL in the Gulf of Lion, taken during the RV Meteor cruise (M40/4) to the NW
Mediterranean Sea in Jan-Feb 1998.

5.2.1 Laboratory procedures

Onboard, the gravity core was cut into 1 m sections (1 [oldest] to 6 [youngest]) and
subsequently a U channel sub-sample was taken by Dr. Cloke-Hayes in Tubingen,
Germany (Figure 5.5). The U channel was sliced into 1 cm samples and processed using
the standard micropaleontological preparation techniques (e.g. de Vernal et al. (2010)).
All samples were placed into clean labelled weighed petri dishes and oven-dried at
<40°C for 24 hours. A low oven temperature is important to prevent cracking of the
foraminifera tests, as well as stopping clay sediments becoming baked and difficult to
disaggregate (Thomas and Murney, 1985). Once dried, each sample was weighed to
obtain a total dry weight. Samples were soaked in deionised water to disaggregate the
sediment, before being wet sieved through a 63 um mesh sieve. Deionised water is used
to ensure that samples are not contaminated by carbonates and other minerals, which
may impact their use for geochemical analysis. The >63 pm residue was placed in a
weighed petri dish, oven-dried at <40°C for 24 hours, before being weighed to obtain
the >63um dry weight. Finally, each sample was dry sieved through a 150 um mesh

sieve and stored in glass bottles as separate size fractions (<150 um and >150 pm).
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112



There is much debate regarding the recommended sieve size fraction used for
palaeoenvironmental research (Peeters et al., 1999; Al-Sabouni et al., 2007; Kucera,
2007; Di Donato et al., 2011; Di Donato et al., 2015). Many researchers now use 63, 90,
106 or 125 um size fractions to ensure capture of smaller cooler-water species (such as
T. quinqueloba) and achieve maximum diversity (Buccheri et al., 2002; Lirer et al.,
2013; Morabito et al., 2014; Kuhlmann et al., 2015; Capotondi et al., 2016); though this

smaller fraction also includes difficult to identify juvenile forms.

For many of the large-scale global palaeoclimatic studies which use transfer functions,
such as Imbrie and Kipp (1971); CLIMAP Project Members (1976); Ortiz and Mix
(1997), it was necessary to establish default procedures and 150 um was adopted as the
standard sieve-size for planktonic foraminifera. Furthermore, the calibration dataset for
the ANN analysis was based on MARGO protocols, which used datasets of >150 um
counts (see section: 5.3.1 Sea surface temperature reconstruction) (Hayes et al., 2005;
Kucera et al., 2005a; Kucera et al., 2005b). Therefore, the >150 um size fraction was
employed in this study. This allows for direct comparison of results to key studies from
the Mediterranean, such as modern planktonic foraminifera distribution (Thunell, 1978;
Pujol and Vergnaud Grazzini, 1995; Rigual-Hernandez et al., 2012) and
palaeoenvironmental studies (Rohling et al., 1998; Cacho et al., 1999; Geraga et al.,
2000; Pérez-Folgado et al., 2003; Melki, 2011; isler et al., 2016a), all of which used the
>150 pm size fraction.

For this study, sections 1 to 4 (132 to 519 cm) of M40/4 82-2SL were used; sections 5
to 6 (0 to 131 cm) were analysed as part of research undertaken by Broggy (2011). A
total of 200 >150 um samples were picked for the full planktonic assemblage and
counted. The sample interval was every 2 cm, except for specific sections that were
targeted as *C AMS control points. Here, if necessary, samples every 1 cm were picked
and counted to achieve the minimum sample weight needed to be dated — see
Chronological framework section. A minimum of N>300 specimens were picked to
achieve a statistically representative population, calculated to be an estimated <8%
deviation from the total population, or within a 95% confidence interval (Phleger, 1960;
Peeters et al., 1999; Al-Sabouni et al., 2007). If necessary, the sample was split with a
micro-splitter to obtain a representative aliquot of at least N>300 specimens, to achieve
a quantitative census count. All planktonic foraminiferal data is presented as a

percentage of total population.
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Morphospecies taxonomy was based on Hemleben et al. (1989) and verified with

Schiebel and Hemleben (2017). Specific morphotypes such as G. ruber white, G. ruber

pink, G. siphonifera, G. calida, G. truncatulinoides dextral and G. truncatulinoides

sinistral were counted separately. However, Thunell (1978) grouped these

morphospecies together and this data was used for the ANN calibration dataset (Hayes

et al., 2005). Therefore, for the ANN analysis only, these morphospecies counts were

grouped together to form G. ruber (total), G. siphonifera + G. calida, and G.

truncatulinoides (total). In addition, although counted separately, G. siphonifera, H.

pelagica, G. rubescens, O. universa, B. digitata, G. tenella and G. sacculifer have been

grouped together to form the SPRUDTS group for display purposes and as an indicator

of warm subtropical water (see Appendix 3) (Rohling et al., 1993).

5.2.2 Chronological framework

The chronology of M40/4 82-2SL was established using nine accelerator mass

spectroscopy (AMS) radiocarbon control points, including five 1*C AMS dates from 0-
131 cm by Broggy (2011) and four **C AMS dates obtained during the present study
from 132-519 cm (Table 5.3). A minimum weight of >10mg per sample was needed for

each *C AMS control point. Therefore, due to the small size of the U channel samples,

the 1*C AMS control points ranged from 1 cm to 3 cm in width in order to achieve the

minimum weight required and were composed of a mixed planktonic foraminiferal

assemblage.
; Calibrated | Calendar |  Sed.
Lab. ID D(;F;It)h ia??cf ng‘,’)“ age range (25) | age* (cal Rate | Source
gely Lower | Upper yr BP) | (cm/kyr)

2315341 0-3 820 + 40 269 | 524 404 15.21 1
2315351 24 25 3980 + 40 3694 | 4140 | 3923 15.38 1
2315361 36 - 39 4620 + 40 4534 | 4976 | 4776 16.05 1
231537 42-45 4770 % 40 4809 | 5234 | 4979 16.85 1
2315381 68 - 69 5980 + 40 6190 | 6528 | 6352 18.6 1
458586 180 - 182 7820 + 30 8061 | 8380 | 8241 50.55 2
v 352-354 | 10459+44 | 11226 | 11860 | 11526 | 53.24 2
uBA- 422-424 | 1134753 | 12614 | 12962 | 12775 | 5551 2
33949!

B 502-504 | 1309856 | 14546 | 15315 | 15013 | 36.31 2

Table 5.3: Results of *4C radiocarbon dates on a mixed planktonic foraminifera assemblage for M40/4 82-2SL.
*Calendar age is the Median Probability. Laboratory: "Beta Analytic Ltd, London BioScience Innovation Centre;
714CHRONO Centre, Queen's University Belfast; Source: (1) Broggy (2011) and (2) this study.
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Figure 5.6: Age-depth model created using Clam v.2.2 (Blaauw, 2010a, b). This is a non-Bayesian, ‘classical’
smooth weighted spline interpolation (smooth: 0.3; number of iterations: 10,000; goodness-of-fit: 6.24), with
reported 95% confidence intervals. Calibrated age distributions are in blue; the confidence ranges are in transparent
grey and the weighted average ‘best fit’ line of the age-depth model derived ages is in black.

Calendar ages (reported as cal yr BP) for all 1*C AMS dates were calibrated using Calib
v.7.0.2, applying the Marinel3 calibration curve (surface water marine reservoir age
(R(t)) = 405 + 22 *C yrs) (Reimer et al., 2013; Stuiver et al., 2017). The average R(t) of
the Mediterranean Sea was estimated to be 400 + 16yrs BP (Siani et al., 2000; Reimer
and McCormac, 2002; Faivre et al., 2015). In addition, the local reservoir correction
(AR) (i.e. the regional offset from the global R(t)) across the Mediterranean Sea was
deemed to be statistically homogeneous, with an average of 58 + 15 **C yrs when
calibrated with the 1998 marine calibration dataset (Reimer and McCormac, 2002;
Faivre et al., 2015). Using the Marine Reservoir Correction Database
(http://calib.org/marine/, accessed 31/03/18), the AR of 19 samples located within the
western Mediterranean (original data from Siani et al. (2000); Reimer and McCormac
(2002)) was calculated to be 46 + 68 *C yrs (compared to the 2004 marine calibration
dataset), and this AR was applied to the Calib **C AMS date calibration. It should be
noted, the AR from the LGM to the Holocene is not constant, especially during HS1 and
the BA, when the R(t) has been estimated to have increased up to ~400 yrs (Siani et al.,
2001). As the AR has not yet been fully constrained for these periods, the AR value of
46 + 68 C yrs has been applied to all 1*C AMS dates for M40/4 82-2SL (Casford et
al., 2007; Fletcher et al., 2010).
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The age model was generated in Clam v.2.2 software (run in the program “R”) (Blaauw,
2010a, b; R Core Team, 2017). It is based on a non-Bayesian, ‘classical’ smooth
weighted spline interpolation (smooth: 0.3) and reported with the 95% confidence
intervals (Blaauw, 2010a, b) (Figure 5.6). Sedimentation rates (cm/kyr) were calculated

as an average of the interpolated sedimentation rates between *4C AMS control points.
5.3 Methods

5.3.1 Sea surface temperature reconstruction

To enable past sea surface temperature (SST) reconstructions for global palaeoclimate
studies, e.g. the ‘Climate: long range investigation, mapping and prediction’ (CLIMAP)
Project (CLIMAP Project Members, 1976, 1981), transfer functions such as the Imbrie-
Kipp Transfer Function were first developed to quantify the relationship of fossil
planktonic foraminifera assemblages with past SST (Imbrie and Kipp, 1971). Additional
methods have been developed over the last 50 years, including the Modern Analog
Technique (MAT), MAT with Similarity Index (SIMMAX), Revised Analog Method
(RAM) and Artificial Neural Networks (ANN) (Hutson, 1980; Prell, 1985; Pflaumann
et al., 1996; Kallel et al., 1997a; Malmgren and Nordlund, 1997; Waelbroeck et al.,
1998; Malmgren et al., 2001; Kucera and Darling, 2002; Hayes et al., 2005; Kucera et
al., 2005b).

Neural networks were first developed in the 1940s and they aimed to mimic the basic
functionality of the biological neuron (Wasserman, 1989; Malmgren and Nordlund,
1997). In essence, Artificial Neural Networks (ANN) are a self-learning computer
system that can establish the complex relationship between a set of input variables to
determine an output vector (Wasserman, 1989; Malmgren and Nordlund, 1997). To do
this, the backpropagation neural network uses a system of input vectors (e.g.
assemblage data) that are attached to a series of layers of interconnected neurons, which
have a weighted connection to each neuron of the subsequent layer. The output layer
contains the parameters of the network that give the lowest prediction error for the
target vector; in this case, annual, summer (July to September) and winter (January to
March) SST estimates (Hayes et al., 2005; Kucera et al., 2005a). In comparison to other
methods such as MAT, ANN is not as depend on the size of the calibration dataset and
permits extrapolation outside the range of parameter values in the calibration data set

(Malmgren and Nordlund, 1997; Kucera et al., 2005a). However, the main disadvantage
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of ANN is that it is more difficult to determine the contribution of different variables on

the resulting predictions.

As part of the “Multiproxy approach for the reconstruction of the glacial ocean surface’
(MARGO) project, Hayes et al. (2005) used ANNs to reconstruct LGM SST. To train
the ANN, a calibration dataset was created to learn the relationships between recent
planktonic foraminifera assemblages from core-tops and modern SST (Hayes et al.,
2005; Kucera et al., 2005a; Kucera et al., 2005b). This dataset comprises of 23
planktonic foraminifera species from 274 samples taken from recent core-top samples
from the Mediterranean Sea (analogous of an interglacial/interstadial assemblage) and
the North Atlantic (representing a glacial/stadial assemblage). To assess the accuracy of
the calibration dataset results against recently recorded SST, Hayes et al. (2005)
compared the ANN results against the annual SST from the World Ocean Atlas v.2
“NODC_WOA98” dataset (10m depth) (WOA, 1998; Kucera et al., 2005a). The root
mean square error of prediction (RMSEP) was calculated as the square root of the sum
of the squared differences between the observed and predicted values of each sample in
a test subset, divided by the number of samples in this subset (Hayes et al., 2005;
Kucera et al., 2005b). This comparison established that ANN can successfully estimate
SST, with average error rates ranging from 0.5°C in winter months, to 1.1°C during the
summer (Hayes et al., 2005). The more successful winter SST prediction was attributed
to the reduced variability of species (e.g. dominance of N. pachyderma) in colder waters
of the calibration dataset (Hayes et al., 2005; Kucera et al., 2005b). In contrast, the
higher prediction error rates for summer ANN predictions were attributed to a
combination of the potential effects of “lumping” of the greater number of
morphospecies in warmer waters, taxonomic inconsistences between the different
sources of calibration datasets and insufficient core-top data in the calibration dataset
for specific areas (Hayes et al., 2005; Kucera et al., 2005b). More recently, the effects
of taxonomic inconsistences between researchers on transfer functions was tested using
ANN (Al-Sabouni et al., 2018). It was found that although there was significant
taxonomic variation between researchers (~77%), the deviation of the resulting ANN
SST predictions was less than the prediction error (<1°C) (Al-Sabouni et al., 2018).

It should be noted that relying solely on transfer functions that use species abundance
and distribution to reconstruct specific SSTs can be problematic (Hessler et al., 2014;
Jonkers and Kucera, 2019). As generating or collating other independent proxies was

outside the scope of these research project, predicted SSTs are discussed in relation to
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the ecological preferences and biogeographical patterns of the morphospecies to infer
the general palaeoecological conditions that prevailed during these chronozones.

For this study, ANN analysis was completed using the NeuroGenetic Optimizer (NGO)
(v2.6) program. The NGO software first randomly split the data (x 10 times) into a
larger training set (80%) and a smaller test subset (20%), then ran the analysis for each
partition. The best network from each of the 10 partitions for the separate annual,
summer and winter analysis were retained and the average SST predictions (+1SD)

were calculated for each.
5.3.2 Spectral analysis

Spectral analysis is used in palaeoenvironmental analysis to help decipher and
understand the physical processes which generate the variability recorded in a time
series. Periodicities in SSTs variation was determined using a bias-corrected REDFIT
power spectrum analysis in the statistical software PAST v4.02, which was specifically
designed for unevenly spaced time series data (Hammer et al., 2001; Schulz and
Mudelsee, 2002). REDFIT attempts to fit the spectrum to a red-noise model and uses a
first-order autoregressive process (AR(1)) to explain this red noise signature, in order to
estimate the confidence levels at which periodicity can be considered significant (above

the 90% confidence interval).
5.3.3 Palaeoenvironmental proxies

In the absence of independent variables (e.g. 3C), using the interpretation of the
ecological variability of the morphospecies has been used as a proxy for
palaeoenvironmental parameters (Sbaffi et al., 2004; Kontakiotis, 2016). A range of
established palaeoenvironmental proxies were utilised to determine what factors may
have influenced the distribution of planktonic foraminifera, such as food availability,
food type, sea surface productivity and the hydrology in the Mediterranean Sea during
the Late Pleistocene and Early Holocene. Hydrological conditions were determined
using eutrophication (E-Index), deep-mixing (DM-index) and different stratification (S-
Index) indices. While it is acknowledged that they are not as robust as independent
quantitative methods, but as indicators of environmental conditions, they provide an
insight for the interpretation of the ANN and PCA analysis.

The E-Index is calculated from a comparison of eutrophic and oligotrophic species
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using the formula: e / (e + 0) * 100, where e represents the sum of eutrophic species (N.

incompta dextral and sinistral, G. bulloides, T. quinqueloba, G. inflata), and o signifies
oligotrophic species (G. ruber white and pink, G. rubescens, G. sacculifer, O. universa,
G. siphonifera) (Kontakiotis, 2016). As the opportunistic species G. bulloides thrives in
episodes of heightened productivity and food availability driven by upwelling and deep
mixing, the total percentage abundance of G. bulloides has commonly been used as a
proxy for upwelling (U-Index) (Thiede, 1975). However, as Gulf of Lion is an area of
deep water formation rather than true upwelling, it has been termed a “deep-mixing”
index (DM-Index) for M40/4 82-2SL. The ratio between G. bulloides/G. ruber has been
used as a proxy for summer water stratification when dominated by G. ruber (S-Index)
(Sbaffi et al., 2004; Kontakiotis, 2016). This method has been used to determine the
stratification across the Mediterranean Sea during HS1, BA and YD chronozones.
However, as G. ruber is absent for extensive periods in the Late Pleistocene in the Gulf
of Lion, it was determined that that the G. bulloides/G. ruber ratio would not be suitable
to determine stratification variability in M40/4 82-2SL. G. inflata is one of the main
eutrophic species present throughout much of the timeframe of this study (except HS1).
Its presence in the Western Mediterranean is closely linked to the annual winter-spring
bloom in seasonally stratified stable waters (Giraudeau, 1993; Barcena et al., 2004;
Loncari¢ et al., 2007; Herndndez-Almeida et al., 2011). Therefore, for M40/4 82-2SL
the percentage abundance of G. inflata was used as a seasonal (winter) stratification

indicator.
5.3.4 Principal component analysis

Principal Component Analysis (PCA) is an ordination statistical method used to reduce
the dimensionality of multivariate data to determine the variables or principal
components (PC) that govern variance of that dataset (Dale and Dale, 2002; McKillup
and Dyar, 2010; Jolliffe and Cadima, 2016). The method assumes that data such as
planktonic foraminifera abundance can provide an insight to the ecological factors that
determine the distribution of that population in nature (Dale and Dale, 2002). PCA
identifies closely correlated variables and creates a series of new components (listed in
decreasing order of importance) that illustrate the differences within the sample points
(McKillup and Dyar, 2010). A standardised PCA was completed on the planktonic
foraminifera abundance data from M40/4 82-2SL sections 1 to 4, using PAST v.4.0
(variance-covariance matrix, bootstrap no: 1000) (Hammer et al., 2001). The data

comprised of all species that were >3% abundance/sample, with low abundance warm
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water species G. siphonifera, G. rubescens, O. universa, B. digitata, G. tenella and G.
sacculifer combined and incorporated into the dataset as the SPRUDTS group.

PCA is a robust method in reducing the complexity of multivariable data, identifying
correlations between the variables (morphospecies in this instance) and quantifying their
contribution to the PC. However, care must be taken with datasets that contain zero
values, as this may overestimate redundancy (i.e. correlation) of variables (McKillup
and Dyar, 2010). Although not ideal, for this analysis zero values were replaced with
their column average (default mean value imputation setting in PAST v.4.0.) (Hammer
et al., 2001). With complex species abundance datasets, the main limitation of this
method is deciphering the palaeoenvironmental and/or ecological variables represented
by the PCs. The interpretation of these PCs is only as good as the in-depth
understanding of the original data.
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Chapter 6.

6 Late Pleistocene sea surface temperatures and
planktonic foraminifera distribution in the

Mediterranean Sea

Late Pleistocene climate signals are clearly recorded in both terrestrial and marine
proxies in and around the Mediterranean Sea (Kallel et al., 1997b; Bar-Matthews et al.,
1999; Cacho et al., 2001; Cacho et al., 2002; Casford et al., 2002; Combourieu Nebout
et al., 2002; Shaffi et al., 2004; Hayes et al., 2005; Moreno et al., 2005; Fletcher and
Séanchez Gofi, 2008; Castafieda et al., 2010; Baldini et al., 2015; Bazzicalupo et al.,
2018). However, the records are highly complex, with many contradictions and
significant spatial and chronological variability across the Sea. This makes it difficult to
decipher the magnitude and drivers of climate and oceanographic changes during these

chronozones in the Mediterranean Sea.

LGM Annual Summer Winter Seasonality
(C) (C) cC) cC)
Mediterranean Sea 14.24 17.11 12.08 5.03
Western Basin 11.80 13.98 10.29 3.69
Eastern Basin 17.10 20.80 14.19 6.61
Variability 5.31 6.82 3.90
between basins

Table 6.1: Mean predicted SSTs, using ANN and seasonality (°C) (calculated from mean summer less winter SSTs)
during the LGM across the Mediterranean Sea, and separately for the western and eastern basins (Hayes et al.,
2005). Variability between basins was the difference between the western and eastern mean SST.

This information is available for the LGM, where predicted mean annual SSTs were
14.24°C (Table 6.1; Figure 6.1) (Hayes et al., 2005). However, this level of detail is
missing for the deglacial in the Mediterranean Sea. Proxy data from individual cores
provide localised SST estimates and palaeoenvironmental interpretations for their sites
(Kallel et al., 1997b; Rohling et al., 1998; Cacho et al., 1999; Cacho et al., 2000; Asioli
et al., 2001; Shaffi et al., 2004; Essallami et al., 2007; Melki et al., 2009; Castafieda et
al., 2010; Kontakiotis, 2016; Bazzicalupo et al., 2018; Cornuault et al., 2018).
However, there is no basin-wide consensus for annual or seasonal variations in SSTs, or
a comprehensive visualisation of the variability of SSTs during the HS1, BA and YD
chronozones.
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Figure 6.1: (a) Predicted annual, summer and winter SST and (b) SST anomalies during the LGM in the
Mediterranean Sea, based on ANN. Taken from Hayes et al. (2005).

The only comparative study of SST reconstruction of the deglacial period was
conducted by Thomopoulos et al. (2010). The deglacial period was divided into 12 time
slices (each spanning 1 kyr), and the distribution of published SST estimates (based on
5180 values) and four key planktonic foraminifera morphospecies (G. ruber, G.
bulloides, G. inflata and N. pachyderma) were interpolated for the Mediterranean Sea.
While this paper illustrates changing patterns over these 1 kyr time slices, there is some
generalisation or dilution of the results for specific chronozones that spanned these 1
kyr time slices. For example, as the BA is only represented by the 13 kyr time slice, the
rapid increase in temperatures during the early Bglling is not represented in this dataset,
therefore the reported BA 580 values are cooler than expected.

Having reliable and rigorous SST predictions for these extreme events is an invaluable
resource for marine researchers working in the Mediterranean region. It provides
researchers with independent SST predictions to compare their research with, and
palaeoenvironmental interpretations for these extreme events placing their work in

context to the wider Mediterranean region. In addition, it is a valuable resource for
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climate scientists, to test the main mechanisms of deglacial climate change and

determine to what extent they impacted this transitional zone.

Fossil assemblages are not only useful in predicting past SSTs, they are ideal proxies for
reconstructing sea surface palaeoenvironmental conditions and factors that controlled
them. As outlined in Chapter 3, the distribution and abundance of planktonic
foraminifera are governed by a range of parameters, mainly SST, as well as
hydrographic factors, such as depth preferences, water column structure and salinity;
and trophic conditions, such as chlorophyll-a concentration, nutrients, prey availability
and quality (Watkins et al., 1996; Kucera, 2007; Schiebel and Hemleben, 2017). The
distribution and abundance of extant planktonic foraminifera across the Mediterranean
Sea have been investigated using core-top sediments, sediment traps and plankton tow
profiles (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Barcena et
al., 2004; Hernandez-Almeida et al., 2011; Rigual-Hernandez et al., 2012; Mallo et al.,
2017; Avnaim-Katav et al., 2020). In the Mediterranean, seasonal food availability and
hydrological structure of the water column, rather than SST, were determined to be the
main controls for the modern distribution and flux of planktonic foraminifera (Pujol and
Vergnaud Grazzini, 1995; Barcena et al., 2004; Hernandez-Almeida et al., 2011;
Rigual-Hernandez et al., 2012). The mapped modern distribution of 16 key
morphospecies by Thunell (1978) is a useful comparison to test differences during the
deglacial (Figure 6.2). The only comparison are the interpolated distributions of the 4

morphospecies that were mapped during the deglacial by Thomopoulos et al. (2010).

However, it should be kept in mind that populations in sediments are a decadal or
centennial average of the annual flux at the site, e.g. strong winter-spring bloom in the
western basin or a bimodal winter and smaller summer bloom in the far eastern basin
(Barcena et al., 2004; Hernandez-Almeida et al., 2011; Rigual-Hernandez et al., 2012;
Avnaim-Katav et al., 2020). In addition, depending on the species, peaks in flux can
occur earlier/later in warmer/cooler periods or in different hydrological conditions,
which may impact of the palaeoenvironmental interpretation of fossil communities
(Jonkers and Kucera, 2015).
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Figure 6.2: Distribution of a) G. bulloides, b) G. ruber and c) N. pachyderma (sinistral and dextral), 3 of the 16
morphospecies mapped from modern surface sediments in the Mediterranean Sea (Thunell, 1978).
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To enhance our understanding of this time period and assess the impact on the
hydrological systems in the Mediterranean Sea, this chapter addresses the following two

fundamental research questions:

1. To what extent did sea surface temperatures (SSTs) change during these periods
of rapid climate change during the deglaciation across the Mediterranean Sea?
The reconstruction of SSTs will allow an examination of the magnitude of these
events, drawing on SST comparisons from the Last Glacial Maximum and the
modern day. In addition, SST reconstructions will also provide a spatial context
addressing questions such as, how did SSTs differ on a basin wide scale? Was
the western basin always colder than the eastern basin? How did conditions in
the Adriatic and Aegean Seas vary in relation to the wider eastern basin during
these chronozones? It is anticipated that the answers to these questions will
provide an insight into the potential drivers of SST variability in the

Mediterranean Sea during the period of deglaciation.

2. To what extent did planktonic foraminifera respond to climatic variability during
the deglacial? What governed their response? Was it the variations in SSTs? Or
was their distribution and abundance impacted by other hydrological

parameters?

To answer these two research questions, the results of planktonic foraminifera count
data collated from 67 cores spanning the Mediterranean Sea, for the HS1, BA and YD
chronozones are presented. Annual, summer and winter SSTs were reconstructed using
ANN, utilising the methods outlined in Hayes et al. (2005). Interpretation of the
reconstructed SSTs and distribution of planktonic foraminifera during the HS1, BA and
YD will be discussed in relation to the potential mechanisms of climate change

experienced in the region during the deglacial period.
6.1 Results

6.1.1 Planktonic foraminifera distribution

The nine most abundant morphospecies/genera were mapped to illustrate their
abundances and distribution across the Mediterranean during periods of extreme climate
change following the LGM (Table 6.2). In addition, maps of lower abundance

SPRUDTS group morphospecies that are mentioned in the text, are provided in
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Appendix 2.

Species HS1 BA YD
Neogloboquadrina (total)
G. bulloides 20.50 20.14 18.52
G. ruber plexus 10.73 16.90 17.00
G. glutinata 9.74 8.53 11.87
T. quinqueloba 11.91 6.27 7.80
G. scitula 6.31 3.02
G. inflata 1.74 7.69 6.89
SPRUDTS
G. sacculifert
G. siphonifera’
O. universa®
G. truncatulinoides (total)

Table 6.2: Mean abundance (%) of the main planktonic foraminifera during HS1, BA and YD. Neogloboquadrina
(total) includes N. pachyderma sinistral, N. pachyderma dextral and/or N. incompta; “P/D intergrades” and N.

dutertrei; G. ruber plexus includes G. ruber white, G. ruber pink and G. elongatus; G. truncatulinoides (total)

contains both dextral and sinistral species; #Maps of the distribution of these low abundance SPRUDTS species are
in Appendix 2.
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6.1.1.1 Neogloboquadrina species
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Figure 6.3: Spatial distribution of Neogloboquadrina species (%) during HS1, BA and YD. Neogloboquadrina
species includes N. pachyderma sinistral, N. pachyderma dextral and/or N. incompta; “P/D intergrades” and N.
dutertrei.

127



As outlined in Chapter 5, due to inconsistencies in taxonomy and generalisation of
morphospecies classification, it was necessary to combine any or all occurrences of N.
pachyderma sinistral, N. pachyderma dextral and/or N. incompta, “P/D intergrades” and
N. dutertrei to a singular Neogloboquadrina species. This allows us to see the
generalised patterns of this genus, but unfortunately it does not allow us to see more
discrete variations in, for example, the extent of the incursion of cold water N.
pachyderma into the Mediterranean with IRD events during HS1 (Cacho et al., 1999;
Cacho et al., 2001; Cacho et al., 2002; Pérez-Folgado et al., 2003; Sierro et al., 2005;
Frigola et al., 2008).

This cooler water eutrophic genus is generally indicative of enhanced food and the
presence of a DCM and was the most prolific group in the Mediterranean through all
chronozones (Table 6.2; Figure 6.3) (Rohling and Gieskes, 1989; Rohling et al., 1993;
Schiebel and Hemleben, 2017). During HS1, they accounted for 37.8% of the
population. As would be expected, there is a peak of >50% in the Alboran Sea, which
decreased through the central and north-western basin, increasing again in the
Tyrrhenian Sea and Strait of Sicily. Their distribution in the eastern basin, especially the
lonian Sea was consistently >20%, peaking in DWF areas of the Aegean and the

Levantine Sea. The northern Adriatic had the lowest abundances during this period.

The distribution of Neogloboquadrina species in the BA chronozone remained extensive
(33.58%), though more diminished in the eastern basin. The western basin had a more
evenly distributed population (<40%), though with a heightened population in the
eastern Alboran Sea (< 60%) decreasing to <10% in the Tyrrhenian Sea. The major
difference to HS1 is evident in the eastern basin, where their distribution dropped to
<20% along the Mediterranean Ridge, lonian and eastern Levantine Seas. However, the
Aegean Sea and southern Adriatic reached values >60%.

Mean abundance of Neogloboguadrina species reduced slightly during the YD
(31.46%), again with a more substantial decrease in the eastern basin (Table 6.2; Figure
6.3). The western basin formed a similar pattern to the BA, though the peak in the
Alboran Sea was more intensive (<80%), decreasing to <20% through much of the
Tyrrhenian Sea. From the Strait of Sicily into the lonian Sea, the population increased
to <40%, then steadily decreased towards the Levantine Sea. The southern Adriatic,

eastern Aegean and northern Aegean Seas had discrete elevated peaks (>40%).
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6.1.1.2 G. bulloides
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Figure 6.4: Spatial distribution of G. bulloides (%) during HS1, BA and YD.
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In HS1, G. bulloides were widely distributed throughout both basins, with a mean of
20.5% (Table 6.2; Figure 6.4). G. bulloides is a cooler water, opportunistic eutrophic
species, with a close association to high primary production and periods of upwelling
(Sautter and Thunell, 1991; Conan and Brummer, 2000; Schiebel et al., 2001; Schiebel
and Hemleben, 2017). It was more prevalent in the western basin, ranging from <20%
in the Alboran Sea, increasing northwards towards the Gulf of Lion and northern
Tyrrhenian Sea. There is a clear demarcation at the Strait of Sicily, where their
abundance decreases to between <10 to <40% in the eastern basin. The highest
abundances occur in DWF areas of the Adriatic and southern Aegean Sea extending

southwards into the lonian and Levantine Seas.

During the warmer BA chronozone, the mean abundance of G. bulloides was similar to
HS1 (20.14%), but their distribution pattern was quite different. The Alboran Sea had
an elevated population (<60%). The mean abundance in the western basin is <40%,
decreasing to the east towards the Strait of Sicily. The distribution of G. bulloides in the
eastern basin is more variable, with abundance in the lonian and Levantine Seas
decreasing to <10 to <20%. Again, the DWF areas of the eastern basin show greater
abundance (<40%), though their distribution was more tightly constrained, and they did

not extend southward as seen in HS1.

G. bulloides decreased in overall abundance during the YD to 18.52% (Table 6.2) and
its distribution in both western and eastern basins was more disparate (Figure 6.4).
Relative abundance in the western basin ranged from <11 to <40%, which is much
lower compared to both the BA and HS1. The southern Tyrrhenian Sea and Strait of
Sicily recorded populations of <20%. In comparison, their distribution in the eastern
basin was more uniform, decreasing to <10% in parts of the Levantine and Aegean
Seas. G. bulloides reached its highest abundance (<60%) during the BA in the Adriatic
and in the DWF area of the Aegean Sea.
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6.1.1.3 G. ruber plexus
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Figure 6.5: Spatial distribution of G. ruber plexus (%) during HS1, BA and YD. G. ruber plexus includes G. ruber
white, G. ruber pink and G. elongatus.
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As mentioned in Chapter 5, all variants of G. ruber have been amalgamated into a G.
ruber plexus grouping. G. ruber is an important group in the Mediterranean. Although
mainly indicative of warmer summer waters and oligotrophic conditions, its range can
extend into more eutrophic mixed shallow waters (Anderson, 1983; Seears et al., 2012;
Schiebel and Hemleben, 2017). In addition, there are variations in the ecological
preferences between the genotypes in this group (Numberger et al., 2009). G. ruber is
generally abundant in all chronozones (Table 6.2; Figure 6.5). In HS1, it formed
10.73% of the population, however, there was a clear east/west divide in their
distribution. G. ruber species only reached <5% across the western basin into the Strait
of Sicily. However, the pattern was very different in the eastern basin, where
abundances in the central lonian and Levantine Sea ranged from >20 to <60%. The
population was more limited in areas of DWF in the northern Levantine, Adriatic and

Aegean Seas.

In the BA chronozone, there was an expansion of G. ruber into the western basin and a
significant increase in abundance in the eastern basin. It formed 16.9% of the overall
Mediterranean planktonic foraminifera population, but there were very different
distribution patterns in the two basins. The western basin varied from <10% in the
Alboran Sea to <20% in the Balearic and Tyrrhenian Seas, and into the Strait of Sicily.
The population remained low in the Gulf of Lion and in the central western
Mediterranean. The eastern basin saw a significant increase in G. ruber species in the
lonian and south-eastern Levantine Seas (<40% to <80%). The population of G. ruber
remained lower in the northern Levantine, Adriatic and Aegean Seas, but even in these
areas, their abundance increased to between ~5 to <40%. Note, the low abundance in
the southern lonian Sea is an artefact caused by the lack of data points in this area
influencing the spline interpolation process and should be treated with caution.

The YD population of G. ruber plexus remained high, forming ~17% of the population
across the Mediterranean Sea. The distribution of G. ruber in the western basin was
similar to the BA. However, they were virtually absent from the southern Alboran Sea
and the Gulf of Lion. The central Tyrrhenian Sea saw a minor increase in abundance.
East of the Strait of Sicily, the population remained high, though with more moderate
values in areas of DWF. There is a distinct north/north-westerly decrease in abundance
of G. ruber species from the Levantine Sea towards the northern regions of the Aegean
and Adriatic Seas.
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6.1.1.4 G. glutinata
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Figure 6.6: Spatial distribution of G. glutinata (%) during HS1, BA and YD.
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The ubiquitous G. glutinata was evenly distributed through all the chronozones in the
Late Pleistocene (Table 6.2; Figure 6.6). This shallower eutrophic species is indicative
of fresh food (diatoms) and has wide tolerances to SST variation (Bé and Tolderlund,
1971; Thunell and Reynolds, 1984; Hemleben et al., 1989; Rebotim et al., 2017).
During HSL1, it reached 9.74% of the population, though it was more prevalent in the
western basin. It ranged from <10% to <20% through the majority of the western basin,
peaking in the southern Tyrrhenian Sea (<40%). A similar population extended into the
southern lonian Sea, penetrating as far as Crete (<20%), then fell to <10% over the
remainder of the eastern basin, except for a minor peak in the DWF area in the southern

Aegean.

Overall, the G. glutinata population decreased to 8.53% during the BA. However, their
distribution and abundance were broadly similar to HS1 in the western basin, though
not as prevalent in the Alboran and southern Tyrrhenian Sea. The lower abundance
(<10%) of G. glutinata at the Strait of Sicily had expanded, though the population just
east of this region and along the Mediterranean ridge remained <20%. G. glutinata also
flourished in the waters north of Crete (>20%), expanding into the Aegean and western
Levantine Sea. Only the north western Adriatic and north-western lonian Sea contained

trace amounts of the species.

G. glutinata increased in abundance during the YD (11.87%), particularly in the north
western Mediterranean around the Gulf of Lion and northern Balearics, with more
discrete elevations in parts of the Tyrrhenian Sea (<40%). The remainder of the western
basin had a population of >20%, except for the Alboran Sea and parts of the northern
and central Tyrrhenian Sea. East of the Strait of Sicily, the population fell to <10% for
the majority of the southern eastern basin into the eastern Levantine Sea. G. glutinata
was abundant in the Aegean (peaking ~50%) and northern lonian and Levantine Seas
(ranging from 10 to ~30%) but was absent through most of the northern and western
Adriatic Sea.
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6.1.1.5 T. quinqueloba
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Figure 6.7: Spatial distribution of T. quinqueloba (%) during HS1, BA and YD.
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T. quinqueloba is a small, cool water, opportunistic eutrophic species that inhabits
deeply mixed water columns and areas of high productivity (Sautter and Thunell, 1991,
Conan and Brummer, 2000; Schiebel et al., 2001; Schiebel and Hemleben, 2017).
During the HS1 chronozone, T. quinqueloba formed 11.91% of the population
throughout the Mediterranean Sea (Table 6.2; Figure 6.7). However, this signal is
influenced by a core in the northern Adriatic, which had a significant peak (~78%) of T.
quinqueloba. In the western Mediterranean, T. quinqueloba is an important species,
ranging from <10% in the Balearic Sea, increasing towards the east, where they peak in
the eastern Tyrrhenian Sea. The Alboran Sea, Gulf of Lion and parts of the Strait of
Sicily have moderate populations (~10 to 20%). In the eastern basin, the population
ranged from trace amounts to <5%, except for the sizable peak in the northern Adriatic

and in parts of the Aegean Sea.

The population significantly decreases during the BA (6.27%) (Table 6.2; Figure 6.7).
The population in the western half of the western Mediterranean was <10%, though
once again increasing towards the central Tyrrhenian Sea. The south-eastern Tyrrhenian
and Strait of Sicily also decreased to <10%. In the lonian and southern Levantine Sea,
the extent of T. quinqueloba contracted, with more areas recording only trace amounts.
However, its abundance shows an increase in some western areas of both the Adriatic
and Aegean Seas (<20%).

The YD saw a small increase in T. quinqueloba (7.8%). Their distribution was primarily
confined to the northern regions of both basins (ranging from >10 to ~40%), i.e. the
Gulf of Lion, Tyrrhenian Sea, northern Adriatic and Aegean Seas, though they extended
into the southern Tyrrhenian Sea and Strait of Sicily. T. quinqueloba was absent or
<10% through the remaining south-western half of the western basin and the lonian and

Levantine Seas.
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6.1.1.6 G. inflata
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Figure 6.8: Spatial distribution of G. inflata (%) during HS1, BA and YD. Note the reduction in classification
intervals for this group.
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G. inflata is a key deep dwelling meso- to eutrophic species of the modern western
Mediterranean, indicative of uniform temperatures in deep, stable mixed layers (Cifelli,
1974; Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Mallo et al., 2017). However,
its abundance from the Late Pleistocene was generally low and variable between the
chronozones (Table 6.2; Figure 6.8). A notable feature of the HS1 assemblage is the
very low abundance or absence of G. inflata and this pattern is reflected in these results,
where it formed only 1.74% of the population. This low abundance was consistent
throughout both basins and it reached only between 2 and 4% in the Alboran Sea and

central regions of both basins.

The population increased during the BA chronozone (7.69%), especially in the Balearic
to Gulf of Lion region (<20%) and southern Tyrrhenian Sea and Strait of Sicily (<40%).
The distribution of G. inflata remained low throughout the majority of the eastern basin

(<10%), except for small pockets in the lonian Sea.

Although the mean population throughout the Mediterranean remained low during the
YD (6.89%), its population was consistently elevated in the central western basin,
eastern Tyrrhenian Sea and into the Strait of Sicily (<20%). However, the population of
G. inflata was reduced in the Alboran Sea, Gulf of Lion and in the waters around
Sardinia and Corsica (<10%). The population in the eastern basin was more limited
(ranging from <1 to <5%) with only a small area in the central lonian Sea that reached
<10%.

138



6.1.1.7 G. scitula
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Figure 6.9: Spatial distribution of G. scitula (%) during HS1, BA and YD.
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The cool, deep dwelling eutrophic G. scitula is a rare species in modern Mediterranean
waters, as well as through most of the Late Pleistocene (Thunell, 1978; Pujol and
Vergnaud Grazzini, 1995; Itou et al., 2001; Chapman, 2010; Schiebel and Hemleben,
2017). However, it was more abundant during HS1 (6.31%) (Table 6.2; Figure 6.9).
During this cold period, G. scitula inhabited the western basin (<10%), with small areas
in the central basin and eastern Tyrrhenian Sea, where it reached <20%. Lowest
abundances were in the southern Alboran Sea (<1%). The population of G. scitula in the
eastern basin was more varied. The majority of the basin had abundances that ranged
from <5 to <20%. However, the distribution patterns in the Aegean and Adriatic were
more variable. Areas where G. scitula occurred in trace amounts in the north western
Adriatic, and eastern and southern Aegean, were adjacent to more discrete areas where
it reached <40%.

During the BA, both the abundance and distribution of G. scitula decreased (3.02%). In
the western basin, G. scitula was absent from the Alboran Sea, though it slowly
increased towards the Tyrrhenian Sea (<10%). In the eastern basin, G. scitula was
absent in much of the lonian, southern Levantine, Adriatic and Aegean Seas. When it
occurred (the Mediterranean ridge, northern Levantine Sea and south-east Adriatic), it

varied from <5% to <40%.

The population further decreased during the YD (1.52%) and was absent from much of
the western half of the western basin, again increasing eastward towards the northern
Tyrrhenian Sea (<10 to <20%). Similarly, it was absent from much of the eastern basin,
occurring mainly along the Mediterranean ridge, northern Levantine and small areas of
the central Adriatic and Aegean Seas (<10%).
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6.1.1.8 SPRUDTS
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Figure 6.10: Spatial distribution of SPRUDTS species (%) during HS1, BA and YD. Note the reduction in
classification intervals for this group.
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Figure 6.10 displays the distribution of the collective SPRUDTS group. SPRUDTS
represent warm water, though there are differences in their individual ecological
requirements. Although they form only a small component of the total population
(Table 6.2), they are regionally important. Of the SPRUDTS species reported, maps of
species that reached >3% (i.e. O. universa; G. siphonifera and G. sacculifer) are

provided in Appendix 2. These species will be discussed, when relevant.

As would be expected, the SPRUDTS population in the Mediterranean is low during
HS1 (~0.8%). They are virtually absent in the western basin, except for a noticeable
peak in the Strait of Sicily, representing an isolated peak in G. sacculifer at this location
(<20%) (Appendix 2). In the eastern basin, the SPRUDTS population is low, though
there are minor (<5%) occurrences of G. siphonifera and G. sacculifer in the western

lonian Sea and in areas of DWF in the southern Aegean.

SPRUDTS increased to 1.47% during the BA. Although still in low abundance (<5%),
their distribution had expanded. In the western basin, the population is comprised
mainly of O. universa, with limited G. siphonifera and G. sacculifer (Appendix 2).
SPRUDTS species are absent or at trace amounts in the Alboran Sea and parts of the
Tyrrhenian Sea. Once again, there is a peak of G. sacculifer (<10%) in the Strait of
Sicily, with minor occurrences of O. universa. In the eastern basin, the SPRUDTS
species expanded their range and became more abundant, though they did not extend to
the far eastern edge of the Levantine Sea, where G. ruber plexus had peaked. Both O.
universa and G. siphonifera became more widespread, both peaking in the central
lonian Sea (<10%). The Adriatic and Aegean only contained trace amounts of the
SPRUDTS group during the BA.

There was a marked contraction in the range of SPRUDTS in both basins during the
YD, though regionally their numbers increased, thus their overall abundance increased
to 1.56%. The eastern Alboran Sea and northwards through the Balearics had trace
amounts of the more common SPRUDTS species (<5%), in addition to minor G. tenella
and G. rubescens. A minor elevation in O. universa in the Tyrrhenian Sea and a peak
(<20%) of G. sacculifer in the Strait of Sicily heighten the SPRUDTS signal in this
region. The distribution of SPRUDTS in the eastern basin became more variable in the
YD, with more elevated occurrences of O. universa and G. siphonifera in the southern

lonian and Levantine Seas and in areas of DWF in the Aegean (Appendix 2).
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6.1.1.9 G. truncatulinoides (total)
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Figure 6.11: Spatial distribution of G. truncatulinoides (total) (%) during HS1, BA and YD. G. truncatulinoides
(total) includes both sinistral and dextral variants. Note the reduction in classification intervals for this group.

143



Due to constraints with the original datasets, G. truncatulinoides (total) includes both
dextral and sinistral coiling varieties. In general, it occurs in low abundances, but was
regionally significant, particularly in the eastern basin (Table 6.2; Figure 6.11). During
the HS1 chronozone, it is virtually absent (0.28%), especially in the western basin, and
was identified in the central lonian and Levantine Seas, reaching a maximum of
between <1 and <5%.

However, during the BA (1.03%), there is a notable increase in abundance and
expansion in their distribution in the central eastern basin, reaching <10% in the
Levantine and central lonian Seas. In addition, there is a minor increase in the northern

margin of the western basin (<1%).

There was a similar abundance of G. truncatulinoides during the YD (1.02%) and was
more widely distributed in the western basin, primarily in the southern Tyrrhenian Sea
into the Strait of Sicily, though in low abundances (<1 to <5%). The heightened
interpolated values in the southern Balearic Sea is most certainly an artefact of spline
interpolation in this area. In the eastern basin, G. truncatulinoides is present throughout
the Levantine and lonian Seas (<5%), peaking around the Mediterranean Ridge
(~6.5%).

6.1.2 Palaeoenvironmental proxies

To aid interpretation of the faunal results, the eutrophication (E-Index) and stratification
(S-Index) palaeoenvironmental proxies were utilised Chapter 5. The mean values of

both proxies for each chronozone are listed in Table 6.3.

Chronozone E-index S-Index
YD 77.91 40.76
BA 78.27 44,03
HS1 85.66 32.53

Table 6.3: Mean Eutrophication Index (E-Index; higher values are more eutrophic, lower are more oligotrophic) and
Stratification Index (S-Index: G. bulloides/G. ruber; lower values represent weaker stratification, higher values
represent stronger stratification) during HS1, BA and YD.
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6.1.2.1 Eutrophication Index (E-Index)
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Figure 6.12: Eutrophication Index (E-Index) during HS1, BA and YD.

145



As discussed in Chapter 5, the E-Index quantifies the variations of eutrophic and
oligotrophic species (Kontakiotis, 2016). It is clear from Table 6.3 and Figure 6.12 that
eutrophication is quite high through all chronozones in the Late Pleistocene. This is
especially true for the western basin, with was dominated by eutrophic species
throughout the majority of the basin. The pattern in the eastern basin is more variable

through these chronozones.

The HS1 chronozone in the western basin was overwhelmingly eutrophic, with only a
minor decrease in the E-Index at the Strait of Sicily. In the eastern basin, both northern
sub-basins had a high E-Index. However, oligotrophic conditions strengthened towards
the south and east, predominantly in the lonian Sea, along the Mediterranean Ridge and
into the Levantine Sea, where they peaked along the eastern margin.

The E-Index during the BA in the western basin was similar to HS1, except that there
was a slight decrease in eutrophic conditions in the eastern Tyrrhenian Sea and an
expansion of the lower E-Index region at the Strait of Sicily. In the eastern basin, there
was greater variability in the signal. Oligotrophic conditions became firmly established
in the central lonian Sea and along the southern margin of the Levantine Sea. The
Aegean Sea retained its high E-Index score, whereas the northern regions in the Adriatic

had decreased slightly.

The E-Index in the western basin during the YD had greater similarity to the BA than
the cold HS1 chronozone, though the less eutrophic area in the Tyrrhenian Sea had
expanded since the BA. In addition, oligotrophic conditions had expanded from the
southern lonian to the Levantine Sea. The entire Adriatic Sea once again had a high E-
Index, whereas the signal was much more variable in the Aegean Sea and northern

Levantine Sea.
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6.1.2.2 Stratification Index (S-Index)
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Figure 6.13: Stratification Index (S-Index) during HS1, BA and YD. S-Index is based on a ratio between G.
bulloides/G. ruber, which is used as a proxy for summer stratification (Shaffi et al., 2004).
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The ratio of G. bulloides/G. ruber has been utilised as a summer stratification proxy for
the three chronozones of the Late Pleistocene and the mean values have been
summarised in Table 6.3. The spatial distribution of the S-Index during these periods,
illustrate a clear east/west divide in stratification, especially during HS1 (Figure 6.13).
During this cool period, the western basin had little or no seasonal stratification, except
for the central Tyrrhenian Sea. The Strait of Sicily acted as a barrier and east of the
straits, there was a rapid and easterly increase in stratification. There was little or no
seasonal stratification in the Adriatic, whereas it was variable in the Aegean Sea.
Weakened stratification was observed in the lonian Sea and in the area of DWF in the

northern Levantine Sea.

During the BA, weak seasonal stratification was established in the central western basin
and Tyrrhenian Sea. The Strait of Sicily no longer acted as a barrier to stratification and
moderate levels are evident in the eastern Tyrrhenian Sea and south into the Strait of
Sicily. East of the Strait of Sicily and south of the Mediterranean Ridge, stratification
remained moderate to low. Further north, strong levels of stratification extended from
the lonian Sea towards the Levantine Sea. The stratification signal in the Adriatic and
Aegean Seas became more variable, with weak to moderate stratification occurring in

different regions of the sub-basins.

Weak summer stratification in the western basin became more widespread during the
YD, except for the Alboran Sea, northern regions and south into the western Tyrrhenian
Sea. However, summer stratification in the eastern Tyrrhenian Sea remained moderately
high, though it had decreased in intensity around the Strait of Sicily, in comparison to
the BA. The strength of stratification in the eastern basin was more variable,
strengthening south of the Mediterranean Ridge and into the eastern Levantine basin.
The Adriatic had little or no seasonal stratification, whereas stratification had increased
throughout the Aegean Sea, but remained low in the southern Aegean, west of the

Cyclades Islands.
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6.1.3 Sea surface temperatures

Artificial Neural Networks (ANN) were utilised to predict the variations in SST across
the Mediterranean Sea during the Late Pleistocene chronozones. The mean annual,
summer and winter SSTs (°C) for the Mediterranean Sea and separately for the west and
east basin, along with the variability and seasonality of SSTs are given in Table 6.4 and
displayed in Figure 6.14 to Figure 6.18. To aid interpretation of the extent of SST
variability during the Late Pleistocene in comparison to modern conditions (Figure 2.5),
SST anomalies were mapped for each chronozone (Figure 6.15). The anomalies for each
chronozone were calculated as the difference between the annual SST for each core
(predicted using ANN) and the interpolated World Ocean Atlas (2018) annual SST
value (depth 10m) at each core site (Table 6.4) (Locarnini, 2018).

Chrono- | Annual Annual Summer Winter Season-

s0ne °C) anomaly °C) °C) ality

(°C) (°C)

_ YD 14.19 4.48 17.38 11.49 5.89

Memtggga”ea” BA 15.03 -3.63 18.26 12.32 5.95

HS1 13.57 5.09 16.16 11.46 471

YD 12.37 5.83 15.07 10.23 4.84

V\Q?:;fr':” BA 13.70 450 16.69 11.30 5.39

HS1 11.01 7.19 13.06 9.65 3.41

YD 15.11 -3.81 18.53 12.12 6.42

Eg;gei;” BA 15.66 3.22 19.01 12.80 6.21

HS1 14.76 411 17.60 12.29 5.31
- YD 274 2.02 3.46 1.89
ﬁi’&v‘égg'gggiﬁs’ BA 1.95 1.28 2.32 1.50
HS1 3.75 3.08 454 2.64

Table 6.4: Mean annual, summer and winter SST for the Mediterranean Sea and both western and eastern basins, as
predicted using ANNs during HS1, BA and YD. Annual SST anomaly is the annual SST - World Ocean Atlas (2018)
annual SST (depth 10m) (Locarnini, 2018). SST seasonality is mean summer - winter SSTs. Variability between the

basins is the different between the mean SSTs in the western and eastern basin.
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6.1.3.1 Annual SSTs
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Figure 6.14: Mean Annual SSTs (°C) predicted using ANN during HS1, BA and YD.
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Annual SSTs during HS1 were as low as 13.57°C. There is a clear SST increase from
west to east, recording a variation of 14.12°C between the lowest and highest
temperatures (Table 6.4). In the western basin, the north-south increase in SSTs was
low, ranging from <11°C in the Gulf of Lion to <13°C in the Alboran Sea (Figure 6.14).
The warmest annual SSTs were recorded in the central Tyrrhenian Sea (<15°C) and
south in the Strait of Sicily (<17°C). In the eastern basin, annual SSTs in the southern
lonian and Levantine Sea reached values <21°C. The Adriatic was cold, with SSTs
ranging from <7°C in the far north to <17°C further south. The central Aegean Sea
ranged from <9°C to <15°C. Note, a solitary low age quality (AQ) data point in the
northern margins of the Aegean Sea predicted SSTs <21°C, and this should be treated

with caution.

Predicted annual SSTs in the BA increased to ~15°C, though the range in SST values
decreased to 10.47°C. The signal became more complex in the western basin; instead of
the modern north-west/south-east SST gradient, SSTs were warmer in the western half
of the basin and cooler towards the eastern half. SSTs peaked (<17°C) in the most
westerly Alboran Sea, then decreased to <15°C as far as the Gulf of Lion. In contrast,
SSTs in the central Tyrrhenian Sea and south within the North African current fell to
<9°C. These annual SSTs are cooler than those predicted during HS1 in this region.
SSTs along the coast of central Italy reached <17°C and the Strait of Sicily was warm
(£19°C), though a low AQ core south of Sicily predicted SST <13°C. Throughout the
lonian Sea and into the southern Levantine Sea, predicted SSTs ranged from <19 to
<21°C. The Adriatic remained cool (<15 to <17°C), though in contrast to HS1, these
cool waters did not extend outside of the basin to influence the northern lonian Sea.
SSTs in the central Aegean were elevated (<19°C) but were flanked to the north and
south by colder waters (<11°C).

Annual SSTs again decreased during the YD (14.19°C), though the pattern in the
western basin was different to that experienced during HS1, and the seasonal range was
not as extreme (12.73°C). The Gulf of Lion was significantly colder than the rest of the
western basin, decreasing to <9°C. There was a gradual increase in SSTs towards the
Alboran Sea (<13 to <15°C). As seen during the BA, cold waters (<11°C) extended
from the north-western Tyrrhenian Sea, south towards the Tunisian coast. However,
SSTs reached <17°C further east in the central Tyrrhenian Sea and Strait of Sicily.
Eastern basin annual SSTs gradually increase from north to south, ranging from <7°C in

the Adriatic and Aegean Seas, to <21°C in the southern lonian and Levantine Seas.
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It is clear from (Table 6.4) that SSTs during all three chronozones were cooler than
modern SSTs. HS1 reveals the greatest mean cooling (-7.19°C), followed by the YD (-
4.48°C) and the BA (-3.63°C) (Table 6.4), though the spatial distribution of these SST
anomalies varied across each chronozone (Figure 6.15). The cooling observed in the
eastern basin was more stable across the three chronozones, varying only 0.89°C
between the chronozones. This is in comparison to the western basin, where cooling
during HS1 (-7.19°C) was much more extensive than experienced during both the BA (-
4.50°C) and YD (-5.83°C) (Table 6.4).

In detail, the extreme cooling during HS1 is especially evident across the majority of the
western basin, as well as the northern Adriatic Sea and SW Aegean Sea, whereas the
cooling was more moderate in the southern Adriatic, lonian and Levantine Seas.

During the BA, the greatest SST anomalies were located primarily in the Tyrrhenian
Sea, east of the Straits of Sicily and in the Aegean Sea (-4 to -6°C). However, there was
only a 1.28°C difference between the two basins (Table 6.4), with SST anomalies in

northern regions comparable to the cooling seen in the central eastern basin (-3.22°C).

With the return of enhanced cooling during the YD, SST anomalies are focused in the
northern sub-basins (both the Gulf of Lion and Adriatic experienced their deepest
cooling events during the YD, i.e. -7.58 and -4.86°C respectively), as well as the central
Tyrrhenian Sea (Table 6.4; Figure 6.15). However, in comparison to HS1, SST
anomalies were 2 to 3°C less in the Alboran Sea and Strait of Sicily, and SSTs
throughout much of the southern eastern basin are only <2°C cooler than experienced in

modern times.
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6.1.3.2 Summer SSTs
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Figure 6.16: Mean Summer SSTs (°C) predicted using ANN during HS1, BA and YD.
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During HS1, the average summer SST across the Mediterranean Sea was 16.16°C
(Table 6.4; Figure 6.16). However, there is a clear disconnect between the western basin
(<11°C, with minor areas that reached <17°C) and southern parts of the eastern basin
(<17 to <25°C), with the sharp division in SSTs positioned to the east of the Strait of
Sicily. Summer SSTs were highly variable in the Adriatic and Aegean Seas (ranging
from <9 to <21°C), with cooler waters extending south into the lonian and northern

Levantine Sea.

The pattern in mean summer SST was significantly different during the BA (18.26°C).
As observed for the mean annual SSTs, the Alboran Sea to Gulf of Lion was
significantly warmer (<19°C) then the waters around Sardinia (<13°C), though SSTs
warmed again along the eastern margin of the Tyrrhenian Sea and into the Strait of
Sicily. The central eastern basin was very warm (<19 to 25°C), cooler in the Adriatic
(£19°C), and much colder (<15°C) in the northern and southern sections of the Aegean

Sea.

On average, predicted summer SSTs were warmer in the YD than HS1 (17.38°C). There
was also a discernible north/south variability in SST, with the Gulf of Lion, northern
Tyrrhenian, northern Adriatic and Aegean Seas all displaying decreased SSTs (<9 to
<15°C). Southern regions were noticeably warmer, reaching <19°C in the Alboran and

southern Balearic Seas, and <25°C in southern waters of the eastern basin.
6.1.3.3 Winter SSTs

Mean winter SSTs fell to 11.46°C in HS1, with the majority of the western basin
<11°C, the lowest SSTs in the north-western Mediterranean (Figure 6.17). SSTs in the
eastern basin ranged from <5 to <17°C, warming towards the south. Areas of DWF are

evident by their lower SSTs in the southern Aegean and northern Levantine Sea.

Again, moderately warmer winter SSTs (12.33°C) were evident along the western half
of the western basin. In comparison, waters east of Sardinia and Corsica and within the
Tyrrhenian Sea fell to <11°C. The central and southern eastern basin had SSTs that only
reached <17°C. The Adriatic and Aegean also remained cold during the BA winter

seasons.

Mean winter SSTs during the YD (11.49°C) were similar to HS1, there is a definite

north-west/south-east variability across the Mediterranean Sea. SSTs in the Gulf of Lion
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and northern Adriatic and regions in the Aegean fell to <7 to <9°C (<11°C in the

Alboran Sea), whereas SSTs in the southern eastern basin ranged between <15 to
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6.1.3.4 Seasonality
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Patterns in seasonality were calculated as the difference between the predicted mean
summer SST and mean winter SST (Table 6.4; Figure 6.18). The variation between
summer and winter SSTs during HS1 was on average 4.71°C, primarily in the eastern
basin (5.31°C). However, in contrast, seasonality was low in areas of the Adriatic and
Aegean Seas. The mean variability in the western basin was 3.41°C, with some regional

variation, e.g. in the Alboran (<6°C) and southern Tyrrhenian (<2°C) Seas.

Seasonal SST variations increased during the BA (5.95°C) and occurred extensively
across both basins. Mean SSTs in the western basin were 5.39°C, with extensive areas
in the central and eastern basin varied by <10°C (mean SSTs in the eastern basin were
6.21°C). Only the Tyrrhenian Sea, sections of the Aegean Sea and southern
Mediterranean Ridge area showed more moderate SST variability (<4°C).

Seasonality remained high during the YD (5.89°C) across the Mediterranean. This is
especially true along the Mediterranean Ridge into the Levantine Sea, where seasonal
SST varied <8 to 10°C (mean seasonal variation in the eastern basin was 6.42°C).
Seasonal SST variation in the western basin was on average 4.84°C. However, there is a
noticeable decrease in many northerly regions, i.e. the Gulf of Lion and northern

Adriatic, and in the western Tyrrhenian Sea and DWF areas of the Aegean Sea.

6.2 Discussion

6.2.1 Heinrich Stadial 1

The decrease in SSTs during HS1 (~17.1 to 14.7 kyr BP) is substantial, especially in the
western basin and the northern Adriatic Sea, which experienced a mean ~7°C cooling in
comparison to the modern day (Table 6.4; Figure 6.19). SSTs were markedly different
between the two basins, particularly during summer months (3.75°C), with a clear
transition in the waters to the south of Sicily (~15°E), as well as in the central Adriatic
Sea (~42°N) (Table 6.4, Figure 6.14; Figure 6.15). Mean annual SSTs for the
chronozone are broadly comparable to those reported for the Gulf of Lion (Melki et al.,
2009), Balearic Sea (Dubois-Dauphin et al., 2017), Alboran Sea (Cacho et al., 1999;
Cacho et al., 2001; Martrat et al., 2014; Bazzicalupo et al., 2018), Tyrrhenian Sea
(Sbaffi et al., 2004; Di Donato et al., 2008) and the southern Aegean Sea (Geraga et al.,
2005). It should be noted that as SSTs are reconstructed using a variety of methods,
direct comparison between different transfer functions and proxies can be problematic.

For example, Modern Analogue Technique (MAT) transfer functions predicts SSTs
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during April-May(Kallel et al., 1997b), whereas Cs7 alkenone production in E. huxleyi
is seasonally variable, peaking in the spring and autumn in the modern western
Mediterranean and Adriatic Sea (Essallami et al., 2007; Sicre et al., 2013; Rodrigo-
Gamiz et al., 2014a). Additionally, it was found that alkenone SSTs estimates during
cold periods such as HS1 and the YD in the southern Adriatic were higher than those
predicted using MAT, as it is believed that alkenone production was delayed until the
short warmer summer season when surface waters were stratified, therefore there was
little reflection of the cold deeper waters below (Sicre et al., 2013). Therefore, these
differences in SST estimates may reflect the variable impact of seasonality and/or
palaeoecology of the foraminiferal assemblage in comparison with alkenone producers
(Jiménez-Amat and Zahn, 2015). There are some more substantial variations between
the ANN predictions and some reported SST values, e.g. MAT April-May estimates of
~9°C in the Tyrrhenian Sea is much cooler than the ~11 to ~13°C predicted annual
SSTs using ANN (in this study) (Kallel et al., 1997b). Also, predicted annual SSTs for
the southern Adriatic Sea (<17°C) are not as cool as the MAT estimates (~12°C)

reported by Siani et al. (2001) and are closer to the winter predictions.

43.5

| _~_ Gulf of Lion

— ! |Adriatio Sea

420

Tyrrhenian ESea

77777777777777777777777777777777777777777777777777777777777777777777777777777777777777777

Aegean Sea

777777777777777777777777777777777777777777777777777777777777777777777777777777777777

| | | ' | |
390 - - - - -4 -+ #® Ny (I AN
| ' | d ' i

__________________________________________________________________________________________

Latitude (°N)

37.5

34.5

Levantine,Basin
|

T R GEGtE EEEREE SEPELE LR e Bt e e 3o EERCEE EEEPEE RECEERTERLEES

6 -4
SST Anomaly (°C)

Figure 6.19: Scatter plot of the annual SST anomalies (°C) for HS1 cores against Latitude (°N). The SST anomalies
for each core was calculated as the annual SST for HS1 (predicted using ANN) - World Ocean Atlas (2018) annual
SST (depth 10m) (Locarnini, 2018).

When comparing against the LGM, mean annual SSTs for the Mediterranean Sea were
lower (13.57°C) than during those predicted for the LGM (14.24°C) (Figure 6.1; Table
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6.1) (Hayes et al., 2005). Indeed, there was less variability in SSTs across the western
basin in comparison to the LGM (Figure 6.1), though a similar extensive cold signal
was noted during previous glacial stages in the western basin (Hayes et al., 1999).
Seasonality was low in the western basin; this enhanced cooling was maintained during
both the summer and winter seasons (Table 6.4; Figure 6.18). The similarity of
estimated SSTs off the Iberian coast (10 to 16°C) to those predicted for the Alboran Sea
(~11.6°C) show the connectivity of the two regions during this period (Naughton et al.,
2009; Martins et al., 2015; Naughton et al., 2016). These low SSTs, as well as the lack
of seasonality both support evidence of the relatively stable southerly position of the
polar front (~40°N) along the western Iberian margin during HS1, which had a direct
impact on cooling the western basin (Figure 4.9) (Eynaud et al., 2009; Martins et al.,
2015). The polar front was located further north during the LGM, which would account

for the more moderate SSTs in the western basin at that time (Figure 4.9; Figure 6.1).

The greater abundance and distribution pattern of Neogloboquadrina species in the
western basin (Figure 6.3) illustrate the periodic inflow of cold North Atlantic Surface
Waters (NASW) during Heinrich Events (HE) into the western basin (Rohling et al.,
1998; Cacho et al., 1999; Cacho et al., 2000; Sierro et al., 2005). Peaks of N.
pachyderma (>10%) reported in the Gulf of Cadiz, Alboran Sea and up into the Gulf of
Lion were associated with these cold fresher NASW (Rohling et al., 1998; Cacho et al.,
1999; Cayre et al., 1999; Eynaud et al., 2009; Melki et al., 2009; Bassetti et al., 2010;
Martins et al., 2015). Although this data compilation cannot differentiate between N.
pachyderma and N. incompta (especially from older datasets), it can be safely assumed
that the elevated rates in Neogloboquadrina species centred in the Alboran Sea would
include these signature peaks of N. pachyderma. The patterns of both the low winter
SSTs and Neogloboquadrina distribution in the western basin suggests that these cold
NASW cooled the MAW, which spread through the western basin and flowed through
the Straits of Sicily (Figure 6.3; Figure 6.17).

In addition, the cold winter SSTs in the Gulf of Lion point to the southern expansion of
the polar jet stream, which allowed cold dry polar air to be funnelled deep into the
north-west basin, enhancing periods of increased cyclogenesis (Naughton et al., 2009;
Naughton et al., 2016). These cold winds would have contributed to the seasonal
cooling of surface waters and increasing densities that would have led to periods of
enhanced Western Mediterranean Deep Water (WMDW) formation (Rohling et al.,

1998). However, this signal of enhanced deep mixing masks the more subtle suggestion
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of periods of reduced deep water ventilation that were associated with the deposition of
Pre-ORL1 in the western basin (Sierro et al., 2005; Rogerson et al., 2008; Melki, 2011).

The Straits of Sicily is an area of transition between the colder west and more moderate
eastern basin. Cores in the region report spring SSTs ranging from 8 to ~16°C from the
early to late HS1, similar to the ~6°C seasonal variation in the region (Rouis-Zargouni
et al., 2010). The response of the eastern basin was much more measured, with cold
winter SSTs and warm moderately to highly stratified summer waters in the lonian and
Levantine Seas that are comparable to both the modern day SSTs and the LGM (Figure
6.1; Figure 6.19) (Hayes et al., 2005). In the south east, predicted SSTs are similar to
the ~4.5°C cooling from geochemically reconstructed SSTs adjacent to the Nile River
delta (Castafieda et al., 2010). Therefore, it can be concluded that the influence of the
oceanic polar front and incoming polar air did not extend as far as this region. This
decreasing influence has been observed in cores in the Strait of Sicily and southern
Aegean (Geraga et al., 2005). The Aegean Sea has the greatest range in SST anomalies,
ranging from the mildest SSTs to ~9°C cooler in comparison to modern SSTs (Figure
6.15; Figure 6.19). However, the solitary high SST datapoint in the northern Aegean is a
poorly constrained, low AQ core, therefore should be treated with caution. Outflow of
cold Adriatic and Aegean waters are clearly evident extending south into the main
basin. These cold winter SSTs in the northern Adriatic, southern Aegean Sea, as well as
cooler waters in the northern Levantine Sea equate to areas of deep or intermediate
water formation (Figure 6.15). This suggests that the Bora and Etesian winds were
consistently strong during HS1, as a consequence of increased cyclogenesis in the Gulf
of Genoa (that trigger low pressure in the Adriatic, heightening the Bora winds), or
strong Siberian ridge systems were present in winter in central Europe (Grisogono and
BeluSIC, 2009). These cold winds were actively cooling surface waters in the northern
margins of the eastern basin, triggering intermediate and deep ventilation in the eastern
basin (Figure 6.17). As with the western basin, annual SSTs in the eastern basin were
cooler (~2.3°C) than predicted for LGM (Table 6.1; Table 6.4). However, the LGM
reconstructions unfortunately did not include data points from the northern Adriatic,
which consistently experienced the coldest SSTs during all chronozones, so the LGM

prediction may be underestimated (Hayes et al., 2005).

Along the northern margin, summer SSTs remained cool indicating the probable
seasonal influx of cold meltwaters from the mountain glaciers that fringed the northern

Mediterranean Sea. This is especially evident in the northern Adriatic, where the
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significant peak in T. quinqueloba along with heightened levels of G. bulloides suggest
these opportunistic species responded to the heightened productivity triggered by the
discharge of cold Alpine waters from the River Po (Jorissen et al., 1993). Indeed, it has
been suggested that due to lower sea levels, these northern Adriatic cores would have
been located closer to the mouth of the River Po at this time (Jorissen et al., 1993;
Zecchin et al., 2015).

With lower sea levels during the LGM, the Strait of Sicily acted as a physical barrier to
the exchange of water masses between the two basins (Cornuault et al., 2018). Global
sea levels were estimated to be -90m rsl at this time (Jouet et al., 2006; Stanford et al.,
2011a). Although still low, the increase in sea level would have allowed the re-
establishment of hydrological exchange between the two basins. As mentioned above,
the west-east SST divide between the basins was less defined in the winter, as cold
waters extended through the Strait of Sicily into the eastern basin. 5'*C values and
neodymium (Nd) isotopic composition illustrate this increased influence of MAW in the
eastern Mediterranean (Cornuault et al., 2018). In addition, the outflow of the slightly
warmer, saline LIW can be traced by the more moderate SSTs (<13°C) that extend up
into the central Tyrrhenian Sea, as well as the presence of deeper species such as T.

quingueloba and minor frequencies of G. inflata and G. scitula.

The HS1 planktonic foraminifera community was dominated by cooler water, eutrophic
assemblages (Neogloboquadrina species, G. bulloides, T. quinqueloba, G. glutinata and
G. scitula) with G. ruber as the only significant warm water representative. This is quite
different to the modern assemblage, which is composed of G. ruber white, G. ruber
pink, G. elongatus and O. universa, primarily in the eastern basin and decreasing
towards the south-western basin; whereas G. bulloides, N. incompta, G. inflata and G.
truncatulinoides sinistral dominate the western basin, peaking mainly during the winter-
spring bloom (Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Barcena et al., 2004;
Hernandez-Almeida et al., 2011; Rigual-Hernandez et al., 2012; Mallo et al., 2017;
Avnaim-Katav et al., 2020). Also, in the modern Mediterranean Sea, T. quinqueloba are
only regionally significant in certain cooler water regions, and G. glutinata and G.
scitula are rare (<5% of any assemblage) (Thunell, 1978; Pujol and Vergnaud Grazzini,
1995).

In general, as HS1 conditions were cold and dry, precipitation and fluvial input were
reduced in the region (Bar-Matthews et al., 1997; Bar-Matthews et al., 1999; Bartov et
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al., 2003; Moreno et al., 2010; Box et al., 2011). However, the southerly position of the
Atlantic jet stream, strengthened katabatic winter winds and increased cyclogenesis
were key to increasing deep mixing and productivity in the Gulf of Lion (WMDW),
Adriatic and Aegean Seas (EMDW), and within the Rhodes Gyre (LIW) (Figure 6.12).
This higher productivity allowed the opportunistic G. bulloides and T. quinqueloba, as
well as Neogloboquadrina species and more modest amounts of G. glutinata to flourish.
As mentioned above, deep convection was not constant during HS1. This strong
eutrophication signal across the western basin agrees with other proxies that suggest the
surface water productivity remained high, even when accompanied with decreased deep
convection, and led to the deposition of the pre-ORL1 layer during HS1 (Cacho et al.,
2002; Rogerson et al., 2008; Melki, 2011; Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et
al., 2015).

The warmer water assemblage is comprised of G. ruber plexus, with just minor
SPRUDTS. G. ruber plexus is the is one of the dominant groups in the warm, stratified
oligotrophic waters of the modern Mediterranean, especially in the eastern basin
(Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Mallo et al., 2017,
Avnaim-Katav et al., 2020). However, it only forms ~11% of the population during
HS1. G. ruber plexus inhabited the south and east of the lonian and Levantine Seas, in a
similar distribution pattern for the equivalent period as mapped by Thomopoulos et al.
(2010). Modern studies have identified specific genotypes within G. ruber plexus, and
to a more limited degree G. siphonifera, that are able to flourish in more productive late
spring to early autumn waters than other predatory species (Numberger et al., 2009;
Mallo et al., 2017). In the modern Levantine Sea, G. ruber peaks in the winter during
short periods with the coolest SSTs (~18°C) and maximum in chlorophyli
concentrations, followed by minor peaks of O. universa and G. ruber pink in the warm
(~25°C) ultraoligotrophic summer waters (Pujol and Vergnaud Grazzini, 1995; Avnaim-
Katav et al., 2020). However, winter SSTs in the central and eastern basin were much
cooler than the preferred thermal range (21.8 to 30.6°C) of G. ruber white (Bijma et al.,
1990; Zari¢ et al., 2005). Therefore, it can be suggested that the G. ruber plexus
population peaked later in the season coinciding with warmer waters. In the modern
western basin, G. ruber white is generally a minor element of the population, peaking in
the summer/early autumn stratified waters in the Gulf of Lion, though it can form a
minor part of the spring assemblage in the Alboran Sea (Béarcena et al., 2004;

Hernandez-Almeida et al., 2011; Rigual-Hernandez et al., 2012). Similarly, G. ruber
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plexus is only a minor component of the HS1 assemblage and was found mainly in the
Tyrrhenian Sea, suggesting that SSTs were too cold for it during most of the

chronozone.

Despite the inflow of cold NASWSs during HEs, predicted summer SSTs were not as
cold in the Alboran Sea in comparison to the northern regions of the Mediterranean
(Figure 6.16). Both these slightly warmer summer SSTs and presence of minor G. ruber
in the northern Alboran Sea suggest that there may have been limited inflow of
subtropical NASW through the Strait of Gibraltar, possibly nearing the final stages of
HS1 (Bazzicalupo et al., 2018; Ausin et al., 2019). These periodic warmer waters would
have extended along the North African coast as the Modified Atlantic Water (MAW),
then split to enter the southern Tyrrhenian Sea and eastwards through the Strait of
Sicily. In the Strait of Sicily, there was a notable peak of G. sacculifer, which is a
common member of the modern assemblage in this region (Pujol and Vergnaud
Grazzini, 1995). Although summer SSTs (<15°C) were on the lower end of their
optimum temperature preference, as a euryhaline species it would have tolerated the
lower salinities of the MAW, potentially at the expense of other oligotrophic mixed
layer species such as G. ruber white (Pujol and Vergnaud Grazzini, 1995; Schiebel and
Hemleben, 2017). Further east however, G. sacculifer was replaced by the prevalence of

G. ruber plexus.

Although they occur in lower abundances, the distribution of the deeper G. scitula and
G. truncatulinoides is interesting, as both are more prevalent in the eastern basin during
HS1. G. scitula is predominantly described as a cooler water species and rare in modern
Mediterranean (Pujol and Vergnaud Grazzini, 1995; Itou et al., 2001; Chapman, 2010;
Schiebel and Hemleben, 2017). However, during HS1 it is more commonly found in
association with warmer G. ruber and SPRUDTS species. In addition, in modern waters
G. truncatulinoides sinistral is a key species in the western basin and largely absent
from the eastern basin (Thunell, 1978; Pujol and Vergnaud Grazzini, 1995). It can be
inferred that these species were able to inhabit the deeper cooler productive waters of
the eastern basin during periods of seasonal stratification.

G. inflata is regarded as a transitional species and is very rare/absent during cold
periods such as the HS1 and its appearance usually marks the transition to the BA (Bé
and Tolderlund, 1971; Thunell and Williams, 1983; Muerdter and Kennett, 1983/84;
Jorissen et al., 1993Rohling, 1998 #641). In the western Mediterranean, it is a
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ubiquitous late autumn to spring deep-dwelling species, with a diverse range of habitats.
In the modern Gulf of Lion, G. inflata formed <10% of the winter/spring bloom
assemblage, peaking in March when cool surface waters are deeply mixed (Thunell,
1978; Pujol and Vergnaud Grazzini, 1995; Rigual-Hernandez et al., 2012). In contrast,
it is a dominant species in the modern Alboran Sea, peaking in the late autumn/winter
(November to January) and minor fluxes in the early summer (May to August), and was
associated with stable, mesotrophic to oligotrophic waters, with deep thermoclines
(Pujol and Vergnaud Grazzini, 1995; Barcena et al., 2004; Hernandez-Almeida et al.,
2011). Further east, G. inflata is found in north African coastal waters along the path of
the MAW, into the south-eastern Tyrrhenian Sea and through the Strait of Sicily, as
well in the western flow of the LIW (Thunell, 1978; Pujol and Vergnaud Grazzini,
1995). As expected, the distribution of G. inflata is low (<2%) during HS1. Therefore,
its virtual absence from the western basin suggests that conditions were potentially too
cold for this species, or during periods of increased water column instability and
heightened productivity, it was out competed by the opportunistic G. bulloides and T.
quinqueloba (Bércena et al., 2004).

Interpolating the mean E- and S-Indices values for each chronozone is a novel way of
using foraminifera proxy data as palaeoenvironmental indicators. These indices have
been applied to downcore analysis, particularly in the eastern basin, but have not
applied to a dataset such as this, or interpolated to map their distribution over a wide
geographic area (Sbaffi et al., 2004; Kontakiotis, 2016; Giamali et al., 2020). As
expected, the dominance of Neogloboquadrina species, G. bulloides and T. quinqueloba
in the western basin, as well as both Adriatic and Aegean Seas produced a strong E-
Index (Figure 6.12). This is also supported by the very low S-Index, suggesting that
these cool waters were deeply mixed (Figure 6.13). It can be assumed that the peak flux
of fauna occurred during the winter/spring bloom period similar to modern oceans,
though with winter SSTs so cold, the timing of these bloom periods may have been later
in the season (Béarcena et al., 2004; Herndndez-Almeida et al., 2011; Rigual-Hernandez
et al., 2012; Jonkers and Kucera, 2015).

While there are many similarities between the indices, i.e. eutrophication and seasonal
stratification are indelibly linked, there are differences in their distribution that allow a
deeper understanding of the potential changes to the water column during the deglacial.
SSTs in parts of the lonian and Levantine seas are comparable to today and waters are

moderate to highly stratified (Figure 6.15; Figure 6.19). However, the E-Index is also
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elevated across the southern basin, clearly illustrating these waters experienced periods
of heightened seasonal productivity, which are very different to the modern stratified
ultraoligotrophic waters (Avnaim-Katav et al., 2020). Only coastal waters off Lebanon
and Israel experienced any significant oligotrophic conditions. Seasonality across the
Mediterranean decreased from the LGM (Table 6.1; Table 6.4) and is evident primarily
in the Levant region, where SSTs varied by ~10°C and seasonal stratification of the
water column is apparent (Figure 6.13; Figure 6.18). This suggests that the impact of
diverging summer and winter insolation curves was not yet a significant factor in the

Mediterranean Sea during this chronozone (Figure 4.8).
6.2.2 Bglling/Allergd

With the increase in atmospheric temperatures and the strengthening of the AMOC in
the North Atlantic during the BA (14.7 to 12.8 kyr BP), mean annual SSTs across the
Mediterranean Sea improved (~15°C). However, they were only ~1.5°C warmer than
those predicted for HS1 and 3.63°C lower in comparison to modern SSTs (Table 6.4).
The distribution of SSTs across the sea was quite different to the west-east divide
during HS1, or the north-west to south-east warming of the modern sea (Figure 2.5).
Variability between the basins was <2°C (Table 6.4) and the Gulf of Lion and Adriatic
Sea experienced a similar degree of cooling as the lonian and Levantine Seas (-4 to -
5°C). In contrast, the Aegean and Tyrrhenian Seas experienced the greatest variability
and coolest annual SSTs during the BA, with anomalies reaching -9.5°C compared to
the modern sea (Figure 6.20). Again, when compared with previous studies, these
predicted SSTs are comparable to the generalised SST estimates, e.g. in the Alboran Sea
(Cacho et al., 1999; Cacho et al., 2001; Martrat et al., 2014; Rodrigo-Gamiz et al.,
2014a; Bazzicalupo et al., 2018), the Gulf of Lion (Melki et al., 2009), Balearic Sea
(Dubois-Dauphin et al., 2017); Tyrrhenian Sea (Shaffi et al., 2004; Di Donato et al.,
2008), the southern Aegean Sea (Geraga et al., 2005) and Levantine Sea (Castafieda et
al., 2010). However, SSTs estimated using alkenones for the Straits of Sicily and the
Southern Adriatic were ~3°C cooler and were more similar to ANN winter or April-
May MAT estimates (Essallami et al., 2007; Sicre et al., 2013).
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Figure 6.20: Scatter plot of the annual SST anomalies (°C) for BA cores against Latitude (°N). The SST anomalies
for each core was calculated as the annual SST for BA (predicted using ANN) - World Ocean Atlas (2018) annual
SST (depth 10m) (Locarnini, 2018).

As discussed in Chapter 4, temperatures recorded in Greenland ice cores during GI-1
(Figure 4.4) exhibit the classic DO sawtooth pattern (Li and Born, 2019). However, the
response and timing of SST change to the BA warming varied across the Mediterranean
(Cacho et al., 2001; Rodrigo-Gamiz et al., 2014a; Jiménez-Amat and Zahn, 2015).
Given the generalised nature of these SST predictions, both warm and the brief cold
climate oscillations within the BA may/may not be represented, or overrepresented.
This may be a factor for the variability observed for areas such as the Aegean Sea,
where some cores have a low number of samples per chronozone Appendix 1b) (Aksu
et al., 1995b; isler et al., 20164a; isler et al., 2016b).

With the strengthening of the AMOC and the northern retreat of the polar front during
the BA, the western basin was under greater influence of incoming warmer waters from
the North Atlantic subtropical gyre (Schwab et al., 2012; Jiménez-Amat and Zahn,
2015; Repschlager et al., 2015). This is especially evident in the summer SST
predictions in the western basin, where warm water extends from the Alboran Sea to the
Gulf of Lion (Figure 6.16). The cool winter SSTs predicted in the Southern Alboran Sea
may reflect the periodic inflow of cooler fresher waters during the short GI-1b or GI-1d
or the resumption of deep mixing associated with the gyres (Cacho et al., 2001). The

more moderate winter SSTs in the north-west basin and southern Adriatic Sea suggest
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milder winters with less influence from cold seasonal winds from the North Atlantic
(Dubois-Dauphin et al., 2017). The reduced winds would have consequences for DWF
in these regions, reducing deep ventilation of the western basin, which contributed to
the deposition of ORL1 during the BA (Cacho et al., 2002; Rogerson et al., 2008;
Martinez-Ruiz et al., 2015; Pérez-Asensio et al., 2020).

Predicted SSTs in the western Tyrrhenian Sea are much reduced in comparison to the
rest of the western basin, presumably due to the increased abundance of T. quinqueloba
in two low AQ cores. Although rare in the modern Mediterranean, this species is
relatively common in the cool, eutrophic well mixed water of the Alboran Sea, as well
as Ligurian Sea and south of Sardinia (Cifelli, 1974; Thunell, 1978). During the BA, T.
quinqueloba flourished in coastal locations along the Italian coast, suggesting that it was
under the influence of enhanced fluvial/meltwater discharge and increased precipitation
(Kallel et al., 1997b; Cacho et al., 2001; Di Donato et al., 2008; Di Donato et al., 2009;
Lirer et al., 2013). In addition, it has been noted that the Older Dryas and Inter-Allerad
Cold Period were clearly documented in both terrestrial and marine proxies in the
region (Cacho et al., 2001; Combourieu Nebout et al., 2009; Dormoy et al., 2009;
Fletcher et al., 2010). This suggests the reorganisation of atmospheric circulation during
these short cold periods allowed cold Westerly winds from the North Atlantic to be
funnelled into the region, cooling SSTs (Cacho et al., 2001). Therefore, these cooler
SSTs may be a closer approximate of the periodic cold events, rather than reflective of

the mean values experienced during the full chronozone.

One of the main influences during the summer in the BA, in particular the eastern basin,
was the initiation of the African Humid Period (AHP) (deMenocal et al., 2000;
Kontakiotis, 2016). The AHP was driven by a combination of rising summer insolation,
the northern position of the ITCZ, which allowed the African Monsoons to penetrate
further north into the Mediterranean, and increased riverine input (Asioli et al., 2001;
Schmiedl et al., 2010; Cornuault et al., 2016; Dubois-Dauphin et al., 2017; Cornuault et
al., 2018). In addition, rising sea levels and increased meltwater input (e.g. MWP-1A or
seasonal meltwater fed from alpine regions) would have contributed to a decrease in
surface water density and deep ventilation, and enhanced stratification (Rogerson et al.,
2008; Fink et al., 2015; Rohling et al., 2015). In the eastern basin, both the S-Index and
E-Index reflect this strengthened stratification and expanded oligotrophic signal. SSTs
in the eastern basin also show increasing seasonality (Figure 6.18), as a result of the

increasing disconnect between the summer and winter insolation values (Figure 4.8).
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There was a change in the distribution and greater diversity of the planktonic
foraminiferal assemblage from HS1 to the BA. Once again, there was a dominance in
the high productivity Neogloboquadrina species and G. bulloides, with lower
percentages of G. glutinata. Both T. quinqueloba and G. scitula decreased in
abundance, and G. inflata made an appearance. G. ruber plexus increased, accompanied
by low, but regionally abundant SPRUDTS. Although the composition of the dominant
fauna was similar to the col HS1 chronozone, there is a definite expansion of the
habitats of warmer species into the western basin and Adriatic and Aegean seas, as well

as a reorganisation of the eutrophic species.

Neogloboqguadrina species and G. bulloides form more than 50% of the population. In
modern waters, e.g. the Gulf of Lion, both species are abundant in sediment traps during
periods of peak annual chlorophyll-« and phytoplankton blooms (Rigual-Herndndez et
al., 2012). In general, G. bulloides is widespread, mainly in the western basin, but also
in low abundances in the eastern basin (Figure 6.2) (Thunell, 1978; Pujol and Vergnaud
Grazzini, 1995; Mallo et al., 2017). In the Gulf of Lion, G. bulloides was the most
abundant species in the deeply mixed waters from February to April, demonstrating
clear opportunistic behaviours in response to the outflow of nutrient rich waters in the
Rhone delta plum (Rigual-Hernandez et al., 2012). In the Alboran Sea, it was associated
with T. quinqueloba, peaking during seasonal upwelling events (Barcena et al., 2004;
Hernandez-Almeida et al., 2011). In sediment traps and plankton tows in the lonian and
Levantine seas, very low numbers of G. bulloides were observed in winter waters,
where eddies were able to sustain phytoplankton blooms (Mallo et al., 2017; Avnaim-
Katav et al., 2020). N. incompta is largely restricted to the cooler waters of the north-
western basin, though it does occur in lower abundances elsewhere across the sea,
whereas N. pachyderma is forms <1% of the modern Mediterranean assemblage (Figure
6.2) (Thunell, 1978; Pujol and Vergnaud Grazzini, 1995). In the Gulf of Lion, N.
incompta was positively correlated to deeply mixed bloom periods, peaking in March,
but it was also more abundant in more distal core top traps and plankton tow stations,
where primary productivity was less intense (Pujol and Vergnaud Grazzini, 1995;
Rigual-Hernandez et al., 2012). N. incompta was present at all depths in the Gulf of
Lion plankton tows, but peaked ~50m, coinciding with maximum chlorophyll
concentrations (Pujol and Vergnaud Grazzini, 1995). However, given the association of
N. incompta with cooler waters of the north west and also with mesopelagic depths

along the North African coastline, Pujol and Vergnaud Grazzini (1995) suggest that
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SSTs may also be a limiting factor in their abundance.

Therefore, while both G. bulloides and N. incompta are eutrophic species, their response
to trophic events, hydrological structure and SSTs are subtly different. In modern
waters, G. bulloides is opportunistic, resilient over longer bloom periods and can take
advantage of heightened productivity over a wide range of habitats. In contrast, N.
incompta is much more reliant on cooler, productive waters, with more discrete flux
peaks and can be associated with pycnocline depth and chlorophyll concentrations
(Fairbanks and Wiebe, 1980; Rohling and Gieskes, 1989; Pujol and Vergnaud Grazzini,
1995; Kuroyanagi and Kawahata, 2004; Rohling et al., 2004).

During the BA, the distribution of G. bulloides and Neogloboquadrina species was
broadly similar to their modern distribution, though with some variations (Thunell,
1978; Pujol and Vergnaud Grazzini, 1995). G. bulloides is elevated in both the Alboran
Sea and northern Adriatic, along with more modest occurrences of G. ruber plexus, G.
inflata (in the Alboran Sea) and T. quinqueloba (in the Adriatic). These species are
important components of the modern annual Alboran Sea assemblage, though there are
no modern analogues for the winter assemblage in the northern Adriatic Sea (Cifelli,
1974; Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Mallo et al., 2017).
Therefore, in the Alboran Sea during the BA, there was a return to more modern
conditions, indicative of high winter productivity triggered by upwelling, along with
seasonally stratified, more oligotrophic conditions during warmer summer/autumn
months (Cacho et al., 2001; Barcena et al., 2004; Hernandez-Almeida et al., 2011).

The distribution of G. bulloides and Neogloboquadrina species the rest of the western
basin, into the eastern basin, clearly show heightened productivity during the cooler
winter/spring season. The strong eutrophic signal in the western basin is in agreement
with the heightened productivity associated with enhanced precipitation and freshwater
inflow during the BA, which led to a shoaling of the LIW, switch to WIW formation in
the Gulf of Lion and initiated the deposition of ORL1(Cacho et al., 2002; Rogerson et
al., 2008; Martinez-Ruiz et al., 2015; Pérez-Asensio et al., 2020). Seasonal monsoonal
inflow would have added nutrient rich waters that supported the eutrophic community
in the eastern basin (Castafieda et al., 2010). With rising sea levels, the inflow of cooler,
nutrient rich, euryhaline waters allowed Neogloboquadrina species to flourish, when the
northern Aegean reconnected with the Black Sea (Vidal et al., 2010). In the northern

Adriatic Sea, the peak of G. bulloides and T. quinqueloba is a clear fluvial/meltwater
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signal from the River Po (Jorissen et al., 1993).

As mentioned above (section 6.2.1), G. inflata was largely absent in HS1, but formed a
minor but locally significant member of the BA winter/spring assemblage (<8%). Its
presence, in association with G. ruber plexus, suggest that the Gulf of Lion and Balearic
Sea experienced more stable periods (i.e. reduced deep mixing associated with
weakened WMDW formation), where the thermocline was deeper and meso- to
eutrophic conditions prevailed (Barcena et al., 2001; Hernandez-Almeida et al., 2011).
This is reflected in the seasonal stratification signal in these areas. G. inflata avoided the
cooler waters of the western Tyrrhenian Sea (<11°C), though its distribution in the
south-eastern Tyrrhenian Sea and Strait of Sicily is similar to modern observations,
where it is linked to the flow of the MAW and LIW (Thunell, 1978; Pujol and Vergnaud
Grazzini, 1995). Milder winter SSTs and monsoon driven productivity allowed for it to

form part of the eastern Mediterranean assemblage.

G. truncatulinoides (total) is a minor component of the BA assemblage, yet its
distribution is interesting. In the modern sea, the deep dwelling G. truncatulinoides
sinistral is primarily a western basin species, where it flourishes in winter and is
correlated to deeply mixed productive waters (Thunell, 1978; Pujol and Vergnaud
Grazzini, 1995). Therefore, its occurrence in the Ligurian Sea (<5%) during the BA is
similar to that of modern times. However, G. truncatulinoides (total) was widespread in
the lonian and Levantine Seas (<10%), correlating with more stratified waters. This
would suggest that this population was mainly G. truncatulinoides dextral, which are
more abundant when the thermocline is shallow (Lohmann and Schweitzer, 1990;
Darling and Wade, 2008; Ujiié et al., 2010; Billups et al., 2016). Unfortunately, we
cannot be certain, as most datasets do not differentiate the coiling direction of the G.

truncatulinoides morphospecies.

The warmer water assemblage was primarily dominated by G. ruber plexus, with low to
moderate frequencies of the SPRUDTS group. These groups illustrate the expansion of
warm SSTs and influence of the AHP, which allowed for seasonal stratification and
oligotrophic conditions in the eastern basin (Cornuault et al., 2016; Cornuault et al.,
2018). In modern waters, G. ruber plexus is widespread, particularly in the east and
southern western basin (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini,
1995; Mallo et al., 2017). Sediment trap and plankton tow studies in the Levantine Sea
and across the eastern basin demonstrate that the ubiquitous G. ruber white had a
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bimodal peak, peaking in the winter (February) with G. rubescens and G. calida,
followed by a smaller peak in summer (August/September), accompanied by G. ruber
pink and O. universa (Cifelli, 1974; Pujol and Vergnaud Grazzini, 1995; Mallo et al.,
2017; Avnaim-Katav et al., 2020). Different G. ruber genotypes have been seen to
thrive in productive waters, e.g. G. elongatus inhabits higher productivity shallow
waters (Numberger et al., 2009). In comparison to HS1, alkenone production is
estimated to have returned to the April-May period (Sicre et al., 2013). As winter SSTs
were still relatively cool in the eastern basin (<17°C) and moderately productive, it can
be assumed that G. ruber plexus may have peaked later in the late spring/early summer.
In the western basin, these morphospecies are also evident in the Balearic, Alboran and
eastern Tyrrhenian Seas, areas where they are common in the modern summer
assemblage (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini, 1995; Mallo et
al., 2017). With weakened surface water densities and deep-water ventilation in the
western basin, seasonal stratification could become established, allowing them to
expand their ranges. Once again, G. sacculifer occurred in in the Strait of Sicily to

northern Tyrrhenian Sea, correlating to seasonal stratification in these waters.
6.2.3 Younger Dryas

The return to cold dry conditions during the YD chronozone (~12.8 to 11.55 kyr BP) in
the northern hemisphere saw a decrease in sea and air temperatures in the North
Atlantic, an expansion of sea ice and alpine glaciers, a reduction in precipitation and the
southerly displacement of both the PF and ITCZ (Ruddiman and Mclintyre, 1981; Bell
and Walker, 2005; Ivy-Ochs et al., 2007).

In the Mediterranean Sea, mean annual SSTs decreased to ~14.2°C. While not as low as
those experienced during HS1, they were comparable to the predicted annual SSTs
experienced during the LGM (Table 6.1; Table 6.4) (Hayes et al., 2005). When
examined in detail, winter SSTs were as cool as those experienced in HS1, but warmer
during the summer. This strong seasonality signal could be expected, with the approach
of the maximum differentiation between summer and winter insolation (Figure 4.8;
Table 6.4; Figure 6.18) (Carlson, 2013). Indeed, these warm summer SSTs in the
eastern basin support the warm summer temperatures suggested by terrestrial proxies in
parts of northern and south central Europe (Schenk et al., 2018; Magyari et al., 2019;
Schenk et al., 2020).
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When compared with previous studies in areas such as the Alboran Sea, southern
Tyrrhenian Sea, the Straits of Sicily and central Adriatic Sea, mean annual SST
predictions are not as cool as previously reported (Kallel et al., 1997b; Cacho et al.,
1999; Cacho et al., 2001; Essallami et al., 2007; Rouis-Zargouni et al., 2010; Sicre et
al., 2013). For example, from YD-1 to YD-2, alkenones SST estimates ranged from ~12
to ~15°C in the Alboran Sea and 11 to 16/18°C in the southern Tyrrhenian Sea (Cacho
et al., 2001). This is in comparison to the mean annual value of <15°C predicted for
both areas in this study (Figure 6.14). As discussed in Chapter 4, YD-1 was primarily
cold and dry and was followed by warmer, more humid conditions in YD-2 (Cacho et
al., 1999; Cacho et al., 2001; Shaffi et al., 2004; Jimenez-Espejo et al., 2007; Naughton
et al., 2016; Bazzicalupo et al., 2018; Naughton et al., 2019; Ausin et al., 2020).
Although the variability of the YD is not as extreme as experienced during the BA
chronozone, there will be a similar generalisation of the complex YD signal in many
areas of the Mediterranean Sea. However, the published ranges in SSTs from YD-1 to
YD-2 are similar to the predicted summer/winter predictions in this study (Figure 6.18),
therefore it is possible that seasonality signal in these regions may be an artefact of the
SST variability experienced during the chronozone, rather than a true seasonality signal.
In more northerly and easterly regions, there is greater agreement with the ANN SST
predictions, e.g. Balearic Sea (Dubois-Dauphin et al., 2017), Gulf of Lion (Melki et al.,
2009), northern Tyrrhenian Sea (Di Donato et al., 2008) and the Levantine Sea
(Essallami et al., 2007; Castafieda et al., 2010).

As discussed above (section 6.2.1), there was a clear differentiation between the cold
western basin / warmer eastern basin during HS1, denoting the cooling influence of
relatively stable southerly position of the polar front on the western basin. In contrast,
the dominant cold SST anomalies (< -6°C) during the YD were primarily along northern
margins and central Tyrrhenian Sea (Figure 6.21). There was a generalised north-south
increase in annual SSTs, i.e. ~9°C in northern waters, increasing to ~15 and 21°C along
the southern western and eastern basins respectively (Figure 6.14). In the western basin,
these cold anomalies are more discrete than during HS1 and are closer to the anomaly
patterns reconstructed for the LGM, whereas SSTs in the southern Adriatic and the
Aegean Sea were colder than both HS1 and the LGM (Figure 6.1; Figure 6.15) (Hayes
et al., 1999; Hayes et al., 2005). This strong cooling in northern waters suggests that
heightened winds were the primary driver of this cooling. Cold westerly winds were

funnelled deep into the north-western Mediterranean region, as a result of expanded sea
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ice and reorganisation of atmospheric circulation patterns in the North Atlantic, which
displaced the polar front jet stream to the south (Repschléger et al., 2015; Naughton et
al., 2016; Rea et al., 2020).
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Figure 6.21: Scatter plot of the annual SST anomalies (°C) for YD cores against Latitude (°N). The SST anomalies
for each core was calculated as the annual SST for YD (predicted using ANN) - World Ocean Atlas (2018) annual
SST (depth 10m) (Locarnini, 2018).

Further south, annual SSTs in the Alboran and Balearic seas were warmer than
experienced during the LGM and HSL1 periods (Figure 6.21), and comparable to SSTs
estimated off the south-western coast of Portugal at this time (Hayes et al., 2005; Ausin
et al., 2020). The oceanic polar front was not positioned as far south as during HS1,
though subarctic waters extended to ~40°N along the Iberian Margin, redirecting the
Azores Front further south towards the Gulf of Cadiz (Eynaud et al., 2009; Schwab et
al., 2012; Martins et al., 2015; Ausin et al., 2020). Predicted winter SSTs suggest
subarctic waters did penetrate the Alboran Sea (during YD-1?) (Figure 6.17), with the
periodic inflow of warmer subtropical waters (possibly in YD-2?) is certainly evident in
warmer summer SSTs predictions (17 to 19°C), which spread from the Alboran Sea into
the southern Balearic Sea (Figure 6.16). In the eastern basin, mean annual SSTs were
15.11°C, again moderately warmer that the HS1, though ~2°C cooler than the LGM
(Table 6.1; Table 6.4) (Hayes et al., 2005). This cooler signal comes from the cold
waters in the Adriatic and Aegean Seas that expanded southwards into the main eastern
basin. Only the southern half of the basin and eastern Levantine Sea saw annual SSTs
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reach <19°C.

The planktonic foraminiferal assemblage reflects these cool, though seasonally variable
SSTs. Neogloboquadrina species, G. bulloides and G. glutinata, with T. quinqueloba
and G. inflata flourished, as the cooler water eutrophic assemblage, while G. ruber and

minor SPRUDTS expanded their ranges in seasonally warmer and stratified waters.

The widespread distribution of eutrophic species in the western basin, in particular
Neogloboquadrina species and more moderate G. bulloides in the Alboran Sea, suggest
heightened productivity, deep mixing and the presence of a seasonal DCM (Barcena et
al., 2001; Cacho et al., 2001; Ausin et al., 2015a; Bazzicalupo et al., 2018; Pérez-
Asensio et al., 2020). However, G. bulloides and T. quinqueloba were less widespread
in the Balearic Sea when compared to the previous periods, implying that deep mixing
was more variable or weaker during this period. Shallower waters remained productive
with an abundance of G. glutinata and Neogloboquadrina species. This combination of
productive surface waters with more moderate deep mixing and shallowed pycnocline
would be expected, as the deposition of ORL1 continued through this period (Jimenez-
Espejo et al., 2007; Rogerson et al., 2008; Dubois-Dauphin et al., 2017; Pérez-Asensio
et al., 2020). The distribution of G. truncatulinoides became a little more widespread
during the YD, though at very low abundances. In the western basin, its distribution
moved further south away from the colder northern waters into the Balearic Sea and the
Strait of Sicily into the southern Tyrrhenian Sea. In addition, the decrease in
Neogloboquadrina species and increase of G. inflata, T. quinqueloba and minor G.
scitula in the eastern Tyrrhenian Sea and Strait of Sicily indicate that more mesotrophic
to eutrophic deep mixed layer conditions prevailed in the winter. The presence of these
deeper species may support the heightened influence of shallower LIW in the
Tyrrhenian Sea during the YD (Thomopoulos et al., 2010; Toucanne et al., 2012).

The cooler water assemblage in the eastern basin was concentrated mainly in the cold
eutrophic waters of the Adriatic and Aegean Seas, in particular in areas of deep and
intermediate water formation. The range of these eutrophic species expanded south,
within the outflow of cooler waters from both sub-basins. Neogloboquadrina species
dominated, along with G. bulloides, G. glutinata and T. quinqueloba. The increase in
precipitation, seasonal meltwater / riverine influence can be traced by the cold summer
SSTs and elevated G. bulloides and T. quinqueloba in the northern basins (Jorissen et
al., 1993; Asioli et al., 2001; Rea et al., 2020). Similarly, heightened T. quinqueloba
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and other eutrophic species in the northern Aegean point to the inflow of euryhaline,
organic rich waters from the continued connection with the Black Sea (Vidal et al.,
2010). These fresher dense waters in the sub-basins were further cooled by cold
westerly winds penetrating the north-western region, along with cold air descending the
surrounding upland regions. For the remainder of the southern eastern basin,
Neogloboquadrina species, G. bulloides, G. inflata and G. glutinata were present,
though decreasing progressively towards the warmer waters in the south east. As the
AHP weakened briefly during the YD, this more moderate, seasonal surface water
productivity signal is more likely linked to the increase in precipitation predicted for the
eastern basin, rather than inflow from the River Nile (deMenocal et al., 2000; Mojtahid
et al., 2015; Shanahan et al., 2015; Rea et al., 2020).

The habitats of warmer species further expanded and were widespread in the southern
eastern basin, though they were more restricted in the western basin compared to the
BA. G. ruber plexus reached its highest abundances during the YD (17%), though the
SPRUDTS group remained <5%. It has been suggested that alkenone production in the
central Mediterranean Sea once again shifted to the short summer season (Sicre et al.,
2013). Given there was high seasonality during the YD period especially across the
Levantine and lonian Seas (summer SSTs >21°C; winter SSTs <17°C), a similar delay
in the bloom of e.g. G. ruber white can be assumed, therefore this assemblage most
likely reflects the late spring/summer period, when these warmer waters were seasonally
stratified (Figure 6.13; Figure 6.16; Figure 6.18). Similar to the BA, the low abundance
of G. truncatulinoides was widespread throughout the eastern basin, correlating with
these more oligotrophic, stratified waters, again suggesting the population was primarily
the dextral variant. As would be expected, G. ruber plexus and SPRUDTS were poorly
represented in the Adriatic and Aegean Seas and the Gulf of Lion due to the low
summer SSTs. Their distribution in the lonian Sea and Mediterranean Ridge was
influenced by these cooler waters exiting the northern sub-basins, as well as incoming
from the west through the Strait of Sicily (though, once again, G. sacculifer peaked
again at the Strait of Sicily). It should be noted that the YD distribution of G. ruber in
Thomopoulos et al. (2010) was much more limited in the northern Levantine Sea in
comparison to Figure 6.5, which may indicate the over estimation of G. ruber in this
area in the interpolation. Similar to the BA, the similar distribution of G. ruber plexus
and SPRUDTS species to G. inflata in the Balearic Sea, again suggests seasonal late

summer/autumn stratification, with periods of deep, stable mesotrophic mixed layer in
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the early winter period (Barcena et al., 2001; Hernandez-Almeida et al., 2011).

When the SPRUDTS assemblage is examined in detail, it is primarily composed of G.
siphonifera and O. universa. Both are cosmopolitan, deeper dwelling species, which
have specific genotypes in the modern Mediterranean that can inhabit higher
productivity areas and mesotrophic DCMs (de Vargas et al., 1999; de Vargas et al.,
2002; Darling and Wade, 2008; Mallo et al., 2017; Schiebel and Hemleben, 2017).
Therefore, the combination of these species along with G. ruber plexus suggest that
these warmer surface waters across the Mediterranean may have been periodically or
moderately productive during the YD (Pujol and Vergnaud Grazzini, 1995; Numberger
et al., 2009; Rigual-Hernandez et al., 2012).

6.3 Conclusion

This study affords us a unique opportunity to reconstruct the SST and
palaeoenvironmental conditions across the Mediterranean Sea during HS1, BA and YD.
Mapping the spatial distribution of the main morphospecies, SSTs and
palaeoenvironmental proxies is a novel way of visualising and interpolating how
complex signals from regionally disparate studies changed through each chronozone.
This new dataset is an excellent resource that can help identify the primary drivers of
these deglacial events within the Mediterranean region, as well as how they relate to

global changes occurring at the time.

It is clear that the Mediterranean Sea experienced significant cooling during the
deglacial. Compared to the modern day, mean annual SSTs were significantly cooler
during HS1 (~5°C) and YD (~4.5°C). Indeed, both HS1 and YD were cooler than the
LGM. Cooling in the BA were not as extreme, but SSTs were still ~3.6°C cooler than
modern conditions. The spatial variability across and within each basin indicate the
strong connection with changes in the North Atlantic oceanic circulation. The stable
southerly position of the polar front along the Iberian Peninsula margin during HS1
allowed polar waters to enter the Mediterranean Sea, significantly cooling the western
basin, though it had less impact on the eastern basin. During the YD, the polar front was
not located as far south, and its position was less stable. Therefore, the influence of
incoming subarctic waters can be been traced in the cold winter SSTs in the south-west
basin, whereas warmer waters from the Northern Atlantic subtropical gyre are evident

from the warmer summer SSTs.
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Cold air temperatures, the expansion of sea ice and the subsequent reorganisation of
atmospheric circulation patterns over the North Atlantic during HS1 and YD offset the
polar front jet stream towards the Mediterranean region. This led to reorganisation of
precipitation patterns; significant wind-driven surface water cooling and deep mixing in
the north-western basin, Adriatic and Aegean Seas, particularly during the YD. In
contrast, the increase in air temperatures and the greater influence of the ITCZ on
precipitation and riverine discharge (e.g. the AHP) are evident during the BA. In
addition, the northerly retreat of the oceanic polar front and inflow of warm waters from
North Atlantic subtropical gyre can be seen in the milder winter and warm summer
SSTs in both basins, particularly the eastern basin. The increasing seasonality
experienced in eastern basin during the BA and YD suggest the stronger influence of
the continual divergence of the summer and winter insolation values. However, regional
controls such as periodic meltwater events and changes to fluvial discharge are also
very important along the north-west basin and Adriatic Sea. Rising sea levels and the
reconnection with the Black Sea can be traced in the cooler SSTs and increased

productivity in the Aegean Sea during the BA, continuing into the YD.

Mapping morphospecies distribution and palaeoenvironmental proxies allow us to gain
a unique insight to how planktonic foraminifera responded to deglacial climate change
across the Mediterranean Sea, as well as aid us to reconstruct the palaeohydrological
conditions during these events. It is clear that SSTs are an important factor in governing
planktonic foraminifera distribution and abundance. The cooler waters of the western
basin, along with Adriatic and Aegean Seas are dominated by cooler water species
throughout the deglacial, whereas the habitat of G. ruber plexus only expanded once

summer SSTs begin to increase from the BA.

However, as Pujol and Vergnaud Grazzini (1995) suggested for the modern assemblage,
the response and adaptation of morphospecies to the unique hydrological structure and
food availability during each chronozone, are key to explain the complexities of their
distribution. The cooler western basin was dominated by Neogloboquadrina species and
G. bulloides, indicating that it remained strongly eutrophic throughout the deglacial.
However, the peak of G. bulloides in the Alboran Sea during the BA is associated with
the resumption of more modern winter upwelling conditions due to the inflow of
warmer subtropical waters, whereas they flourished in the Gulf of Lion during HS1
during periods of wind driven deep winter mixing and WMDW formation. The inflow

of polar waters during HS1 can be traced by the pattern of Neogloboquadrina species
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(N. pachyderma?) as they expanded out from the Alboran Sea into the western basin.
From the BA onwards, the stable population of Neogloboquadrina species in Gulf of
Lion and Balearic Sea can be correlated with a shallowing of the pycnocline and the
productive surface waters associated with the deposition of ORL1. However, the more
modest association of G. inflata and G. ruber in the Balearic Sea suggest that this region
also experienced periods where summer surface waters were stratified, followed by a

cooler late autumn-early winter deep, but stable, mesotrophic mixed layer.

In contrast, the assemblage of the eastern basin in the early deglacial was much more
diverse than modern waters and experienced greater seasonal extremes in SSTs. There
was a greater percentage of eutrophic species, though surface waters became
increasingly oligotrophic during the short warm summers of the BA and YD, as G.
ruber plexus and other warmer spinose species were able to expand their habitats. The
assemblage was very different to modern waters, e.g. seasonal stratification in the
central eastern basin was correlated with a small population of G. truncatulinoides
species (dextral variant?). In the modern Mediterranean, the population of G.
truncatulinoides is mainly the sinistral variant and most commonly found in the north-
west basin. The cool waters of the Adriatic and Aegean were more similar to the
western basin throughout the deglacial, with a strong eutrophic signal in areas of deep
and intermediate water formation. Also T. quinqueloba, G. bulloides and
Neogloboqguadrina species were indicators of enhanced outflow of the River Po and the

reconnection with the Black Sea.

Therefore, while SSTs are a strong governing factor on the distribution of planktonic
foraminifera during the deglacial, hydrological structure and productivity also key
limiting factors during HS1, the BA and YD.
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Chapter 7.

7 Late Pleistocene to early Holocene

palaeoenvironmental variability in the Gulf of Lion

7.1 Introduction

The Mediterranean Region has been termed a climate change hotspot and is at
significant risk of increasing sea surface temperatures (SSTs) from anthropogenic global
warming (Giorgi, 2006; Lionello et al., 2012b). Mean air temperatures across the
Mediterranean Basin are 1.4°C warmer since the late 19" century, especially during
summer months, and SSTs are increasing 0.35°C per decade (Shaltout and Omstedt,
2014; Cramer et al., 2018). The western Mediterranean Sea is particularly sensitive to
climate change, with SSTs increasing ~2°C/100 yr in the past century (Lionello et al.,
2012b; Sicre et al., 2016). As atmospheric CO2 and SSTs increase, the modern north-
western basin is becoming increasingly stratified and less productive, which is already
impacting both the planktonic foraminifera assemblage (e.g. decrease in G. bulloides)
and the 5'3C signature of their tests (Pallacks et al., 2021a; Pallacks et al., 2021b).

The Gulf of Lion is unique to the western Mediterranean basin, as it is an area of deep-
water formation (DWF) and surface waters are both cool and highly productive. The
World Ocean Atlas (WOA, 2018) estimates mean annual SSTs of 16.83°C in the
modern Gulf of Lion, which are noticeably cooler than those experienced throughout
the rest of the Mediterranean Sea (Table 7.1) (Locarnini, 2018). As discussed in Chapter
2, one of main controlling factors for modern SSTs in the Gulf of Lion are the cold dry
winter katabatic Mistral and Tramontane winds that cool surface waters and trigger the
formation of the Western Mediterranean Deep Water (WMDW) (Medoc, 1970;
Petrenko, 2003). Given its location at the transitional zone between the mid-Ilatitudes
and the tropics, winter precipitation, direction of storm tracks and SST in the
northern/north-western Mediterranean are impacted by northern hemisphere mid-
latitude teleconnection patterns (Trigo et al., 2006; Ulbrich et al., 2012). The southerly
position of polar front jet steer North Atlantic winter depression systems and storm
tracks towards the north-western Mediterranean, increasing cyclogenesis and
precipitation in the region (Trigo et al., 2006; Baldi et al., 2008). Annual variability and

interconnectivity in modes of atmospheric circulation in the North Atlantic, such as the
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East Atlantic pattern (EA) and North Atlantic Oscillation (NAO) have significant
bearing on SSTs and rates of winter precipitation; i.e. variations in the modes can
impact the strength of local winds, and the intensity and frequency of cyclogenesis
(Hurrell, 1995; Josey et al., 2011; Rodrigo, 2021).

a) Modern SSTs

Region Annual Summer Winter Seasonality
) ) W) )
Mediterranean Sea 19.41 24.35 15.19 9.15
Western Basin 18.28 23.33 14.08 9.25
Eastern Basin 20.07 24.94 15.847 9.09

| Gulf of Lion | 16.83 | 21.33 | 13.08 | 8.25 |
b) LGM SSTs

Region Annual Summer Winter Seasonality
) 9] W) ®)
Gulf of Lion 8.11 7.13 10.23 -3.10

Table 7.1: a) Modern mean annual and seasonal SST from the World Ocean Atlas (2018) (Locarnini, 2018). WOA
(2018) values were located within 200km of the Gulf of Lion coast and are derived from the statistical mean annual
and seasonal temperature (1955 to 2017) in 1° latitude/longitude grids. b) Mean predicted SSTs, using ANN and
seasonality (°C) (calculated from mean summer less winter SSTs) during the LGM in the Gulf of Lion (Hayes et al.,
2005).

The Gulf of Lion is a crescent shaped stable continental margin, located at the mouth of
the River Rhone and is ~60km wide in the central part of the continental shelf (Figure
7.1). Sediments deposited on the inner shelf during the Late Pleistocene and Holocene
have been extensively utilised to measure post-glacial sea level rise, meltwater pulse
events and the retreat of the River Rhone and deltaic system (Berné et al., 2004; Berné
et al., 2007; Sierro et al., 2009). The catchment of the Rhéne includes the Alps, Massif
Central and Jura mountain ranges (Révillon et al., 2011). The river contributes ~90% of
the freshwater and sediment budget to the Gulf of Lion, which has been consistent over
the past 16 kyr (Palanques et al., 2006; Révillon et al., 2011). Sediments from the
Rhone are deposited onto the north-eastern part of the inner shelf, where the anti-
clockwise direction of the Northern Current redistributes these sediments causing them
to thicken towards the west-south-west (Berné et al., 2004; Berné et al., 2007). Other
smaller rivers and streams that discharge into the Gulf of Lion only contribute ~10% to
the overall sediment budget (Berné et al., 2007). The highest outflow occurs during the
spring and autumn periods (Palanques et al., 2006). Due to the combination of strong
winter winds, intense deep mixing, DWF and seasonal peak discharge from the River
Rhone, the Gulf of Lion is classed as one of the most productive regions in the

Mediterranean Sea, with chlorophyll-a pigment ranging between 1 and 2 mg/m3/yr
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(Estrada, 1985; Cartes et al., 2004; Rigual-Hernandez et al., 2010; Lazzari et al., 2012;
Rigual-Hernandez et al., 2012; Rigual-Hernandez et al., 2013; Mazzocchi et al., 2014).
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Figure 7.1: Map of the north-western Mediterranean and Gulf of Lion, illustrating the location of M40/4 82-2SL and
neighbouring cores BC15, MD99-2346 and MD99-2348 (Rohling et al., 1998; Melki et al., 2009; Bassetti et al.,
2010).

The modern planktonic foraminiferal assemblage in the Gulf of Lion was studied in
detail by Rigual-Hernandez et al. (2012). This study comprised of two sediment trap
stations sampled over a 12 year period (1993-2006) and core top samples taken along a
transect between both stations (Figure 3.5). Both stations recorded unimodal seasonal
patterns of planktonic foraminifera influx during the coldest part of the year (average
seasonal SST 13.2 to 14.5°C), which coincided with the highest annual chlorophyll-a
concentrations and the late winter/early spring phytoplankton bloom (Rigual-Hernandez
et al., 2012). During these high productivity periods, the winter-spring bloom accounted
for approximately 80% of the total average annual flux of planktonic foraminifera. This
typical winter-spring assemblage was dominated by just four species, G. bulloides, G.
truncatulinoides, N. incompta and G. inflata. In addition, there were minor peaks

(between 4.4 and 6.4%) of spinose species (O. universa, G. siphonifera, G. sacculifer
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and G. ruber) recorded during the spring-summer and early autumn, when the waters in
the Gulf were warmer and more stratified. A comparison of faunal results between
sediment traps and core tops located nearby confirmed that the core top assemblage
were analogous to the living assemblage above, though dominated by species from the
strong winter-spring bloom (Rigual-Hernandez et al., 2012). This suggests core M40/4
82-2SL will provide an accurate reflection of the planktonic foraminifera species that
inhabited the surrounding surface waters. However, it should be kept in mind that the
assemblage may overrepresent species associated with peak production, rather than be a
true reflection of the “annual” flux in species. The assemblage will clearly reflect the
dominant SSTs, palaeoecological and trophic conditions during the sample timeframe,

thus the assemblage will be discussed in relation to these potential factors.

Chronozone Event From To Duration
Early NG 8236 7433 803
= 8.2 kyr 8308 8265 43
3 9.3 kyr 9282 9243 39
2 et 11.4 kyr 11437
11535 8236 3299
g | YD 12842 11535 1307
9 oD 13998 13883 115
B E BA 14656 12842 1814
Q| | ate HS1 15481 14656 825

Table 7.2: Chronology of the Late Pleistocene chronozones, early Holocene stages and cold events (as defined from
Greenland ice cores) observed in M40/4 82-2SL (Rasmussen et al., 2014; Walker et al., 2019a). Heinrich Stadial 1
(HS1); Balling-Allerad (BA); Older Dryas (OD); Younger Dryas (YD); Greenlandian (GL); Northgrippian (NG).

As outlined in Chapter 5, M40/4 82-2SL was extracted from a terrace (1079 m water
depth) situated on the southern side of the Gulf of Lion (Figure 7.1). Results from the
mid to late Holocene (sections 5 and 6) are available in Broggy (2011) and will not be
discussed as part of this thesis. The chronology of M40/4 82-2SL (sections 1 to 4)
ranged between 15.48 to 7.4 kyr cal BP and the high resolution of the core allows clear
identification of the main Late Pleistocene climatic events, including late Heinrich
Stadial 1 (HS1), the Bglling-Allergd (BA) and the Younger Dryas (YD) (Table 7.2). It
is possible to identify more discrete cold events, such as the Older Dryas (OD), the
Intra-Allergd Cold Period (IACP) and the 11.4, 9.3 and 8.2 kyr Holocene cold events
(Table 7.2). However, with the inherent errors associated with 1*C AMS dates (Table
5.3) as well as potential bias of using the weighted average ‘best fit’ line of the age
model (Figure 5.6), correlating with these centennial scale events should be undertaken

with caution. The early-mid Holocene was subdivided using the recently defined
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Greenlandian (GL) (11.7 to 8.236 kyr b2k) and Northgrippian (NG) (8.236 kyr b2k)
stages (Walker et al., 2018; Walker et al., 2019a; Walker et al., 2019b).

Existing research based in the Gulf of Lion that utilise planktonic foraminiferal
assemblages as a proxy to assess Late Pleistocene palaeoenvironmental change is
limited, in comparison to other sites in the western Mediterranean, such as the Alboran
Sea and Tyrrhenian Sea. The only studies that span the same timeframe and provide a
comparison are MD99-2346 and the low resolution core BC15 (Figure 7.1) (Rohling et
al., 1998; Melki et al., 2009). Other research in the Gulf of Lion focus on different
faunal proxies, sedimentological analysis or do not cover the period in question here
(Beaudouin et al., 2004; Berné et al., 2004; Bassetti et al., 2006; Jouet et al., 2006;
Berné et al., 2007; Sierro et al., 2009; Bassetti et al., 2010; Lombo Tombo et al., 2015;
Bassetti et al., 2016).

Given the sensitivity of the modern western basin to anthropogenic climate change, this
chapter aims to answer the research question: how did the north-western Mediterranean
Sea respond to rapid climate change during the deglacial? In detail, i) were these events
recorded in the planktonic foraminifera archive from a high resolution sediment core in
the Gulf of Lion? ii) How did SSTs vary during these periods? iii) What were the
impacts of these events, if any, on the structure of the planktonic foraminifera
assemblage? iv) Is it possible to reconstruct the palaeoenvironmental and
palaeoecological changes in surface waters during the deglacial? v) What were the

suggested mechanisms that governed these changes in the Gulf of Lion?

Therefore, M40/4 82-2SL provides a very welcome, high-resolution record of
planktonic foraminifera for this key location, spanning the late Heinrich Stadial 1 to the
late Holocene. It provides an ideal archive that can be used to address these research
questions. Results and analysis of the detailed faunal assemblage, reconstructed SSTs,
palaeoenvironmental proxies and statistical analysis will be discussed in relation to the
potential climate mechanisms that impacted the Gulf of Lion during the deglacial to

early Holocene period.
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7.2 Results

7.2.1 Sedimentation rates

Sedimentation rates were not constant during the Late Pleistocene to early Holocene
(Figure 7.2). Mean sedimentation rates during HS1 were 32.7 cm/kyr (Table 7.3).

They only marginally increased during the BA (36.6 cm/kyr), though sedimentation
rates had begun to increase during the mid to late Allerad period (from 13.5 kyr). Rates
rapidly increased during the YD (54.88 cm/kyr), reaching a peak of ~60 cm/kyr
between 12 and 11.7 kyr, then falling again towards the early Holocene (Figure 7.2).
There was a gradual weakening during the GL period (53.54 cm/kyr). Sedimentation
rates during the mid-GL period were relatively stable for an extended period, but from
~9.5 kyr, rates began to slowly increase, then more rapidly after 9 kyr. The mean
sedimentation rate for the NG was 63.87 cm/kyr, but it is composed of a peak around
8.1 kyr (~74 cm/kyr), which then fell rapidly to 45 cm/kyr at 7.4 kyr.

Mean Sedimentation
Chronozone
Rate (cm/kyr)
NG 63.87
GL 53.54
YD 54.88
BA 36.60
Late HS1 32.70

Table 7.3: Mean sedimentation rate for main chronozones in M40/4 82-2SL. Heinrich Stadial 1 (HS1); Bglling-
Allergd (BA); Younger Dryas (YD); Greenlandian (GL); Northgrippian (NG).

7.2.2 Distribution of planktonic foraminifera

In total, 21 planktonic foraminifera morphospecies were identified in core M40/4 82-
2SL and are listed in Table 3.1. Of these, 15 species have a minimum of 3% abundance
per sample and the results are displayed in Figure 7.3. Neogloboquadrina species were
picked and counted by coiling direction. As there were <3% left coiling specimens in all
samples, they have been referred to as N. incompta sinistral, not N. pachyderma, and
included with N. incompta as per Darling et al. (2006). For the purposes of this chapter,
the combination of N. incompta and N. incompta sinistral will be referred to as N.
incompta. The G. ruber plexus includes the genotypes G. ruber pink and G. ruber white
Type la, lla (which has been reclassified by Aurahs et al. (2011) as G. elongatus) and
Ilb (Table 3.1) (Darling and Wade, 2008; Aurahs et al., 2009; Aurahs et al., 2011,

André et al., 2014). For this study, the G. ruber plexus specimens were subdivided and
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Figure 7.2: Late Pleistocene to early Holocene global and Gulf of Lion sea levels and global rates of sea level
change, with sedimentation rates for M40/4 82-2SL sections 1 to 4. Green triangles are *C AMS control points. Data
for sea level: (1) Vacchi et al. (2016) and (2) Stanford et al. (2011a). Location of MWP-1A and approximate location

of MWP-1B (Stanford et al., 2011a; Abdul et al., 2016; Tian et al., 2020). INTIMATE event stratigraphy (Alley,
2004; NGRIP dating group, 2008; Rasmussen et al., 2014). Colder periods highlighted in grey. Heinrich Stadial 1
(HS1); Balling (B); Older Dryas (OD); Allerad (A); Inter-Allergd Cold Period (IACP); Younger Dryas (YD);
Greenlandian (GL); Northgrippian (NG).

187



counted as G. ruber white and G. ruber pink. Therefore, G. ruber white counts include
genotypes G. elongatus, la and Ilb. The SPRUDTS group (excluding H. pelagica which
was not present in this assemblage) has collectively been plotted, along with separate
plots of those members of the group that have values >3% (i.e. G. siphonifera, G.

rubescens, O. universa and B. digitata) (Figure 7.3).

. Late Earl
Species HS1 BA YD GL NGy
G. ruber white 1 8.4 0.6 10.3 6
G. ruber pink 0 0.02 0 1.3 0.6
SPRUDTS 0.02 1.3 0.04 45 4.3
G. truncatulinoides d 0 0.3 0.01 0.2 0
G. truncatulinoides s 0 0.1 0 1.04 0
G. bulloides 52.8 26.4 20.2 23.5 22.3
G. glutinata 8.1 3.3 26 125 2.2
G. inflata 2.2 19.4 3.8 17.1 14.4
N. incompta 18 32.8 32.8 17.3 46.2
T. quinqueloba 125 6.5 16 9.5 3.4
G. scitula 5.1 1.3 0.5 2.4 0.03

Table 7.4: Mean planktonic foraminifera abundances (%) in M40/4 82-2SL sections 1 to 4 during the Late
Pleistocene chronozones and early Holocene stages. Heinrich Stadial 1 (HS1); Balling-Allerad (BA); Younger Dryas
(YD); Greenlandian (GL); Northgrippian (NG).
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G. ruber w 1

G.ruberp | 048 | 1

SPRUDTS | 047 [Joi6 1

G.trt;ncat. 0.25 | -0.12 | 005 | 1

G.trgncat. 0.33 | 012 | -0.09 | 0.10 | 1

G.inflata [J0%7Y 0.19 | 0.32 | 043 | 032 | 1

©l 022 | -0.30 | -0.33 | 0.06 | -0.03 | 023 | 1
bulloides
e 027 | -0.24 | -0.38 | 0.26 | -0.05 | 026 | -0.21 | 1

glutinata

W 041 | -0.04 | 0.01 | -0.60 | -0.22 | -0.42 | -0.31 | -037 | 1

incompta

T.quing. | -0.37 | 022 | -0.38 | 0.01 | -0.07 | -0.45 | 0.14 029 | 1

G.scitula | 017 | -015 | -0.12 | 043 | 0.12 | 0.24 | 0.39 | 0.10 | -0.68 | 0.05 | 1

Table 7.5: Pearson’s r correlation matrix for all species >3% abundance, with combined SPRUDTS group (G.
siphonifera, G. rubescens, O. universa and B. digitata). Values <-0.5 and >0.5 are highlighted. G. truncat. = G.
truncatulinoides; T. quing. = T. quinqueloba; w = white; p = pink; s = sinistral; d = dextral.

In general, the faunal assemblage of M40/4 82-2SL is dominated by eutrophic grazers,
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mainly G. bulloides, N. incompta G. glutinata, G. inflata and T. quinqueloba (Table 7.4)
G. ruber white is the main spinose predatory species, with only minor limited
occurrences of SPRUDTS species. A Pearson's r correlation shows a high positive
correlation between G. ruber pink and the SPRUDTS group (0.76), moderate
correlations between G. ruber white and G. inflata (0.67), and G. glutinata and T.
quinqueloba (0.50) (Table 7.5). In addition, N. incompta is negatively correlated with
both G. scitula and G. truncatulinoides sinistral (-0.63 and -0.60 respectively).

The correlation between G. ruber pink and the SPRUDTS group would be expected, as
they are all key warm oligotrophic species (Schiebel and Hemleben, 2017). G. inflata is
often indicative of eutrophic deep mixed layers. However, the correlation between G.
ruber white and G. inflata is suggestive of the seasonal correction between the species
in the modern Alboran Sea (Barcena et al., 2004). This occurs when G. ruber white
flourishes in stratified oligotrophic summer waters, followed by G. inflata in the cooler
deeply mixed mesotrophic winter/spring waters (Giraudeau, 1993; Barcena et al., 2001;
Loncari¢ et al., 2007). The correlation between G. glutinata and T. quinqueloba is
logical, as both have a preference for eutrophic waters and diatoms as a food source
(Hemleben et al., 1989; Schiebel et al., 2001). The negative correlation between N.
incompta and both G. scitula and G. truncatulinoides sinistral is interesting. These
species spend some or all of their life-cycle feeding in the deep chlorophyll maximum
(DCM), but generally G. scitula and G. truncatulinoides sinistral are deeper dwelling
species that display vertical niche partitioning in warm oligotrophic waters, whereas N.
incompta is a shallow dwelling grazer, more indicative of cooler eutrophic waters
(Rutherford et al., 1999; Schiebel and Hemleben, 2017).

Approximately 90% of the late HS1 assemblage is composed of just four species G.
bulloides, N. incompta, T. quinqueloba and G. glutinata (Figure 7.3; Table 7.4). G.
bulloides is the dominant species representing ~50% of the faunal assemblage. This
species peaked at ~15 kyr then slowly decreased towards the end of HS1. A small
decrease is noted between 15.25 and 15.05 kyr, which is negatively correlated with a
minor peak in G. glutinata, then N. incompta. T. quinqueloba, comprising ~15% of the
faunal assemblage, records a degree of variability but becomes more stable towards the
end of HS1.
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Figure 7.3: Faunal assemblage of M40/4 82-2SL sections 1 to 4 (7.5r to 15.5 kyr (cal) BP). SPRUDTS group = G. siphonifera, H. pelagica (not present), G. rubescens, O. universa, B. digitata, G.
tenella and G. sacculifer (Rohling et al., 1993); N. incompta = N. incompta + N. incompta sinistral; d = dextral; s = sinistral. INTIMATE event stratigraphy (Alley, 2004; NGRIP dating group, 2008;

Rasmussen et al., 2014). Colder periods highlighted in grey. Heinrich Stadial 1 (HS1); Bglling (B); Older Dryas (OD); Allergd (A); Inter-Allergd Cold Period (IACP); Younger Dryas (YD);

Greenlandian (GL); Northgrippian (NG).
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The BA assemblage is certainly more diverse and variable in abundance than the late
HS1. The transition to the BA occurs over ~60 years and is clearly illustrated by an
abrupt turnover of most eutrophic species, especially G. bulloides and T. quinqueloba.
They are replaced by G. inflata and G. scitula, along with warm oligotrophic species G.
ruber white and minor SPRUDTS (Figure 7.3; Table 7.4). The early Bglling sees the
highest abundance of both G. ruber white (~28%) and G. scitula (15.2%) over the
entirety of the record, as well as significant peaks in G. inflata. However, the peak in G.
scitula is brief and the species disappears ~14.3 kyr, followed by a decrease in G. ruber
white then G. inflata by. These declines coincide with a rapid increase in N. incompta
and G. bulloides, along with minor peaks in the SPRUDTS group (mainly O. universa

with minor G. siphonifera and G. rubescens).

The faunal signal is subtle for the period coinciding with Gl-1d, which has been
attributed to the OD chronozone in this study. There is very little variation in most
species, though G. inflata reaches its lowest abundance in the early Bglling and there

are minor peaks in both N. incompta and T. quinqueloba.

The Allergd chronozone is dominated by N. incompta (~33%) and G. bulloides (~30%)
with a relatively low variable population of G. ruber white (~7.5%), G. inflata (~22%)
and T. quinqueloba (<4%). There are only trace amounts of SPRUDTS, G.
truncatulinoides sinistral and dextral, G. glutinata and G. scitula. Around 13.6 kyr,
there is a brief sharp peak in G. inflata (~38%) and associated dip in G. bulloides
(~21%). The later Allergd chronozone is marked by a drop in G. bulloides (falling from
38 to 18%), while both N. incompta and T. quinqueloba began a slow variable increase
in population (reaching maximum values of ~49 and ~15% respectively). Around 13
kyr (the IACP event?), there is a brief turnover of species, with a dip in G. ruber white
and G. inflata and minor peaks in G. bulloides and G. glutinata. The Allergd/YD
transition period sees a brief final peak in G. ruber (~8%), G. inflata (22.5%) and G.

glutinata (23.4%), and short-term decline in N. incompta and T. quinqueloba.

The YD begins at ~12.8 kyr and again we see a reorganisation of the faunal community.
95% of the total population is composed of N. incompta, G. glutinata, G. bulloides, T.
quinqueloba and limited G. inflata (Figure 7.3; Table 7.4). During the early YD, the
population of G. ruber white significantly declined (~1.5%), G. inflata quickly dropped
from its peak at the BA/YD transition (to lows of ~2%) and there is a variable decline in

G. bulloides (ranging from 24 to 8%). The signal from G. glutinata and T. quingqueloba
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is also highly variable, though gradually increasing and again, N. incompta remains
stable (~43%). From ~12.5 to ~12.2 kyr, G. glutinata dominates the assemblage
(~37%), along with N. incompta (~32%) and T. quinqueloba (~15%), while G. bulloides
(13.6%) and G. inflata (~1%) reach their minimum abundances of the Late Pleistocene
and early Holocene. The second half of the YD records a variable recovery of G.
bulloides (~25%), with an increase in T. quinqueloba (an average of ~18%, but peaking
at ~30%, its highest percentage in the core) and decreases in both N. incompta (~28%)
and G. glutinata (~25%).

The assemblage of the Greenlandian (GL) stage has greater diversity and is highly
variable in comparison to the YD. The main species are G. bulloides, G. inflata, N.
incompta, G. glutinata, G. ruber white, T. quinqueloba and minor occurrences of the
SPRUDTS group, G. scitula and G. truncatulinoides sinistral (Figure 7.3; Table 7.4).
The transition from the late YD to the GL is gradual for most species, though is evident
by the rapid fall in T. quinqueloba (falling from the 30% peak in the late YD to lows of
<10%). This transition is quickly followed by the 11.4 kyr cold event, which seems to
have little influence on species distribution, aside for a very minor increase in T.
quinqueloba (15%). Following the 11.4 kyr event however, there is a significant drop,
then a short strong peak in N. incompta (ranging from lows of ~3.5% to a peak of ~38%
between 11.4 to 11.2 kyr).

The faunal pattern of the early GL chronozone is highly variable, with many species
experiencing cyclical peaks and troughs, especially G. inflata, T. quinqueloba, G.
scitula and G. truncatulinoides sinistral. Around 10.3 kyr there was a significant peak of
G. glutinata (48%), which coincided with a minor increase in G. scitula (~7%) and a

decrease in G. ruber white, G. inflata, G. bulloides and T. quinqueloba.

Most notably for the entire core, between 10.6 and 9.5 kyr, the population of the usually
prolific N. incompta was decimated (<2%). This near total disappearance of N.
incompta coincided with an elevation in several deeper dwelling species, i.e. G. inflata
(~15%), T. quinqueloba (~13%), G. scitula (~3%) and very minor G. truncatulinoides
sinistral (~1.5%) and G. rubescens (<1%). Warm species were present throughout,
though variable in abundance (G. ruber white was ~10% and SPRUDTS <1.5%). There
are many instances where an initial peak in G. ruber white was subsequently replaced
by a minor peak in the SPRUDTS group. During this mid GL period, G. bulloides, G.
inflata and T. quinqueloba were relatively stable (~23%, ~24% and 10% respectively),
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while G. glutinata rapidly fell, then tapered out by ~9 kyr. Around 9.5 kyr, N. incompta
made a sudden reappearance (~24%), while G. scitula and G. truncatulinoides sinistral
disappeared.

The 9.3 kyr cold event does not have a significant impact in this core, though there is a
coincident increase in T. quinqueloba (~9%) and a decrease in N. incompta (~14%) and
warm species. Again, after this GL cold event, there is a decrease in N. incompta (<6%)
and re-establishment of warm species (G. ruber white reached an average of ~18%).
From 9.0 to 8.7 kyr, N. incompta peaks to its highest abundance (60.5%) and remains
dominant until the end of the GL (~50%).

In Greenland ice cores, the transition from the GL to the NG stage occurs at the 8.2 kyr
cold event. The assemblage of the early NG period (8.2 to 7.5 kyr) is less diverse than
during the GL and is dominated by N. incompta (~46%). In addition, G. bulloides
(~22%), G. inflata (~14.5%) and G. ruber white (~6%) occur, with minor SPRUDTS
(4.3%) (Figure 7.3; Table 7.4). As with the 11.4 and 9.3 kyr events, the 8.2 kyr event is
marked by a very brief sharp peak in T. quinqueloba (reaching ~17%) and a brief dip in
warm species. N. incompta dips again after the cold event (~37%) but recovers its
dominance quickly. Of the warm species, both G. ruber white and the SPRUDTS group

decreased in abundance in comparison to the GL.
7.2.3 Principal Component Analysis

A standardised Principal Component Analysis (PCA) was completed for M40/4 82-2SL
sections 1 to 4 to assist determining the main factors governing the distribution of
species within this location in the Gulf of Lion. A summary of eigenvalues and variance
for each principal component (PC) are listed in Table 7.6. The three main factors (PC1
to PC3) account for 92.52% of the total variance of the population. The rankings and
loadings for the main planktonic foraminifera for PC1 to PC3 are displayed in Table
7.7.

PC1 accounts for 51% of the total variance, with very strong negative loadings for N.
incompta (Table 7.7). G. glutinata, G. inflata and G. bulloides have more modest
positive loadings. As these species are all eutrophic grazers, food is obviously an
important factor. For N. incompta, the food availability, quality and type are the
principal factors governing its abundance (Rohling and Gieskes, 1989; Schiebel et al.,

2001). N. incompta prefers cooler, productive waters above the pycnocline
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Cumulative %
PC Eigenvalue % Variance of Total
Variance

1 356.08 51.03 51.03

2 153.41 21.99 73.02

3 136.75 19.60 92.62

4 23.05 3.30 95.92

5 15.78 2.26 98.18

6 7.41 1.06 99.24

7 4.09 0.59 99.83

8 0.56 0.08 99.91

9 0.46 0.07 99.97

10 0.17 0.02 99.99

11 0.01 0.00 100.00

Table 7.6: PCA factors and their percentages of the total variability for core M40/4 82-2SL sections 1 to 4.
_ PC1 _ PC2 _ PC3
Species Species Species
(51.03%) (21.99%) (19.60%)

N. incompta -0.92 G. inflata -0.54 G. glutinata -0.34
SPRUDTS -0.01 G. ruber w -0.30 G. inflata -0.32
G. ruber p 0.00 SPRUDTS -0.14 G. ruber w -0.18
G. truncat. d 0.01 G. ruber p -0.03 SPRUDTS -0.09
G. truncat. s 0.03 G. scitula -0.02 G. ruber p -0.03
G. scitula 0.09 G. bulloides -0.02 G. truncat. s -0.01
T. quing 0.09 G. truncat. d -0.01 G. truncat. d 0.00
G. ruber w 0.11 G. truncat. s -0.01 N. incompta 0.01
G. bulloides 0.18 N. incompta 0.07 G. scitula 0.05
G. inflata 0.19 T. quing. 0.31 T. quing. 0.07
G. glutinata 0.24 G. glutinata 0.71 G. bulloides 0.86

Table 7.7: Planktonic foraminifera rankings and factor loadings for PC1, PC2 and PC3 for M40/4 82-2SL sections 1
to 4. G. truncat. = G. truncatulinoides; T. quing. = T. quinqueloba; w = white; p = pink; s = sinistral; d = dextral.

and is strongly associated with chlorophyll concentrations, but is also frequently found
along the margins of subtropical upwelling regions or frontal zones, or within the DCM
of stratified waters (Rohling and Gieskes, 1989; Schiebel et al., 2001; Kuroyanagi and
Kawahata, 2004). In highly productive regions, it is outcompeted by the opportunistic
G. bulloides and T. quinqueloba (Schiebel et al., 2002b). As discussed in section 3.4, in
the modern Gulf of Lion, N. incompta flourished during the spring bloom, peaking at
depths associated with shallow chlorophyll concentrations, when surface waters were
deeply mixed and phytoplankton and nutrients from the Rhone Delta Plume are at their
maximum (Pujol and Vergnaud Grazzini, 1995; Rigual-Hernandez et al., 2012). It is
also more common in more distal sites where primary productivity was less intense and
G. bulloides had decreased in abundance (Rigual-Hernandez et al., 2012). The positive

loadings for other eutrophic species reflect different trophic requirements, their
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preference for deeper mixed surface waters or periods of deep mixing (Schiebel et al.,
2001; Schiebel et al., 2002b). Therefore, the close association of PC1 with N. incompta
suggest that food availability and the depth of this food (linked to chlorophyli

concentrations and pycnocline depth) are the primary factors for PC1.

PC1 PC2 PC3
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Figure 7.4: PC1, PC2 and PC3 results for M40/4 82-2SL sections 1 to 4. INTIMATE event stratigraphy (Alley, 2004;

NGRIP dating group, 2008; Rasmussen et al., 2014). Colder periods highlighted in grey. Heinrich Stadial 1 (HS1);

Bglling (B); Older Dryas (OD); Allergd (A); Inter-Allergd Cold Period (IACP); Younger Dryas (YD); Greenlandian
(GL); Northgrippian (NG).

PC2 (~22% total variance) is strongly linked to the positive loading of the eutrophic
species G. glutinata and T. quingqueloba, with more moderate negative loadings from G.
inflata, also a deeper dwelling eutrophic species and the warm water oligotrophic
species G. ruber white and minor SPRUDTS (Table 7.7). This PC result is a more
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complex signal to decipher than PC1. The main species G. glutinata, T. quinqueloba
and G. inflata all have surface to subsurface depth preferences (Table 3.5) and a cool
deep mixed eutrophic water column (Pujol and Vergnaud Grazzini, 1995; Schiebel and
Hemleben, 2005; Rebotim et al., 2017). Therefore, it is difficult to separate out the key
drivers for this component. However, the inclusion of G. ruber and minor SPRUDTS
that are indicative of warm stratified summer waters, along with G. inflata may suggest
periods of temperature driven enhanced seasonal stratification combined with

mesotrophic winter productivity versus a well-mixed deep-water productivity signal.

Finally, PC3 (19.6% total variance) is dominated by a strong positive loading of G.
bulloides, and moderate negative loadings from G. glutinata, G. inflata and minor G.
ruber white (Table 7.7). As G. bulloides is an opportunistic species strongly linked to
deep mixing, it could be suggested that deep mixing was the governing factor for PC3.
However, G. glutinata and G. inflata are both deep mixed layer species and flourish
when productive waters have been firmly established. Therefore, their association with
G. ruber white (warm stratified summer waters) suggest that PC3 is indicative of
strength and stability of the seasonal deep mixing and mixing of the water column. The
downcore results for PC1, PC2 and PC3 are illustrated in Figure 7.4.

Figure 7.5 plots the scores for PC1 and PC2 with the loadings for each species, grouped
by chronozone. There is clear a correlation during the YD and early NG with specific
components represented by PC1 and PC2. The YD is characterised by periods where
potentially the chlorophyll maximum shallowed, as a result of weakened seasonal
stratification, correlating with G. glutinata and N. incompta. The early NG has a
discrete signal, with abundant food availability that was accessible to N. incompta, and
moderate seasonal stratification (G. inflata and G. ruber white and SPRUDTS). In
contrast, the BA signal is more varied. Seasonal stratification is the dominant signal
through the majority of the chronozone, with high variability in food accessibility for N.
incompta in comparison to G. inflata. Finally, the GL signal is the most variable, with
two distinct periods. The absence of N. incompta in the early GL, suggests that available
food was too deep to be accessed by N. incompta, followed by the later GL period when
N. incompta dominated, as trophic conditions became more favourable for them and is
closely correlated to the early NG signal. The majority of the GL results show
heightened stratification, with more discrete periods where stratification weakened,
illustrating the greater influence of G. glutinata and T. quinqueloba in the mid GL. In

contrast to the rest of the later chronozones, the late HS1 is less influenced by either
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PC1 or PC2, with little correlation to seasonal stratification or the depth of available

food. As we have seen in Figure 7.4, the late HS1 period is almost exclusively closely
correlated to the positive deep mixing signal in PC3 (T. quinqueloba and G. bulloides).
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7.2.4 Sea Surface Temperatures

The predicted mean annual, summer and winter SST (£1 SD) for the main late

Pleistocene and early-mid Holocene chronozones are listed in Table 7.8 and the results

downcore are displayed in Figure 7.6. During the late HS1, mean annual SSTs remained

stable and very low (10.18°C + 0.97°C), with only 3.83°C difference between summer

and winter SSTs. In comparison to Greenland §*80 ice core records, NGRIP displays

more variation in air temperature, though a similar minor increase in SST at ~15.1 kyr is

also evident in the GISP2 data, though more muted.
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— Annual Summer Winter Seaso
SST Range SST Range SST Range | N-ality
0-Z0N€ | (41 sD) ang (+1 SD) ang (+1 SD) ang °C
(*C) (C) co | (C)
(¢C) Q) (°C)
Early NG | 1010 3.45 s 4.42 o 2.47 7.8
15.06 18.65 12.12
GL e 8.88 o | 1204 | o 7.38 6.53
YD 830047 | 487 | 0C1 | 528 | 6784050 | 436 3.49
15.19 18.64 12.20
BA 1o 7.96 oy | 1012 | o 717 6.4
LateHst | 108 | 404 | 12 1 510 | 8751085 | 402 3.83

Table 7.8: Mean annual, summer and winter SST (+1 SD) as predicted using ANN for the main chronozones in
M40/4 82-2SL sections 1 to 4, in the Late Pleistocene and Early-Mid Holocene. Annual, summer and winter SST
ranges are calculated as the maximum less minimum SST for each period. Seasonal variation is the mean summer
less winter SST. Heinrich Stadial 1 (HS1); Bglling-Allergd (BA); Younger Dryas (YD); Greenlandian (GL);
Northgrippian (NG).

The HS1/BA transition is rapid, with an increase of ~5.2°C annual SST in ~60 years
(Figure 7.6). The mean annual SST during the initial Bglling period was 18.5°C (up to
14.4 kyr), which was the highest SST recorded in the Late Pleistocene and early
Holocene in this core. SST decreased towards the OD by 3.3°C, then recovered in the
early Allergd (~16°C). Around 13.6 kyr, there is a sharp decrease in SST followed by a
relatively stable period with a mean SST of ~14.6°C. SST briefly drops (~10.8°C)
around 13 kyr (the IACP?), with a minimal recovery before the start of the YD. The BA
is also characterised by an increased seasonality, with the range of SST between the
summer and winter ranging from 7.5°C in the early Bglling to 4.4°C in the late Allergd.
The BA SST profile broadly follows that of the Greenland ice cores, though the signal
of the OD cold event appears to occur slightly later, though this may be within the
margin of error of the chronology. In addition, the cooling during the mid to late
Allergd that is observed in the Greenland cores is not observed in this Gulf of Lion core.

Mean SSTs during the YD fall to a low of 8.3°C, almost 2°C cooler than the late HS1
and a drop of ~6.9°C from the mean BA SST (Figure 7.6). The early YD is a period of
extreme SST variability until ~12.5 kyr, coinciding with a generalised cooling in the
NGRIP record. SSTs stabilise during the mid YD and remain cold until the end of the
YD. Summer SSTs fall to 10.3°C. As with the late HS1, the mean seasonal variation

decreases to just 3.5°C.

SST predictions for the early GL period show a period of extreme variability until 10.3
kyr. On average, SSTs are ~13°C, but range from 9.25°C to 15.8°C (Figure 7.6). After
10.3 kyr, SSTs steadily increase to ~16.2°C, before decreasing slightly to 15.8°C in the
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early NG stage. There is some coincidence between falling SST around the 11.4, 9.3
and more substantially, the 8.2 kyr cold events. However, the low SSTs around the 8.2
kyr event (~13.75°C) seemingly precedes that cold event, once again suggesting a
discrepancy due to inherent errors of the core chronology for correlating to centennial
scale events. As during the BA warm period, once again summer-winter seasonality

increases from a variation of 6.5°C in the GL to 7.2°C during the early NG.
7.3 Discussion

7.3.1 Late Heinrich Stadial 1 (~15.5 to 14.7 kyr BP)

In the absence of independent palaeo-productivity proxies from this core and relatively
limited palaeo-discharge estimates for the River Rhone (Kettner and Syvitski, 2009),
changes to sedimentation rates are discussed in relation to the interaction of sea level
change in the Gulf of Lion with rates of deposition from the River Rhone. During the
LGM, sediments on the inner continental shelf in the Gulf of Lion were largely exposed
and actively eroded due to an estimated lowered relative sea-level (rsl) of 110-115m (to
a max of 140m rsl) between 20 to 15 kyr (Figure 7.2) (Bassetti et al., 2006; Jouet et al.,
2006). This would be comparable to the global sea level estimates of -90m rsl at this
time (Jouet et al., 2006; Stanford et al., 2011a). Initial post LGM sedimentation rates on
the northern inner shelf were very high (2.5 m/kyr) as the pro-delta seaward limit of the
Rhone Deltaic System was ~40km from the modern coast and river mouths were closer
to the shelf edge, allowing terrigenous sediments to be deposited further out beyond the
shelf edge (Sierro et al., 2009). However, a transgressive sequence began in earnest ~18
kyr ago and the sea level had risen to between 98-105m rsl, though this slowed down
between 17 and 15.9 kyr (Jouet et al., 2006). The lower mean sedimentation rates (32.7
cm/kyr) recorded in M40/4 82-2SL reflect this slow-down in sea level rise, drier
terrestrial conditions and evidentially little variation in discharge from the Rhone (Table
7.3; Figure 7.2) (Combourieu Nebout et al., 2002; Sierro et al., 2005; Combourieu
Nebout et al., 2009; Fletcher et al., 2010; Moreno et al., 2010; Moreno et al., 2012).

7.3.1.1 Sea Surface Temperatures

The predicted mean annual SST (~10.2°C) during the late HS1 was ~6.65°C lower than
modern SSTs (Table 7.9; Figure 7.6), which are equivalent to SST estimates during the
same period in neighbouring core MD99-2346 (Melki et al., 2009). SSTs were ~2°C
warmer than those experienced during the LGM (~8.2°C) (Table 7.1) (Hayes et al.,
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2005). In comparison to the rest of the western Mediterranean, SSTs in the late HS1 in
the Gulf of Lion were cooler than previously proposed for the entire HS1 (Kallel et al.,
1997b; Cacho et al., 1999; Cacho et al., 2001). The low seasonality in SSTs (~3.8°)
indicate that waters remained cool throughout the year, with summer SSTs ~8.75°C
cooler than modern SSTs (Table 7.8; Table 7.9). Orbitally driven summer and winter
insolation differences at 40°N were still at a minimum (Frigola et al., 2008). Therefore,
these persistently cool SSTs in the Gulf of Lion reflect the southerly position of the
ocean polar front and polar front jet stream during HS1, which enabled cold winds to
penetrate into the north-western Mediterranean (Rohling et al., 1998; Eynaud et al.,
2009; Martinez-Ruiz et al., 2015; Naughton et al., 2016).

Annual Winter
Summer
Chronozone Anomaly Anomaly (°C) Anomaly
(°C) (°C)
Early NG -1.07 -1.75 -0.68
GL -1.77 -2.68 -0.96
YD -8.53 -11.06 -6.30
BA -1.64 -2.69 -0.88
Late HS1 -6.65 -8.75 -4.33

Table 7.9: Mean annual, summer and winter SST anomalies for the main chronozones in the Late Pleistocene and
Early-Mid Holocene. Anomaly values were calculated by subtracting modern World Ocean Atlas (2018) values
(Table 7.1) from the mean ANN annual, summer and winter SST reconstructions for each chronozone. Heinrich

Stadial 1 (HS1); Balling-Allergd (BA); Younger Dryas (YD); Greenlandian (GL); Northgrippian (NG).

To the south, MD99-2343 in the Balearic Sea showed an increase in the 830 of both
benthic and planktonic foraminifera as would be expected with the lower observed
SSTs and decreased freshwater input during this dry period (Sierro et al., 2005).
However, between 16.2 and 15.7 kyr there was a notable decrease in 580, attributed to
an influx of North Atlantic Surface Waters (NASW), associated with incoming ice
rafted debris (IRD) and meltwater pulses (Sierro et al., 2005; Frigola et al., 2008).
Inflow of low §'80 water from meltwaters from Eurasian ice sheets and the Alps was
discounted, as Rhéne discharge at this time did not record lower 520 values (Sierro et
al., 2005). This incoming fresher NASW would have had a lower salinity and density,
thus minimising mixing with the MAW, allowing greater penetration into the western
basin. Indeed, these lower salinities are evident from benthic foraminiferal communities
in the Gulf of Lion at this time (Melki et al., 2009; Melki, 2011).

7.3.1.2 Planktonic foraminiferal assemblage

The defining faunal characteristic of the late HS1 was the dominance of G. bulloides

(52.8%), accompanied only by other cool water eutrophic species. There was an
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absence of both G. inflata and all warm oligotrophic species. This low diversity during
late HS1 is also seen in neighbouring core MD99-2346 (Melki et al., 2009). To aid
interpretation of the planktonic foraminifera assemblage in M40/4 82-2SL, a range of
palaeoenvironmental proxies were utilised, including the eutrophication (E-Index) and
stratification (S-Index) (Figure 7.7) (Shaffi et al., 2004; Kontakiotis, 2016). As would
be expected, the E-Index is very strong and seasonal stratification was not a feature
during HS1.

As the Gulf of Lion is a site of deep surface water mixing and WMDW formation, the
percentage of G. bulloides has been used as a “Deep mixing” index (DM-Index), rather
than the traditional “Upwelling” Index (U-Index) (see Section 5.3.3) (Hemleben et al.,
1989; Kontakiotis, 2016). During HS1, the DM-Index is at its strongest throughout the
whole core (Figure 7.7). As an opportunistic species, G. bulloides is known to invade a
region once the phyto and zooplankton bloom has begun and food availability is high
(mainly algae, but it can feed on any particulate organic matter) (Pujol and Vergnaud
Grazzini, 1995; Schiebel and Hemleben, 2005, 2017). High frequencies of G. bulloides
reflect abundant food availability, rather than on temperature or depth preferences
(Schiebel and Hemleben, 2017). As mentioned above, sedimentation rates were
relatively low, therefore this productivity signal was not as a result of increased
discharge nutrient rich waters from the Rhone. The dominance of G. bulloides and
inferred deep-mixing signal along with the cold SSTs strongly suggest that enhanced
westerlies, wind-driven cooling and cyclogenesis were the main drivers of conditions in
the Gulf of Lion at this time.

The remaining assemblage is composed of cool water eutrophic grazers N. incompta, T.
quinqueloba and minor G. glutinata (Table 7.4). As would be expected, T. quinqueloba
would form part of this assemblage, as it is commonly found in close association with
G. bulloides in strongly eutrophic, deeply mixed waters (Sautter and Thunell, 1991;
Conan and Brummer, 2000; Schiebel et al., 2001; Schiebel and Hemleben, 2017). Also,
T. quinqueloba occurs alongside minor peaks in G. glutinata, which have a similar
preference for diatoms, and are negatively correlated to peaks of N. incompta (Figure
7.3). Clearly N. incompta was able to survive in this late HS1 environment, but it did
not flourish (~18%).

The negative correlation between the two species suggests that the more opportunistic
T. quinqueloba was more adapted to periods of higher productivity than N. incompta
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(Schiebel et al., 2001; Schiebel and Hemleben, 2017). The G. bulloides population

E-Index DM-Index S-Index
Oligotrophic/Eutrophic (%) (G. bulloides %) G. inflata (%)
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Figure 7.7: Palaeoenvironmental indices for M40/4 82-2SL sections 1 to 4. INTIMATE event stratigraphy (Alley,
2004; NGRIP dating group, 2008; Rasmussen et al., 2014). Colder periods highlighted in grey. Heinrich Stadial 1
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(HS1); Balling (B); Older Dryas (OD); Allergd (A); Inter-Allergd Cold Period (IACP); Younger Dryas (YD);
Greenlandian (GL); Northgrippian (NG).

began to wane in the final ~300 years prior to the HS1/BA transition, whereas the T.
quinqueloba population remained stable at around 15%. This suggests the strong
Westerly winds began to weaken as the polar jet stream began to retreat northward, or
an increasing riverine signal, correlated to increasing precipitation on the Iberian
Peninsula (Naughton et al., 2016).

As left coiling Neogloboquadrina species form less than 1.5% of the population during
the late HS1 in M40/4 82-2SL, they are counted as N. incompta sinistral and not N.
pachyderma (Darling et al., 2006). However, N. pachyderma were found in other sites
in the western basin indicating an influx of cold meltwaters into the western
Mediterranean at this time (Cacho et al., 1999; Cacho et al., 2001; Cacho et al., 2002;
Combourieu Nebout et al., 2002; Pérez-Folgado et al., 2003; Sierro et al., 2005; Frigola
et al., 2008). N. pachyderma (~5 to 10%) were recorded during mid HS1 in
neighbouring cores, MD99-2346, MD99-2348 and BC15 (Rohling et al., 1998; Melki et
al., 2009; Bassetti et al., 2010). However, as M40/4 82-2SL only extends into the later
part of HS1, unfortunately it was not long enough to record any earlier influx of N.
pachyderma relating to the inflow of cold NASW in the early to mid HS1.

7.3.1.3 Palaeoenvironmental Reconstruction

It is evident that deep mixing and ventilation were significant features of the late HS1 in
the Gulf of Lion. In modern subtropical zones, upwelling systems and areas of DWF are
highly seasonal and are characterised by cooler water winter/spring eutrophic species,
such as G. bulloides, G. glutinata, T. quinqueloba, N. dutertrei and N. incompta
(Thiede, 1975; Conan and Brummer, 2000; Field, 2004; Fraile et al., 2009; Retailleau et
al., 2012; Darling et al., 2017). Following an upwelling/deep mixing event, entrained
nutrients in the photic zone are depleted and the summer assemblage is dominated by
warm water predators such as G. ruber and the SPRUDTS group (Conan and Brummer,
2000; Darling et al., 2017). However, there is no definitive “upwelling” faunal
assemblage, as there can be significant regional variations (Darling et al., 2017). This is
true when comparing modern assemblages in upwelling and or DWF regions in the
western Mediterranean, such the Gulf of Lion in comparison with, and even between the
gyres of the Alboran Sea (Béarcena et al., 2004; Hernandez-Almeida et al., 2011;
Rigual-Hernandez et al., 2012).
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The signal of the late HS1 period in the Gulf of Lion clearly shows cold annual SSTs,
intense deep surface water mixing and heightened nutrification of surface to sub-surface
waters due to enhanced Westerly winds over the western Mediterranean. This is in
direct opposition to the reduced deep water ventilation experienced in the North Atlantic
(Sierro et al., 2005; Frigola et al., 2008). During HS1, the WMDW formation
intensified due to strengthened Westerly winds, except for a brief weakening coinciding
with the influx of cold fresh NASW pulses from HE1 and subsequent deposition of the
pre-ORL in the western basin (Sierro et al., 2005; Frigola et al., 2008; Rogerson et al.,
2008; Rodrigo-Gamiz et al., 2011; Martinez-Ruiz et al., 2015). However, this brief mid
HS1 weakening of deep ventilation is not evident in M40/4 82-2SL, therefore it can be
assumed that WMDW formation had resumed by the start of the M40/4 82-2SL record.

7.3.2 Balling-Allergd (14.7 to 12.8 kyr BP)

During the BA chronozone, both pollen and speleothem proxies from the western
Mediterranean region record an increase in the rates of precipitation (Combourieu
Nebout et al., 2002; Combourieu Nebout et al., 2009; Dormoy et al., 2009; Fletcher et
al., 2010; Moreno et al., 2010; Belli et al., 2013; Naughton et al., 2016). Global sea
levels during the BA chronozone rapidly increased from approximately -100 to -60m rsl
(Jouet et al., 2006; Lombo Tombo et al., 2015). This rapid rise is attributed to MWP-1A
(between ~14.6 and 14.3 kyr BP) and increasing sea levels in the Mediterranean Sea by
~30m (Figure 7.2) (Deschamps et al., 2012; Fink et al., 2015; Zecchin et al., 2015).
Modelling of the River Rhéne determined that discharge since the LGM was relatively
stable, though meltwater discharge and sediment flux were negatively impacted by
Alpine glacial growth and positively by glacial ablation (Kettner and Syvitski, 2009). It
is also proposed that there was a sustained period of Alpine meltwater release through
the River Rhone (~15 to 13 kyr), which impacted WMDW formation strength and
contributed to the initiation of the Organic Rich Layer 1 (ORL1) deposition in the
western basin (Rohling et al., 2015). These meltwaters would have inundated the shelf
in the Gulf of Lion, causing the coast to retreat landward and increase sedimentation
rates (from 14.8 kyr), initiating the deposition of the Rhone pro-delta (particularly
between 14.5 and 7 kyr) (Berné et al., 2004; Berné et al., 2007; Sierro et al., 2009;
Rigual-Hernandez et al., 2017). Although sedimentation rates in M40/4 82-2SL slowly
increased during the BA, they were not as high as expected (Table 7.3; Figure 7.2).
While sea levels were increasing on the Gulf of Lion continental shelf, the site of M40/4

82-2SL may have been further away from the active sediment lobe of the Rhéne pro-
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delta.
7.3.2.1 Sea Surface Temperatures

The distinctive asymmetrical sawtooth GI-1 temperature signal in the Greenland 520
isotope records is mirrored in the M40/4 82-2SL SST predictions for the BA
chronozone (Figure 7.8) (Wolff et al., 2010; Li and Born, 2019). In general, mean
annual SST for the entire BA chronozone (15.19°C) are ~1.64°C cooler than modern
SSTs (Table 7.1; Table 7.8; Table 7.9). Seasonal variation increased during the BA
(~6.4°C), though they were not as high as modern values (Table 7.8). Winter SST
predictions in M40/4 82-2SL are comparable to both the estimated winter SST for the
BA chronozone in MD99-2346 and are just ~1°C cooler than modern winter SSTs
(Melki et al., 2009). However, summer SSTs are ~2.7°C cooler than modern summer
SST values (Table 7.9). This is reflected in the broadly typical modern winter-spring
assemblage during the BA, yet a more limited warmer water assemblage. Winter SSTs
in the Gulf of Lion were significantly cooler than sites in the rest of the western
Mediterranean, e.g. ~16°C for the Tyrrhenian Sea (Kallel et al., 1997b; Cacho et al.,
1999; Cacho et al., 2001).
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Figure 7.8: Mean annual SSTs (°C) for M40/4 82-2SL and ¢80 profile from the GISP2 Greenland ice core for the
Balling-Allergd chronozone (Grootes et al., 1993).

The strong similarity between &80 isotope signals from Greenland ice cores and M40/4
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82-2SL is also seen in MD99-2346, as well as in §*30 values from speleothems in
Chauvet Cave in southern France and Grotta Savi in the south-eastern Alps (Frisia et
al., 2005; Genty et al., 2006). This suggests a strong teleconnection between the North
Atlantic and the north-west Mediterranean basin (Figure 7.8). SSTs in the modern Gulf
of Lion are particularly sensitive to post-Industrial CO2 warming (Pallacks et al.,
2021b). Therefore, it suggests that atmospheric warming from rapidly increasing CO-
during the early Bglling is recorded in these north-western Mediterranean archives.

This early warming during the Bglling is in contrast with the stepwise increase in SSTs
in the Alboran and southern Tyrrhenian, which peak during the Allergd (Cacho et al.,
2001). With the resumption of the AMOC and rising sea levels, the western basin was
under greater influence of incoming warmer waters from the North Atlantic subtropical
gyre (Schwab et al., 2012; Jiménez-Amat and Zahn, 2015; Repschléger et al., 2015).
Changes in atmospheric pressure regime in the North Atlantic, similar to the modern
negative NAO mode, steered weakened Westerlies and greater rates of precipitation into
the south-western Mediterranean region, leading to enhanced vertical mixing in the
Alboran Sea gyres and cooling of incoming subtropical waters (Moreno et al., 2010 ;
Rodrigo-Gamiz et al., 2011; Garcia-Alix et al., 2014; Naughton et al., 2016). However,
the warm early Bglling signal in the north-west suggests that a high-pressure blocking
system over western Europe may have deflected these weaker Westerly winds further

south over the southern Iberian Peninsula, rather than over north-west basin.

The cooling signal in M40/4 82-2SL from ~14.3 kyr is coincident with the timing of
MWP-1A in the Mediterranean Sea (Zecchin et al., 2015). MWP-1A waters identified
in the Arctic are known to be cold and were linked to an expansion of seasonal sea-ice
cover (Rigual-Hernandez et al., 2017). However, SSTs in the Alboran Sea were not
significantly impacted by the event (Rodrigues et al., 2010). This suggests that MWP-
1A would have had little effect on SSTs in the Gulf of Lion. However, the suggested
enhanced outflow of Alpine meltwaters into the Gulf of Lion around this time would
certainly have much greater impact on cooling surface waters in the Gulf of Lion
(Rohling et al., 2015). The rapid fall in SST at 13.6 kyr is coincident with a brief
cooling in the Greenland 8180 isotope record (during Gl-1c). Across the
Mediterranean, it appears as a cold dry period in terrestrial proxies and marks the onset
of mid-Allergd cooling in the neighbouring MD99-2346 as well as other cores across
the Mediterranean (Cacho et al., 2001; Dormoy et al., 2009; Melki et al., 2009).
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7.3.2.2 Planktonic foraminiferal assemblage

With the rapid increase in SSTs, diversity increased, suggesting a restructuring of the
hydrological system and seasonal structure of the water column (Table 7.4; Figure 7.3).
All palaeoenvironmental indices suggest strong, seasonally stratified and oligotrophic
conditions were established in the early Bglling until ~14.3 kyr (Figure 7.7). However,
from ~14.3, the increase in Alpine meltwaters suggested by cooler SSTs is supported by
the re-establishment of winter/spring eutrophic conditions and the moderate and

somewhat variable deep mixing signal for the remainder of the BA.

Inflow of warmer subtropical waters from the North Atlantic subtropical gyre into the
western basin, along with the increased SSTs in the Gulf of Lion allowed a warm
assemblage to become established. The abundance of G. ruber white during the early
Bolling mimics the Greenland §*80 isotope records and similar patterns, though at more
modest rates, are recorded in BC15 and MD99-2346 (Rohling et al., 1998; Melki et al.,
2009). In the recent Mallo et al. (2017) study on the modern Mediterranean summer
assemblage, G. ruber white (plus G. elongatus) was the dominant summer species. Its
presence was determined mainly by heightened SSTs, then by enhanced primary
productivity. It was also noted that in oligotrophic waters, low food availability
inhibited their presence (Mallo et al., 2017). The SPRUDTS group form a small, but
significant component of the early BA assemblage, reaching a brief peak (~7%) in the
mid Bglling following the decrease in G. ruber white. This peak is comprised primarily
of O. universa, a deeper species that also is positively associated with more productive
warm stratified waters, also evident in similarly aged minor peaks in the neighbouring
cores (Rohling et al., 1998; Melki et al., 2009).

In tandem with the warmer water assemblage, G. inflata formed the primary winter-
spring bloom species, indicating seasonally moderately productive waters and a
deepening of the pycnocline. G. inflata was almost absent from the Mediterranean Sea
during the LGM to the HS1 period, when winter SSTs decreased below their optimum
preference (Table 7.8). Its reappearance at the beginning of the BA is a biomarker for
the HS1/BA transition, and is clearly evident in M40/4 82-2SL, as well as in
neighbouring cores BC15 and MD99-2346 (Bé and Tolderlund, 1971; Muerdter and
Kennett, 1983/84; Rohling et al., 1998; Melki et al., 2009; Bazzicalupo et al., 2018). As
mentioned in section 7.2.2, G. ruber white and G. inflata are positively correlated in the

Pearson’s r correlation matrix (Table 7.5). This correlation occurs when G. ruber white
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inhabits the summer oligotrophic stratified waters and G. inflata the cooler deepened
mixed layer during mesotrophic winter/spring periods (Giraudeau, 1993; Barcena et al.,
2001; Barcena et al., 2004; Loncari¢ et al., 2007).

A brief peak in G. scitula coincides with the elevated G. ruber white and G. inflata in
the early Bglling. This brief peak is unusual during this early warm phase, especially as
it was virtually absent for the remainder of the BA chronozone. Traditionally, G. scitula
is classified as a polar / subpolar species (Bé, 1977). However, more recently it is found
to be a more cosmopolitan opportunistic species, typical of intensely mixed eutrophic
temperate waters, especially during the spring bloom (ltou et al., 2001; Chapman, 2010;
Schiebel and Hemleben, 2017). This peak is evident in BC15, but not in MD99-2346
(Rohling et al., 1998; Melki et al., 2009). G. scitula is rare (<1%) in the modern
Mediterranean, occurring only in the Aegean Sea and the north-western Mediterranean
(Thunell, 1978; Pujol and Vergnaud Grazzini, 1995). It is one of the deepest dwelling
species in this assemblage with an ALD of ~224m (Table 3.5) (Rebotim et al., 2017).
When found in combination with warmer shallow-dwelling predatory species such as G.
ruber white or O. universa, it is indicative of stratification and vertical niche
partitioning (Rutherford et al., 1999; Schiebel et al., 2002b; Schiebel and Hemleben,
2005).

As SSTs begin to cool from ~14.2 kyr, productivity increased and the pycnocline
shallowed, allowing N. incompta to dominate the assemblage, which was also recorded
in both MD99-2346 and BC15 (Rohling et al., 1998; Melki et al., 2009). The more
modest and variable abundances of G. bulloides and T. quingqueloba support periods of
weaker wind intensity during the BA, though the peak in T. quinqueloba during the OD
chronozone suggests an increase in winds during this brief cold snap (Figure 7.3; Table
7.4).

7.3.2.3 Palaeoenvironmental Reconstruction

It is clear that the BA chronozone was a warm period, but the palaeoenvironment
conditions fluctuated substantially over the ~1.8 kyr, influencing both the fauna and the
ecological factors that governed their abundance (Figure 7.3; Figure 7.5).
Reorganisation of North Atlantic atmospheric circulation patterns and a decrease in
wind intensity over the Gulf of Lion allowed the atmospheric warming to rapidly
increase SSTs by ~8°C during the initial ~200 years of the early Bglling (Figure 7.6).

This warming was accompanied by a swift turnover of the fauna to a more diverse
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warm water assemblage, and deeper dwelling eutrophic species. The strongly negative
PC2 and the positive S-Index indicate that surface waters had a distinct annual
variation, with warm oligotrophic waters during summer/autumn months, with a deep
eutrophic mixed layer during the winter/spring. In addition, rising sea levels from the
HS1/BA transition in the Alboran Sea allowed greater inflow of NASW into the western
basin, freshening the MAW and leading to a deepening of the pycnocline (Barcena et
al., 2004; Bazzicalupo et al., 2018). This deepening of the pycnocline meant that cool
stable eutrophic winter waters (~15°C) could support the reappearance of deeper

dwelling G. inflata and G. scitula in the Gulf of Lion.

As discussed in section 4.4.2, the BA chronozone coincided with the onset of ORL1
deposition in the western basin between 14.5 and 9 kyr BP (Cacho et al., 2002;
Rogerson et al., 2008; Martinez-Ruiz et al., 2015; Bazzicalupo et al., 2018; Pérez-
Asensio et al., 2020). The deposition of ORL1 is associated with an influx of
freshwaters, such as an increase in meltwater discharge from the River Rhéne,
combined with a decrease in winter westerlies (Rohling et al., 2015). All these factors
would have enhanced surface water productivity in the Gulf of Lion, but reduced
surface water density and deep mixing, leading to a reduction in WMDW and promoted
Western Intermediate Water (WIW) formation and deposition of ORL1 (Frigola et al.,
2008; Rogerson et al., 2008; Melki, 2011; Fink et al., 2015; Rohling et al., 2015). As
with planktonic species, there was a turnover in benthic foraminifera species following
the HS1/BA transition, and the community was composed primarily of deep and
intermediate taxa, indicative of enhanced laterally advected, low-quality organic carbon
to the sea floor (Melki et al., 2009).

The timing of the beginning of the deposition of ORL1 (14.35 kyr BP) coincided with a
series of faunal changes in M40/4 82-2SL.. G. scitula had already disappeared and G.
ruber white was declining, to be replaced by the opportunistic, deeper dwelling O.
universa. There was a recovery of eutrophic species, first G. bulloides, then N.
incompta. G. inflata was still present, but it was soon replaced by N. incompta
indicative of the shallowing of the pycnocline (negative PC1), which was also seen in
the Alboran at this time (Bazzicalupo et al., 2018). All patterns suggest this was a
period with enhanced seasonality (PC2), where the warm summer waters were still
stratified and the shallowing pycnocline (negative PC1) from 14.15 kyr, which became
a fixture for the remainder of the BA chronozone (Figure 7.4; Figure 7.5).
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The OD chronozone in M40/4 82-2SL is identifiable by the drop in mean annual SST
(~13.6°C) for <150 years around 13.9 kyr and correlates well to the GI-1d cold event.
The planktonic foraminiferal community was less responsive to this cooling event and
is only evident from a decrease in G. inflata and moderate peak in T. quinqueloba.
Summer SSTs decreased more substantially than winter, thus seasonality (PC2)
weakened during this brief cooling. This would suggest that changes in the North
Atlantic atmospheric circulation redirected colder winter Westerlies back into the north-
west Mediterranean Sea. While the OD faunal signal is subtle, this strengthening of

winds is supported by the brief peak in T. quinqueloba.

The rapid fall in SST at 13.6 kyr is accompanied by a sharp peak in G. inflata and
decrease in G. bulloides, O. universa and N. incompta. This initial cooling event is
unusual in that most cool water eutrophic species fall in abundance, while G. inflata has
a strong positive response. It can be assumed that although temperatures were cool and
productive (stable E-Index), the pycnocline deepened and the water column became
more stable, allowing G. inflata to flourish. One possible cause is a freshening of
surface waters coinciding with the peak in MWP-1A in the Gulf of Lion, as this event
occurs shortly after the suggested global peak in MWP-1A (~13.8 kyr) (Stanford et al.,
2011a).

Waters in the mid to late Allergd became more unsettled, with elevated G. bulloides,
then moderate increases in T. quinqueloba (positive PC3). This is in contrast to MD99-
2346, where G. bulloides fell and N. incompta and G. glutinata were the dominant
species (Melki et al., 2009). As sea levels continued to rise, this suggests variability in
rates of Alpine meltwater or changing position of the Rhéne Delta plume towards the
site of M40/4 82-2SL.

The end of the Allergd is marked by another brief fall in mean annual SST (at 10.76°C)
that could be attributed to the IACP chronozone, though it does lag the GI-1b cold event
recorded in Greenland ice cores. This may be a function of age model and/or
chronology errors discussed above, or that the Mediterranean was slower to respond to
this cooling event. As with the OD, the faunal signal is subtle, with a small peak in G.
glutinata and G. bulloides and a dip in both G. inflata and G. ruber white. Again, this
cold snap was potentially caused by a brief increase in Westerly winds. The recovery

following this brief cold snap was terminated by the transition to the YD.

7.3.3 Younger Dryas (12.8 to 11.55 kyr BP)
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Rates of global sea level rise decelerated during the YD from 20 mm/yr-—to 4 mm/yr?
(Bard et al., 2010; Abdul et al., 2016). This stillstand in sea level rise in the Gulf of
Lion enabled sedimentation rates to significantly rise and initiate the deposition of the
Early Rhéne Deltaic Complex (Berné et al., 2007). This is evident in M40/4 82-2SL,
where sedimentation rates reached ~55 cm/kyr (Table 7.3; Figure 7.2). In general in the
Mediterranean region, the YD period was cold and dry, though there were seasonal
increases in winter precipitation and Westerly winds by the latter half of the chronozone
(Combourieu Nebout et al., 2009; Fletcher et al., 2010; Naughton et al., 2016).

7.3.3.1 Sea Surface Temperatures

The predicted mean annual SST were ~8.5°C cooler than modern annual SSTs in the
Gulf of Lion (Table 7.8; Table 7.9). In addition, annual SSTs were approximately ~2°C
cooler than in the late HS1 and comparable to those experienced during the LGM in the
Gulf of Lion (Table 7.1) (Hayes et al., 2005). Similar to HS1, seasonality was low
(<4°C) and SSTs remained cool throughout the year. This signal does not reflect the
warm summers suggested by terrestrial proxies elsewhere in northern and south-eastern
Europe (Schenk et al., 2018; Magyari et al., 2019; Schenk et al., 2020). SSTs in M40/4
82-2SL are significantly cooler than elsewhere in the western basin (Kallel et al.,
1997b; Paterne et al., 1999; Cacho et al., 2001; Cacho et al., 2002; Beaudouin et al.,
2004; Di Donato et al., 2008; Rogerson et al., 2008; Martrat et al., 2014; Rodrigo-
Gamiz et al., 2014a; Ausin et al., 2015a). As discussed in section 4.4.3, the location of
the oceanic polar front was variable and did not reach as far south, in comparison to
HS1, though subarctic waters were mapped as far south as ~40°N (Eynaud et al., 2009).
Changes in atmospheric circulation patterns steered cold Westerly winds and winter
storm tracks towards continental Europe, increasing cyclogenesis and precipitation,
especially in the eastern Mediterranean Sea (Naughton et al., 2016; Rea et al., 2020).
With the reorganisations of atmospheric and oceanic systems, there was considerable

variability in the response of different regions in the western basin to the YD cooling.

Both marine and terrestrial proxies identify three subdivisions to the YD signals in the
Mediterranean Region. in the M40/4 82-2SL record, two main phases are evident,
though they display different characteristics compared to elsewhere in the western
Mediterranean Sea. YD-1 (12.8 to 12.5 kyr) is distinct phase, with highly variable SSTs
(ranging from 11.7 to 8.5°C). This slow oscillating cooling contrasts the abrupt onset of
the YD cooling recorded in the nearby speleothem records southern France but is
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comparable to summer SST estimates in the nearby MD99-2346 (Genty et al., 2006;
Melki et al., 2009).

Mean annual SSTs remained relatively stable for the remainder of the YD-2 (mean
~7.7°C). However, variations in winter SSTs in particular, suggest that YD-2 can be
further subdivided into YD-2a (12.5 to 12.2 kyr) where there was a decrease in winter
SSTs, and YD-2b (12.2 to 11.5 kyr BP), which displayed a minor increase in winter
SSTs (~1.5°C). Interestingly, there was a brief decrease in §'80 in the speleothem
record from Chauvet Cave in the south of France ~12.15 kyr, just prior to YD-2b,
though the cause of this brief warming was unclear (Genty et al., 2006). The stability of
cold SSTs in YD-2a and YD-2b in M40/4 82-2SL contrast the SST increase estimated
in MD99-2346 and elsewhere in the western basin(Melki et al., 2009). Many of these
SST estimates (based on alkenones) indicate a recovery ~700 years prior to the YD
termination (Cacho et al., 2001; Sbaffi et al., 2001; Essallami et al., 2007). However, it
has been suggested that this SST increase may reflect a change to the timing of
alkenone production (i.e. from spring/autumn to warmer summer months) rather than
represent a true recovery in SST (Essallami et al., 2007; Sicre et al., 2013; Rodrigo-
Gamiz et al., 2014a). The YD signal in the Gulf of Lion also contrasts the Greenland
380 isotope records (Figure 7.6). For example, the results from M40/4 82-2SL does not
record this mid YD climatic amelioration following the resumption of the AMOC (Lane
et al., 2013). Therefore, it can be assumed that the site of M40/4 82-2SL was influenced

by more regional controls during the YD.
7.3.3.2 Planktonic foraminiferal assemblage

These three distinct YD subdivisions are even clearer in the faunal assemblage, and PC2
and PC3 analysis (Figure 7.3; Figure 7.4). In general, the YD faunal record is marked
by the disappearance of G. ruber white, SPRUDTS and the slow decline in G. inflata by
the mid YD (Table 7.4; Figure 7.3). The assemblage is dominated by eutrophic species
N. incompta, G. glutinata, G. bulloides and T. quinqueloba. This explains the strong
stable E-Index scores throughout the chronozone, confirming the continued presence of
highly eutrophic waters (Figure 7.7). Interestingly, the DM-Index is weaker than
expected, declining during YD-1 towards a stable period in YD-2a and is followed by a
variable, but gradual strengthening of the deep mixing signal in YD-2b. G. bulloides
was present in these eutrophic waters, but it did not dominate the assemblage as it did
during HS1, suggesting that wind strength was much less (especially in YD-2b). The S-
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Index signal was also weak throughout the YD, especially in YD-2a and YD-2b.

Of these species not already discussed in detail above, G. glutinata occupied a dominant
role during YD-2a (~36%), then slowly decreased again in YD-2b. Comparable signals
in G. glutinata were recorded in BC15 and MD99-2346 during the YD, as well as in
other regions such as the Tyrrhenian and Aegean Seas (Rohling et al., 1998; Carboni et
al., 2005; Melki et al., 2009; Geraga et al., 2010). In the modern Mediterranean Sea, G.
glutinata is regarded as a cosmopolitan species and is present in low abundances (<5%)
in surface sediments in most areas of the western and eastern basins (Cifelli, 1974;
Thunell, 1978; Rigual-Hernandez et al., 2012). It has been recorded in low abundances
in surface waters during the late summer, but it is more prolific in deeper waters during
the winter/spring bloom periods, when fresh food (diatoms) are available (Pujol and
Vergnaud Grazzini, 1995; Hilbrecht, 1996). In the Gulf of Lion, G. glutinata is present
in the modern assemblage, but in very low abundances (<2%) (Thunell, 1978; Pujol and
Vergnaud Grazzini, 1995; Rigual-Hernandez et al., 2012).

7.3.3.3 Palaeoenvironmental Reconstruction

Surface waters were extremely cold and strongly eutrophic during the YD in the Gulf of
Lion. PC1 in YD-1 suggest that the a relatively stable shallow pycnocline, which
allowed N. incompta to dominate. Seasonal stratification (PC2) decreased in YD-1 and
remained low through the remainder of the chronozone (Figure 7.5). This YD-1
assemblage is similar to other regions of the western basin, which record cold SST,
heightened productivity and development of a DCM (Barcena et al., 2001; Cacho et al.,
2001; Cacho et al., 2002; Jimenez-Espejo et al., 2007; Melki et al., 2009; Rodrigo-
Gamiz et al., 2014a; Ausin et al., 2015a; Jiménez-Amat and Zahn, 2015; Bazzicalupo et
al., 2018).

PC3 factor loadings are governed by the negative correlation between G. bulloides and
G. glutinata (Table 7.7). As discussed in section 3.3.6, both species are known to thrive
on the margins of productive zones, though they have different feeding strategies (Bé
and Hutson, 1977; Bijma et al., 1992). G. bulloides is first to respond to deep mixing
and redistribution of nutrients and chlorophyll, but once the mixed layer deepens and
there is a phytoplankton bloom, the less opportunistic G. glutinata becomes established
(Hilbrecht, 1996; Schiebel et al., 2001; Schiebel et al., 2004). The cyclicity in G.
bulloides and G. glutinata suggests that there was a variability in food availability and
quality, as well as the depth of vertical mixing, potentially caused by variable wind

214



strengths. Stable isotope analysis of tree-ring cellulose located in the southern foothills
of the French Alps record an intensification of winter cyclones and precipitation, along
with decreasing temperatures during YD-1 (Pauly et al., 2018). Similar to M40/4 82-
2SL, this region was located along the more southerly, oscillating position of the polar
front during the YD. Therefore, it was determined that Mediterranean cyclogenesis
increased in intensity, as more frequent cold mid-latitude seasonal low pressure systems
penetrated the north-western Mediterranean Sea, as well as increasing incursion of
intense precipitation events and extreme cold sweeping in from the North Atlantic
(Pauly et al., 2018). This signal of increasing winds and precipitation concur with the

cool, mixed eutrophic waters in the Gulf of Lion during YD-1.

The increase of G. glutinata, with smaller amounts of T. quinqueloba in YD-2a indicate
the development of a deep highly eutrophic mixed layer and a proliferation of fresh
diatom prey. This heightened productivity is supported by benthic communities in
MD99-2346, where the community changed to shallow infaunal species that specialised
in the influx of fresh organic matter (Melki et al., 2009). This elevated peak in G.
glutinata was coincident with a G. bulloides minima, suggesting there was little wind-
driven deep mixing at this time (Figure 7.3). There was little seasonal stratification,
implied by the strong positive PC2 loadings (the strongest recorded in M40/4 82-2SL)
(Figure 7.4; Figure 7.5). MD99-2346 showed a decrease in salinity values at this time,
attributed to inflow of cold fresher NASW into the western Mediterranean (Cacho et al.,
2001; Melki et al., 2009). This freshening and cooling of surface waters indicate a
sustained period of deep mixing of the surface water, breakdown of the thermocline and
an increase in the depth of the pycnocline (PC1). With the onset of global climatic
amelioration during YD-2a, SSTs had begun to recover elsewhere in the western
Mediterranean and there is evidence of heightened wind, deep mixing, precipitation and
productivity at this time (Genty et al., 2006; Combourieu Nebout et al., 2009; Melki et
al., 2009; Fletcher et al., 2010; Naughton et al., 2016; Dubois-Dauphin et al., 2017).
However, as mentioned above M40/4 82-2SL did not record an early recovery in SST
and wind strength was at a minimum. Therefore, it is proposed that surface waters
remained cold and very productive throughout the year due to the increase in

precipitation, inflow of NASW and increase discharge from the River Rhéne.

Both G. bulloides and T. quinqueloba slowly replace G. glutinata in YD-2b (Figure
7.3). The faunal changeover occurs as winter SSTs warm slightly and pollen records in

the northern Iberian Peninsula report a strengthened seasonal precipitation (Genty et al.,
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2006; Combourieu Nebout et al., 2009; Fletcher et al., 2010; Naughton et al., 2016). A
coincident peak in sedimentation rates (Figure 7.2) and T. quinqueloba (the highest in
the record) strongly suggest that this slight warming and increase in precipitation led to
an increase in discharge from the Rhone, allowing the opportunistic G. bulloides and T.
quingueloba to thrive in the deep mixed layer. In addition, this increase in T.
quingueloba also correlates to coincident peaks observed in cores along the north-
western margin of the Iberian Peninsula, which may also indicate the continued

injection of cooler NASW deep into the western Mediterranean (Naughton et al., 2016).
7.3.4 Early Holocene (11.55 to 7.5 kyr BP)

Although different stages, the palaeoenvironmental variations between the GL and NG
stages were less extreme than those experienced between the Late Pleistocene

chronozones, thus will be discussed together in the following section.

The early Holocene in northern mid latitudes is defined by a global warming of ~0.6°C
between 11.5 and 9.5 kyr, followed by a stable warm period until ~5 kyr (Holocene
Thermal Maximum) (Marcott et al., 2013). This warming is interspersed with cold
events triggered by variations in solar insolation, greenhouse gasses, solar activity
minima and increasing volcanic aerosols (Mayewski et al., 2004; Wanner et al., 2015).
For example, freshwater discharge events and sea-ice expansion led to a periodic
decrease in the AMOC and has been attributed to the 8.2 kyr cold event (where air
temperature in Greenland cooled by ~5°C), as well as smaller events such as the 11.4,
10.3 and 9.3 kyr events (Bond et al., 1997; Wiersma and Renssen, 2006; Fleitmann et
al., 2008; Born and Levermann, 2010; Walker et al., 2019a). The early Holocene
amelioration in the western Mediterranean region is evident as warmer humid periods
interspersed with cold arid events in both terrestrial and marine studies (Cacho et al.,
2001; Casford et al., 2001, Frigola et al., 2007; Dormoy et al., 2009; Bout-
Roumazeilles et al., 2012; Ausin et al., 2015b; Jalali et al., 2016; Zielhofer et al., 2017,
Bazzicalupo et al., 2018; Baldini et al., 2019).

Rates of sea level change began to rapidly increase in the early Holocene, with global
sea levels rising by ~50m by the early NG (Figure 7.2) (Stanford et al., 2011a). Gulf of
Lion sea levels rose from -43m at the base of the GL to approximately -30m at 10.6 kyr,
then to -7.4 m by 7.5 kyr (Bassetti et al., 2016; Vacchi et al., 2016). Deposition of the
Early Rhéne Deltaic Complex continued for another ~1 kyr into the GL stage despite
the increase in sea level rise, as the influx of meltwaters and sediment (from MWP-1B?)
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was in phase with the rate of sea-level rise (Berné et al., 2007). MWP-1B is a debated
deglacial meltwater event that followed the YD cold period. Barbados corals record a
total sea level rise of ~14m and date the MWP-1B event to between 11.45 and 11.1 kyr
(Abdul et al., 2016). However, many global sea level records do not register this
meltwater pulse (Stanford et al., 2011a; Lambeck et al., 2014). It is believed that with
summer insolation reaching its zenith during the early Holocene, MWP-1B was
triggered by glacio-eustatic sea-level rise following the YD period (Stanford et al.,
2011a; Zecchin et al., 2015; Abdul et al., 2016; Tian et al., 2020).

In the Gulf of Lion, the source of incoming sediments is attributed to meltwaters from
Alpine glaciers and increased precipitation (Berné et al., 2007). Models have suggested
that there was a sustained release of cool Alpine fresh meltwaters between 11.5 and 9.5
kyr, which inhibited WMDW development and enabled the continued deposition of
ORL-1 until ~9 kyr (Cacho et al., 2002; Rogerson et al., 2008; Ausin et al., 2015b;
Rohling et al., 2015). Faunal and geochemical proxies from the Alboran Sea also
suggest enhanced humidity and riverine input at this time (Martinez-Ruiz et al., 2015;
Bazzicalupo et al., 2018). Speleothems from the northern Iberian Peninsula record
wetter summers and drier winters (between 11 to 10.8 kyr), then becoming more arid in

the summer and wetter in the winter by 8.9 kyr (Baldini et al., 2019).

In M40/4 82-2SL, mean sediment rates for the GL and early NG stages were similar to
those of the YD (Table 7.3). However, Figure 7.2 illustrates the variability of the
sedimentation rates during these stages. The early-mid GL saw a slowing in
sedimentation rates, correlating to a shallow marine transgressive sequence in the Gulf
of Lion. This was followed by the period of maximum flooding of the continental shelf
(between 8.5 and 7.5 kyr), which is seen as a rapid increase in sedimentation rates in
M40/4 82-2SL (Bassetti et al., 2016; Fanget et al., 2016). As air temperatures and
humidity increased during from ~10 kyr, vegetation cover increased, stabilising both the
rates of terrestrial erosion and sediment load of the River Rhéne (Kettner and Syvitski,
2009; Bassetti et al., 2016). In the Gulf of Lion, sediment deposition slowed during the
early NG, as it coincided with the peak of the transgressive sequence and subsequent
sediment starvation (Fanget et al., 2016). This can been seen in the sharp fall in
sedimentation rates at ~8 kyr in M40/4 82-2SL (Figure 7.2). As rates of sea level rise
and river discharge began to decline, followed by the slow decline in SST (from ~8.8
kyr in M40/4 82-2SL, see Figure 7.2; Figure 7.6), there was an increase in the density of

surface waters, summer stratification and reestablishment of winter deep-water
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ventilation from ~9 kyr (Rogerson et al., 2008; Kettner and Syvitski, 2009; Ausin et al.,
2015a; Bassetti et al., 2016).

7.3.4.1 Sea Surface Temperatures

The predicted annual SST in M40/4 82-2SL during the Early Holocene increased to
15.2°C. However, this value is cooler than expected, i.e. SSTs were ~1.8°C cooler than
modern SSTs (Table 7.9), as it is strongly influenced by the strong cyclical pattern
between 11.5 and 10 kyr, where SSTs ranged from ~10.6 to 15.8°C. This early GL
signal differs from many SST estimates in the Gulf of Lion and the western
Mediterranean. Most record a relatively steady rise in SST following the YD
termination (with a small dip correlated to the 11.4 kyr event) and stabilising ~11 kyr
(e.g. spring SST were ~16°C in MD99-2346) (Kallel et al., 1997b; Cacho et al., 2001;
Shaffi et al., 2004; Frigola et al., 2007; Jimenez-Espejo et al., 2007; Rogerson et al.,
2008; Melki et al., 2009; Bazzicalupo et al., 2018; Catala et al., 2019). Only a limited
number of cores in the Alboran Sea display slower rates of SST increase, with similar
patterns of SST variability and seasonality during the early Holocene (Pérez-Folgado et
al., 2003; Rodrigo-Géamiz et al., 2014a; Ausin et al., 2015b).

There was a significant reduction in seasonality during the cold periods of these cycles,
as summer SSTs experienced greater degree of cooling compared to winter SSTs
(Figure 7.6). Around this period, seasonal precipitation patterns changed wetter
summers/drier winters, with a strong influence of precipitation systems originating from
the North Atlantic (Jalali et al., 2017; Baldini et al., 2019). Records from benthic
foraminifera record a decrease in surface water salinity in the Gulf of Lion, which
support salinity modelling that suggests that the decrease in WMDW formation during
this period was triggered by sustained periods (~2kyr) of Alpine meltwater outflow
from the River Rhone (Melki et al., 2009; Rohling et al., 2015; Jalali et al., 2017). As
this period coincides with peak summer / minimum winter insolation values, melting of
Alpine glaciers would have been greater summer months, leading to an influx of colder
meltwaters waters and enhanced summer cooling in the Gulf of Lion. Therefore, the
combination of meltwater pulses and enhanced precipitation increased the seasonal

outflow of the Rhoéne, creating this cyclical signal, with cooler summer SSTs.

To clarify if this early GL signal was truly cyclical, a spectral analysis was completed
and three cycles of 385, 140 and 81 years were identified (>90% confidence level)
(Figure 7.9). It is possible that some of these cycles may be linked to changes in solar
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activity, e.g. the 81 year cycle may equate to the Gleissberg—Yoshimura cycle (50-100
years) (Soon et al., 2014). Variations in solar cycles are thought to impact modern
atmospheric circulation and pressure gradients in the North Atlantic, which in turn
would influence cyclogenesis and precipitation rates in the north-west Mediterranean
region (Matthes et al., 2021). During the Holocene, short-term solar variability
superimposed on longer-term insolation changes are believed to be a primary driving
force of Holocene rapid climate change events (Mayewski et al., 2004). Across the
Mediterranean Region, a number of marine and terrestrial studies have identified
potential solar cycles in both foraminifera and geochemical proxies during the Holocene
(Heymann et al., 2013; Rodrigo-Gamiz et al., 2014b; Le Houedec et al., 2020). For
example, early Holocene centennial-scale solar minima were correlated with cold
periods in the North Atlantic, which led to winter rain minima in lake sediments in the
Middle Atlas Mountains to the south, and an increased precipitation further north

towards the north-west Mediterranean (Zielhofer et al., 2019).
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Figure 7.9: a) Bias-corrected spectral analysis (REDFIT) in the Early Holocene (11.6 to 10 kyr). The dashed green

line indicates the 90% confidence level. The dotted red line indicates the theoretical first-order autoregressive (AR1)

process that explains the “red-noise” signature (Schulz and Mudelsee, 2002). b) Mean annual (green), winter (blue)
and summer (red) SSTs for the same period.

The 11.4 kyr cold period only registers as a minor dip in SST, followed by a significant
recovery in SST (Figure 7.6). However, the most sustained cold period at the time
centres around 10.3 kyr, when annual SSTs fell to <11°C (Figure 7.6). Although not
classified as a major cold snap globally, it has been recorded as a cold, dry period in the
Greenland §*80 isotope records, as an IRD event in the North Atlantic (i.e. North

Atlantic Cold Event 7) and also in other proxies across global sites (dates ranging from
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10.5 to 10 kyr) (Bond et al., 1997; Mayewski et al., 2004; Wang et al., 2013; Zielhofer
et al., 2017). This period marks the final minor mountain glacier re-advance in the Alps
(~10.5 kyr), and inhibition of WMDW correlated to the onset of monsoonal flooding
associated with Sapropel 1 deposition in the eastern basin (Ivy-Ochs, 2015; Rohling et
al., 2015).

During the mid to late GL, SSTs increased, then stabilised between 10 and 8 kyr (mean
annual SST ~16.6°C) (Figure 7.6). Seasonal variation was significant, reflecting the
difference in summer and winter insolation at this time (Figure 7.6; Table 7.8).
Decreases in SSTs can be seen around 9.3 and the 8.2 kyr, though the minor SST
decrease ~9.3 kyr is within the variability seen at the time and may not be a true signal
of the North Atlantic cold event. The expression of 8.2 kyr cold event is more
substantial, with a decrease of ~3°C in SST and reduced seasonality, again reflecting
greater degree of cooling of summer SSTs. Following the cold 8.2 kyr event, there was
a swift recovery in SST. Predicted annual SSTs for the early NG stage were 15.76°C,
only ~1.1°C cooler than modern SSTs (Table 7.8, Table 7.9). However, this was the
beginning of a sequence of slow SST decline towards 7.5 kyr (Figure 7.6). Although
many western Mediterranean marine proxy studies record this cooling from ~8 to 7 kyr
(Cacho et al., 2001; Jalali et al., 2016; Jalali et al., 2017), a similar cooling trend
(towards ~4.2 kyr) was observed some studies in the Alboran sea (Marchal et al., 2002;
Ausin et al., 2015b; Catala et al., 2019). This cooling was attributed a decrease in the
inflow of warmer subtropical waters, as the North Atlantic subtropical gyre moved
northward towards higher latitudes in the Mid Holocene and a strengthening of

Westerly winters into the region (Catala et al., 2019).

7.3.4.2 Planktonic foraminiferal assemblage and palaeoenvironmental

reconstruction

The transition from the YD to early GL was not immediate for most species. It was not
until after the 11.4 kyr cold event that we see a decrease in shallow eutrophic species
and an increase in warm oligotrophic species and deep grazers. Although annual SSTs
were still ~1.75°C cooler than modern SSTs, they were warm enough for allow for this
more diverse assemblage (Table 7.8; Table 7.9). The establishment of this more modern
seasonal assemblage reflect significant changes to the hydrological structure that were

occurring in the Gulf of Lion.

The early GL was characterised by a variable, cyclical abundance in G. inflata and G.
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ruber white and minor G. truncatulinoides sinistral, suggesting periods with warm,
seasonally stratified summer/autumn waters, followed by a cooler deep mixed layer
during mesotrophic winter/spring periods (more moderate E-Index and peaks in PC2
and PC3, as well as the S-Index). In addition, G. ruber white was accompanied by G.
rubescens, the first of the SPRUDTS species to inhabit the early GL period (Figure 7.3).
G. rubescens is a rare, small species, inhabiting surface to sub-surface temperate to
tropical oligotrophic waters (Table 3.5) (B¢, 1977; Bé and Hutson, 1977; Hilbrecht,
1996; Conan and Brummer, 2000; Schiebel and Hemleben, 2017).

Although T. quinqueloba had decreased in abundance since the YD, it displays an
inverse pattern of peaks to G. inflata/G. ruber white. At the same time, G. bulloides had
increased in abundance. The combination of these opportunistic species, along with
eutrophic benthic foraminifera species that flourish with pulsed flux of organic matter,
both agrees with the suggestion of increased discharge of nutrient rich fresh waters from
the Rhone at this time (Melki et al., 2009). Also, the peaks in PC3 and the DM-Index in
the early GL (up to ~10.9 kyr) suggest there may be an increase in winter wind strength
at this time, which was also seen in elemental ratio proxies in the Alboran Sea
(Martinez-Ruiz et al., 2015). At the same time, sea levels were rapidly increasing
(MWP-1B?), surface water salinity and density were decreasing and the pycnocline was
deepening (Berne et al., 2007; Melki et al., 2009; Rohling et al., 2015; Jalali et al.,
2017). This is reflected by the generally lower percentages of N. incompta (and PC1).
These cyclical faunal patterns match those of the predicted SSTs (Figure 7.6).
Therefore, as global temperatures began to recover in the early GL period (up to ~10.3
kyr), the Gulf of Lion also experienced an increase in SSTs, with seasonally
stratified/deeply mixed eutrophic waters and strengthening of winter winds. However,
periodic pulses of enhanced riverine discharge and meltwater pulses cooled summer
surface waters, and injected nutrient rich waters, which supported an opportunistic

eutrophic assemblage.

In comparison to the Late Pleistocene chronozones, the diversity of the GL eutrophic
assemblage increased, with varying amounts of G. bulloides, G. inflata, N. incompta, G.
glutinata, T. quinqueloba, G. scitula and both G. truncatulinoides dextral and sinistral
(Figure 7.3; Table 7.4). However, one of the most striking faunal signals in the entire
core was the rapid and sustained collapse of N. incompta (<5%) between 10.6 and 9.5
kyr. This reduction is seen elsewhere in the Gulf of Lion and the western

Mediterranean, though not as pronounced or for as long (Pérez-Folgado et al., 2003;

221



Sprovieri et al., 2003; Sbaffi et al., 2004; Di Donato et al., 2009; Melki et al., 2009;
Morabito et al., 2014). This period was coincident with the increase in shallower G.
glutinata and deep grazers G. truncatulinoides sinistral, G. inflata, T. quinqueloba and
G. scitula. It also coincided with the cessation of MWP-1B, but the region was still
experiencing the continuing effects of the rapid rates of sea level increase (Figure 7.2)
(Stanford et al., 2011a). Clearly, waters remained productive and food was available,
but the structure of the winter water column no longer favoured N. incompta (strongly
positive PC1). Instead deep grazers accounted for ~40% of the eutrophic assemblage, as
the winter/spring bloom period experienced deep vertical mixing and the nutricline and

pycnocline deepened in response to the freshened surface waters.

In addition to the collapse of N. incompta, there was a substantial peak in G. glutinata
(>45%) and reduction of both G. ruber white and the SPRUDTS group correlating to
the 10.3 kyr cold event (Figure 7.3; Figure 7.6). G. bulloides, T. quinqueloba and G.
inflata all decreased at this time. Therefore, this cold period was not accompanied by
heightened winds or deep mixing. G. truncatulinoides sinistral and G. scitula were still
present, though in low abundances. There was no evidence of this peak in G. glutinata
in MD99-2346, where abundances steadily decreased towards the end of the GL stage
(Melki et al., 2009). However, elevated rates or minor peaks of G. glutinata can been
seen in cores from western, central and the eastern Mediterranean in the early Holocene
(Sbaffi et al., 2001; Sprovieri et al., 2003; Favaretto et al., 2008; Geraga et al., 2010;
Morabito et al., 2014). This sustained peak in the shallower dwelling G. glutinata,
positive PC2, along with minor abundances in deeper dwelling species in M40/4 82-
2SL suggest a deep thermocline and that winter deep mixing was firmly established,
allowing G. glutinata to dominate the cold shallow productive waters at the expense of
opportunistic G. bulloides and T. quinqueloba, with G. truncatulinoides and G. scitula

seasonally inhabiting deeper waters.

There is a similar turnover of warmer oligotrophic species, indicating a change to the
structure of warmer summer/autumn waters, Following the decline of G. rubescens and
a brief fall in G. ruber white during the 10.3 kyr cold event, O. universa reappeared in
the mid GL, followed by G. siphonifera (~10 kyr) (Figure 7.3). Both are deeper
dwelling species, governed by warmer SST and more mixed, productive waters (de
Vargas et al., 2002; Darling and Wade, 2008; Rigual-Hernandez et al., 2012; Rebotim
et al., 2017; Schiebel and Hemleben, 2017). In addition, the G. ruber plexus in the

modern Mediterranean includes the high productivity G. elongatus (Types Ilal and
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I1a2) (Darling and Wade, 2008; Aurahs et al., 2009; Aurahs et al., 2011; André et al.,
2014). Therefore, the similar occurrences of both O. universa and G. siphonifera, along
with G. ruber white morphospecies in the mid GL indicate that late spring to early
autumn waters were more productive, where G. ruber white inhabited shallower waters
(~60m) and G. siphonifera and O. universa in deeper waters (~80m). At the same time,
seasonal stratification and SST seasonality were both increasing, which is evident from
the negative PC2 and elevated G. inflata. Interestingly, the E-Index is decreasing at this
point (Figure 7.7). However, this index utilises the traditional interpretation of these
spinose species to indicate warm oligotrophic water. It does not consider the full range
of their ecological tolerances; therefore, it may lose some of the nuance that the
presence of these species may imply, especially in productive areas such as the Gulf of

Lion.

The initial peak during the recovery of N. incompta (~9.5 kyr) correlated to the
disappearance of both G. truncatulinoides sinistral and G. scitula, which was also
recorded in the Tyrrhenian Sea (Di Donato et al., 2009). It can be assumed that deep
mixing of the water column weakened and there was a reestablishment of a shallower
pycnocline (PC1). This initial peak was brief and following the 9.3 kyr cold event, N.
incompta briefly declined again, to the advantage of T. quinqueloba, G. inflata and G.
glutinata, again pointing to deep winter mixing and deepening of the pycnocline. From
~9 kyr N. incompta made its final recovery and dominated the remainder of the late GL
assemblage (PC1), while the populations of both G. bulloides and G. inflata declined
and G. glutinata was reduced to a more modern Mediterranean Sea abundance (<5%)
(Figure 7.3) (Thunell, 1978). This recovery of N. incompta occurred close to the
termination of deposition of ORL1 ~9 kyr in the western basin when WMDW formation
resumed, sea level rise slowed, sedimentation rates peaked in the Gulf of Lion, SSTs
began to cool and precipitation decreased (Jalut et al., 1997; Jalut et al., 2000; Rogerson
et al., 2008; Bassetti et al., 2016). In general, productivity in the western basin
decreased from this period, but it is clear that the Gulf of Lion remained productive for
the remainder of this mid-Holocene period (Fink et al., 2013; Fink et al., 2015).

In the warm water assemblage, there was a peak in G. ruber white (>20%) following the
9.3 kyr event, then it slowly declined along with decreasing SSTs towards the GL
termination at 8.2 kyr. At the same time, SPRUDTS species formed 6.25% of the
assemblage. O. universa and G. siphonifera were still present along with B. digitata,

another more productive warm water species (Figure 7.3) (Schiebel and Hemleben,
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2017). The tropical, oligotrophic G. ruber pink increased slightly, and for the remainder
of the late GL stage, there were modest rates of this genotype when summer SST were
consistently >19°C (Figure 7.3). Therefore, this more complex summer assemblage in
the late GL suggests that while there were periods of higher productivity in the early
and/or late summer/early autumn, there were seasonally stronger oligotrophic

conditions during the height of the summer (E-Index) (Figure 7.7).

The 8.2 kyr cold event, which marks the transition from GL to NG has little impact on
the assemblage, except for a peak in T. quinqueloba and decrease in SPRUDTS species.
The early NG marks the establishment of the more modern Gulf of Lion assemblage,
dominated by N. incompta, G. bulloides, G. inflata, which formed >80% of the NG
assemblage (Table 7.4) (Broggy, 2011). G. ruber pink almost disappeared, while G.
ruber white and SPRUDTS species account for 6% and 4.3% of the population,
respectively. Similarly, the benthic assemblage became more representative of modern
conditions (Melki et al., 2009). This suggests a more modern hydrographic structure
was established during the NG stage, i.e. a seasonally well-developed DCM (PC1) and
oligotrophic conditions in the summer to late summer months (PC2), with decreasing
periods of heightened productivity in surface/subsurface waters in the early summer and
early autumn broadly. Winter conditions were comparable, with high productivity,

wind-driven winter deep mixing events (PC3) associated with WMDW formation.
7.4 Conclusion

Core M40/4 82-2SL has provided a high-resolution and sub-centennial record of the
Gulf of Lion between 15.48 to 7.4 kyr. The climate and hydrographical changes
experienced during each chronozone are clearly identifiable, and the detailed nature of
the record illustrates the complexity of these extreme periods. Indeed, this marine core
has recorded climate trends and patterns for certain periods that are usually only evident
in terrestrial proxies (e.g. Chauvet speleothem in southern France). In-depth analysis of
this planktonic foraminifera data, has made it possible to resolve some of the complex
regional and global mechanisms and interactions that governed the deglacial Gulf of

Lion region (see Table 7.10 below).

Clearly, the Gulf of Lion is an inherently complex region. During the Late Pleistocene

into early Holocene, the region was under the influence of localised discharge from the
River Rhone, Alpine meltwater pulses, localised winds and winter cyclogenesis. There
is also evidence of strong teleconnections with North Atlantic oceanic and atmospheric
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circulation patterns and low pressure systems, which impacted surface temperatures and
salinity, and further intensified wind strength, precipitation and winter cyclogenesis. For
example, the late HS1 and YD in the Gulf of Lion were both extremely cold periods,
much colder than elsewhere in the western Mediterranean basin, and temperatures
during the YD comparable with the LGM. The southerly position of polar front was a
controlling factor for both periods, where cold pulses of polar and subpolar NASWs
cooled SSTs, and winds were strengthened, especially during the late HS1. However,
the variability of the position of the oceanic polar front during the YD meant that the
region was under greater influence of storm and precipitation events incoming from the

North Atlantic or locally occurring cyclogenesis.

The early Bolling SST signal bears striking resemblance to $'80 signal of Greenland ice
cores, reflecting the strong teleconnection with North Atlantic, where the rise in CO>
and air temperatures in early Bglling equated to the sharp increase in SSTs in the Gulf
of Lion. It also points to the resumption of North Atlantic deep water circulation and the
inflow of warmer waters from the North Atlantic Subtropical Gyre. However, during
the later Bglling to Allerad period, there is increasing evidence of freshwater and Alpine
and MWP-1A meltwaters that cooled and freshened surface waters. Periodic increases
in river discharge and meltwater pulses were also key drivers for the early Holocene,
where SSTs display a strong cyclicity, which were cooler than expected when compared
to other areas in the western basin. This evidence strongly supports the existence of
meltwater pulses in the early Holocene that were needed for continued deposition of
ORL1. As these meltwater pulses diminished, SSTs began to recover by the mid GL.
However, the late GL saw an earlier cooling trend in comparison to other areas in the
Mediterranean (from ~9 kyr) as WMDW formation resumed and this cooling continued
until the early NG. In addition, rapid cooling events such as the OD, 10.3 and 8.2 kyr
are also evident in the record, linked to brief increase in cold winds and freshwater

events in the region.

Interpretation of the planktonic foraminifera assemblage has allowed for detailed
reconstruction of the palaeoecology and hydrology during these events. It is clear that
the fauna responded to the changes in SSTs. For example, in response to the warmer
SSTs and increase in seasonality during the early Bglling, the assemblage rapidly
reorganised to become seasonally variable, with a peak in G. ruber white during warmer
more oligotrophic summer/autumn season, and deeper dwelling G. inflata and G. scitula

peaking during the more eutrophic, deeply mixed winter/spring surface waters.
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However, although SSTs broadly governed the assemblage, they do not explain the
more detailed variability within the record. The assemblage is strongly eutrophic
through the majority of the chronozones, which is similar to modern conditions.
However, the structure of the assemblage signpost variabilities in trophic and
hydrological conditions during these events. For example, it is interesting to compare
the cooler water eutrophic assemblages of the late HS1 and the YD. Both have cool
waters and low seasonality, however the variations in the associated assemblages clearly
indicate differences in surface water conditions. The dominance of G. bulloides, along
with T. quingueloba and N. incompta imply strong wind-driven deep mixing during
HS1, whereas distinctions in the abundances in N. incompta, G. glutinata, G. bulloides
and T. quinqueloba enable the subdivision of the YD, mapping changes in the depth of
the pycnocline in response to weaken wind strength, inflow of cold NASWSs, and the
increasing precipitation influence during the late YD. This is also evident in the early
Holocene, as the cyclicity in SSTs is clearly as a response to the variability of G. inflata
and G. ruber white alternating with T. quinqueloba and G. bulloides. The disappearance
of N. incompta is one of the most striking faunal responses during the early to mid
Holocene. Although surface waters were strongly eutrophic, the pycnocline deepened
due to rapidly increasing sea levels and freshwater discharge, allowing deeper dwelling

eutrophic species to flourish.

226



Planktonic Foraminifera Mean SSTs . . .
. Palaeoenvironmental mterpretatlon .
Chronozone Assemblage (Seasonality) Mechanisms
Warmer Cooler (°C) Summer/Autumn Winter/Spring
Warm, with continued
N. incompta cooling trend; | Eutrophic;
: . Strong seasonality; Deep mixing; . .
. ruber whi . . 2 , . .
Early NG GSPUISE DTSte G. bulloides (1751786) Stratified and oligotrophic Increased productivity; SO(!EOV\IEIE;(;'SWIndS and
G. inflata ' in high summer months; Establishment of yclog
Higher productivity in modern fauna
early/late summer
Warm, but beginning to
Late cool; Shallow pycnocline; Resumption of WMDW
GL Stratified and oligotrophic Eutrophic, formation;
in high summer months; Seasonal deep mixing; | Cold winter winds and
Higher productivity in Increased productivity | cyclogenesis
G. bulloides early/late summer
. Warm; ;
) N. incompt e . . Deep th_ermoclme and _ _
— G. ruber white G 'C?I F a 15.06 ?grﬁrlﬁesdu?n(iglgg:?hpshlc pycnocline; Rapid sea level rise;
O SPRUDTS -1n _a a (6.53) nig o Deep mixing; discharge from River Rhéne
G. glutinata Higher productivity in L
Earlv- Y Increased productivity
arly T. auinqueloba early/late summer
Mid -quing Warming,
GL interspersed with periodic cooling Increase in precipitation;
Increased seasonality; Deep thermocline and | periodic meltwater pulses
Stratified and oligotrophic; pycnocline; and discharge from River
Periods increased summer Deep mixing; Rhone
cooling Increased productivity
Cold, though winter SSTs not as low; Incrga§e n see_ls?lnal f cold
YD-2b ] Productive: precipitation, inflow of co
N. incompta Deening of mixed laver NASW and river discharge;
a) G. glutinata 8.30 ping y Variable winds
> G. bulloides (3.49) Cold; Weak winds; N
. X L Weaker winds;
YD-2a T. quinqueloba Increase in shallow water productivity; Inflow of cold NASW
Deepening of mixed layer
YD-1 Gradual cooling; Variable position of oceanic
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Planktonic Foraminifera Mean SSTs . . .
. Palaeoenvironmental mterpretatlon .
Chronozone Assemblage (Seasonality) Mechanisms
Warmer | Cooler (°C) Summer/Autumn | Winter/Spring
Low seasonality; Polar Front, periodic inflow
Productive of cold NASW;
Variable winds
Warm with stepwise Productive: Increase in sea level, Alpine
Allerad cooling; SV . meltwaters and River Rhone
Stratified Increasing deep mixing discharge
oD Cooler; Cool and unstable Strong winds incoming from
Stratified waters the North Atlantic
. G. bulloides Still warm, but cooling; . .
< Mid- G rub hit N i ; 15.19 Stratified and oligotrophic Cooler. eutrophic Inflow of warm l_\lASW,
od . ruber wnite . Incompta (6.44) N } waters; Increased in Alpine
Late G. inflata ' in high summer months; Shallowing of meltwaters and MWP-1A
Bgllin ' higher productivity in : : . N
g pycnocline discharge from River Rhéne
early/late summer
Rapid warming; Stable eutrophic Weak winds;
Early Warm stratified, waters; Inflow of warm NASW;
Balling oligotrophic waters; Deep pycnocline; Atmospheric warming due to
Increased seasonality No deep mixing rapid increase in CO,
G. bulloides : oy
. Highly productive;
N. incompta jogs | LowSST and seasoraliy: southely positon ofocsan
Late HS1 T. quinqueloba 3 '83) Intense deep surface water mixing and WMDW polar frg/nf'
G. glutmata formation Strong North Atlantic winds
G. scitula

Table 7.10: Dominant planktonic foraminifera species, palaeoenvironmental interpretation and proposed mechanisms of climate change during the main Late Pleistocene chronozones and early
Holocene stages in the Gulf of Lion. Heinrich Stadial 1 (HS1); Bglling-Allergd (BA); Younger Dryas (YD); Greenlandian (GL); Northgrippian (NG). SPRUDTS group = G. siphonifera, G. rubescens,
O. universa and B. digitata.
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Chapter 8.

8 Conclusion

Following the Last Glacial Maximum (LGM), the deglacial was a period of extreme
climatic and environmental change in the northern hemisphere. Evidence of these
changes have been recorded in the North Atlantic marine sediments, Greenland ice
cores and terrestrial proxies across the northern hemisphere. They have also been
observed in studies across the Mediterranean Sea. However, given the transitional
nature of the Mediterranean region, these signals are spatially disparate and inherently
complex. Sea surface temperatures (SSTs) for the LGM in the Mediterranean Sea were
reconstructed using the Artificial Neural Networks (ANN) transfer function, but there
were no equivalent regional SST reconstructions for the deglacial Heinrich Stadial 1
(HS1), the Balling/Allergd (BA) and Younger Dryas (YD) chronozones.

Therefore, the first of the aims for this study was to reconstruct the basin-wide
palaeoecology and palaeoclimate of the Mediterranean Sea during HS1, the BA and
YD. In order to achieve this, a comprehensive database of planktonic foraminifera
counts was compiled from 67 cores that were widely distributed across the
Mediterranean Sea. A number of research questions were addressed using this dataset.
How did the Mediterranean Sea respond to rapid change during HS1, the BA and YD
and to what extent did these changes impact the hydrology and distribution of
planktonic foraminifera. Annual, summer and winter SSTs were reconstructed using
ANN, and the distribution of these SSTs and key planktonic foraminifera
morphospecies were mapped and analysed for each chronozone. Eutrophic and
stratification indices, calculated from the planktonic foraminifera assemblage were also

mapped, which is a novel application of these palaecoenvironmental indices.

The impact of these three extreme periods is certainly evident across the Mediterranean
Sea. Mean annual SSTs for the HS1 were 13.57°C, 15.03°C during the BA and 14.16°C
in the YD. Both the HS1 and YD were cooler than the LGM. Although warmer, the BA
was still ~3.5°C cooler than modern conditions. However, all chronozones display
unique distribution patterns of SST, faunal and hydrological variability. The western
basin, along with the Adriatic and Aegean Seas were generally cooler, especially during
HS1 and the YD and had strongly eutrophic assemblages. SSTs in the southern eastern

basin was less impacted by the deglacial cold periods. The basin was certainly more
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eutrophic and less stratified in comparison to modern-day ultra-oligotrophic conditions,
though as surface waters warmed during the BA and YD, they became increasingly
oligotrophic. This enabled the warm water spinose assemblage to diversify and expand

their ranges into the western basin.

The impact of a number of drivers can be identified for these events. The strong year-
round cooling of the western basin during HS1 reflects the stable southerly position of
the oceanic polar front. This enabled cold North Atlantic Surface Waters (NASW) to
penetrate the western basin, which is reflected by the distribution of Neogloboquadrina
species that extended from the Strait of Gibraltar into the western basin. During the BA
and YD, changing pressure systems over the Fennoscandian ice sheet and associated
variability in North Atlantic atmospheric circulation would have impacted wind strength
and precipitation rates in the Mediterranean region. These variations can be seen in the
cooler SSTs in the western basin and along northern margins, as well as changes to the
productivity and deep mixing of surface waters. At the same time, the northward
migration of the Intertropical Convergence Zone and increasing summer insolation led
to warmer SSTs and enhanced seasonality in the eastern Mediterranean. Increases in
freshwater discharge, meltwater events and rising sea levels in the Gulf of Lion,
Adriatic and Aegean Seas were also identified by cooler SSTs and the increase in G.

bulloides, T. quinqueloba and Neogloboquadrina species.

These SST and palaeoenvironmental reconstructions present a broad, basin-wide
summary of conditions during the HS1, BA and YD that was previously unavailable for
the Mediterranean Sea. Although signals for each chronozone are generalised, they
provide evidence of the main factors that governed each extreme period. They also
clearly display the spatial variability of these signals across the Mediterranean Sea.
Finally, they demonstrate the sensitivity of the Mediterranean Sea to rapid climate

change.

The second aim of this thesis was to test how the north-west Mediterranean Sea
responded to extreme changes during the deglacial period. In the modern-day, this
region is under the influence of North Atlantic depressions and winter cyclogenesis, and
surface water productivity is strongly correlated with seasonal discharge of nutrient rich
waters from the River Rhone. Therefore, the associated high sedimentation rates and
sensitivity of the region to climate change makes it an ideal location to examine the

impact of extreme events. However, micropalaeontological studies based in this region
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are somewhat limited.

M40/4 82-2SL was a known high resolution sediment core collected from the Gulf of
Lion and was selected to address the objective of reconstructing the north-western
Mediterranean Sea during the deglacial period. The sections of M40/4 82-2SL utilised
for this study spanned the late HS1 to the mid Holocene (~15.5to 7.4 kyr). SSTs were
predicted using ANN, and a combination of the faunal abundance, multivariate statistics
(PCA) and palaeoenvironmental proxies were utilised to reconstruct the
palaeoenvironment. As the core was located within the Rhéne Delta Plume,
sedimentation rates throughout this period were generally high, thus the foraminiferal
record proved to be an excellent archive of the global and regional factors that
influenced the Gulf of Lion.

The BA, YD and early to mid Holocene variability and complexity are distinctly
recorded, though only the end stage of HS1 was captured in the core. There is close
correlation of annual SSTs with Greenland 580 ice core records, especially during the
BA. Cooling during the late HS1 and especially during the YD was more extreme than
the LGM. SSTs during the BA were almost comparable to modern SSTs in the Gulf of
Lion. However, the SST record was highly variable in the early Holocene due to periods
of enhanced Rhéne discharge and periodic meltwater events, which provides strong
support for an Alpine meltwater contribution to the continued ORL1 deposition during
the early Holocene.

The assemblage throughout was strongly eutrophic. N. incompta, G. bulloides, G.
inflata and T. quinqueloba were the dominant species, with only more limited periodic
peaks of G. ruber white in the warmer BA and Holocene. In detail, variations in the
planktonic foraminifera community structure allowed for a detailed reconstruction of
the changes to the productivity and hydrological structure of surfaces waters. For
example, the dominance of G. bulloides in the late HS1 points to extreme wind-driven
deep mixing. This contrasts the rapid reorganisation and diversification of the
assemblage in the early Bglling as atmospheric temperatures rose. As SSTs rapidly
increased, there was a change to a more seasonal assemblage, with warm stratified
oligotrophic summer waters, followed by cooler mesotrophic winter-spring surface
waters with a stable deep mixed layer. The inflow of nutrient-rich fresher waters during
the early Holocene led to a deepening of the pycnocline. This triggered a ~1000-year
period where N. incompta was near absent and was replaced by a diverse deeper-
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dwelling eutrophic assemblage.

M40/4 82-2SL undoubtedly demonstrates the effects of variable discharge from the
River Rhone, meltwater pulses and rising sea levels during the transition from the Late
Pleistocene to early Holocene. It also records the impact of North Atlantic atmospheric
circulation, precipitation and wind strength on SSTs, trophic conditions and the
hydrological structure of the Gulf of Lion. In turn, the resulting conditions shaped the
diversity and abundance of the planktonic foraminifera assemblage. Given the detail of
the M40/4 82-2SL record, it is a welcome addition to the limited collection of

palaeoenvironmental reconstructions for the north-west Mediterranean Sea.
8.1 Limitations and future work

The use of published datasets for wide ranging palaeoenvironmental studies comes with
a number of considerations that have to be acknowledged and addressed when possible.
These issues include variations in identification, classification and generalisation of
morphospecies between researchers. This is becoming increasingly pertinent, in light of
the emerging complexity of genotypes that may have different ecological niches.
Invariably, this means that much of the nuance of the ecological and hydrological
factors that govern the distribution of these species may be lost. However, the addition
of greater numbers of core data points help identify and minimise any errant signals in
the datasets. Also, the distribution of morphospecies were not regarded in isolation, they
were analysed in relation to other species, palaeoenvironmental proxies and SSTs. In
addition, issues around core chronology, poor reporting of control points and variable
age model quality can decrease the confidence of observed results. In this study, this
issue was addressed by the recalibration of all **C AMS radiocarbon ages, generating
new age models where possible, and assigning an age quality level to all datasets. For
future publications, I plan to recalibrate all **C radiocarbon dates, in light of the newly
published Marine20 marine radiocarbon age calibration curve and updated AR values
(Reimer and McCormac, 2002; Heaton et al., 2020; Reimer et al., 2020) and regenerate
the age model for any cores that have four or more age control points, using the more

rigorous BACON Bayesian age-depth model approach (Blaauw and Christen, 2011).

As SSTs and productivity in the Gulf of Lion were so strongly influenced by meltwater
events and enhanced outflow from the River Rhone, it is my intention to obtain stable

isotope measurements (i.e. 5'0 and &**C) for specific sections of M40/4 82-2SL (e.qg.
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the early Holocene). This analysis will provide independent proxies for the SST
reconstructions and productivity signals indicated by the planktonic foraminifera
assemblage in M40/4 82-2SL. This will support further investigation of these freshwater
discharge signals, which is of interest to researchers in the western Mediterranean Sea,
especially in relation to the deposition of ORL1 and associated changes in the deep

ventilation in the Gulf of Lion.

The final extreme event of the deglacial in the Mediterranean Sea is related to the
deposition of Sapropel 1 (S1) (~6-10 kyr BP) in the eastern basin. S1 is correlated with
anoxic conditions that are associated with the monsoon maximum and sea level rise
(Rossignol-Strick, 1985; Rohling et al., 2015; Grant et al., 2016). This event has been
extensively researched across the eastern basin and in the limited footprint in the
Tyrrhenian Sea (Rohling et al., 2015). However, this event has never been investigated
on a basin-wide scale, therefore there is limited information regarding its effects on
SSTs, intermediate and deep water ventilation in the western basin and planktonic
foraminifera communities across both basins. Also, how did S1 compare to periods of
ORL1 deposition in the western basin during the BA and YD datasets (Rogerson et al.,
2008; Rohling et al., 2015; Pérez-Asensio et al., 2020)? Therefore, it is proposed that a
similar basin-wide planktonic foraminifera dataset for S1 be compiled, in order to
reconstruct the impact of S1 on SSTs and planktonic foraminifera across the
Mediterranean Sea.
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Appendix 1

a) List of control points used for revised chronology and age models

14
Depth i AMS RadiocarbcCJ:n'A\NIS Cla(J[leaslendar age
Core Material Dated Control Point Revised Age Model
(cm) Age * error + error
(yr BP) (yr BP) (cal yr BP)
AC 85-4 PF 31.00 8000 L
1) 65.00 10000
125.00 12000
181.00 14000
235.00 16000
301.00 18000
351.00 20000
391.00 22000
AEG-19 S1 End 52.00 6400 L
S1 Start 72.00 9600
F&PT 100.00 10860 + 80 12276 + 81
AEG-20 S1End 79.00 6400 L
S1 Start 113.00 9600
F&PT 120.00 9830 + 70 10685 + 72
AEG-22 S1End 30.00 6400 L
S1 Start 48.00 9600
F&PT 50.00 9670+ 70 10489 + 72
AEG-3 S1End 47.00 6400 L
S1 Start 78.00 9600
F&PT 80.00 9820 + 70 1067372
AEG-4 S1 End 45.00 6400 L
S1 Start 60.00 9600
AEG-5 S1End 51.00 6400 L
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14C AMS dates

. Depth MEE AMS Radiocarbon Calendar age .
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
S1 Start 82.00 9600
F&PT 90.00 10190 + 70 11131+ 72
BCO02 PF3/PF4 boundary 33.00 9000 L
(2 PF4/PF5 boundary 37.00 10875
BCO06 PF3/PF4 boundary 25.00 9000 L
) PF4/PF5 boundary 29.00 10875
BCO7 PF3/PF4 boundary 25.50 9000 L
(2 PF4/PF5 boundary 28.00 10875
BC15 PF 4.25 10150 + 800 11176 + 800 SS
PF 64.75 14670 + 900 17109 + 900
PF 175.25 27380 = 240 31008 + 240
PF 256.25 31600 + 400 35059 + 400
BS 78-12 0cm (1) 0.00 5400 L
BF 147.00 10600 + 200 11780 + 201
BA/HS1 boundary (1) 243.00 14600
BF 283.00 13820 + 190 16062 + 191
BF 551.00 21100 + 400 24840 + 400
BS79-22 BS: BS79-33 5.00 1261 L
(3) BS: BS79-33 20.00 3626
BS: BS79-33 32.00 4993
BS: BS79-33 63.00 6808
BS: BS79-33 72.00 8058
BS: BS79-33 81.00 8450
BS: BS79-33 120.00 10881
BS: BS79-33 147.00 11753
BS: BS79-33 156.00 12674
BS: BS79-33 198.00 14013
BS: BS79-33 219.00 16443
BS: BS79-33 267.00 18110
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14C AMS dates

Depth MEE AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
BS: BS79-33 288.00 19269
BS: BS79-33 324.00 20959
BS: BS79-33 366.00 24534
BS: BS79-33 425.00 26473
BS: BS79-33 449.00 28843
BS: BS79-33 461.00 29514
BS: BS79-33 508.00 33405
BS79-33 EZ 57.00 2530 L
4) EZ 98.00 3985
PF 115.00 6310 £ 70 6704 £72
EZ 120.00 7656
PF 136.00 8160 + 90 8581 +91
EZ 150.00 9615
EZ 175.00 10995
PF 185.00 10830 + 110 12221 + 111
EZ 204.00 12945
PF 225.00 12910 + 110 14593 + 111
EZ 249.00 15343
PF 295.00 15480 = 130 18249 + 131
PF 340.00 16990 + 140 19934 + 141
EZ 360.00 21968
PF 450.00 24120 + 220 27772 + 221
BS79-37 PF 4.00 900 £ 35 474 + 38 SS
PF 36.00 2270+ 30 1813 £ 34
PF 80.00 3960 + 40 3879 +43
PF 128.00 6870 + 40 7338 £43
PF 196.00 10950 + 70 12414 £ 72
BS79-38 BS: MD95-2043 5.00 950 L
(3) BS: MD95-2043 10.00 1107
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14C AMS dates

. Depth MEE AMS Radiocarbon Calendar age .
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
BS: MD95-2043 35.00 1877
BS: MD95-2043 55.00 3626
BS: MD95-2043 95.00 4777
BS: MD95-2043 125.00 6071
BS: MD95-2043 145.00 7020
BS: MD95-2043 205.00 10249
BS: MD95-2043 230.00 11303
BS: MD95-2043 265.00 12352
BS: BS79-33 320.00 14606
BS: MD95-2043 395.00 19014
C40 PF 73.00 6830 No
(5) PF 82.50 7830
PF 131.00 12350
C69 Z2 Tephra 15.00 No
(5, 6) PF 28.00 5810 + 40 6178 +43
PF 40.00 8750 + 70 9357 £ 72
PF 60.00 14470 £ 70 17013 £ 72
BZ6/7 boundary 64.00
BZ7/8a boundary 84.00
BZ8/9 boundary 111.00
PF 152.00 36070 + 300 40216 + 300
PF 189.00 44300 * 2000 47065 * 2000
CEUTAIL0 5870 + 40 6234 =43
PCO8 PF 22.00 SS
PF 46.00 7940 + 40 8348 +43
PF 82.00 9190 +50 9893 + 52
PF 122.00 9900 + 30 10771+ 34
PF 156.00 11410 + 30 12807 + 34
PF 174.00 12240 £ 70 13633 £ 72
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14C AMS dates

Depth MEE AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF 281.50 14270 £ 40 16704 = 43
PF 323.50 14920 + 40 17620 + 43
PF 406.00 16910 + 40 19846 + 43
PF 452.00 18110 =50 21346 + 52
PF 474.00 18360 + 50 21695 + 52
PF 541.50 20170 £ 50 23738 £ 52
PF 579.50 20480 + 60 24079 + 62
PF 603.50 21100 + 60 24860 + 62
PF 615.50 21540 + 60 25429 + 62
Chain61-19 T-1B 240.00 10000 L
(7 T-1A 490.00 13000
BS: Stage 1/2 boundary (G. inflata) 700.00 15000
CS72-37 BS 69.00 3076 L
BS 107.00 8264
BS 187.00 15889
Gl2|18024- PE 140.00 3470 + 40 3281 +43 sS
PF 200.00 5660 + 40 5993 +43
PF 250.00 8160 + 70 857172
PF 276.00 9314 +41 10086 + 44
PF 310.00 9870 + 100 10748 + 101
PF 370.00 12870 + 100 14518 + 101
PF 470.00 17110 = 60 20085 + 62
PF 583.00 26030 + 150 29697 + 151
IN 68-9 BF 7.50 3160 + 120 2901 +121 SS
PF 38.50 6390 + 60 6797 £ 62
BF 81.25 9280 + 180 9985 + 181
PF 157.50 13100 = 200 14912 + 201
PF 201.50 14200 + 300 16615 + 300
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14C AMS dates

Depth MEE AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF/PT 247.50 17200 + 300 20195 £ 300
ING8-21 BF 1.00 830 + 100 399 + 101 SS
MOL/BF 164.50 7160 + 140 7586 + 141
MOL 245.50 9510 £ 130 10314 £ 131
BF 441.00 13300 £ 400 15231 £ 400
BF 712.50 15800 + 500 18581 + 500
ING8-28 Tephra 0.00 2800 L
(8) Tephra 12.50 4900
BZ: Zone I/11 boundary 27.50 9600
BZ: Zone I1/111 boundary 82.50 12700
Tephra 175.00 17900
IN68-29 O0cm (I) 0.00 2000 L
Tephra 25.00 2800
Tephra 50.00 4900
Tephra 130.00 9600
Tephra 200.00 12700
300 cm (1) 300.00 16000
IN68-3 0cm (1) 0.00 8750 L
MOL 224.00 13060 + 190 14841 + 191
MOL 340.50 13400 £ 200 15465 £ 201
BF 527.00 16300 + 200 19129 + 201
ING8-38 0cm(I) 0.00 2000 L
Tephra 100.00 4900
Tephra 290.00 9600
Tephra 375.00 12700
Tephra 475.00 17900
IN68-5 BF 0.15 5800 + 100 6145 + 101 SS
PF 1.95 9870 £170 10749 £ 171
BF 3.35 11900 + 300 13312 £ 300
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14C AMS dates

Depth MEE AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
BF 4.65 13700 + 300 15880 + 300
BF 6.22 14700 + 300 17290 + 300
IN68-7 PF 2.50 1290 £ 120 788 £ 121 L
PF 182.50 15400 + 200 18166 + 201
PT 250.50 23200 + 600 26944 + 600
KET80-03 PF 100.00 10270 + 161 11256 + 161 SS
PF 130.00 12140 + 181 13551 + 181
PF 150.00 13100 + 201 14912 + 201
PF 190.00 15590 + 191 18369 + 191
KET80-19 Tephra 45.00 3900+£100 L
Tephra 80.00 7000
Tephra 140.00 9800+300
Tephra 180.00 12300+300
Tephra 220.00 14400
KET80-39 BS: MD 04-2797 CQ 1.25 7426 L
9) BS: MD 04-2797 CQ 81.25 9992
BS: MD 04-2797 CQ 121.25 11270
BS: MD 04-2797 CQ 141.25 12782
BS: MD 04-2797 CQ 161.25 14083
BS: MD 04-2797 CQ 181.25 15070
BS: MD 04-2797 CQ 211.25 16970
BS: MD 04-2797 CQ 221.25 17886
KS310 PF 12.00 2175 +37 1700 £ 40 SS
PF 79.00 9247 +54 9991 + 56
PF 140.00 12280 + 60 13677 + 62
PF 179.00 15290 + 90 18039 + 91
PF 251.00 18299 £ 91 21610 + 92
LC21 PF 50.00 3370 £ 60 3154 + 62 SS
PF 95.50 4290 + 60 4329 + 62
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14C AMS dates

Depth i AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF 137.50 5590 + 60 5919 * 62
PF 161.50 7480 + 60 7882 + 62
PF 174.25 8120 £ 60 8518 + 62
PF 179.50 9085 + 65 9716 + 67
PF 209.00 11765 + 80 13192 + 81
PF 242.50 14450 + 60 16983 + 62
LCO7 3180 70.00 20000 L
3180 100.00 28000
LC31 PF 28.50 3450 £ 50 3259 £ 52 SS
PF 60.50 6120 +50 6484 + 52
PF 82.50 8740 +50 9355 + 52
PF 91.50 8500 + 50 9055 + 52
PF 126.50 12040 = 50 13424 £ 52
Lynchll-3 S1End 2.00 7000 L
S1 Start 6.00 9000
TI 16.00 11000
MARO03-02 Z2 Tephra 80.00 3613 L
S1End 125.00 6600
S1 Start 181.00 9900
MIS 1/2 boundary 220.00 14000
MIS 2 max 259.00 18000
Y2 Tephra 286.00 21554
MARO03-03 Z2 Tephra 33.00 3613 L
S1End 51.00 6600
S1 Start 66.00 9900
MIS 1/2 boundary 80.00 14000
MIS 2 max 100.00 18000
Y2 Tephra 113.00 21554
MARO03-25 Z2 Tephra 20.00 3613 L
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14C AMS dates

Depth i AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
S1End 50.00 6600
S1 Start 81.00 9900
MIS 1/2 boundary 110.50 14000
MIS 2 max 138.00 18000
Y2 Tephra 190.00 21554
F 320.00 32960 + 280 36420 + 280
MARO03-27 Z2 Tephra 40.00 3613 L
S1End 104.00 6600
S1 Start 113.00 9900
MIS 1/2 boundary 142.00 14000
MIS 2 max 180.00 18000
Y2 Tephra 245.00 21554
F 245.00 35910 + 370 40035 + 370
MARO03-28 Z2 Tephra 40.00 3613 L
S1End 65.00 6600
S1 Start 102.00 9900
MIS 1/2 boundary 120.00 14000
MIS 2 max 141.00 18000
Y2 Tephra 161.00 21554
Y5 Tephra 310.00 39280
F 410.00 39470 + 1050 42961 + 1050
MD 84-641 PF 13.00 4390 + 120 4470 £ 121 SS
PF 22.00 6710 = 100 7172 101
PF 24.00 7070 =100 7505 + 101
PF 28.00 7490 = 100 7889 + 101
PF 32.00 8200 + 130 8653 + 131
PF 37.00 8450 + 130 8973 £ 131
PF 40.00 8700 + 110 9289 + 111
PF 43.00 9760 + 130 10603 + 131
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14C AMS dates

Depth NETHE A Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF 48.00 10120 £ 150 11032 £ 151
PF 57.00 11990 + 200 13401 + 201
PF 65.00 12120 + 180 13532 + 181
PF 75.00 14800 + 260 17433 + 260
PF 85.00 17170 + 270 20159 + 270
PF 95.00 18500 + 270 21835 + 270
PF 105.00 20900 + 310 24625 + 310
PF 115.00 21630 + 320 25450 + 320
PF 125.00 26190 + 600 29878 + 600
PF 135.00 27060 + 470 30707 + 470
MD 95- 1980 + 60 1469 * 62
2043 PF 14.00 SS
PF 54.00 3216 +37 2944 + 40
PF 96.00 4275+ 41 4314 + 44
PF 178.00 5652 + 42 5984 + 45
PF 238.00 6870 + 50 7336 + 52
PF 298.00 8530 + 47 9088 + 49
PF 348.00 9200 + 60 9911 + 62
PF 418.00 9970 +50 10872 £ 52
PF 487.00 10560 * 60 11687 + 62
PF 512.00 10750 + 60 12083 * 62
PF 588.00 11590 + 60 13010 + 62
PF 595.00 11880 + 80 13293 + 81
PF 682.00 12790 + 90 14362 + 91
PF 708.00 13100 =90 14990 + 91
PF 758.00 14350 + 110 16821 + 111
PF 802.00 15440 + 90 18202 + 91
PF 858.00 18260 + 120 21551 + 121
PF 30.50 3535+ 30 3360 + 34
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14C AMS dates

Depth MEE AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF 46.50 4830 + 50 5036 + 52
PF 160.50 10830 £ 35 12231 + 38
PF 210.50 12010+ 70 13401 £ 72
PF 280.50 12370 £ 35 13785 + 38
PF 340.50 13025 £ 35 14904 + 38
PF 370.50 13295 + 45 15291 + 47
PF 435.50 14010 = 90 16321+ 91
PF 499.50 14700 + 80 17335+ 81
PF 579.50 16330 £ 110 19140 + 111
PF 691.50 17820 £ 45 20937 + 47
PF 748.50 18400 £ 130 21723 + 131
PF 880.50 20750 + 150 24379 + 151
MDO04- 1105 + 20 622 £ 25
2797CQ PF 0.00 SS
PF 200.00 7465 + 30 7875 +34
PF 330.00 8965 + 30 9548 + 34
PF 470.00 12605 * 40 14031 + 43
PF 511.00 13800 + 100 16041 + 101
PF 610.00 15590 + 50 18391 £ 52
MD99-2343 PF 28 790 £ 40 374 £ 43 SS
PF 118 3390 +50 3183 +52
PF 238 6210 +50 6584 + 52
PF 604 14550 + 110 17130 + 111
MNB 3 Z2 Tephra 40.00 3570 No
(5, 10) PF 75.00 5040 + 40 5341 +43
BZ: la/Ib boundary 78.00 5100
End S1 128.00 6700
PF 125.00 7840 + 40 8252 +43
Interruption of S1 142.00 8200
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14C AMS dates

Depth i AMS Radiocarbon Calendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
PF 157.00 9030 + 60 9637 £ 62
Start S1 161.00 9600
BZ: 1l/lc boundary 175.00 11600
PF 220.00 14100 + 200 16468 + 201
BZ: 111/11 boundary 260.00 16100
PF 318.00 16610 = 80 19485 + 81
PF 387.00 19860 + 80 23357 £ 81
ODP 964A PF 2.50 1250 + 30 730+ 34 SS
PF 9.50 2360 + 30 1915 + 34
PF 65.50 13050 + 60 14928 + 62
PF 87.50 17730 = 80 20822 + 81
ODP 969A PF 6.50 3340 + 30 3113+ 34 SS
PF 25.50 7420 + 30 7829 +34
PF 34.50 9700 + 40 10534 + 43
PF 58.50 15240 = 50 17977 £ 52
ODP 973A PF 2.50 1390 + 30 876 + 34 L
PF 46.50 3370+ 30 3156 + 34
PF 102.50 14450 + 50 16984 + 52
ODP 975B PF 9.00 2455 + 30 2029 + 34 SS
PF 51.00 7070 + 40 7504 + 43
PF 91.00 13330 + 60 15355 + 62
PF 131.00 15870 = 80 18677 = 81
PF 190.00 19460 + 110 22867 + 111
ODP 977 PF 20.00 1159 L
(11) PF 60.00 4220
BS: HE1 (MD95-2043) 295.20 15207
BS: HE2 (MD95-2043) 415.00 23403
P4 BS 87.00 6900 L
(12) BS 135.00 9000

296



14C AMS dates

. Depth MEE AMS Radiocarbon Calendar age .
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
BS 145.00 9800
BS 240.00 14600
SK-1 PF 143.50 3810 + 100 3687 + 101 SS
PF 284.00 6580 £ 70 7033 +£72
PF 524.00 9640 + 80 10449 + 81
PF 690.00 13430 + 130 15511 +131
Su81-07 3180 11.00 3473 L
0180 51.00 4717
5180 111.00 9147
3180 151.00 12585
5180 161.00 13341
3180 191.00 14598
3180 211.00 15952
3180 291.00 19003
T87/2/20G PF 21.00 11680 =+ - 13087 + 201 L
(13) PF 38.00 15640 * - 18420 + 201
PF 71.00 26100 + - 29812 + 201
T87/2127G BZ: I/11 boundary (1) 12.00 9600 L
(14) PF 70.00 29800 £ 700 33336 + 700
PF 86.50 35100 + 1400 38994 + 1400
TR172-22 02 Isotope Stage 1/2 boundary 40.00 11000 L
TRI171-15 T-1B 90 10000 L
(7 T-1A 190 13000
BS: Stage 1/2 boundary (G. inflata) 240 15000
Z1 PF 37.00 9170 +80 9857 +81 No
(5) PF 61.00 11570 = 40 12990 + 43
PF 94.00 14230 + 50 16640 + 52
75KS5 Unknown 11.00 5621 + 56 L
(15) 30.00 12133 £ 203
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14
Depth Non-*C AMS Radiocarbg:nANIS C}Iaé[:easlendar age
Core Material Dated Control Point Revised Age Model
(cm) Age + error *error
(yr BP) (yr BP) (cal yr BP)
90.00 26701 + 1872
75KS76 Unknown 15.00 3810 + 363 L
(15) 29.00 7429 £ 1034
46.00 15050 £ 680
55.00 20937 £ 1263
List of control points used for revised chronology and age models. Material used for control points: BF = Benthic foraminifera; BS = Biostratigraphic Correlation; EZ = Ecozone Correlation; F =

Foraminifera (type not specified) MOL = Mollusc, 5180 = 5180 Correlation; PF = Planktonic foraminifera; PT = Pteropods. (I) = Biostratigraphic events interpolated from figures in the original

publication. S1 = Sapropel 1 start and end dates used, as specified in the original publication. MIS = Marine isotope stage. 1“C AMS dates with reported errors were recalibrated using Calib v.7.0.2,

utilising the Marine13 calibration curve and with an average AR value of 58 + 15 14C yrs for the Mediterranean Sea (Reimer and McCormac, 2002; Faivre et al., 2015; Stuiver et al., 2017). Revised
Age Model: L = Linear interpolation; SS = Smooth spline (0.3) weighted interpolation.

Notes: (1) Depth & Age values obtained from Figs. 5 & 6 (Capotondi et al., 1989); (2) “Planktonic Foraminiferal Assemblage Zone” boundaries defined by (Principato, 2003). The original Age Model
for BC06 used interpolated AMS 14C dates from AD91-7 (Giunta et al., 2003); (3) BS79-33 (Sbaffi et al., 2001); U%; SST record of MD95-2043 (Cacho et al., 1999); (4) Ecozones as defined by
Capotondi et al. (1999); (5) No sample depths provided, so no revised Age Model; (6) Ecozones as defined by Capotondi et al. (1999) and Shaffi et al. (2001); (7) TIA and TIB as defined by Ruddiman
and Mclintyre (1981); Stage 1/2 boundary defined by the absence of G. inflata (Muerdter and Kennett, 1983/84); (8) Biozonation defined as “glacial” (Zone III), “transitional” (Zone II) and
“postglacial” (Zone I) (Jorissen et al., 1993); (9) MD 04-2797 CQ (Rouis-Zargouni et al., 2010); (10) Biozonation as defined by Casford et al. (2002); (11) HE = event terminations in the N.
pachyderma curve of MD95-2043 (Cacho et al., 1999); (12) Biostratigraphically correlated to IN68 Adriatic cores of Jorissen et al. (1993); (13) No AMS error reported, therefore a 200 yr error was
applied when recalibrating the AMS dates; (14) Zonal boundary I/11 as defined by Jorissen et al. (1993); (15) Pangaea® comment: corrected for reservoir age. Therefore, AMS ages not recalibrated.
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b) Age quality and number of samples per chronozone

YD BA HS1
11550-12800 (+50) 12800-14700 (£50) 14700-17100 (£50)
Site Name cal ky BP cal ky BP cal ky BP
No. of No. of No. of
AL samples = samples HE samples
AC 85-4 4 4 4 6 4 8
AEG-19 1 1 2 2 2 2
AEG-20 2 1 2 1 3 1
AEG-22 3 1
AEG-3 3 1
AEG-4 4 1 4 1 4 1
AEG-5 2 1
BC 02 4 1
BC 06 4 3 4 4 4 5
BC 07 4 2 4 3 4 3
BC 15 2 2 2 3 2 3
BS 78-12 1 2 2 4 2 3
BS 79-22 3 7 3 16 3 12
BS 79-33 2 5 2 6 3 10
BS 79-37 1 4 2 6 2 7
BS 79-38 3 14 4 19 3 15
C 40 3 2 3 3 3 7
Cc69 2 4 2 2 1 2
CEUT,g\lOPCO 5 8 1 12 1 27
Chain61-19 4 3 4 6 4 9
CS72-37 3 1 2 3 2 3
GNS 84-c106 2 12 1 19 2 10
IN 68-21 2 1 2 3 1 3
IN 68-28 4 2 4 1 4 2
IN 68-29 4 1 4 2 4 3
IN 68-3 2 3 2 3 1 7
IN 68-38 4 1 4 2 4 2
IN 68-5 2 3 1 5 1 11
IN 68-7 3 1 3 2 2 2
IN 68-9 2 4 2 7 1 3
KET80-03 2 2 1 3 1 3
KET80-19 2 3 2 5 3 5
KET80-39 3 2 2 4 2 4
KS 310 2 2 1 3 2 4
LC 07 4 1 4 1 4 2
LC21 2 3 1 3 1 3
LC-31 2 2 1 7 2 6
LynchllI-3 4 1
M40/4 82-2SL 1 39 2 39 1 16
MARO03-02 3 1 3 2 3
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YD BA HS1
11550-12800 (+50) 12800-14700 (+50) 14700-17100 (£50)
Site Name cal ky BP cal ky BP cal ky BP
No. of No. of No. of
R samples - samples s samples
MARO03-03 3 1 3 1
MARO03-25 3 1 3 1 3 2
MARO03-27 3 1 3 1 3 3
MARO03-28 3 1 3 1 3 1
MD 04-2797
co 2 5 1 7 1 8
MD 84-641 2 2 1 4 2 2
MD 95-2043 1 10 1 13 1 7
MD 99-2346 1 8 1 35 1 47
MD99-2343 3 5 2 7 2 9
MNB 3 3 28 3 17 2 17
ODP 964A 2 2 2 2 1 2
ODP 969A 2 2 2 3 2 4
ODP 973A 3 1 2 2 1 3
ODP 975B 2 4 2 5 1 8
ODP 977 4 3 4 5 4 4
P4 4 2 4 2 4 4
SK1 2 4 2 4 1 5
SL-11 4 10 4 14 4 10
SL-21 4 4 4 5 4 5
SuU81-07 2 2 2 4 2 5
T87/2/20G 2 2 3 2
T87/2/27G 3 1 3 1
TRI171-15 4 2 4 2 4 3
TRI172-22 4 1
Z1 2 9 1 21 1 8
75KS5 2 1 3 1 3 2
75KS76 3 1 3 1
Total number 257 370 373
of samples
Total number
of cores per 60 62 63
chronozone

Age quality (AQ) and number of samples per chronozone.
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Appendix 3

Ecological preferences of planktonic foraminifera in the western Mediterranean
N. incompta

Although originally defined as a subpolar species when included with N. pachyderma, its
distribution spans temperate to subtropical waters, though with a preference for cooler waters
(Bé and Tolderlund, 1971; Hilbrecht, 1996; Zari¢ et al., 2005; Kuéera, 2007). It is a relatively
shallow dwelling non-spinose species, with an ALD ~81m (Rebotim et al., 2017). The highest
fluxes and abundances of N. incompta coincide with mid-temperature ranges, with medium to
high productivity (Zari¢ et al., 2005). During spring or autumn blooms, N. incompta is out
competed by the more opportunistic G. bulloides and T. quinqueloba, but flourishes during later
periods of increased stratification and is closely linked to the presence of a DCM (Rohling and
Gieskes, 1989; Rohling et al., 1993). Heightened productivity in a DCM is central to the
lifecycle of many foraminifera, i.e. as a site of increased food availability, reproduction and for
acquiring symbionts. However, this is especially true for N. incompta. The DCM assemblage is
composed of various species of green algae, chlorophytes, coccolithophores, diatoms and
dinoflagellates, which are attracted by the continuous renewing of nutrients from the nutricline
below (Rohling and Gieskes, 1989; Latasa et al., 2017). For N. incompta, availability, quality
and type of food are the principal factors governing its presence in the DCM (Rohling and
Gieskes, 1989; Schiebel et al., 2001). When the pycnocline lies below the euphotic zone and no
DCM develops, neogloboquadrinids are usually absent (Rohling and Gieskes, 1989). To date
only 2 genotypes have been identified, with only the Atlantic Type | of relevance to this study.

G. bulloides

Highly productive environments are characterised by species such as G. bulloides, N. incompta
and G. glutinata (Zari¢ et al., 2005). The opportunistic G. bulloides thrives in central upwelling
regions, as its respiration in O, depleted waters is not limited by the presence of algal
symbionts, therefore it can take advantage of increases in algal prey (Bijma et al., 1992;
Hilbrecht, 1996). G. bulloides has a wide average living depth (ALD) range (~102m), with a
preference to inhabit above the thermocline, though it is also found in deeply mixed waters

<200m, especially during spring storms (Schiebel et al., 1997; Rebotim et al., 2017).

In the Mediterranean, G. bulloides has a depth range between the mixed layer to deeper levels
(50-200m) (Pujol and Vergnaud Grazzini, 1995). Its distribution in the Mediterranean reflects a
wide SST tolerance, though it has a notable preference for cooler more eutrophic waters,
especially in the western basin (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini,
1995; Mallo et al., 2017). In the modern Gulf of Lion, G. bulloides is the dominant species,
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especially in sites within the Rhone Delta plume (Rigual-Hernandez et al., 2012).
G. ruber plexus

G. ruber white is a shallow dwelling (~56m) tropical to subtropical species, with an optimal
SST range from 21.8 to 30.6°C (Bijma et al., 1990; Zarié et al., 2005; Rebotim et al., 2017).
Traditionally, G. ruber white is commonly used as indicator of warm water oligotrophic
conditions. However, it has a greater ability to utilise the nutrition from primary producers that
other predatory species, allowing it to expand its habitat from warm stratified oligotrophic
waters to eutrophic upwelling regions (Anderson, 1983; Seears et al., 2012; Schiebel and
Hemleben, 2017). This is evident within the gyres of the Alboran Sea, as well as in the Arabian
Sea, where both G. ruber white Types Ib2 and Ila are found (Barcena et al., 2004; Hernandez-
Almeida et al., 2011; Seears et al., 2012). In the modern Mediterranean Sea, a number of
tropical to transitional G. ruber white genotypes have been identified, including G. ruber pink,
Types la, lla and Ilb (Darling and Wade, 2008; Aurahs et al., 2009; Aurahs et al., 2011; André
et al., 2014). Indeed, the Type lla cluster has been reclassified as G. elongatus and has two
subtypes (11al and 11a2), which form two distinct stable populations that exclusively inhabit the
western (Type Ilal) and eastern (Type 11a2) Mediterranean basins (Aurahs et al., 2009).
Ecological, seasonal and depth habitat variations have been recognised within these G. ruber
plexus genotypes, e.g. G. elongatus inhabits higher productivity shallow waters (Numberger et
al., 2009).

G. ruber white is one of the most abundant foraminifera species in the modern Mediterranean
Sea, dominating much of the eastern basin, though it decreases in the western basin, especially
towards the north-western basin (Cifelli, 1974; Thunell, 1978; Pujol and Vergnaud Grazzini,
1995; Mallo et al., 2017). Within the modern Gulf of Lion, G. ruber white forms part of the
shallow water (<50m) summer to early autumn assemblage in strongly stratified waters, along
with O. universa, G. siphonifera, G. ruber pink and G. sacculifer (which is absent in the pre-
Holocene record), and G. truncatulinoides at depth (Pujol and Vergnaud Grazzini, 1995;
Rigual-Hernandez et al., 2012).

The modern distribution of G. ruber pink is closely linked to SST (i.e. it has a preference for
warmer SST) and it has a stable shallow ALD (Bé and Tolderlund, 1971; Zari¢ et al., 2005;
Kucera, 2007; Rebotim et al., 2017). It is regarded a “summer species” in comparison to the
more ubiquitous G. ruber white (Salmon et al., 2015; Schiebel and Hemleben, 2017). G. ruber
pink forms only a minor component of the modern Gulf of Lion assemblage, though is common
late summer species in the eastern basin (Pujol and Vergnaud Grazzini, 1995; Rigual-Hernandez
etal., 2012).
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T. quinqueloba

T. quinqueloba is a small species typical in cold water species, typical of summer polar to sub-
polar waters and the spring bloom in temperate waters (optimal SST of <12°C), though it is
tolerant of higher SST tropical/subtropical waters (Bé and Tolderlund, 1971; Schiebel and
Hemleben, 2005; Darling et al., 2017; Schiebel and Hemleben, 2017). It has facultative
chrysophycophyte symbionts and in the past, was described primarily as a shallow water species
that was restricted mainly to the photic zone (Hemleben et al., 1989; Rohling et al., 1993).
However, more recent studies calculated an ALD of ~144m (typical ALD range of 70 to 180m)
and its depth habitat is not restricted to specific SST or density ranges (Rebotim et al., 2017). It
is usually associated with chlorophyll redistribution, high primary production, food (diatom)
availability and it can demonstrate opportunistic behaviours similar to G. bulloides in upwelling
regions (Sautter and Thunell, 1991; Conan and Brummer, 2000; Schiebel et al., 2001; Schiebel
and Hemleben, 2017). It is tolerant to low salinities and has been linked to enhanced riverine
nutrient input in both high or low turbidity and highly productive waters (Rohling et al., 1993;
Ortiz et al., 1995; Retailleau et al., 2012). In the Bay of Biscay, it flourished in shallow waters
during periods of heightened productivity associated with nutrient rich river discharged into
oligotrophic summer waters (Retailleau et al., 2011; Retailleau et al., 2012). It was inferred that
T. quinqueloba was better adapted to thrive in these eutrophic low salinity waters due to the

potential presence of facultative chrysophycophyte symbionts (Retailleau et al., 2011).

T. quinqueloba is rare in the modern Mediterranean Sea, though it occurs in greater abundances
in the Alboran Sea and northern regions of the Gulf of Lion, Tyrrhenian and Aegean Seas. Its
distribution in modern Mediterranean surface sediments is similar to that of G. bulloides
(Thunell, 1978). Its presence is coincident with cool (<15°C) deeply mixed waters, gyres, areas
of deep and intermediate water formation, and within the LIW current (Cifelli, 1974; Thunell,
1978; Pujol and Vergnaud Grazzini, 1995; Barcena et al., 2004; Hernandez-Almeida et al.,
2011; Rigual-Hernandez et al., 2012).

O. universa

O. universa is a cosmopolitan species found in tropical to temperate waters, with a variable
feeding strategy, transitioning from herbivorous as a juvenile to predominantly carnivorous in
adulthood (Hemleben et al., 1989). Its governing factors primarily are SST and food, and it has
as stable depth preference (ALD ~79m) (Rebotim et al., 2017; Schiebel and Hemleben, 2017).
O. universa is common in the southern western basin, with a decreased presence in the late
summer waters of the north-west basin (Thunell, 1978; Pujol and Vergnaud Grazzini, 1989;
Mallo et al., 2017). However, some variability is seen in the Gulf of Lion, with peaks of O.
universa at the end of the spring in higher productivity sites and in late summer/autumn in lower

productivity sites (Rigual-Hernandez et al., 2012). In addition, during the 1997-1998 EI Nifio
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event, autumn SST were anomalously high and winds were weakened, inhibiting deep winter
mixing in the Gulf of Lion, allowing O. universa to flourish (Rigual-Hernandez et al., 2012).
Genetic analysis has identified the Mediterranean Type Il genotype, associated with upwelling
and nutrient-rich mixed layer, particularly in the western basin (de Vargas et al., 1999; Mallo et
al., 2017; Schiebel and Hemleben, 2017).

G. inflata

G. inflata is a transitional species and has a wide tolerance to SST variations, ranging from
subtropical to subpolar waters, though it has a preference for cooler waters (<20°C) (Bé and
Tolderlund, 1971; Bé and Hutson, 1977; Hemleben et al., 1989). It feeds on both chrysophytes
and diatoms, and is indicative of intermediate trophic levels (Hemleben et al., 1989; Van
Leeuwen, 1989). It is a deep dwelling species with an ALD of ~104m, though calcification
occurs throughout the year between 20-500m (van Raden et al., 2011; Rebotim et al., 2017). G.
inflata has two genotypes, though Type I is only relevant for this region (Morard et al., 2011).
In the modern western Mediterranean, G. inflata is a key winter species (Thunell, 1978; Pujol
and Vergnaud Grazzini, 1995; Rohling et al., 2004; Rigual-Hernandez et al., 2012). It thrives in
many different environments, such as a deep mixed layer associated with a deep pycnocling,
where temperatures within the eutrophic zone are cool and homogenous, areas of high food
abundance such as within the Rhéne Delta plume, within the MAW in the Alboran Sea and
along the N. African coast, or on the fringes of upwelling areas (Van Leeuwen, 1989; Rohling et
al., 1993; Pujol and Vergnaud Grazzini, 1995; Bércena et al., 2001; Barcena et al., 2004;
Rigual-Hernandez et al., 2012). During bloom events, the opportunistic G. bulloides is quicker
to respond to the initial high productivity, whereas G. inflata flourishes later in the spring
(Bércena et al., 2004).

G. scitula

Originally classified by Bé (1977) as a polar / subpolar species, its distribution is much more
extensive and it is typical of intensely mixed eutrophic temperate waters, especially during the
spring bloom (ltou et al., 2001; Chapman, 2010; Schiebel and Hemleben, 2017). It has a broad
SST tolerance but has a preference to cooler waters, especially when found in association with
Neogloboquadrina species and T. quinqueloba (Thunell, 1978; Rohling et al., 1993). It is been
suggested that G. scitula feeds on settling fine particulate organic matter that does not need to
be fresh, implying it is an opportunistic species (Itou et al., 2001; Schiebel and Hemleben, 2005,
2017). Despite being a deeper dwelling species, it has been observed within low salinity neritic
waters (<20m) adjacent to a river mouth (Retailleau et al., 2011). It was assumed that it was
transported up from deeper offshore waters as a result of upwelling and flourished due to the

high food availability.
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G. glutinata

G. glutinata is a ubiquitous species, abundant from tropical to temperate waters, slowly
decreasing in subpolar waters (Hemleben et al., 1989; Kucera, 2007; Schiebel and Hemleben,
2017). It has a wide SST tolerance and variable depth habitat, ranging from shallow to the deep
mixed waters above the thermocline and has the shallowest ALD (78.6m) of all non-spinose
eutrophic species (Bé and Tolderlund, 1971; Thunell and Reynolds, 1984; Hilbrecht, 1996;
Rebotim et al., 2017). Their diet consists mainly of fresh prey, particularly diatoms, though it
periodically utilises facultative chrysophytes symbionts (Hemleben et al., 1989). G. glutinata is
known to feed on diatoms (Hemleben et al., 1989) and is found frequently on the margins of
productive zones (Bé and Hutson, 1977). As shallow eutrophic species, they respond to deep
mixing events, such as upwelling, eddies, storms and monsoons (Schiebel et al., 1995; Conan
and Brummer, 2000; Schiebel and Hemleben, 2000; Schiebel et al., 2001; Retailleau et al.,
2010). Hilbrecht (1996) noted G. bulloides and G. glutinata have different feeding strategies in
upwelling regions and the spatial and temporal distribution of these species may be related to
the phytoplankton bloom succession of dinoflagellates to diatoms. Studies in the Panama Basin
determined that G. glutinata has a bi-modal seasonal flux pattern, peaking in shallow mixed
waters with a deep thermocline in the summer, then again during high productivity and
upwelling events during the spring bloom, when nutrients are entrained into surface waters
(Thunell and Reynolds, 1984). Only four genotypes have been identified, with Type I and 11l
located in the nearby subtropical North Atlantic (Ujiie and Lipps, 2009; André et al., 2014).
However, with such a broad geographic distribution and tolerances, it is believed that more

cryptic species have yet to be identified (André et al., 2014).
G. truncatulinoides

G. truncatulinoides is a large distinctive morphospecies, with both dextral and sinistral coiling
varieties. G. truncatulinoides inhabits tropical/ subtropical waters in the northern hemisphere,
but also extends to polar Antarctic waters in the southern hemisphere (Bé and Tolderlund, 1971;
Schiebel and Hemleben, 2017). It has the deepest depth habit of all modern planktonic
foraminifera, which is governed by its annual reproductive cycle, ontogeny, food requirements
and it calcifies its test at the top of the thermocline (Lohmann and Schweitzer, 1990; Schiebel
and Hemleben, 2017). Reproduction occurs at depth, then enhanced vertical mixing is required
to transport juveniles up to shallow productive surface waters in the late winter; during the
summer it descends to significant depths (>1000m) (Lohmann and Schweitzer, 1990; Schiebel
and Hemleben, 2017). It has a variable algal diet, consuming green algae, chrysophytes or
diatoms, depending on which is available (Hemleben et al., 1989). In general, SST, along with
seasonality and mixed layer depth are the key ecological variables that govern its distribution

(Waterson et al., 2017). Genetic analysis of G. truncatulinoides has identified four genotypes,
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with the subtropical Type Il the only variety that displays both coiling varieties and it is found
both in the central North Atlantic and the Mediterranean Sea (de Vargas et al., 2001; Darling
and Wade, 2008; André et al., 2014). Within Type I, the two coiling varieties have different
ecological preferences. Sinistral individuals require a deeper thermocline to complete its life
cycle, and correlates with periods of deep winter convection and vertical mixing, and are most
abundant between 200 to 600m (B¢, 1977; Lohmann and Schweitzer, 1990; Schiebel et al.,
2002a; Darling and Wade, 2008; Ujiié et al., 2010). In contrast, dextral varieties are indicative
of a weakly stratified water column and a shallow thermocline, and are more abundant within
100 to 200m (Bé, 1977; Lohmann and Schweitzer, 1990; Schiebel et al., 2002a; Darling and
Wade, 2008; Ujiié et al., 2010).

In the modern Mediterranean Sea, G. truncatulinoides sinistral is a key minor species, with <1%
of the population composed of the dextral variety (Thunell, 1978; Pujol and Vergnaud Grazzini,
1995; Rigual-Hernandez et al., 2012). It is most abundant during winter months in the western
basin during periods of deep mixing, and at sub-thermocline depths in the summer (Pujol and
Vergnaud Grazzini, 1995). In the Mediterranean, winter convection and vertical mixing are the
primary factors fulfilling its life cycle requirements, followed by SST and food availability
(Pujol and Vergnaud Grazzini, 1995). G. truncatulinoides was absent from the Mallo et al.
(2017) survey, as the sampling depth of the summer plankton tow was too shallow to record G.
truncatulinoides, who would have descended deeper waters at the time. In the Gulf of Lion, G.
truncatulinoides sinistral are present throughout the year, in particular during the winter deep
mixing events and are the dominant non-spinose species during the summer, at depths (>500m)

(Pujol and Vergnaud Grazzini, 1995; Rigual-Hernandez et al., 2012).
SPRUDTS

In many studies, seven generally low frequency spinose species, with an optimum SST
preference of >20°C, have been grouped together into what is known as the SPRUDTS group
(G. siphonifera, H. pelagica, G. rubescens, O. universa, B. digitata, G. tenella and G.
sacculifer) (Rohling et al., 1993). Although many of these species have differing habitat ranges
and ecological preferences, they are frequently grouped together in cluster analyses and have
been inferred to indicate warm subtropical water conditions in palaeoenvironmental studies,
especially when they co-occur with G. ruber (Rohling et al., 1993). Some of the more prevalent

SPRUDTS species in the western Mediterranean are discussed below.
G. rubescens

Although there are few ecological studies focusing on this species, G. rubescens has been used
to mark the end of the summer monsoon in the northeaster Indian Ocean, when nutrients in

surface waters were depleted (Conan and Brummer, 2000). It has a variable depth habitat from
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surface to subsurface, deepening with increasing mixed layer temperature (Rebotim et al.,
2017). In the modern Mediterranean, its abundance is low throughout the year (<1%), and
predominantly occurs in the central and eastern Mediterranean, along the North African coast
and in the Alboran Sea (Pujol and Vergnaud Grazzini, 1995). It was not reported in the modern
Gulf of Lion (Rigual-Hernandez et al., 2012).

G. siphonifera

G. siphonifera is a deeper dwelling (~84m) tropical to transitional species, traditionally
associated with warm stratified waters with an optimum temperature range >20°C (Zari¢ et al.,
2005; Rebotim et al., 2017; Schiebel and Hemleben, 2017). However, to-date it has four
genotypes, with two ecological variable genotypes of interest in the Mediterranean, i.e. the
cosmopolitan Type lla (+ 6 subtypes) associated to a mesotrophic DCM, and Type llb is
associated with higher productivity and upwelling (de Vargas et al., 2002; Darling and Wade,
2008). G. siphonifera has a similar distribution to the cosmopolitan O. universa in surface
sediment studies in the Mediterranean, varying in abundance from 1 to 10% within the eastern
basin, the Alboran and Balearics Seas (Thunell, 1978). In addition, their distribution varied
seasonally and spatially in surface water surveys across the two basins. Pujol and Vergnaud
Grazzini (1995) reported greater abundances in the eastern basin during the winter, whereas in
the summer it had greater abundance in the western basin and was replaced by G. ruber white in
the eastern basin (Cifelli, 1974; Mallo et al., 2017).

B. digitata

This is a poorly studied, rare subsurface dwelling spinose species that is regionally more
common in the Mediterranean that elsewhere globally (Hemleben et al., 1989). In studies of
modern sediments and plankton tows, it only forms part of the incoming subtropical assemblage
in the Alboran Sea and <1% in the Gulf of Lion (Cifelli, 1974; Rigual-Hernandez et al., 2012).
It is believed to thrive in higher nutrient availability, following a phytoplankton bloom
(Schiebel and Hemleben, 2017).
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