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Abstract

The Subpolar North Atlantic (SPNA) Ocean plays a vital role in the global climate
system as it is associated with deep-water formation, modulating the Atlantic
Meridional Ocean Circulation (AMOC). AMOC is the term used for circulation
involving the transformation of warm surface Atlantic water to cold deep water.
The SPNA ocean displays a surface hydrographic variation by the interaction of
various surface and deep water currents such as the North Atlantic Current, East
Greenland Current, Labrador Current, Deep western boundary current, etc.
Moreover, the North Atlantic Oscillation and subpolar gyre dynamics shape the
upper watermass structure through complex ocean-atmosphere interactions. These
variations in SPNA hydrography have been linked to the variation in AMOC
strength both from modern observations and paleo studies. Hence, the SPNA ocean
carries substantial significance in moderating the global climate and thus is the
requisite for understanding past hydrographic variations in the SPNA. Since
modern conditions are a continuation of the Holocene epoch, it provides the best
framework to study the hydrographic variability of the SPNA and the associated
factors. Due to their omnipresent characteristics, good preservation, sensitivity to
subtle environmental changes, and preference for specific watermass habitats,
planktic foraminifera are among the best paleo-proxies for surface hydrography
reconstruction. In the present study, Holocene SPNA hydrographic variations have
been reconstructed using planktic foraminifera proxies from a sediment core in the
SPNA ocean, southwest of Iceland. Additionally, the modern distribution of the
planktic foraminifera assemblages in the region has been explored using surface

sediment samples collected along an east-west transect at 59.5°N.

This study documents a significant variation in the planktic foraminiferal
assemblages in the SPNA ocean from east to west, influenced by the regional
hydrography. A clear gradient has been displayed especially in the percentages of
Neogloboquadrina pachyderma and Neogloboquadrina incompta along the
transect, governed by the upper watermass attributes, temperature, and salinity. The
SPNA assemblages were distributed into three major groups based on their

occurrence and relation with the environmental parameters.



The Holocene hydrographic variations in the SPNA were documented in three
major phases during the Holocene. An early warm phase with retreating meltwater
influence at the site and increasing North Atlantic Current influence was recorded
with increasing warm and subpolar planktic foraminiferal species at the site.
Additionally, near-surface warming was recorded at the site during the early
Holocene phase. The mid-Holocene was a cooling phase as reflected in the near-
surface temperature, explained by a decreased warm NAC influence at the site. The
late Holocene was unstable as compared to the early and mid-Holocene variations.
This period was characterized by oscillating temperature and salinity variations,
complied with the enhanced EGC strength and advance and retreat of the subpolar
water over the studied region. The 8.2 ka event from the early Holocene, indicating
the final discharge of the Laurentide Ice sheets was recorded in our near-surface
temperature and salinity data. When compared to deep water mass variability
records from the Holocene, the decline in the NADW formation was reflected in
the surface hydrography, explained by complex subpolar dynamics. Hence, the
surface hydrography in the SPNA ocean could be linked to the variations in AMOC
strength.

[ii]
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Chapter 1

1. Introduction

The post-industrial period has posed the most ‘what-if> questions about the
vulnerability of the global climate to increasing warming due to anthropogenic
activity (IPCC, 2022). The few most critical questions are, (a) what happens if the
global temperature continues to rise at the same rate and those projected at different
Representative Concentration Pathways (RCP) scenarios (IPCC, 2020); (b) what
happens if the Arctic ice completely disappears? ; (c) what happens if the glacial
ice sheets on the larger land masses, such as Greenland and Antarctica experience
excessive melting and (d) How the global oceans and climate will respond if the
Atlantic Meridional Overturning Circulation slows down etc. Previously, several
efforts have been made to answer these questions based on in-situ observations and
using climatic models. However, the sensitivity of such climate models relies on
the climatic records collected since the 18" century using in-situ instruments and
satellites and utilizing paleoclimatic information, reconstructed using various land-
ocean proxies. However, these data sets are limited and there is a need to obtain
high-resolution information to improve the climate models for better climatic
predictions. The previous observations revealed that the changes occurring in the
polar regions (e.g. Arctic) not only impact the regional environment but also show
effects on the other climatic processes (e.g. Indian Monsoon) through atmospheric
teleconnection (Burke et al. 2017; Francis et al. 2017). Thus, it is critical to
understand the factors underlying these high-latitude climatic changes and the

extent to which they would impact the other geographic regions.

1.1. The Northern high latitude regions: present climatic scenario

The increased atmospheric temperature and CO2 concentrations are responsible for
increased extreme weather events, increasing sea-level rise, increased sea ice
extent, decreasing polar ice sheets, etc. which already have affected the global
economy, public health, and land-ocean ecosystem. Recent investigations also
reveal that in the past few decades, the polar regions have become more vulnerable
to the increased rate of CO, and warming (IPCC, 2022). For instance, Antarctica is

losing more ice sheets (Shepherd et al., 2018) with the unusual temperature rise


https://link.springer.com/article/10.1007/s13280-019-01211-z#ref-CR15
https://link.springer.com/article/10.1007/s13280-019-01211-z#ref-CR38

(Vaughan et al., 2003), whereas the Arctic is experiencing a three-times increase in
its surface temperature than the global average in the last 40 years (polar
amplification) (Serreze et al., 2009; AMAP 2021). This, in turn, amplifies global
climate change through a positive feedback loop (Winton 2006; Serreze et al. 2009).

The sea-ice extent in the Arctic has come to a record minimum on 17 September
2012 (arctic summer) measuring 3.39 million square kilometers, with an average
loss of 10-15 % per decade based on the last 40-50 years’ data (Comiso and Nishio,
2008; Cavalieri and Parkinson, 2012; Comiso, 2012; Meredith et al. 2022).
Greenland is also losing its ice sheets in an unprecedented manner since 1990
(Hanna et al., 2013). The freshwater from the melting Arctic Sea ice adds to the
watermass of the Nordic Seas and the high-latitude North Atlantic Oceans through
the Fram Strait, the Canadian Arctic Archipelago, and the Greenland-Scotland ridge
(Li and Federov, 2021). Additionally, Greenland has contributed significantly to
the North Atlantic's freshwater budget since 1960 (Dukhovskoy et al., 2019). The
long-term freshening events in the North Atlantic reorganize the upper watermass
structure in these regions and impact the necessary pre-conditioning process for
deep water formation. Deep water formation in Nordic seas and the high latitude
North Atlantic Ocean is associated with Atlantic Meridional Overturning
Circulation (AMOC), an integral part of the Global thermohaline circulation.
AMOC helps the redistribution of heat and carbon to the global oceans (Srokosz
and Bryden, 2015; Buckley and Marshall, 2016). Thus, these changes in sea ice and
ice sheets have the potential to impact the global climate through the Atlantic
Meridional Overturning Circulation (AMOC) trend (Aagaard et al., 1985; Aagaard
& Carmack, 1989; Haak et al., 2003; Jungclaus et al., 2005; Jahn & Holland, 2013;
Boning et al., 2016; Nummelin et al., 2016; Sévellec et al., 2017; Thornalley et al.,
2018). Climate models have predicted that if the present warming continues to
occur at the same rate, there will be consequences on various climatic elements
based on different emission scenarios (Representative Concentration Pathways,
RCPs; IPCC 2022). These models suggest that the Arctic would be ice-free in the
summers as early as the 2030s (Wang & Overland, 2012). In addition, the AMOC
has been predicted to decline in the 21% century (IPCC, 2001).



1.2. Role of Subpolar North Atlantic Ocean in Global Climate (SPNA)

The potential drivers in the SPNA as identified in various studies are AMOC, NAO,
and Subpolar Gyre. These are closely linked and affect the variability of one

another.
1.2.1. Atlantic Meridional Overturning Circulation (AMOC)

Since AMOC has been closely associated with abrupt climate change (Broecker et
al., 1985; Rahmstorf, 2002) and SPNA is the main component of AMOC, hence
understanding the SPNA hydrography variability, its factors and its impacts on

AMOC is an essential requisite.

Global ocean circulation is driven by processes comprising wind-driven surface
currents and density gradient-driven deep ocean currents (Fig. 1.1). The warm and
saline surface currents from the tropics and subtropics are carried by the wind
system toward the poles, where they gain density by losing heat to the atmosphere.
This dense water sinks to the bottom, forming a mass of deep water and the deep
water then circulates to other oceans following the topography. This ocean
conveyor belt distributes heat and salt to the global oceans and controls the climate
system. In the Atlantic Ocean, part of this conveyor belt is known as the AMOC.
In the Atlantic Ocean, AMOC accounts for a net equatorward ocean heat transport
in the Southern hemisphere (0.5 PW Dong et al., 2009; Trenberth et al., 2019) while
at northern midlatitudes, this explains around two-thirds of the oceanic northward
heat transport (Johns et al., 2011; Trenberth et al., 2019). Moreover, a change in
AMOC has been cited to be a critical global climate modulator, especially when an
‘abrupt climate transition’ has been recorded in the geological past (Rooth, 1982,
Broecker et al. 1985, 1988, 1989, 1990; Broecker & Denton, 1989; Broecker 1994,
1997, 1998).



=== Surface flow () Wind-driven upwelling L Labrador Sea

== Deep flow & Mixing-driven upwelling N Naordic Seas
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©  Deep Water Formation Salinity < 34 %o R Ross Sea

Fig. 1.1. Map showing global thermohaline circulation. Source: Kuhlbrodt et al.,
2007 (after Rahmstorf, 2002)

The warm saline surface current and the cold deep current comprise the upper and
lower limbs of AMOC, respectively. As Subpolar North Atlantic paves the way for
the exchange of warm saline surface water from subtropics to the convection sites
and contains one of these major convection sites in the Labrador Sea, hence forms
an important part of the AMOC. The SPNA is a region between 45°N to 65°N
latitude and O to 75°W longitude. This region plays a crucial role in global
thermohaline circulation. The eastern SPNA receives warm water through the
North Atlantic Current, an offshoot of the Gulf Stream, which makes the upper limb
of AMOC in SPNA (Fig. 1.2). This water loses heat by continuous ocean-
atmospheric interaction and mixing with the surrounding water mass along its way
to the Labrador Sea. Also, cold freshwater from the Arctic enters the Labrador Sea
via the East Greenland Current along the eastern coast of Greenland. By winter
convection, this upper water mass forms the intermediate water mass, Labrador Sea
water (LSW). The deep water mass formed in the Nordic seas enters SPNA as
overflow water mass through Greenland-Scotland Ridge and Denmark Strait. The
LSW, together with these overflow watermass, forms the North Atlantic Deep
Water (NADW) and flows southward as a deep western boundary current. This
deep water mass forms the lower limb of AMOC. LSW significantly contributes to
the NADW (de Carvalho Ferreira and Kerr, 2017) and thus modulates the strength



of AMOC. An increase in the freshwater influx from the Arctic decreases the
density of the upper water mass and therefore has an impact on the LSW formation.
Moreover, the Atlantic water influx to the eastern SPNA is governed by the relative
contribution of the subpolar and the subtropical waters (Hatun et al., 2005; Holliday
et al., 2008; Sarafanov, 2009).

vieplan
S

Fig. 1.2. Components of Atlantic Meridional Overturning Circulation in Subpolar
North Atlantic Ocean. Source: https://www.whoi.edu/oceanus/feature/north-

atlantics-transformation-pipeline-chills-and-redistributes-subtropical-water/
1.2.2. North Atlantic Oscillation (NAO)

The boreal winter (December-March) sea level pressure gradient in the North
Atlantic accounts for a major part of the North Atlantic climate variability. This
dominant atmospheric pattern over the North Atlantic is known as North Atlantic
Oscillation (NAQO) (Hurrell, 1995). The winter NAO alone accounts for the
interannual variation of the mean winter surface temperature in the Northern
Hemisphere (Hurrell, 1996). This oscillation arises due to the sea level pressure
difference between the Icelandic low and the Azores high. The variability in NAO
is described in two phases, a positive and a negative phase. When the sea level

pressure difference in both regions is higher than usual, a positive NAO (NAO™)



prevails, and a lower difference, in the case of negative NAO (NAQO’). NAO™ brings
stronger westerlies over the subpolar oceans and is responsible for a warmer winter
and more storminess in northwest Europe, whereas NAO" is related to weakened

westerlies with cooler winters and less storminess over northwest Europe (Fig. 1.3).

Positive NAO (NAO™) Neaative NAO (NAOY

Fig. 1.3. The positive (left) and negative (right) phases of the North Atlantic
Oscillation illustrate the weather patterns experienced over the Northern
hemisphere region for each phase. Source:

https://www.ldeo.columbia.edu/res/pi/NAO/

The origin of the NAO variability has been ascribed to external factors like
stratosphere-tropospheric interaction (Scaife et al., 2005), volcanic aerosols
(Fischer et al., 2007), solar activity (Shindell et al., 2001) and the internal factors in
the extratropical atmospheric dynamics (Woolings et al., 2008). Changes in sea-ice
and land snow cover (Deser et al., 2010), ocean-atmospheric feedback (Lau, 1997;
Visbeck et al., 2003), SST in the North Atlantic Ocean (Marshall et al., 2001) also
are closely related to the trends in NAO. The SSTs in the tropical Indian Ocean
and Pacific are also likely to affect the NAO pattern (Hoerling et al., 2001; Muller
et al., 2008).

NAO phases have been monitored since the 1860s till today. The pattern has been
seen to swing between the positive and negative modes. A prominent negative NAO
was documented in the winters of 2009/10 and 2010/11 in the last 150 years
(Cattiaux et al., 2010; Jung et al., 2011). Since then, a positive NAO mode has been
leading the atmospheric pattern of the North Atlantic (Fig. 1.4).


https://www.ldeo.columbia.edu/res/pi/NAO/
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Fig. 1.4. A station-based winter (Dec-March) NAO index from 1864-2022. NAO
index is measured as the sea level difference between Stykkisholmur/Reykjavik and
Lisbon, Portugal. Source: https://climatedataguide.ucar.edu/climate-data/hurrell-

north-atlantic-oscillation-nao-index-station-based

1.2.3. Subpolar Gyre (SPG)

The surface circulation in the SPNA ocean is driven by a cyclonic geostrophic gyre
known as the Subpolar Gyre (SPG). North Atlantic Current (NAC) and Irminger
Current (a derivative of the NAC) form the eastern part of the gyre. NAC brings
warm and saline water from the Gulf stream to northeastern SPNA. The cold East
Greenland Current (EGC), West Greenland Current (WGC), and the Labrador
Current (LC) form the gyre’s western part. The Gyre and the currents are believed
to be governed by the combination of wind stress curl over the eastern SPNA region
and the buoyancy forcing caused by heat flux over the Labrador Sea (Hakkinen and
Rhines, 2004). The studies show that NAO™ is related to a stronger SPG, which
causes an eastward expansion of the SPG, decreasing the salinity of the water mass
in the Northeast SPG. Whereas a negative NAO is related to a westward contraction
of SPG, allowing more passage for the advection of subtropical water to the
northeastern SPNA, thereby increasing the salinity of the inflow water. These
variations are observed in a decadal to multi-decadal timescale. The subpolar front,
which separates the subtropical warm water in the south from the cold subpolar

water to its north, also shifts its position with the changing subpolar gyre strength.


https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based
https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-station-based

Strengthening of SPG shifts this front to the southeast, with the subpolar water
influencing the eastern SPNA region, and a retreat is caused by a weak SPG
(Sarafanov et al., 2008; Nufiez-Riboni et al., 2012).

SPG strength is also influenced by the influx of freshwater from the Arctic through
EGC (Sundby and Drinkwater, 2007; Thornalley et al., 2009; Born et al., 2010).
The addition of freshwater in the Labrador Sea alters the density structure in the

SPNA region. This can cause a decrease in the northward heat flow via NAC.

Hatun et al. (2005) and Hakkinen and Rhines (2004) have recently suggested a link
between the salinity of the NAC water in the eastern SPNA with the relative
strength of both SPG and STG. A stronger SPG with an eastward expansion
contributed to less saline NAC water in the northeastern SPNA, whereas a weak
and contracted SPG resulted in a relatively more saline NAC water with a higher
contribution from the STG water. An AMOC weakening is also a potential

modulator of the strength of SPG by changing the heat balance.

The complex relation between AMOC, NAO, and SPG strength is responsible for
the observed variability in the SPNA ocean including the sea surface temperature,

salinity, and the faunal distribution pattern.

1.3. Observations of SPNA variability and related climatic factors from the

Instrumental era

A negative temperature anomaly against the northern hemispheric trend has been
observed in the subpolar oceans since 2005 which is termed the ‘warming hole’
(Rahmstorf et al., 2015; Robson et al., 2016; Thornalley et al., 2018; Ceasar et al.,
2021). This cooling in the SPNA has been suggested to be related to the ongoing
AMOC decline but also can be triggered by SPG dynamics (Jungclaus et al., 2014;
Sgubin et al., 2017). A weakened AMOC restricts the northward heat distribution,
which creates a cooling SPNA. This hypothesis also suggests an increase in the
storage of heat south of the subpolar ocean in the Gulf Stream (Caesar et al., 2018),
thus an out-of-phase relation between SPG and STG can be used as a fingerprint of
AMOC (Caesar et al., 2018).
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Fig. 1.5. a. The map shows a negative temperature anomaly in the subpolar ocean
termed as a ‘warming hole’ in the local surface air temperature trend of the North
Atlantic over 1900 to 2015. A decline in the AMOC strength was observed from b.
AMOC index at 26.5°N from the RAPID array from 2005 to 2015 and c.
reconstructed AMOC index (subpolar temperature minus Northern hemisphere
temperature) from 1900 to 2010. Source: Sevellec et al., 2017

Given the IPCC projections of AMOC decline and its sensitivity to climate change,
recently several observation systems have been deployed for direct monitoring of
AMOC. Some of these effective programs are OSNAP (Overturning in the
Subpolar North Atlantic Program, Lozier et al., 2017) at 53-60°N in the SPNA
region since 2014, RAPID-MOCHA (Rapid Climate Change-Meridional
Overturning Circulation and Heat flux Array, Cunningham et al., 2007) at 26.5°N
in the subtropical North Atlantic since 2004, MOVE (Meridional Overturning
Variability Experiment; Kanzow et al., 2006) at 16°N since 2000, SAMBA (the
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South Atlantic MOC Basin-wide Array; Meinen et al., 2013) at 34.5°S in the South
Atlantic since 2009. All these programs provide the necessary data to study AMOC
variability. The RAPID-MOCHA at 26.5°N data indicates a mean AMOC strength
of 17.7 £ 0.3 Sv between 2004 and 2018 (Smeed et al., 2019). Similarly, 14.6 Sv,
15.6 £ 0.8 Sv, and 2.1 £ 0.3 Sv of the mean AMOC strength have been estimated
from the SAMBA, OSNAP East, and OSNAP West arrays, respectively (Frajka-
Williams et al., 2019; Lozier et al., 2019). Besides this, Rahmstorf et al. (2015) have
used an AMOC index based on the mean temperature difference between the
subpolar region and the North Atlantic region to show a gradual decline in the
strength of AMOC since 2004 (Fig. 1.5). A combined study of subpolar
hydrographic changes and AMOC variability suggested no difference in AMOC
strength despite the significant variability in the SPNA hydrography (Fu et al.,
2020).

A strengthened SPG during 1995 was documented as a response to the persistent
positive NAO forcings from 1989 to 1995. A consistent positive NAO results in a
weakened SPG state after around 10+ years due to the warm water advection with
the positive NAO forcing (Lohmann et al., 2009a). This created a difference in
buoyancy forcing in SPG and combined with the negative NAO phase during
1995/96, where the SPG abruptly weakened (Lohmann et al., 2009Db).

These modern observations disclose numerous anomalies in the SPNA in terms of
subpolar gyre dynamics, AMOC strength, NAO patterns, and increased freshwater
fluxes in a post-industrial climate change scenario. But whether these anomalies are
solely exerted by the increased anthropogenic sources, or a part of the natural
climatic variability is a challenging question and cannot be solved with the
timescale of the modern dataset. The instrumental records are restricted only up to
the last ~100-150 years, thus, we have only limited knowledge from these

observations.

Therefore, it is essential to look at the proxy records before modern sample datasets
which provide crucial information on how the climate has evolved in the geological
record in response to the natural forcing. In addition, these proxy records provide a
broader and long-term picture of how the SPNA hydrography has changed over
time and to what extent these changes impact the global climate.
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Among the past periods, the Holocene period is crucial to investigate due to its
similar boundary conditions with modern-day e.g., the configuration of continents
and ice sheets, sea level, atmospheric CO: levels, etc. (Vasskog et al., 2015; Bova
etal., 2021; Farmer et al., 2021) which provides a suitable framework to understand

the recent climatic changes.
1.4. Holocene: an overview

Though the Holocene has been described as a relatively stable period than the
previous glacial and interglacial periods (Grootes and Stuiver, 1997), the emerging
Holocene records have proved it to be a period associated with rapid climatic
changes (RCCs, Mayewski et al., 2004), and Bond events of the 1500-year cyclicity
(Bond et al., 1997). These abrupt changes contrary to the previously believed stable
Holocene have been observed in marine records (Bond et al., 1997; Klitgaard-
Kristensen et al., 2001; Andersen et al., 2004; Mayewski et al., 2004, Wanner et al.,
2011), atmospheric records (O’Brien et al., 1995; Alley et al., 1997) and terrestrial
records (Denton and Karlén, 1973). In the present interglacial, the Holocene is more
peculiar to the North Atlantic, attributed to the complex feedback mechanisms
involved with ice sheets, sea ice, and linked ocean-atmospheric dynamics
(Rahmstorf, 1997; Clark et al., 2002). Majorly the Holocene has been classified into
three major phases, (1) early progressive warming starting with deglaciation, (2) a
mid-warm phase known as the Holocene Climatic Optimum, and (3) a relatively
cold phase, the Neoglacial in the late Holocene (Walker et al., 2012). However, the
temporal and spatial evolution of these Holocene changes is not homogeneous
across SPNA. The early Holocene warm period has been justified by the increased
orbital-driven solar insolation during the early Holocene (Leduc et al., 2010).
However, the presence of the remnant ice sheets in the Northern Hemisphere caused
a spatial difference across the North Atlantic through a complex behavior of
insolation and ice-sheet feedback (Heikkilda and Seppd, 2003; Kaufman et al.,
2004). This created a delay in the Holocene thermal Maximum in the western North
Atlantic compared to the eastern Atlantic. When the Laurentide ice entirely
retreated after 8-7 ka BP, the North Atlantic achieved a stable climate with a
modern-like SPNA circulation pattern by establishing the formation of Labrador
Sea water (Hillaire-Marcel et al., 2001; Hoogakker et al., 2011; Kissel et al., 2013).

Whereas, with the decline in solar insolation in the northern hemisphere, a relatively
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cold phase prevailed after 4 ka BP with glacial advances. These long-term phases
in the Holocene have been explained by the variation in the orbital-driven solar

insolation (Nesje and Johanssen, 1992).

Superimposed on these long-term trends, there have been millennial-scale
oscillations in the North Atlantic e.g., 1500-year cycles as in Bond-events (Bond et
al., 1997), and rapid climatic events of Mayewski et al. (2004). These events have
been related to the solar irradiance variation (Bond et al., 2001; Hu et al., 2003;
Renssen et al., 2006) with the internal ocean-atmospheric feedback (Wanner et al.,
2011). In the late Holocene, there were centennial-scale oscillations across the
North Atlantic, such as the warm Medieval climate anomaly and the cold Little Ice
Age (LIA) (deMenocal et al., 2000; Andersson et al., 2003; Trouet et al., 2009;
Olafsdottir et al., 2010). The most recent warm and cold events were preceded by
post-industrial warming. The existence of these oscillations in the SPNA was
mainly due to the advance and retreat of the cold fresh water in the North Atlantic
associated with subpolar gyre dynamics and atmospheric oscillations (Thornalley
et al., 2009; Staines-Urias et al., 2013; Moffa-Sanchez and Hall, 2017).

As there is not enough evidence to reconstruct the past NAO mode variability, only
a few studies reconstructed the proxy-based NAO (Appenzeller et al., 1998; Cook
etal., 1998; Trouet et al., 2009, 2012; Pinto and Raible, 2012). This lack of evidence
from the past makes it difficult to track if there was an NAO-like atmospheric
influence on the SPNA hydrography, and if present, how it has been varied. Based
on the present data, some studies in the SPNA region have linked the variation in
hydrography to today’s NAO-like pattern (Rimbu et al., 2004; Staines-Urias et al.,
2013). These studies suggested a strengthened gyre in a possibly positive NAO-like
condition during the early phase of the Holocene and a negative-NAO-like forcing
with the weakened SPG during the mid-Holocene. Similarly, the position of the
Subpolar front has been used as a potential SPG strength indicator for the Holocene
(Rasmussen et al., 2003; Moros et al., 2012). These studies show that the SPG
strength dynamics have a bigger role in modulating the SPNA climate in addition
to the insolation and volcanic forcings. Moreover, the studies from the east and the
west SPNA yield non-uniform responses to the Holocene phases (Moros et al.,
2004; Solignac et al., 2006; Renssen et al., 2009; Andersson et al., 2010) owing to
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the regional climatic factors such as dominant surface currents influencing the

region, SPG strength dynamics.

The AMOC change has been closely associated with climate shifts. As there is no
direct tool available to reconstruct the past changes in AMOC, researchers have
applied various means to evaluate the past changes such as water mass proxies (eNd
(Gutjahr et al., 2008; Bohm et al., 2015; Lippold et al., 2016), Cd/Ca, §13C and §'80
of benthic foraminifera (Oppo et al., 2003; Hall et al., 2004; Keigwin et al., 2005;
Kleiven et al., 2008; Thornalley et al., 2010; Hoogakker et al., 2011)), proxies to
reconstruct the bottom water strength (sortable silt size (5s) (Bianchi and Mccave,
1999; Hoogakker et al., 2011; Ellison et al., 2006; Thornalley et al., 2013; Kissel et
al., 2013), 2'Pa/**Th (Gherardi et al., 2009; McManus et al., 2004; B6hm et al.,
2015; Lippold et al., 2016) etc. Furthermore, there has been a continuous effort to
improve the understanding of the AMOC strength from its influence on the upper
ocean circulation in the high latitude North Atlantic. Hence, the upper water mass
hydrography in the SPNA region has evolved as a prime zone to understand the
AMOC variability given its liaison with the strength of AMOC. The changes in the
AMOC have been cited to explain the abrupt climate changes in the past glacial and
interglacial (Howe, Piotrowski, Noble, et al., 2016; Lippold et al., 2016; Lynch-
Stieglitz, 2017; Marchitto & Broecker, 2006; McManus et al., 1999; Oppo et al.,
2018; Praetorius et al., 2008; Roberts et al., 2010). Some major events such as
Dansgaard-Oeschger, Heinrich events, and Younger Dryas have been closely
associated with a variation in the AMOC (Lynch-Stieglitz, 2017; Praetorius et al.,
2008). The Holocene has also been tied to AMOC variability. The early Holocene
was observed with a decline in the AMOC followed by a strengthening in the mid-
Holocene concurrent with the Holocene thermal maximum at the high latitude
North Atlantic (Kissel et al., 2013; Thornalley et al., 2013). This early Holocene
decline is tagged with freshwater discharge from remnant ice sheets. Moreover, the
prominent 8.2 ka event in the early Holocene has been coupled with a major drop
in the AMOC strength (Ellison et al., 2006; Kleiven et al., 2008). This event is
coeval with the outburst of the proglacial lakes Agassiz and Ojibway (Ellison et al.,
2006; Kissel et al., 2008). After the establishment of modern-like circulation
conditions, AMOC declined during the mid-late Holocene. The late Holocene

decrease has been correlated with an increase in the sea ice flux to the Nordic Seas
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owing to the decreased orbital insolation (Thornalley et al., 2013). Some of the
rapid millennial oscillations in the Holocene North Atlantic have also been linked
with a variation in the AMOC strength. Nevertheless, centennial-millennial
variation in NADW formation throughout the Holocene has been documented in
few studies coinciding with the cold-water advance in the Subpolar North Atlantic
Ocean (Oppo et al., 2003; Hoogakker et al., 2011; Kissel et al., 2013). Not all the
proxies and the study sites reveal the same variation. They largely vary with the
proxy sensitivity and the factors influencing the study site. Hence, one must take

utmost care in interpreting this information.

The present assessment and future projections of a declining Atlantic Meridional
Overturning Circulation (AMOC) in the current warming scenario emphasize the
need for a deeper understanding of its driving factors. The anomalies in the
Subpolar North Atlantic (SPNA), particularly in response to increased meltwater
influx and a reduced AMOC offer a crucial region for comprehending cause-and-
effect relationships in various climate scenarios. Holocene, the most recent
geological period is marked by different climatic scenarios such as warming and
cooling phases, and abrupt events like the 8.2 ka event and Bond events. Hence, the
Holocene provides us with various climatic scenarios to gain insights from the
SPNA. It is known from the previous studies that the Subpolar North Atlantic has
not exhibited the same changes throughout its region during the Holocene
(Eiriksson et al., 2000; Andersen et al., 2004; Berner et al., 2008; Balestra et al.,
2010). Different eastern and western SPNA regional dynamics play a role in this
contrast. Hence, these studies on Holocene SPNA evolution underscore the
necessity for additional research to elucidate regional influences on SPNA
Holocene variability. The Reykjanes Ridge, situated near the subpolar frontal
region, becomes a favourable location for documenting regional SPNA variability.
The frontal shift plays a pivotal role in hydrographic variations, determining the
influx of cold and fresh water from the west or warm Atlantic Water from the east.
This thesis investigates the Holocene dynamics of the region using planktic
foraminifera proxies. Additionally, the distribution pattern of planktic foraminifera
was studied to provide an overview of the species’ response to the modern-day
SPNA hydrography and related oceanographic elements such as temperature and

salinity.
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1.5. Objectives of the thesis:

The thesis aims to better understand the variability in Subpolar North Atlantic upper
water hydrography and the factors influencing its variability. In this study, we used
planktic foraminifera from the sediment core retrieved from the Reykjanes Ridge
to reconstruct Holocene climatic changes at the Subpolar North Atlantic (SPNA) In
addition, surface sediments from the region were studied to understand the
distribution of the planktic foraminifera in the modern SPNA ocean and its response
to recent environmental conditions.

The proposed objectives for the thesis are:

I.  To document the variability in planktic foraminifera assemblages in the

North Atlantic with respect to different water masses.

Il.  To reconstruct the Subpolar surface hydrography and its link to the strength
of AMOC.

IIl.  To document the response of the North Atlantic Current (NAC) and
meltwater influx in subpolar water masses.

1.6. Outline of the thesis

In chapter 1, Introduction, background and importance of the study, the regional
oceanography provided in detail. The aim and scope of the thesis, and proposed
objectives have been elaborated at end of the chapter. In chapter 2, Materials and
methods, the study area, and sample details and methodology adopted is described
in detail. In addition, introduction and importance of the proxies used is presented
in detail. This chapter also brief the statistical analyses used for the data
representation. In chapter 3, The variation in planktic foraminifera assemblages
associated with different surface hydrography from the Labrador Sea to Iceland-
Faroe-Shetland Channel has been discussed in this chapter. In chapter 4, the
paleoceanographic variations in the SPNA ocean have been reconstructed for the
Holocene period, using the core AMK-410. The oxygen isotopic composition
(6'80) of Globigerina bulloides and Neogloboquadrina pachyderma, combined
with the relative abundance of planktic foraminiferal species, have been used for

this reconstruction of Holocene climatic changes. In chapter 5, The influence of
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the North Atlantic Current and the meltwater influx from the Arctic on the SPNA
hydrography have been discussed in detail. Further, in this chapter, the possible link
between SPNA hydrography and AMOC strength is discussed. Chapter 6,
Summary and Conclusion, documents all the key findings from the thesis.
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Chapter 2

2. Materials and methods

Surface sediment samples used to fulfil the first objective were collected on-board
R/V Akademik loffe 51% cruise (Al-51) during the summer of 2016. Whereas the
sediment core used to fulfil the second and third objectives was collected from the

eastern flank of the Reykjanes Ridge.

In the materials and methods chapter information about the study area and

methodologies adopted are described in detail.
2.1. Regional oceanography

The SPNA Ocean is a complex setting that involves many surface and deep ocean
currents. The Labrador Sea and the Irminger Sea (Pickart et al., 2003) located
within the SPNA Ocean are crucial regions for the formation of Labrador Sea Water
(LSW), the intermediate water mass, and North Atlantic Deep Water (NADW)

which is an essential component of the deep water mass.

The SPNA Ocean consists of a complex system that interacts with the different
types of surface and deep water masses (Fig. 2.1). A shoot-out of the Gulf Stream,
the North Atlantic Current (NAC) has two main branches through which warm
saline subtropical water reaches Nordic Seas through SPNA region (Daniault et al.,
2016). It carries Western North Atlantic Water (WNAW) (Iselin, 1936; Pollard et
al., 1996) (Temperature of ~ 9.5 °C, Salinity of ~ 35.2 PSU, Johnson et al., 2013).
Out of these two, one branch travels Northeast through the Faroe-Shetland Channel
(FSC), whereas the other branch splits into two sub-branches at the Iceland basin.
Of the latter, one sub-branch enters the Nordic Sea through Iceland-Faroe Ridge,
and the other sub-branch bends towards the west to form Irminger Current (IC) and
forms a part of the Subpolar Gyre. The northern branch that goes through FSC
carries a modified cooler watermass by mixing subpolar water and WNAW, known
as Modified North Atlantic Water (MNAW) (Temperature 7.5-8.0 °C, Salinity
35.20-35.25 PSU (Read & Pollard, 1992)). Another water mass Eastern North
Atlantic Water (ENAW) (Harvey, 1982; Pollard et al., 1996) (Temperature 10.5-
11.0 °C, salinity 35.5- 35.6 PSU (Johnson et al., 2013)), is slightly warmer and

more saline than WNAW, forms in the intergyre region of the Bay of Biscay and
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dominates in the eastern region of Faroe-Shetland area. These water masses reach
the Labrador Sea along the eastern coast of Greenland by East Greenland Irminger
Current (EGIC). In addition, another cold water current, the East Greenland Current
(EGC) brings cold and fresh water from the Nordic Seas to the Labrador Sea. At
the south of the Cape Farewell, EGC and EGIC merge and form West Greenland
Current (WGC), which moves northwest along the western coast of Greenland. The
WGC along with the water coming from the Davis Strait and the Hudson Strait
forms Labrador Current (LC) that flows along the Labrador Coast (Loder et al.,
1998). The cold water mass, the Subarctic Intermediate Water (SAIW) mass is
associated with the LC (Arhan, 1990). The water mass at the Labrador Sea forms
an intermediate water mass Labrador Sea Water (LSW) by winter deep-convection.
The deep watermass from the Nordic Seas, the Denmark Strait Overflow Water
(DSOW) (Swift et al., 1980), and Iceland Scotland Overflow Water (ISOW) (Swift,
1984) join LSW to form the North Atlantic Deep Water (NADW). The NADW
flows southward as a deep western boundary current. A major atmospheric pattern,
North Atlantic Oscillation (NAO) is known to influence the hydrography of the
SPNA region.

Annual average temperature and salinity at the eastern side of the studied transect
(see section 2.2) was 10.33 °C (Avg. 0-50m depth) and 35.28 PSU respectively.
The temperature and salinity decrease as we go westward from the Iceland basin
towards the Labrador Sea. It reaches 8.12 °C, 35.00 PSU near Reykjanes Ridge,
and a minimum of 4.6 °C, 34.57 PSU in the Labrador Sea. Thus, the water mass at
the eastern side of the studied transect is much warmer (NAC water) than the
westernmost section of the Labrador Sea, where the water gets modified by mixing
and losing heat to the atmosphere throughout the transect. Thus, the studied transect
shows a gradient from warmer to cooler water mass in its upper water column from
east to west. Sub-polar Front (SPF) separates the warmer and saline subtropical
water mass from the cooler and fresher subpolar water (Belkin and Levitus, 1996;
Bersch et al., 2007). Shifting of this front has been reported from the SPNA region
with the change in its hydrographic structure, and strength of SPG (Perner et al.,
2018).
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Fig. 2.1. Subpolar North Atlantic Circulation showing all the major currents in the
region. The lines in red indicate warm surface currents, whereas the blue lines
indicate cold deep currents. IC: Irminger Current; EGIC: East Greenland Irminger
Current; LC: Labrador Current; DSOW: Denmark Strait Overflow Water; ISOW:
Iceland-Scotland Overflow Water; LSW: Labrador Sea Water. (Source: Garcia-
Ibanez et al., 2015).

2.2. Sample details
2.2.1. Surface sediments

Twenty-five surface sediment samples were collected along a longitudinal transect
at 59.50 °N in the Subpolar North Atlantic (SPNA) Ocean using a Van Veen Grab.
The surface sediment samples cover an area stretching from longitude -54.17°W to
-3.87°E between the Labrador Sea and Iceland-Faroe-Shetland Channel. The
sampling depths vary from 158.00 m at the shallowest station 22 to 3,477 m at
station 3 (Table 2.1, Fig. 2.2).
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Fig. 2.2. Map showing locations of surface sediment samples (black dots) collected
during Al-51 cruise; major oceanographic currents of the region are also shown
(Schlitzer, 2015), warm surface currents, cold surface currents, and cold deep
currents are shown by red, green, and blue arrows respectively; NAC: North
Atlantic Current, EGC: East Greenland Current, WGC: West Greenland Current,
LC: Labrador Current, ISOW: Iceland-Scotland Overflow Water, DSOW:

Denmark Strait Overflow Water

2.2.2. Sediment core
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Fig. 2.3. Map showing the location of the sediment core AMK-410

The sediment core AMK 410, a gravity core was obtained from 58.33 °N latitude
and 31.60 °W longitude at a depth of 1,580 m. The location was chosen to best fit

to achieve our objectives. The area is influenced by the warm North Atlantic
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Current from subtropics and the cooler subpolar water. The detailed oceanographic

setting of the site can be found in the preceding subsection.
2.3. Sediment sample processing

Table 2.1. Location details of the surface sediment samples collected during the
Al-51 cruise.

Station Water depth  Latitude  Longitude

No. (m) (°N) (W)
1 3346 55.00 -43.76
2 3393 58.22 -54.17
3 3477 59.11 -50.51
4 2389 59.97 -47.04
5 328 59.90 -42.32
6 2399 59.56 -41.01
7 2922 59.50 =510
8 3156 59.49 -37.32
9 3064 59.50 -34.98
10 1531 59.51 -30.66
11 1694 59.50 -28.67
12 2237 59.50 -26.66
13 2512 59.50 -24.71
14 2740 59.49 -21.99
15 2825 59.50 -20.69
16 2182 59.50 -18.00
17 1519 59.50 -15.33
18 1291 59.50 -13.33
19 1611 59.50 -11.33
20 1468 59.50 -9.33
21 1051 59.50 -7.33
22 158 59.50 -3.83
23 1150 61.07 -3.87
24 484 62.74 -8.46
25 567 64.03 -12.62

Same processing protocols were followed for both surface sediment samples and

sediment core samples.

A small piece of sediment was weighed and freeze-dried. The dried samples were
divided into two halves; one half was used for foraminiferal analyses, and the other
was kept for sedimentological analyses. For foraminiferal analyses, the dried

samples were soaked in de-ionized water for six hours, followed by wet sieving
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over 63 pum mesh. The sieved samples were dried in an oven at 50°C. The coarse
fraction (>63 um) was then dry sieved through different size fractions for planktic

foraminiferal assemblage analysis, and stable isotope and Mg/Ca analyses.

The other half of the dried sediment (only for surface sediment samples) were
ground to a fine powder in an agate mortar-pastel for analysis of calcium carbonate
content of the sediment.

2.4. Sediment sample analysis

2.4.1. Planktic foraminiferal assemblage analysis

For planktic foraminiferal counts, >100 pm size fraction was chosen for surface
sediment samples, not to miss the smaller species like Turborotalita quinqueloba
and Globigerinita uvula. The larger size fractions >150 pm and >125 um, which
are preferred for most of the planktic foraminiferal assemblage studies, are shown
to understate the smaller species counts as compared to the >100 um size fraction
in the high latitude North Atlantic and Arctic Oceans (Kandiano and Bauch, 2002;
Husum and Hald, 2012). Some recent studies also show a decrease in temperature
estimation using the transfer function while considering the smaller size fraction
over the larger ones (Husum and Hald, 2012). The >100 um size fraction was split
into two equal parts using a micro-splitter, and the process was repeated until a
minimum of 300 planktic species were counted in the smallest split fraction. A tiny
fraction was weighed, and 300-800 planktic foraminifera species were picked into
a microscopic slide using Nikon SMZ 1500 stereo-zoom microscope and 112X
magnification). The specimens were then identified to species level and counted
following the taxonomic descriptions of Kennett and Srinivasan (1983) and
Hemleben et al. (1989).

For the representation, total Planktic Foraminifera (TPF) absolute abundance and
species relative abundance was calculated in each sample. The TPF represents total
number of planktic foraminifera in the coarse fraction. Species absolute abundance
is the contribution of the particular species to the total assemblage, presented in
whole numbers per gram weight of sediment, whereas species relative abundance
denotes the same in percentage relative to the total abundance. These parameters

have been used in paleoceanography before the evolution of geochemical proxies.

22



They are used to interpret water mass structure and environmental conditions
(Ufkes et al., 1998). Certain planktic foraminifera species abundance can be

indicative of upwelling conditions and trophic environments.
2.4.2. Geochemical analysis of planktic foraminifera

Similar to the census counts, Planktic foraminifera shell morphology and their
chemical composition (e.g., stable isotopes and trace metal composition), are
extensively used in paleoclimate investigations. Planktic foraminifera forms their
calcitic test in equilibrium with the surrounding water, thus, their isotopic and trace
metal composition reflect information of ambient seawater chemistry. This makes
them promising proxy to investigate past seawater composition. To fulfil the
projected objectives, Carbon (C) and Oxygen (O) isotopes of specific foraminifera
were measured. The principle and methods involved in these isotopic studies are

summarised below.

2.4.2.1. Oxygen isotopic analysis of planktic foraminifera

Oxygen has three stable isotopes: 1°0 (99.763 %), 1’0 (0.0375 %), and 80 (0.1995
%) (Garlick, 1969). The processes like evaporation, temperature, etc., cause oxygen
isotope fractionation. For example, evaporation preferentially removes lighter
isotopes (*°0) and makes the clouds and the water relatively richer in lighter (:°0)
and heavier isotopes (*®0), respectively (Rayleigh fractionation). This leads to
variation in the isotopic ratio (**0/*%0) in components involved in the fractionation
process. Generally, the ratio between 0 and 0 (**0/*%0) represents the
fractionation. For easy comparison between various components, it is presented in
per mil (%o) relative to a standard known as isotopic composition, denoted with the
notation “Delta” 5'0. The international standards for 580 are VPDB (Vienna
PeeDee Belemnite) and VSMOW (Vienna Standard Mean Ocean Water) for
carbonates and water, respectively. The §'80 is expressed as the deviation in the
Oxygen isotopic ratio of the sample with respect to the standard, expressed in per

mil as shown in the following equation.

180 180
(]6O)Sample (‘6O)Standard X 1 03 (%0) |n VPDB

(180)
0/ standard

5150 =
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The foraminiferal §'80 is mainly governed by two factors: seawater &80
composition and temperature. Seawater '80 depends on the global ice volume (ice
volume effect) and the local salinity effect such as evaporation-precipitation, sea
ice melting, sea ice formation, advection, and mixing of water masses. Though, first
5180 in carbonate was used to analyze the paleotemperature (Emiliani, 1955), later,
it was confirmed that 880 in foraminifera is majorly determined by the global ice
volume followed by other factors (Shackleton, 1967). The environmental factors
influencing the foraminiferal 580 are shown in the schematic below (fig. 2.4),
taken from Ravelo and Hillaire-Marcel (2007). Besides the environmental factors,
dissolution, secondary calcification, and vital effects may alter the &0 in
foraminifera. So, care should be taken while analyzing and interpreting the 880

data in foraminifera.

Local changein 880, “SALINITY EFFECT” “ICE VOLUME EFFECT”
EVAP o Changes in Ice melting Ice growth
causes é : PRECIP ADVECTION/UPWELLING causes +  causes
local . :Ioc;?%?‘?é)sw of water 3"%0sw to ¢ 3 §'%0sw to

&'80sw to o :t d with differ.ent 880sw decrease 3 T increase
increase 3 o 0 decrease . globally * % globally
s : T
. v -

A Ambient Seawater A 4

8'80sw= f(local changes, global ice volume)
:
v
Internal pool
5180interngl = §'80sw
A 4
Shell

5130$he" =f( 8'®Qinternal, T)

Higher Calc. Temp => lower  3'80
Lower Calc. Temp => higher 0180

“TEMPERATURE EFFECT”

Fig. 2.4. Schematic showing the factors governing the foraminiferal shell §'%0;

5180qw: seawater 5'20. (Source: Ravelo and Hillaire-Marcel, 2007).
Procedure for stable isotopic analysis
For stable isotopic analysis, 15-20 specimens of surface water planktic foraminifera

Globigerina bulloides and 35-40 specimens of Neogloboquadrina pachyderma
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were picked from the size range of 250-350 pum and 125-250 pm, respectively. Only
specimens with no secondary calcification and dissolution were chosen with the
utmost care. The samples were processed and analyzed with an Isotopic Ration
Mass Spectrometer (IRMS) in the Geosciences-Stable Isotope lab at the Physical
Research Laboratory, India. NBS 19 and an in-house standard (Makrana marble)
were used during the measurement. The standard deviation for 580 was found to

be 0.04%o for NBS-19 and 0.10%. for Makrana marble.

2.4.3. Mg/Ca analysis in foraminifera

Ca*? in the foraminiferal carbonate may get substituted by Mg*? during the
calcification due to its similar ionic radius and charge as Ca. This substitution is
temperature dependent. Though Mg/Ca in foraminifera also depends on pH and
salinity, the effect is small and linear. Further, Mg/Ca exhibits an exponential
relationship with temperature. Chave (1954) and Blackmon and Todd (1959) first
reported the temperature sensitivity of Mg/Ca by X-ray diffraction.
Thermodynamic calculations reveal an exponential increase of 3% Mg/Ca uptake
into calcite per °C (Rosenthal et al., 1997; Lea et al., 1999), which is also seen in
the case of inorganic calcite precipitation (Oomoori et al., 1987). However, vital
effects are responsible for the variation of Mg percentage in foraminiferal calcite
from inorganic calcite and among different species. Hence, different calibrations
have been adapted for specific species using sediment traps (Anand et al., 2003;
Pak et al., 2004), culture (Nurnberg et al., 1996; Mashiotta et al., 1999), and core
tops (Elderfield and Ganssen, 2000; Dekens et al., 2002). All these calibrations

follow the exponential relation between Mg/Ca, and temperature expressed as,
Mg/ca =B exp(AXT),

Where, T is temperature, and A and B are constants, specific to species. ‘A’
represents the temperature sensitivity which is consistently found to be 0.09+0.01
(Anand et al., 2003; Katz et al., 2010). The pre-exponential constant ‘B’ varies with
different species (Anand et al., 2003). Since the calibrations are particular to some
species and regions with a limited temperature range, one must be careful enough

to apply these calibration equations for paleotemperature studies.
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Procedure for Mg/Ca measurement

For foraminiferal Mg/Ca analysis, around 50 specimens of G. bulloides from the
size range 250-350 um were picked into a clean and dry vial. Random specimens
were picked from each core section and fixed to glass slides with the umbilical side
facing upward. The last four chambers of the G. bulloides were analyzed separately
for Mg/Ca in an LA-ICPMS (Laser Ablation- Inductively Coupled Plasma Mass
Spectrometer), Max Planck Institute for Chemistry, Germany. The Foraminifera
were ablated on a 55 um spot using an NWR femtosecond laser, NWRFemto from
ESI (2), with a 200 nm wavelength. With a laser pulse repetition rate of 1 Hz, the
generated aerosols were analyzed separately for every shot in the ICP-MS
(Element2 double-focusing SF). The ICP-MS was used in low-resolution mode to

measure >°Mg* and **Ca**.

2.5. Calcium carbonate content

A small amount of freeze-dried bulk sediment was ground to a fine powder with
clean and dry agate mortar and pastel. The powder was then analyzed for total
inorganic carbon (TIC) in a coulometer (UIC, Inc. CM5017, Geology Lab,
NCPOR). This TIC was used in the Espitalie et al. (1977)’s equation to calculate
the total CaCQOs (%),

CaCO; = (TC — TOC)x 8.33 (%),

and,

TC — TOC = TIC,
So,

CaCO; = TIC x 8.33 (%),

Where TC is Total Carbon, TOC is Total Organic Carbon, and TIC is Total

Inorganic Carbon.

2.6. Statistical analyses

Cluster and principal component analysis was used to better understand the data

and interpretation.
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2.6.1. Cluster analysis

Cluster analysis is a method of classification of the datasets into groups based on
similarity and dissimilarity between the data. The Hierarchical cluster analysis
performs multiple steps of partition by analyzing all similarities and dissimilarities
between samples to group them into clusters. The Hierarchical cluster analysis is
always represented by a dendrogram. The Bray-Curtis similarity index has been
popularly used by ecologists as a measure to assign the samples of the population

to different groups.

The Hierarchical cluster analysis was performed on the planktic foraminifera
assemblages to delineate different groups of stations using the Bray-Curtis
similarity index. Each group was represented by its characteristic foraminiferal
assemblage. This analysis has been used previously to identify the relationship
between the group of stations and different water masses based on their specific
planktic foraminifera assemblages (Parker and Berger, 1971; Thunell, 1978; Ottens,
1991). The SIMPER (similarity percentages) analysis (Clarke, 1993) was also
performed to determine the individual species contribution to each cluster group.

2.6.2. Principal Component Analysis

Principal Component Analysis (PCA) is one of the oldest and most widely used
multivariate statistical techniques to visualize and interpret data. This is used to
reduce the dimensionality of a dataset. A large dataset with multiple correlated
variables is reduced to a set of smaller variables with PCA and allows us to see any

trend or pattern in the data.

Principal Component Analysis (PCA) was performed on the environmental
parameters such as temperature, salinity, water depth of sampling point; Chl-a with
total planktic foraminifera abundances; and species percentages using
STATISTICA v. 10 software. This method of statistical correlation was used to
understand the role of environmental factors on distribution of planktic foraminifera
assemblage at the study site (Mallo et al., 2017). The marked correlations are

significant at a p-value < 0.05.
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2.7. Core Chronology

The core chronology was established with the help of radiocarbon dating (Libby,
1955). The cosmogenic radioisotope of Carbon (*4C) is produced when Nitrogen
(**N) is bombarded with a neutron in the upper atmosphere by a process known as
cosmic spallation. This *C is incorporated into the atmospheric **CO. and thus
becomes a part of the global carbon cycle. The organisms in the biosphere or the
sediments maintain an equilibrium with the atmospheric **C percentage, and as
soon as they disconnect from this equilibrium, the *C decreases through decay.
Thus, by measuring the residual **C, the age of the object or fossil could be known.
The half-life of 1*C has been calculated 5730 years (Godwin, 1962).

In case of marine sediments, this process becomes complex as some factors could
alter the *C age of water. A 15%o fractionation of 1*C (equals 120 years) is involved
in the ocean-atmospheric exchange of COx>. In the case of upper water, there could
be a mixing of modern water with *C-depleted water involved with ocean
circulation, which varies geographically. Moreover, mixing old water during
upwelling and the presence of sea ice, limiting the ocean-atmospheric interaction,
also affects the reservoir age. Hence, a reservoir correction specific to a particular
region must be added. Besides this, the assumption of a constant atmospheric 4C
percentage is not valid, and there has been evidence of variations in atmospheric
14C (Damon et al., 1978; de Vries, 1958). For this, the radiocarbon age is converted

to calendar years by using calibrating curves (Stuiver, 1993; Reimer et al., 2009).
Table 2.2. Radiocarbon age and calibrated age for the core AMK-410

Depth(cm) Radiocarbon Age Error (1  Calibrated Age

sigma) (Cal BP)
5 1700 +30 1189
11 2450 +30 2053
31 3980 +30 3907
41 5700 +30 6052
56 7990 +30 8411
91 27230 +120 30936
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Fig. 2.5. Age-Depth model for the core AMK 410.

For Radiocarbon dating, about 10-12 mg of G. bulloides or N. pachyderma were
picked from six core intervals. The samples were then analyzed in the Accelerated
Mass Spectrometer (AMS) of Beta Analytic Inc., U.S.A. A local reservoir
correction of 51+58 was applied to the radiocarbon dates. These corrected dates
were then calibrated with CALIB.8 (Stuiver et al., 1993) using the marine *C
calibration curve (Heaton et al., 2020). The intervals and the results are presented

in the table 2.2. The age-depth model for the core is presented in the figure 2.5.
2.8. Ecology of the planktic foraminifera

Planktic foraminifera are dated back to the middle Jurassic. These are unicellular
eukaryotic protists, mostly marine, with thick calcitic shells and are surface
dwellers. They are ubiquitous in occurrence, populating the warm tropical to the
cold polar oceans. These planktic foraminifera are depth-stratified as they prefer
specific ecological parameters for living. They are constrained by various
environmental parameters, especially water mass characteristics (temperature,
salinity, nutrients, etc.) and food availability (Parker, 1960; Bé and Tolderlund,
1971; CLIMAP, 1976; Ortiz and Mix, 1992; Schiebel and Hemleben, 2005;
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Rebotim et al., 2017; Schiebel and Hemleben, 2017). The foraminifera are very
sensitive to any subtle change in these environmental conditions. They archive
these ambient oceanic conditions such as temperature, and salinity in their shell
chemistry. The calcitic shells hold good preservation potential, comprising a
significant part of the oceanic sediments. These tiny shells are evolved as tools of
paleoclimatology since the work by d’Orbigny (1826), Félix Dujardin (1835),
Owen (1867), John Murray and Brady (1884) after the 1872-1876’s HMS
Challenger expedition. Since then, they have been widely used to infer
paleoenvironments (Kucera, 2007; Schiebel et al., 2017). The depth stratification
and ecological preferences of planktic foraminifera play a vital role in
reconstructing paleoceanographic changes. However, the paleoenvironmental
reconstructions rely on a better understanding of the modern foraminiferal ecology

and factors governing their abundance in different water masses.
Table 2.3. List of planktic foraminifera identified in the study.
List of planktic foraminifera species
Globigerina bulloides (d’Orbigny 1826)
Globigerinita glutinata (Egger 1893)
Globigerinita uvula (Ehrenberg 1861)
Globorotalia inflata (d’Orbigny 1839)
Globorotalia scitula (Brady 1882)
Neogloboquadrina pachyderma (sensu. Darling et al. 2006; syn. N. pachyderma (Ehrenberg 1861)
sinistral)
Neogloboquadrina incompta (Cifelli 1961; syn. N. pachyderma (Ehrenberg 1861) dextral)
Turborotalita quinqueloba (Natland 1938)
Orbulina universa (d’Orbigny1839)

The planktic foraminifera found in this study from both the surface study and the
sediment core complies with the previously published literature on the region
(Tolderlund and Bé, 1971; Ottens, 1991, 1992; Perner et al., 2018; Schiebel and
Hemleben, 2000; Stangeew, 2001; Schiebel et al., 2001; Chapman, 2010; Staines-
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Urias et al., 2013; Schiebel et al., 2017). A total of nine species of planktic
foraminifera were identified in the AMK 410, of which only six are abundant and
comprise more than 80% of the assemblages. The list of the species is given below
in table 2.3 and figure 2.6. Additionally, detailed ecological knowledge of these

species specifically from the region is simulated in table 2.4.

Fig. 2.6. Plate. SEM images of the planktic foraminiferal specimens from the
surface sediments along 59.5°N transect on-board Al-51. 1(a,b). G. bulloides 2(a,b).
G. glutinata 3(a,b). N. pachyderma 4(a,b). N. incompta 5(a,b). T. quingueloba 6. G.
scitula 7. O. universa 8(a,b). G. inflata 9(a,b). G. uvula. Scale bars 100 pm.
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Table 2.4. Ecology of the planktic foraminifera species, with their depth habitat,

geographical distribution, ecological information, and distribution in the SPNA (In

the present study).

N.
pachyderma

N. incompta

G. bulloides

T.
guinqueloba

Depth
Habitat

Upper
100m (in
EGC)
50-200m
(when
warm
Atlantic
water
present)

60 -
150m

Upper
50m
(surface
mixed
layer)

10-60m
(near
surface)

Geographical
distribution

Subpolar to
polar

Temperate to
subpolar

Temperate to
subpolar

Temperate to
subpolar

Ecological
Information

The abundance
increases towards
poles. It
dominates the
assemblage when
summer SST <
9°C.

This species
prefers warm and
stratified water.

The species
abundance is
enhanced with
increased
nutrients.
This  symbiotic

species is related
to presence of
oceanic  fronts.
Abundance
increases

primary

productivity.

with
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Distribution
in SPNA
(Present

study)
eDominated in
the west of
Reykjanes
Ridge
*Also found in
the Faroe-
Shetland
channel
*Absent in the
central Iceland
Basin and at the
eastern transect

*Found
maximum  at
the eastern
transect.

eMinimum in
Labrador Sea

sMaximum in
the Iceland
basin

*Patchy in
abundance
Maximum at
the central
Irminger Sea
and the eastern
transect

References

Hemleben et al., 1989;
Husum & Hald, 2012;
Simstich et al., 2003;
Toldurlund & Be,
1971, present study

Toldurlund & Be,
1971; Fairbanks et al.,
1982; Reynolds &
Thunell, 1985;
Schiebel & Hemleben,
2000; Kuroyanagi &
Kawahata, 2004,
present study

Be & Toldurlund,
1971; Ottens, 1992;
Thunnel & Sautter,
1992; Ganssen &
Kroon, 2000; Schiebel
& Hemleben, 2000,
present study

Reynolds & Thunell,
1985; Johannsen et al.,
1994; Carstens et al.,
1997; Volkmann,
2000; Husum &
Hald,2012; Meilland
et al., 2020, present
study



G. uvula

G.
glutinata

G.
inflata

scitula

Orbulina
sp.

40-100m

60-150m

100-400m
(Near
thermocline)

Below
thermocline
to 200-300m

Upper 100m
(euphotic
zone)

Temperate to
polar

Cosmopolitan

Temperate

Cosmopolitan

Tropical to
temperate

This  species s
associated with
oceanic front and
primary
productivity.

Its presence marks
the onset of Spring
bloom.

Abundance of G.
inflata in SPNA
depends on the flux
of advected warmer
water.

Presence of this
species in SPNA
indicates warm
water entrainment
from subtropics. Its
abundance is
related with
primary
productivity.

This symbiote
bearing species can
tolerate wide ranges
of temperature and
salinity. Presence of
this species in high
latitude indicates
presence of warmer
water from
subtropics.
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*Constitutes

only minor %
Maximum at
the eastern
near  coastal
region and in
the central
Irminger sea

*Constitutes

major % of the
assemblage

*Absent only
in the
Labrador Sea

*Present only
in the central
and  eastern
transect
*Absent in the
Irminger Sea
and Labrador
Sea

eRare in this
study

*Only found in
two stations

*Rare in this
study

Schiebel &
Hemleben, 2002;
Schiebel et al.,
2002; Husum &
Hald, 2012

Ottens, 1992,
Volkmann 2000a,
Schmuker &
Schiebel,  2002;
Schiebel &
Hemleben, 2000;

Chapman, 2010
Hemleben et al.,

1989; Ottens,
1992; Ganssen &
Kroon, 2000;
Pflaumann et al.,
2003; Chapman,
2010

Hemleben et al.,
1989; Schiebel &
Hemleben et al.,
2000; Schiebel et
al., 2002;
Chapman, 2010;
Retailleau et al.,
2011

Berger, 1969;
Fairbanks et al.,,
1982; Hemleben et
al., 1989; Schiebel
& Hemleben, 2017



Chapter 3

3. Planktic foraminiferal assemblages in the surface

sediments from the Subpolar North Atlantic Ocean

This synthesis has been published in the peer-reviewed journal Frontiers in
Marine Science (doi: 10.3389/fmars.2021.781675).

3.1. Introduction

The distribution and ecology of planktic foraminifera have been studied in the
plankton tows, sediment traps and surface sediments from the world oceans
(Berger, 1969; Thunnell and Reynolds, 1984; Schiebel and Hemleben, 2000;
Schiebel et al., 2001; Jonkers et al., 2010; Meilland et al., 2020). The studies
referred to are either confined to different basins or show regional heterogeneity. A
complete ecological and spatial distribution of planktic foraminifera is understudied
in the Subpolar North Atlantic (SPNA) ocean, an area influenced by the large-scale
changes in the surface hydrography on both short and large timescale (seasonal,

annual, interannual, decadal, etc.).

The SPNA exhibits significant west-to-east oceanographic gradients from the
subarctic to temperate regions (McCartney and Talley, 1982; Read, 2000;
Brambilla and Talley, 2008). In particular, SPNA hydrography is characterized by
the presence and interaction of different warm and cold surface water currents
(Read, 2000; Garcia-Ibafez et al., 2015). The strength and extent of Subpolar Gyre
(SPG) influence the hydrography in the SPNA (Hatdn et al., 2005; Staines-Urias et
al., 2013). The hydrographic diversity strongly affects the distribution of modern
planktic foraminifera in SPNA, resulting in the occurrence of several cold-, warm-
and mixed-water planktic foraminifera associations (Bé and Tolderlund, 1971,
Ottens, 1991; Schiebel et al., 2001).

The enhanced warming of the high latitude regions in recent decades has led to
major oceanographic shifts and resulted in changing ecology of various planktic
faunas (Fossheim et al., 2015; Oziel et al., 2017; Neukermans et al., 2018; Jonkers
etal., 2019). Especially, planktic foraminiferal assemblages in high latitude oceans

have shown a change in diversity, with an influx of temperate species (Stangeew,
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2001; Jonkers et al., 2019; Schiebel et al., 2017; Meilland et al., 2020). As opposed
to the single dominant species found in polar regions (Bé and Tolderlund, 1971),
several plankton tow experiments reported a rise in warmer-water foraminiferal
species in polar regions (Stangeew, 2001; Jonkers et al., 2019; Meilland et al.,
2020). The distribution of modern planktic foraminifera reported from the SPNA
ocean is mainly confined to either the western (Stangeew, 2001; Jonkers et al.,
2010) or the eastern SPNA ocean (Schiebel and Hemleben, 2000). These studies
are based mainly upon plankton tows and infer the planktic foraminifera
populations with respect to seasonality. Several studies discuss the variations in
planktic foraminifera assemblage structure in a latitudinal as well as a longitudinal
transect, pertaining to a change in water mass structure in Nordic seas as well as in
Subarctic Pacific (Stangeew, 2001; Kuroyonagi and Kawahata, 2004; Chapman,
2010; Mallo et al., 2010; Pados and Spielhagen, 2014; Meilland et al., 2020); but
not in the SPNA ocean. Thus, the main objective of the present study is to assess
the spatial distribution of planktic foraminiferal assemblages and their ecological
preferences in the SPNA ocean. Moreover, this becomes interesting as SPNA has
complex hydrography, showing an east-west gradient in its physiographic
properties, which significantly modulates the planktic foraminiferal distribution.
This study, covering the entire SPNA from west to east, would improve our
understanding of planktic foraminifera distribution related to various environmental

parameters of different water masses and significant shifts in high-latitude regions.

3.2. Oceanographic Context

The surface currents in the SPNA region (described in Chapter 2) and the associated
water masses are controlled by the dynamics of cyclonic Subpolar Gyre (SPG). A
strengthened and expanded SPG brings more subpolar water from the western
SPNA to the eastern SPNA through the eastern limb of SPG. A weakened and
contracted gyre brings subtropical warm water to east SPNA through the eastern
limb of SPG (Staines-Urias et al., 2013). The upper water mass at east SPNA gets
colder and denser as it travels downstream towards the Labrador Sea through
mixing with the surrounding subpolar water mass and air-sea interaction (Read,
2000).
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In general, alternating warm and cold-water currents create a prominent
hydrological contrast along the studied transect at 59.50 °N (Fig. 3.1B, 3.1C and
3.1D). The annual average temperature and salinity of the surface water (averaged
for a water depth of 0-100 m) vary from 10.33 °C and 35.28 PSU on the eastern
side, through 8.12 °C and 35.00 PSU on the central part near Reykjanes Ridge, to
4.60 °C and 34.57 PSU in the Labrador Sea (WOA 2018, Locarnini et al., 2018;
Zweng et al., 2018). The primary productivity in the region (chlorophyll-a
concentration) ranges from 5.80 (In (mg/L)) to 8.00 (In (mg/L)) (Fig. 3.1D).

The hydrographic dynamics in SPNA is associated with different-scale eddies and
hydrological fronts, bringing more nutrient-rich water to the region. The warm
subtropical water from NAC and cold subpolar water are separated by the subpolar
front, creating a highly productive region (Taylor and Ferrari, 2011b). The eddies
associated with the Iceland Basin, and Irminger Sea, bring more nutrient-rich water
to the surface (Mahadevan et al., 2012). This makes SPNA a highly productive
region (Taylor and Ferrari, 2011b; Mahadevan et al., 2012). Also, the extent and
strength of SPG circulation directly impact productivity changes in SPNA (Hatun
et al., 2009). The increased freshening of SPNA and decreased Atlantic Meridional
Overturning Circulation (AMOC) strength has a negative effect on primary
productivity (Osman et al., 2019). The productivity of plankton communities in
SPNA exhibits clear seasonal character peaking from spring to autumn after the
shutdown of winter convection and the formation of stable surface stratification
(Taylor and Ferrari, 2011a). Primary productivity, along with the other physical
parameters, controls the distribution of planktic foraminifera assemblages (Bé and
Tolderlund, 1971; Schiebel and Hemleben, 2017). The abundance of foraminifera
species is also linked with chlorophyll-a (Chl-a) concentration (Schiebel et al.,
2001; Kuroyanagi and Kawahata, 2004; Retailleau et al., 2011).

3.3. Material and Methodology

The details of sediment sample collection, processing, and analysis are described
in chapter 2, ‘Material and Methods’ in detail.
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3.3.1 Environmental parameters

senland-Iceland Sill,

65°N

~Ocean Data View

:

Chlorophyll-a (In (mg/L))

Fig. 3.1. (A)Map of locations of surface sediment samples with major ocean
currents, has been taken from Fig. 2.2 of Chapter 2 and used here for reference;
Map showing surficial distribution of, (B) Annual average Sea Surface

Temperature (SST, °C). (C) Annual average Sea Surface Salinity (SSS, PSU), and
(D) Annual average Chlorophyll-a [In (mg/L)] of the modern ocean.

The annual average temperature and salinity data were obtained from the World
Ocean Atlas 2018 (WOAL18, https://www.ncei.noaa.gov/access/world-ocean-atlas-
2018/) from National Oceanic and Atmospheric Administration (NOAA)
(Locarnini etal., 2018; Zweng et al., 2018). Both temperature and salinity data were
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averaged over 0 to 100 m of water depth. This depth range was selected as the
maximum abundance of planktic foraminifera has been reported in the upper 100
m of water in the northeastern Atlantic (Schiebel and Hemleben, 2000). Annual
average Chl-a (mg m=3) data was taken from Moderate Resolution Imaging
Spectroradiometer  (MODIS)  Chl-a  concentration  Level 3  data
(http://oceancolor.gsfc.nasa.gov/cqi/l3) from the year 2001 to 2018 (Fig. 3.1D).
These data were used to analyze the relationship between planktic foraminifera

distribution and the main environmental variables along the transect.

3.4. Results

3.4.1. Total planktic foraminifera and Calcium Carbonate
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Fig. 3.2. (A) Variation in Total Planktic Foraminiferal (TPF) abundance in numbers
per gram sediment (ind. g ) (in green) and calcium carbonate (CaCOs) % (in
orange) at different stations, and (B) the blue curve depicts the sampling depth (m)

of the stations in the subpolar North Atlantic Ocean.

38


http://oceancolor.gsfc.nasa.gov/cgi/l3

Total planktic foraminifera (TPF) varied between 1212 and 183557 ind. g. The
highest abundance occurred at station 10 (water depth of 1531 m) near the
Reykjanes Ridge, while the lowest abundance was at station 23 (water depth of 158
m), in Faroe-Shetland Channel (FSC). Interestingly, few stations (2, 3, 4, 13)
located at deeper depths in the Labrador Sea, east of Greenland and Reykjanes
Ridge exhibited low TPF, along with the samples at shallow regions (5, 24, 25),
which are generally marked by lowest TPF (Fig. 3.2A and 3.2B). Subsequently, the
CaCOs content in the surface sediments varied from 9% at station 4 (water depth
of 2389 m), near the southwest coast of Greenland, to 74% at station 17 (water
depth of 1514 m), at the western side of Rockall Plateau. Furthermore, TPF and
CaCOs content varied concomitantly (Fig. 3.2A).

Significant variations in the distribution of planktic foraminifera species was found
along the transect. A total of nine species occurred in the samples: Globigerinita
glutinata, Neogloboquadrina pachyderma, Neogloboquadrina incompta,
Turborotalita quinqueloba, Globigerina bulloides, Globigerinita uvula,
Globorotalia inflata, Globorotalia scitula and Orbulina sp. (Fig. 2.6 of chapter 2).
The list of planktic foraminifera species and their ecological information can be
found in Table 2.4 of chapter 2. Among all, the former six species were the most
abundant. Together, they contribute at least 80% to the planktic foraminifera

community.

The former five species were consistently present along the transect except at a few
stations; whereas G. inflata was present only in the eastern part of the transect
(absent towards the west of Reykjanes Ridge). However, in the western part of the
transect, in the Labrador Sea and Irminger Sea, the sampled stations were
dominated by N. pachyderma. Moreover, it is the only species found in the two
sampling sites of the Labrador Sea, constituting 100% of the assemblage (Fig.
3.3A).

3.4.2. Variations in relative abundances of planktic foraminifera species

The relative abundance of planktic foraminifera species varied considerably from
west to east along the transect (Fig. 3.3). Neogloboquadrina pachyderma was the
most abundant species in the western part of the transect consisting of 100% of the

assemblage in sediment fraction of > 100 um in the Labrador Sea (Fig. 3.3A). This

39



species was more abundant in the Labrador and Irminger Seas, and its concentration
decreased towards the eastern part of the transect. The species was absent from
stations 15, 20, 21 and 22 in the eastern side of Iceland Basin. The average relative
abundance of N. incompta was 22% in the transect with the highest value of 43%
(station 20) near the Scottish shelf and nil in the Labrador Sea (stations 2 and 3)
(Fig. 3.3B). Higher relative abundance was seen in IFSC (average 41%) followed
by Iceland basin-Rockall Plateau (average 27%) and the lowest in the Irminger Sea
(average 12%) and the Labrador Sea (average 2%). Globigerinita inflata was
concentrated only in the eastern transect with the highest relative abundance of 5%
at stations 25 and 14 in Iceland-Faroe Ridge and Iceland basin (Fig. 3.3C). The
average relative abundance of G. inflata was 2% in the eastern part of the transect.
Likewise, the average G. glutinata percentage along the transect was 19%, with the
highest abundance of 45% (station 14) in the Iceland Basin, although absent in the
Labrador Sea (Fig. 3.3D).

G. bulloides percentage was low in this area, with an average value of 4%. G.
bulloides showed a maximum abundance of 20% at station 10 in the Reykjanes
Ridge area. While the abundance of G. bulloides was nil at stations 2, 3, 22 and 23
in the Labrador Sea and near the Scottish shelf (Fig. 3.3E). Relative abundance of
T. quinqueloba increased (> 25%) in specific sites in the Irminger Sea, Iceland
Basin and off Scotland, with relatively lower percentages in other stations ranging
between 0-21% (Fig. 3.3F). G. uvula was present in the samples with very low
relative abundance, highest as 5% near the Scottish shelf (station 21). The
occurrence of G. uvula was patchy in the transect. G. scitula and Orbulina sp. were
very rare. G. scitula was found only in the eastern Iceland basin (stations 14, 15 and
16) at < 1% and near the east coast of Greenland (station 4) with 4%. Orbulina sp.
was found only at two stations in the eastern Iceland basin and Iceland-Faroe Ridge
(stations 14 and 23).
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Fig. 3.3. Spatial variation in relative abundance (%) of planktic foraminiferal
species  (A) Neogloboquadrina pachyderma (N. pachyderma), (B)
Neogloboquadrina incompta (N. incompta), (C) Globorotalia inflata (G. inflata),
(D) Globigerinita glutinata (G. glutinata), (E) Globigerina bulloides (G. bulloides),
(F) Turborotalita quinqueloba (T. quinqueloba) from Labrador Sea to Faroe-
Shetland channel. Please note the percentage range for each species is different.
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3.4.3. Ratio N. pachyderma/ N. incompta along E-W transect
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Fig. 3.4. (A) Variation in relative abundance (%) of Neogloboquadrina
pachyderma (N. pachyderma) and Neogloboquadrina incompta (N. incompta)
along the transect and variation in the ratio of N. pachyderma/N. incompta against
the sampled stations is shown in blue; (B) Plot showing a relation between the ratio
of N. pachyderma and N. incompta abundance with sea surface temperature and

salinity.
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The distribution of the species N. pachyderma and N. incompta is significantly
influenced by the temperature and salinity of the region. Also, a change in the
relative abundance of N. pachyderma and N. incompta is linked to specific summer
SST values of the water mass (Zarié et al., 2005). Hence, to document the variation
in water mass properties (temperature and salinity) from west to east along the
sampled transect, the ratio of N. pachyderma and N. incompta was used. Along the
transect, the relative abundance of N. pachyderma was observed to increase
significantly from the eastern to the western part. However, N. incompta exhibited
an opposite trend with N. pachyderma abundance from east to west (Fig. 3.4A). To
better interpret the variation of these two species with respect to water mass
(temperature and salinity) along the transect, we analyzed the ratio of the two
species (Fig. 3.4). The ratio of N. pachyderma/N. incompta decreased towards the
eastern side of the transect. Also, a higher ratio of > 2 was observed towards the
western part of the transect, where lower temperature and salinity values were also
observed (Fig. 3.4B).

3.4.4. Principal Component Analysis (PCA)

To assess the ecological preferences of the planktic foraminifera and their relation
to the environmental parameters in the SPNA ocean, PCA was performed. The first
two PCA factors explain 86.98% of the total variance. The first factor explains
60.71%, and the second factor explains 26.27% (Fig. 3.5). Factor 1 has positive
loadings on temperature and salinity computed for the first 100 m (average) of the
water column, whereas factor 2 has a positive loading with superficial Chl-a. In the
PCA analysis, both temperature and salinity vary in the same trend. However, both
the parameters have an individual influence on the abundance and distribution of
planktic foraminiferal species in the studied area. From the correlation table (Table
3.1), G. glutinata, N. incompta and G. inflata exhibit positive values regarding
temperature (0-100 m) with r values 0.75, 0.81 and 0.48 respectively and salinity
(0-100 m) with r values 0.67, 0.86, 0.41 respectively. N. pachyderma shows a
negative correlation with temperature (r = -0.76) and salinity (r = -0.73). N.
incompta shows a negative correlation with water depth. Other species have no

significant correlation with any of the environmental parameters.
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Fig. 3.5. Principal component analysis (PCA) plot of the relative abundance of the
different species (N. pachyderma: Neogloboquadrina pachyderma; N. incompta:
Neogloboquadrina incompta; G. inflata: Globorotalia inflata; G. glutinata:
Globigerinita glutinata; G. bulloides: Globigerina bulloides; T. quingueloba:
Turborotalita quinqueloba; G. uvula: Globigerinita uvula) with different
environmental parameters [average temperature (Temp., °C) and salinity (PSU) of
the first 100 m of the water column, Chlorophyll-a concentration (Chl-a, mg m=)
and water depth (m)].
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Table 3.1. Correlation factors for relative abundance of planktic foraminifera (N.
pachyderma: Neogloboguadrina pachyderma; N. incompta: Neogloboquadrina
incompta; G. bulloides: Globigerina bulloides; T. quinqueloba: Turborotalita
quinqueloba; G. inflata: Globorotalia inflata; G. glutinata: Globigerinita glutinata;
G. uvula: Globigerinita uvula) with different environmental parameters (average
temperature (Temp., °C) and salinity (PSU) of the first 100 m of the water column,
Chlorophyll-a (Chl-a, mg m?) and water depth (m). Numbers in red show
significant correlations (p-value < 0.05).

N. N. G. T. G. G. G.
pachyderma incompta bulloides quinqueloba inflata glutinata uvula

Water

depth 0.44 -0.62 0.08 -0.07 -0.07 -0.30 -0.37
Salinity -0.73 0.86 -0.04 0.14 0.41 0.67 0.17
Temp. -0.76 0.81 0.00 0.14 0.48 0.75 0.23
Chl-a 0.18 0.05 -0.43 -0.19 -0.05 -0.14 0.22

3.4.5. Cluster Analysis

A hierarchical cluster analysis was performed on the planktic foraminifera dataset
to delineate different groups of stations having specific assemblages using the Bray
Curtis similarity index (Fig. 3.6). Based on the similarity index, stations along the
transect can be divided into three distinct cluster groups I, Il and I1l. The species
percentage discussed in this section refers to the individual species contribution (in
%) to different clusters, further analyzed from SIMPER analysis.

Cluster group |

Cluster group I includes three stations, 2, 3 and 4, from the central and northeastern
Labrador Sea (Fig. 3.6). The planktic foraminifera assemblages associated with this
group are dominated by N. pachyderma. Other planktic foraminifera species N.
incompta, G. bulloides, T. quinqueloba and G. scitula, though present in station 4,
do not contribute to the similarity percentage of this cluster group. Only N.
pachyderma contributes 100% to Cluster I. The average similarity between these

samples was 76.63% in Bray Curtis similarity analysis.
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Fig. 3.6. Hierarchical cluster analysis of stations based on foraminiferal
assemblages (Bray Curtis similarity). The pie charts show the contribution of
different species to different clusters (by SIMPER analysis).

Cluster group Il

Cluster group Il includes 13 stations from two separate areas within the transect:
(1) western half of transect from Reykjanes Ridge to Irminger Sea and central SPG
(stations 1, 5, 6, 7, 8, 9, 10 and 12), (2) eastern/northeastern end of transect
including the stations from northernmost Rockall Plateau and Iceland-Faroe-
Shetland sill (stations 18, 19, 23, 24 and 25) (Fig. 3.6). Compared to monospecific
planktic foraminifera associations of Cluster group I, assemblages from Cluster
group Il are mixed, consisting of almost all the species found in the study area. The
most abundant species are N. pachyderma (30%), N. incompta (21%), G. glutinata
(18%), T. quinqueloba (16%) and G. bulloides (9%). The average similarity of the

Cluster group 11 was 78.81% in the samples.
Cluster group 111

Cluster 111 groups nine stations (11, 13, 14, 15, 16, 17, 20, 21 and 22) on the eastern
side of the transect from the Reykjanes Ridge to Rockall Plateau and off Scotland
(Fig. 3.6). However, few stations from the eastern part of the transect (stations 12,

18 and 19) are included in Cluster group I1. The planktic foraminiferal assemblages
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in this region consist mainly of G. glutinata (30%), N. incompta (27%), T.
quinqueloba (22%), G. bulloides (7%) and G. uvula (6%). The average similarity

between the samples in this group is 80.71%.
3.5. Discussion
3.5.1. Distribution and abundance of planktic foraminifera in the SPNA

Planktic foraminifera distribution is majorly governed by the contrasting water
mass characteristics in the SPNA ocean. Total planktic foraminifera co-varied with
the calcium carbonate content in the surface sediments along the sampled transect
from the Labrador Sea to Faroe-Shetland Ridge (Fig. 3.2A). A positive correlation
r = 0.72 between the two suggests planktic foraminifera as the main contributor to
the biogenic carbonate in the SPNA. A similar observation representing planktic
foraminifera as a key component of bottom ocean carbonate was also reported by
Honjo and Manganini (1993), Ziveri et al. (1995) and Retailleau et al. (2012). The
distribution of planktic foraminifera is primarily based on sea-surface temperature
and salinity of the region (Thunell, 1978). However, particularly in the North
Atlantic Ocean, Sea Surface Temperature (SST) plays a dominant role (Stangeew,
2001). Along the transect in this study, the lowest planktic foraminifera abundances
in the Labrador Sea can be attributed to persistent low annual average (0-100 m)
temperature of 3-4 °C and salinity of 34.86 PSU. Such low temperature causes a
low saturation state for CaCOz and accounts for a low pH in the Labrador Sea
(Azetsu-Scott et al., 2010). These characteristic physical parameters (low
temperature, salinity and pH) of the Labrador Sea are due to the influx of cold and
fresh polar water by East Greenland Current (EGC), fresh Arctic water coming
through the Canadian Arctic Archipelago (Melling et al., 2008) and the modified
Atlantic water (relatively cooler than North Atlantic Water) coming through
Irminger Current (IC) (Pollard et al., 2004). Furthermore, some parts of the
Labrador Sea are influenced by relatively much lower pH water mass coming
through the Canadian Arctic Archipelago (Azetsu-Scott et al., 2010). The low pH
acts as an additional factor causing low planktic foraminifera abundances as it is
detrimental to the calcitic foraminifera shells and limits planktic foraminiferal
abundance. The decreasing rate of deep water formation, linked to the current
climate change scenario (Rahmstorf et al., 2015; Thornalley et al., 2018), increases

47



the residence time of the cold deep water at the formation site. This also might cause
the dissolution of the highly susceptible foraminiferal shells resulting in low
planktic foraminifera abundance. Another area with low planktic foraminifera
abundances is the shallow water region of Faroe-Shetland Ridge. Planktic
foraminifera are more abundant in the open ocean than in neritic zones with shallow
water depths (Schmuker, 2000; Retailleau et al., 2009). The water mass near Faroe-
Shetland is entrained by a tongue of cold and fresh nutrient-poor Arctic water
brought by East Iceland Current (EIC), which can additionally cause a decline in
productivity in the region. The sites near the eastern flank of the Reykjanes Ridge
show a reverse relation between the TPF and the CaCOs. These deep-sea sites are
very dynamic due to their position next to the Reykjanes Ridge slope, the Bjorn and
Gardar drift (contourite drift at the eastern side of the Reykjanes Ridge) and also
the deep water overflow ISOW. The sedimentation rate is very high at these drift
sites (Bianchi and McCave, 2000). Also, these sites are highly influenced by
sediment suspension and redistribution by the strong overflow currents north of
58.4 °N (Bianchi and McCave, 2000). However, Giraudeau et al. (2000) suggested
that the biogenic carbonates should perfectly represent the upper water mass
properties for a regional area. The drifts also contain detrital carbonates which
might contribute to the total CaCO3 % of the sediment from these sites. There also
could be an effect of dilution due to the deposition of the fine fractions that come
with the overflow water. Moreover, the cold ISOW can influence the preservation
of the foraminiferal shells. However, ISOW water is well saturated with carbonate
(Garcia-Ibafiez et al., 2021) and the sites are much above the Carbon Compensation
Depth in this region. Nevertheless, the deep sea sediments in the pelagic ocean
consist of foraminifera, coccolithophores, calciferous dinocysts and pteropods. The
average contribution of the latter two is minor to the Global carbonates in
comparison with the foraminifera and coccolithophores (Baumann et al., 2000).
Broerse et al. (2000) have suggested a major contribution of the coccolithophores
in the finer fraction (<32 um) of the carbonates in the NE Atlantic region. Also,
major coccolithophore blooms were documented in the SPNA region following the
NAC and IC pathways in the south of Iceland (lglesias-Rodriguez et al., 2002). In
another study from Baumann et al. (2000), this has been identified that a lower
planktic foraminiferal productivity is associated with an increase in the

coccolithophore abundance following a lower nutrient condition. Hence, a possible
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difference between the TPF and CaCOs could be due to an increased contribution
of coccolithophores. Lastly, the shell weights of planktic foraminifera fossils are
also highly considerable in the total carbonate percentage of the sediments. These
shell weights can be influenced by the ambient seawater conditions (surface
carbonate, Barker and Elderfield, 2002; Bijma et al., 2002; Marshall et al., 2013),
or bottom water conditions (Lohmann, 1995; Broecker and Clark, 2001), as well as
by secondary influences like temperature, and nutrient conditions (Aldridge et al.,
2012; Weinkauf et al., 2016). However, to understand which factor is responsible
for the differences in TPF and CaCOz %, all these possible reasons need to be

scrupulously assessed and studied further for the region.

Planktic foraminifera was most abundant in the middle of the transect covering the
eastern Iceland Basin to the central Irminger Sea, which is influenced by the
modified nutrient-rich Atlantic water. The presence of Subpolar Front (SPF) in this
area near Reykjanes Ridge aids in enhanced planktic foraminiferal abundances in
SPNA as frontal regions are characterized by the uplifting of nutrient-rich waters,
which allows a greater abundance of phytoplankton and leads to higher primary
productivity (Lutjeharms et al., 1985; Kimura et al., 2000). Further, eddy activity
in the Irminger Sea and Iceland Basin is responsible for strong mixing at the surface,
enriching the surface water with nutrients (Knutsen et al., 2005) which increases
primary productivity and hence, the planktic foraminifera abundances in the region.

The planktic foraminiferal number is comparable with the sediment trap and
plankton tow datasets previously reported in the SPNA ocean (Schiebel and
Hemleben, 2000; Schiebel, 2002). The planktic foraminiferal shells vary from 1.20
x 10%to 1.80 x 10°g’* (present study) with varying sampling depths. Samples from
the open ocean at a depth of 2000 m exhibit comparable numbers with Lundgreen
(1996), which represents 1.60 x 10° planktic foraminifera tests yr? (extrapolated
tests day* in September from 47 ° 50" N, > 100 um (Table 3 in Schiebel, 2002)).
However, a decrease in flux with depth is associated due to the biologically
mediated dissolution of planktic foraminifera through the water column while
settling (Schiebel and Hemleben, 2000). Further, the relative abundances found in
the multinet samples from the BIOTRANS area and at 57 °N, 20-22 °W of Schiebel
and Hemleben (2000) is comparable to the planktic foraminifera species
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composition in our study. Hence, the species assemblage in the surface sediment in
this area represents the upper water mass assemblages. Pados and Spielhagen
(2014) also reported a similar observation from Fram Strait. Moreover, the mean
lateral transportation for the smaller species T. quinqueloba and N. pachyderma is
50-100 km and 25-50 km in the Fram Strait, respectively (Gyldenfeldt et al., 2000).
From this, we can suggest no significant effect of lateral transportation on planktic

foraminifera assemblages in the SPNA ocean.
3.5.2. Species’ ecological preferences

The polar to subpolar species N. pachyderma was found to be a single dominant
species in the Labrador Sea in the present study. A significant increasing trend was
observed in the relative abundance of N. pachyderma towards the western transect
in the study area (Fig. 3.3A). Our data show a strong negative correlation of N.
pachyderma relative abundance with both temperature (r = -0.76) and salinity (r =
-0.73), marking its dominance in the cold fresh Polar water of Labrador and
Irminger Seas (Table 3.1). Previous studies (Kohfeld, 1996; Greco et al., 2019)
exhibited a number of environmental factors controlling the abundance and
distribution of N. pachyderma. This species is observed abundantly in low
temperature and low saline regions (Bé and Tolderlund, 1971), which is also
evident in our study. Moreover, abundances of N. pachyderma of > 95% and < 50%
correspond to a summer temperature of <4 °C and > 9 °C, respectively (B¢ and
Tolderlund, 1971). The occurrence of N. pachyderma has been reported to vary as
a function of salinity, presence/absence of sea ice and deep chlorophyll maximum
(Stangeew, 2001; Jonkers et al., 2010; Greco et al., 2019). Usually, N. pachyderma
abundances show a two-way pulse in its flux in North Atlantic; one in summer at
maximum stratification and another in spring (Toldurlund and Bé, 1971; Jonkers et
al., 2010). Some studies reported that food availability (Chl-a concentration, as a
proxy of phytoplankton biomass) also affects the distribution of N. pachyderma like
other planktic foraminifera (Fairbanks and Wiebe, 1980; Kohfeld et al., 1996;
Schiebel and Hemleben, 2005). However, our results for SPNA suggest a
statistically validated relationship of N. pachyderma abundances with water
temperature and salinity but weak dependence on Chl-a concentrations (r = 0.17 in
Table 3.1). Although, it should be noted that the weak correlation of N. pachyderma
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with Chl-a may be a result of considering only the most superficial layer in this

statistical analysis.

In the present study, T. quinqueloba shows a patchy distribution. It is observed
maximum in the Irminger Sea and in the eastern Iceland Basin in our study. Its
occurrence has no significant statistical correlation with temperature and salinity
along the sampled transect. Though T. quinqueloba has been previously reported to
vary with primary productivity (Volkmann, 2000), its abundance did not correlate
with Chl-a concentration in the present study. Meilland et al. (2020) have also
documented the same in the Barents Sea opening. This could be due to the specific
habitat and food preference of the species, which cannot be represented by Chl-a
data alone. T. quingqueloba has been described to be associated with water mass
fronts (Hemleben et al., 1989; Husum and Hald, 2012) and are most abundant at
regions of mixing of different water masses and enrichment in the nutrients
(Johannessen et al., 1994; Husum and Hald, 2012).

Along the sampled transect, N. incompta follows the opposite trend compared to N.
pachyderma exhibiting decreasing abundance in the subpolar waters of the Irminger
and the Labrador Seas. Its abundance has strong positive correlation with
temperature (r = 0.81) and salinity (r = 0.86) (Table 3.1). Also, the negative
correlation of N. incompta percentages with water depth (bathymetry) (r = -0.61)
supports its higher abundance in shallow waters of the Iceland-Faroe-Shetland
Channel. This observation is coherent with other studies wherein N. incompta was
abundant in < 100 m water depth in eastern North Atlantic (Schiebel et al., 2001;
Husum and Hald, 2012). It prefers shallow stratified warm water (> 8 °C) (Ortiz et
al., 1995; Schiebel et al., 2001). N. incompta is also related to high nutrient and Chl-
a concentration (Ortiz et al.,1995; Kuroyanagi and Kawahata, 2004; Kretschmer et
al., 2018). However, in the present study, no significant correlation of N. incompta
abundances with Chl-a concentration (r = 0.05) was found. This might be due to
the changing food habits of the species with respect to the availability of food in
this region. Also, we have taken the superficial Chl-a data for the analysis, which
could cause a no-correlation with species abundance as N. incompta thrives in 50-

150 m depth of the water column.
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In the present study, G. glutinata was most abundant in the central part of the
Iceland Basin and decreased towards the western and eastern sides of the sampled
transect. G. glutinata is a cosmopolitan species with no specific environmental
limits (Schiebel et al., 2017). This species has been shown to dominate planktic
foraminifera assemblages in the high latitude areas only recently (Schiebel et al.,
2017; Spooner et al., 2020). In the subpolar ocean, the species abundance can
increase in summer with shallow thermocline depth depending upon food
availability (Stangeew, 2001). Some authors have suggested, it increases with the
onset of spring bloom (Ottens, 1992) and few links it with a change in the possible
food habitat (Meilland et al., 2020; Spooner et al., 2020). We found that the species
occurrence has a positive correlation with temperature (r = 0.75) and salinity (r =
0.67) along the transect showing the species’ affinity towards warmer and more
saline water mass, but no correlation with Chl-a. G. glutinata was also reported to
have a strong relationship with seasonality and food availability, especially
associated with diatoms (Schiebel and Hemleben, 2000). Our data in this region
shows the distribution of G. glutinata is related to the temperature and salinity

variation rather than Chl-a concentration.

In the present study, temperate to subpolar species G. bulloides relative abundance
shows a weak negative correlation (r = -0.42) with Chl-a concentration and also
does not depend on temperature and salinity (Fig. 3.5). Here, G. bulloides is
maximum over Reykjanes Ridge and central Iceland Basin. Generally, this species
is most abundant in highly productive subpolar and tropical regions and is
specifically marked as an upwelling indicator species in the tropics (Be and
Tolderlund, 1971; Schiebel et al., 2001; Salguiero et al., 2010). However, a
negative correlation possibly can be due to a change in the nature of food habitat in
the area. Meilland et al. (2020) suggested Chl-a may not always represent a good
indicator for foraminiferal distribution, showing no link between Chl-a and the
productivity indicator species T. quinqueloba and G. uvula in the Barents Sea. Thus,
G. bulloides can also be summed as a ubiquitous subpolar species and does not

follow any specific trend in the SPNA ocean.

G. uvula is a temperate to polar species, constituting 0.50-2% of the assemblages
(Schiebel and Hemleben, 2017), which is consistent with our data. Recently,
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increased abundances of this species in surface water assemblages from subpolar to
polar regions (Stangeew, 2001; Retailleau et al., 2011; Meilland et al., 2020) have
been noticed, but it was not reflected in the surface sediment assemblages (Meilland
et al., 2020) as also seen in our data. As the plankton tow study provides
information, particularly during the sampling period, G. uvula abundance in the
water column at that particular period can increase depending on the favourable
conditions and can be different from surface sediment assemblage. The small sized-
less resistant species may have low preservation potential while settling in
sediment, causing an enhancement of the same in the water column and not in
sediment. Moreover, the lower settling velocity of this species gives rise to a higher
concentration of its tests in the water column. G. uvula mainly concentrated in <
100 pm fraction (Schiebel et al., 2017), might also be a reason for the low
abundance of the same in > 100 um in our study. There is no correlation of G. uvula
percentages in our data with temperature or salinity. The occurrence of G. uvula
presumably co-varies with primary productivity (Volkmann, 2000; Schiebel and
Hemleben, 2017) and generally have a seasonal production in spring and early
summer (Schiebel et al., 1995). However, it exhibits an insignificant correlation
with Chl-a concentrations along the transect. In a recent finding, Meilland et al.
(2020) have also shown no significant correlation between Chl-a content and G.
uvula occurrence as they showed a more dependency on food composition rather

than concentration.

G. inflata has a low abundance and is present only on the eastern side of the transect.
Generally, its occurrence ranges from subpolar to subtropical waters (Schiebel et
al., 2017). In the subpolar ocean, its intrusion represents the influence of warmer
water coming through the North Atlantic Current (NAC). It thrives at the base of
the seasonal thermocline (100-200 m) (Ganssen and Kroon, 2000; Cléroux et al.,
2007). G. inflata abundance depends on the surface, and subsurface nutrient
enrichment (Schiebel et al., 2017), i.e., eddies and frontal mixing supports its
distribution. However, we found only weak positive correlation of G. inflata
abundances with temperature (r = 0.47) and salinity (r = 0.41) but no relation to

Chl-a concentrations (r = -0.05).
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Abundances of the subtropical species G. scitula and Orbulina sp. are rare and very
low in SPNA. However, G. scitula and Orbulina sp. have been described as
subtropical species and are associated with NAC (Ottens, 1991). Hence, their
presence can indicate the entrainment of warm NAC water in the study area.
Moreover, the absence of correlation of planktic foraminifera with Chl-a in the
study area is probably due to the fact that the chlorophyll data represent only the
superficial layer and not the 0-100 m.

3.5.3. Faunal Assemblages
Along the sampled transect in the subpolar North Atlantic Ocean, the stations are

grouped into three distinct faunal groups based on hierarchical cluster analysis.

Labrador Sea - Polar group (Cluster group I)

The Labrador Sea has the coldest water mass along the transect. It is influenced by
the cold surface currents East Greenland Current (EGC), West Greenland Current
(WGC), Labrador Current (LC) and relatively warmer surface current Irminger
Current (IC). Also, it receives fresh Arctic water through the Canadian Arctic
Archipelago. Cluster group |, associated with the Labrador Sea, comprises a single
species N. pachyderma (100%) (Fig. 3.6). N. pachyderma is dominant in subpolar
and polar conditions (Bé and Tolderlund, 1971; Volkmann, 2000). A decrease in
species diversity and richness often occurs in regions of high environmental stress
(Keller and Abramovich, 2009) which is the case in the Labrador Sea. The elevated
abundance of N. pachyderma in the region can also be explained by the good
preservation of these thick-shelled species as that is more resistant to dissolution
than T. quinqueloba and G. uvula (Berger, 1973; Boltovskoy and Wright, 2013).

Study on modern-day planktic foraminifera assemblages in the Labrador Sea is rare.
A previous study by Stehman (1972) documented two species, N. pachyderma and
G. bulloides, in > 200 um mesh size from the Labrador Sea. Besides, the dominance
of single species in this study can be due to an underestimation of the foraminiferal
species with smaller size fractions. The size range considered in the present study
is > 100 um with relative abundances of N. pachyderma 100%. Conversely,
Stangeew (2001) reported high abundances of small-sized (> 63 um fraction) T.
quinqueloba (46.80%), G. uvula (3.50%), along with G. glutinata (20.80%), N.
pachyderma (19.60%), N. incompta (2.60%), G. bulloides (6.40%), G. scitula (<
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1%) and G. inflata (< 1%) in convection region of Labrador Sea in 0-200 m water
column. We compared our surface sediment data of station 3 with plankton tow
results of Stangeew (2001). To ascertain whether the species abundances are size-
dependent, we examined the 63-100 pum size fraction in the samples of the Labrador
Sea. In this fraction, compared to > 100 um fraction, the smaller-sized species G.
uvula was more dominant with 37-80% abundance (Fig. 3.7). The dominance of N.
pachyderma in > 100 pum fraction and of G. uvula in 63-100 pum fraction infers that
size plays a significant role in the analysis of planktic foraminifera assemblages,
which was also observed in previous studies (Carstens et al., 1997; Husum and
Hald, 2012).

100

80 —

Relative abundance (%)

3 4
Sampling stations

I Veogloboquadring pachyderma
B Neogloboguadrina incompta
_ Turborotalita quinqueloba
|: Globigerinita ghitinata
[ Giobigerinita uvula

Fig. 3.7. Relative abundance (%) of planktic foraminiferal species in 63-100 pm

size fraction from the stations of Labrador Sea, shown in bar plots.

In polar regions, Bé and Tolderlund (1971) reported N. pachyderma to be the most
abundant in > 200 um fraction. Whereas Carstens et al. (1997) and Volkmann

(2000) found the species abundance to be reduced to 60% in the fraction of > 63
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pm and 70% in the fraction of > 125 um, respectively. Also, test sizes of T.
quingueloba in Nordic Seas have been found to differ in the past under varying
climatic conditions with shell sizes becoming larger under the Atlantic water
influence (Bauch, 1994). As both the size fractions in the Labrador Sea samples
from our study are dominant in the cold and freshwater species N. pachyderma and
G. uvula, we suggest a stronger influence of fresh melt water and EGC-influenced
water than the warmer IC water in the Labrador Sea. This can be evident as the
recent freshwater/meltwater flux increased in the eastern Labrador Sea (Yang et al.,
2016; Zhang et al., 2021).

Irminger Sea and Iceland-Faroe-Shetland subpolar group (Cluster group 1)

This group includes two areas: (1) the western side of the transect within central
and northern subpolar gyre (east of Greenland, Irminger Sea and Reykjanes Ridge),
(2) the eastern side of the transect in the Iceland-Faroe-Shetland Channel (IFSC)
and on the northernmost Rockall Plateau between the two pathways of NAC.
Cluster group Il is comprised of mixed assemblages of temperate to subpolar
species N. incompta, G. glutinata and T. quinqueloba and cold-water species N.
pachyderma. On the western transect, the cold fresh water of EGC comes in contact
with the relatively warm and more saline water of IC (Dickson et al., 2007). Thus,
a mixed assemblage is expected in the region. The dominance of N. pachyderma
explains this, followed by a significant abundance of T. quinqueloba and N.
incompta. While, in the eastern side of the transect, assemblages consist primarily
of N. incompta together with T. quinqueloba and N. pachyderma, mainly in the
IFSC region. In the IFSC, the Arctic water (lobe of cold water north of Iceland
coming in the southern Norwegian Sea) interacts with the warm Atlantic water
coming with NAC. Modified North Atlantic Water (MNAW), a cooler water mass
than Eastern North Atlantic Water (ENAW), is found in the upper water masses at
IFSC and in some parts of the Rockall Plateau (Read, 2000). A mixed assemblage
of both cold and warm species represents a mixing of cold and warm water. Planktic
foraminifera assemblages of Group |1 reflect the greater influence of the polar water
in the western SPNA.
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Central North Atlantic (Iceland Basin, northwestern Rockall Plateau, off Scotland)
temperate group (Cluster group I11)

The region towards the east of the transect, Iceland basin, Rockall Plateau, receives
warm water from NAC (Pollard et al., 2004). This group is associated with
predominantly temperate and subpolar species assemblages in the central North
Atlantic, which exhibit warmer-water affinity. The most abundant species of this
group are G. glutinata, N. incompta and T. quinqueloba, while G. bulloides and G.
uvula are less abundant. In the central Iceland basin, more N. incompta and G.
glutinata represent a warmer water influence. Also, the presence of G. inflata and
Orbulina sp. in this group shows the influence of warm subtropical water (Ottens,
1992). G. uvula’s contribution to the assemblage (6%) shows the presence of

fresher meltwater at the surface in summer.

T. quingueloba percentages are higher at the sites near the NAC pathways in Iceland
Basin, near Scotland and the Reykjanes Ridge. NAC, in this region, acts as a frontal
zone, separating the cold fresh subpolar water mass and warm saline subtropical
water mass (Read, 2000; Daniault et al., 2016). T. quinqueloba is a front indicator
species; hence, its higher abundance at the eastern Iceland basin and Reykjanes

Ridge reflects the proximity of the frontal zone in the studied transect.

3.5.4. N. pachyderma vs N. incompta ratio as an indicator for change in water
mass property

N. pachyderma is a subpolar to polar species with an increase in abundance
poleward (Bé and Tolderlund, 1971). While N. incompta, reported earlier as a
dextral variety of N. pachyderma, is preferably found in relatively warmer and more
saline waters. In the present study, N. incompta represented its association with
temperate/ subtropical characteristics of NAC in the region, as the PCA plot
demonstrated (Fig. 3.5). The abundance of both species depends on physico-
chemical factors such as temperature and salinity of the water mass,
presence/absence of sea ice, stratification and food availability (Jonkers et al., 2010;
Greco etal., 2019; Meilland et al., 2020). The highest abundances of N. pachyderma
match with an optimum temperature range of -0.50 — 17 °C, whereas maximum

percentages of N. incompta occur at 8.50 — 21.40 °C (Zari¢ et al., 2005, based on
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sediment traps study; Hilbrecht, 1996, based on surface sediments study). The
critical temperature for the shift from the dominance of N. pachyderma to N.
incompta is at > 9 °C (Zarié et al., 2005). In our study, the highest abundances of
N. pachyderma are concentrated in the Irminger and Labrador Seas at an average
temperature of 5.54 °C and an average salinity of 34.96 PSU. Contrary to this, N.
incompta is most abundant in the eastern side of the North Atlantic, with maximum
abundances at an average temperature of 6.82 °C and salinity of 35.05 PSU. The
turnover in prevailing abundances of N. pachyderma/ N. incompta takes place near
Reykjanes Ridge (Fig. 3.4). We suggest a change in water mass properties from the
change in assemblages at the western side of Reykjanes Ridge, previously
documented by authors from earlier studies (McCartney and Talley, 1982; Read.,
2000). This can be illustrated by the ratio between the abundances of N.
pachyderma and N. incompta along transect plotted against the temperature and
salinity (average of upper 100 m water column) (Fig. 3.4B). The ratio of N.
pachyderma and N. incompta was found to be > 1 in the western side with the
highest values at the temperature of < 4.60 °C and salinity of < 34.80 — 35 PSU in
the present study. Our results on differences in the abundances of N. pachyderma
and N. incompta on the transect across SPNA are in agreement with previous data
on this species ratio as an indicator of the changes in water mass distribution in
Nordic Seas and SPNA (Eynaud, 2011). Updating data on the N. pachyderma/N.
incompta ratio improves the use of this tool for paleoceanographic studies, as
demonstrated by Eynaud et al. (2009). This is evident with the hydrographic change

across the Reykjanes Ridge in the upper water masses.
3.5.5 A shift in Planktic foraminiferal assemblages in the North Atlantic

The recent trends in warming and its associated processes have led to the change in
ecology and distribution of planktic foraminifera in the North Atlantic (Jonkers et
al., 2019; Meilland et al., 2020). Schiebel et al. (2017) and Meillend et al. (2020)
have reported a marked change in planktic foraminifera assemblages and their
diversity, with an influx of temperate species increasing their dominance in the

region.

We have compared our planktic foraminifera assemblage data with previously
published data presenting samples collected in the North Atlantic from Matul et al.
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(2018), which also includes Pflaumann et al. (2003) dataset, to see if there is any
change in the planktic foraminiferal assemblages. Their dataset consists of the
surface sediment assemblages from the SPNA ocean. We analyzed the average
species composition for each region i.e., I. Irminger Sea Il. Iceland Basin and IlI.
Rockall Plateau and IFSC in both datasets. The assemblages observed in the dataset
mentioned above and our samples are generally similar in species composition
except for the absence of Globorotalia hirsuta and Globorotalia truncatulinoids in
the present data.

We compared the planktic foraminifera relative abundance data for each region in
both datasets (Fig. 3.8) to illustrate a possible effect of the oceanographic shift on
the planktic foraminifera assemblages. The most significant faunal change within
the groups was found in the Irminger Sea and lIceland basin. Irminger Sea
assemblage is comprised of N. pachyderma, N. incompta, G. glutinata, G. bulloides
and T. quinqueloba in our study. Whereas, the Iceland basin and Rockall Plateau-
IFSC assemblage consist of all the species of the Irminger Sea assemblage along
with G. inflata in the present study. Compared to Matul et al. (2018) data, T.
quingueloba percentage has increased, and percentages of G. bulloides and G.
glutinata have decreased in our study area in the Irminger Sea. Likewise, in the
Iceland basin, T. quinqueloba percentage has increased, and G. glutinata and G.
bulloides percentages have decreased in this study in comparison to Matul et al.
(2018) data. Moreover, the present study observed an increased relative abundance

of G. glutinata and decreased G. bulloides in the Rockall Plateau-IFSC region.

Thus, an increase in subpolar species T. quinqueloba in the Irminger Sea and
Iceland Basin from our data could indicate an increase in surface productivity and
a relative increase in the cold subpolar water influx in the region. Also, a decrease
in G. inflata percentage in both the Iceland basin and Rockall-1FSC could indicate
a decrease in the influx of warm NAC water to the region (Staines-Urias et al.,
2013).
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The abundance of G. inflata at the eastern side of the transect has been used as a
potential indicator of the NAC water influx (Staines-Urias et al., 2013). A lower
NAC influx is linked with a strengthened and expanded SPG (more eastward) and
vice-versa (Hatun et al., 2005; Staines-Urias et al., 2013). Hence, a decreased influx
of G. inflata at the eastern side of the transect, i.e., near Faroes, can be due to
strengthened and expanded SPG. Moreover, an ongoing increase in the Greenland
Ice sheet melt affects the Irminger Sea and the Labrador Sea the most, increasing
freshwater influx (Bamber et al., 2012; Yang et al., 2016). The Labrador Sea
assemblage in our study also shows an increase in cold water species N.
pachyderma (> 100 um), G. uvula and T. quinqueloba (> 63 um), indicating a
possible drop in temperature and salinity of the upper water column with an
increased influence of SPG activity and an increase in freshwater flux. Thus, a slight
shift in planktic foraminiferal assemblage in the SPNA ocean was observed in the
present dataset. A further study on the present planktic foraminiferal distribution
in the water column (plankton tow) in the SPNA ocean will be an important addition

to this study.

3.6. Conclusions
The present study documents the planktic foraminiferal distribution and species

composition in the Subpolar North Atlantic Ocean.

1. In the Subpolar North Atlantic Ocean, the recent planktic foraminifera in
surface sediments show a close correlation with the surface-subsurface water
mass structure.

2. Based on cluster analysis, three planktonic foraminifera groups could be
identified across the transect in the Subpolar North Atlantic Ocean. The polar
group is marked by the dominance of N. pachyderma in the Labrador Sea.
The mixed group is represented by both warm and cold assemblages (N.
pachyderma, N. incompta, G. glutinata and T. quinqueloba) from the
different locations on the western and eastern sides of the transect. Lastly, a
warm temperate group included stations from Reykjanes Ridge to Iceland
Basin and Rockall Plateau with warm-water assemblage composed of G.
glutinata, N. incompta, T. quinqueloba, G. bulloides and G. uvula.
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3. The ratio N. pachyderma and N. incompta can be used as a proxy to identify
the difference between cold Irminger water and relatively warmer Atlantic
water in the studied transect.

4. Thedistribution of N. pachyderma in the Labrador Sea indicates the presence
of cold and freshwater mass. In the Labrador Sea, N. pachyderma was
dominant in > 100 um fraction while G. uvula dominated in 63 - 100 um
fraction. It can be concluded that size is an important factor in studying the
planktic foraminiferal abundances and distribution of species.

5. A comparison of our planktic foraminifera data with the previous dataset

reveals a slight shift in planktic foraminiferal assemblage in the SPNA ocean.
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Chapter 4

4. Surface hydrographic changes in the Subpolar North

Atlantic Ocean during Holocene

4.1. Introduction

The Holocene has been documented as a relatively stable climatic period for long
before the recent advancements in paleoclimatic studies (Dansgaard et al., 1993).
The idea of the millennial to centennial-scale variations in the Holocene has been
ascertained from numerous findings in marine, terrestrial and atmospheric records
(Denton and Karlén, 1973; O’Brien et al., 1995; Bianchi and McCave et al., 1999;
Bond et al., 1997, 2001; Mayewski et al., 2004). The Rapid Climate Changes, Ice
rafting drifts, and Bond events are well-known from the North Atlantic Sectors
(Bond et al., 2001; Jennings et al., 2002; Mayewski et al., 2004; Moros et al., 2004).
These events are superimposed upon the long-term Holocene variations from early
to late Holocene. The importance of these events with respect to the Subpolar North
Atlantic (SPNA) Ocean hydrographic changes is a primal focus for paleoclimatic
studies, given its role in global climate. The SPNA Ocean is one of the major
climatic elements in shaping the global climate through Atlantic Meridional
Overturning Circulation (AMOC). SPNA hydrographic changes are intricately
linked with AMOC variations, evident from both modern and past records (Boning
et al., 2006; Zhang, 2008; Thibodeau et al., 2018; Thornalley et al., 2018; Caesar et
al., 2021). The recent Great Salinity Anomalies in the SPNA region (Dickson et al.,
1988; Belkin et al., 1998), the subpolar warming hole (Drijfhout et al., 2012), and
a declining AMOC (Holliday et al., 2020; Spooner et al., 2020) trend are some of
the modern observations from the SPNA. Owing to its sensitivity and the
complexity it holds, SPNA has caught significant attention to understand its

variability and its impact on other climatic components.

Subpolar Gyre dynamics, solar insolation, and North Atlantic Oscillations (NAO)
are among the different underlying mechanisms explaining the SPNA hydrographic
variability during the Holocene (Bond et al., 2001; Marchal et al., 2002; Andersen
et al., 2004; Staines-Urias et al., 2013; Sicre et al., 2021). The varying SPG
dynamics are responsible for the variability seen in the North Atlantic Current
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(NAC) attributes at the eastern SPNA (Hatun et al., 2005). Also, westerlies coupled
with NAO are known to impact the heat and salt distribution in the SPNA from the
subtropics (Hurrell et al., 2003; Lohmann et al., 2009). There have been different
studies in both eastern and western SPNA. However, there has been an
inhomogeneous evolution in hydrography between the eastern and western
segments of the SPNA during the Holocene (Andersen et al., 2004; Solignac et al.,
2004; Moros et al. 2004, 2006; de Vernal and Hillaire Marcel, 2006; Orme et al.,
2018). The Holocene thermal maximum complexity, a temporal and spatial
variability observed in the North Atlantic arose due to solar insolation and ice sheet
feedback (Renssen et al., 2009). Thornalley et al. (2009) emphasized the strong
influence of subsurface warm Atlantic water on SPNA inflow, which started only
after 7 ka BP after the retreat of the Laurentide Ice sheet meltwater. The varying
impact of Ice rafting events with cold Arctic water advance during the Holocene
has reconfigured the Subpolar North Atlantic hydrography, but to different extents
depending on different regional factors associated with the specific location in the
SPNA. It is extremely critical to differentiate the mechanisms underlying the
changing hydrography. Thornalley et al., 2009 have suggested 1500-year cycles of
SPNA hydrography with alternate stratification events attributed to inherent gyre
dynamics. Likewise, Staines-Urias et al. (2013) have explained the eastern SPNA
hydrography with strengthened and weakened SPG conditions under positive and
negative modes of NAO. Moreover, studies in the western Atlantic and north of
Iceland have reported an increase in the cold freshwater inflow towards the late
Holocene which further supported the influence of cold freshwater in much of
western SPNA (Risebrobbaken et al., 2003; Solignac et al., 2006; Moros et al.,
2006; Perner et al., 2011; Moffa-Sanchez et al., 2017; Sicre et al., 2021). Reykjanes
Ridge plays an important role as it’s adjacent to the subpolar front separating the
cold fresh Arctic water and the warm subtropical water. Hence, this location
delivers an advantage of investigating the advancement and retreat of cold water on

either side of this region.

In this chapter, we illustrate the variation in hydrography near Reykjanes Ridge
since the early Holocene using the planktic foraminiferal abundance and oxygen
isotope composition of specific planktic foraminifera species from the core AMK

410. We would also compare the published data from the eastern and western sides
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of our study site to better constrain the retreat and advance of the meltwater and the
NAC.

4.2. Regional hydrography
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Fig. 4.1. Core location of AMK 410, shown in the map with surface temperature
variation (top), below are the vertical temperature and salinity graphs (with depth)

for the core site (bottom).

The hydrography over the Reykjanes Ridge depends on the relative contributions
of SPG and STG. On average, during 1966-2004, SPG and STG contributed with a
ratio of 44.1:55.9 to the mode water over Reykjanes Ridge, according to a model
study by E. de Boisséson et al. (2012). The bathymetry of Reykjanes Ridge has
shaped the hydrography of the SPNA region (Petit et al., 2018). Holocene studies
near our core sites have cited the hydrographic variations in the area caused by the
sensitivity toward the advancement of meltwater (Perner et al., 2018). The
hydrography of this site is highly sensitive to the position of the subpolar front
(SPF). The temporal and spatial variability of the SPF has been reported in recent
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records (Belkin and Levitus, 1996). SPF is dependent on the subpolar gyre strength.
A strengthened gyre would shift the front further east while a weakened SPG would
cause a westward shift of the front. The present annual mean SST at the core site is
8 °C and SSS is 34.97 PSU (Fig. 4.1). The temperature and salinity may change

depending on the variable influx of cold EGC water.
4.3. Materials and methodology

The material and methodology for this study can be found in chapter 2, ‘Materials
and Methods’ of the thesis. The chronology of the core has also been discussed in

chapter 2.
4.4. Results
4.4.1. Planktic foraminiferal assemblages during Holocene

The total planktic foraminifera (TPF) varied between 20x10° and 100x103% g*!
sediment in the core AMK 410 from 10.3 ka BP to the present. The TPF does not
display a specific trend but instead fluctuates throughout the Holocene, and the
lowest was seen in the last 1 ka BP (Fig. 4.2). However, a decreasing trend can be
marked in the plot during the 4-2 ka BP period (Fig. 4.2). A total of eight planktic
foraminifera species comprise these planktic assemblages in our studied core.
Neogloboquadrina pachyderma, Neogloboquadrina incompta, Globigerina
bulloides, Globigerinita glutinata, Turborotalita quinqueloba, Globorotalia
inflata, Globigerinita uvula, Orbulina sp. are the major species reported in the
studied core. Of these, we have documented the first seven species as the eighth
species Orbulina sp. was very rare and found only in 3 intervals of the core, hence
not included in the study. The major species found in the core are similar to the
species observed in our surface sediment data (discussed in Chapter 3), and also
consistent with previous studies reported from the region (Perner et al., 2018;
Staines-Urias et al., 2013). The ecology of these species is described in Chapter 2,
Materials and Methodology.

The relative abundance of the polar species N. pachyderma dropped from >60% to
<20% after 10 ka BP. N. pachyderma percentages decreased further in the early to
mid-Holocene up to 6 ka BP. After 6 ka BP to the present, the abundance of N.

pachyderma remained low at <10%.
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Relatively warmer species N. incompta percentage increased during the early-mid
Holocene at a slow rate with minor fluctuations (Fig. 4.2). This trend was followed
by a sharp rise in N. incompta percentage from 20 to <30% during 6-5 ka BP. This
percentage was stable for 5 to 1.2 ka BP with a slight rise at 3 ka BP and a decrease
at 2 ka BP. In the last 1 ka BP, the relative abundance of this species decreased to

the minimum value, seen in its Holocene record.

The temperate to subpolar species G. bulloides also followed an increasing trend in
the early-mid Holocene phase. The percentage of this species reached the maximum
of 22% at 5 ka BP, rising from an abundance of 3% at 10.3 ka BP. Following this
increasing trend, a marked decline in its abundance was observed at 4.4 ka BP.
Later during the late Holocene, the abundance trend continued with a rise in G.
bulloides percentage until present with small oscillations. However, the late

Holocene values remain below the mid-Holocene maxima (Fig. 4.2).

G. glutinata, often described as temperate to subpolar species and associated with
the phytoplankton productivity in the subpolar ocean (Schiebel and Hemleben,
2000), was observed to increase throughout the Holocene from 10.3 ka BP to the
present. Like N. incompta and G. bulloides, this species also increased in relative
abundance during the early-mid Holocene. The percentages rose from 10 to 30%
during this period. Continuing with a slight decrease in 5 ka BP, the relative
abundance increased with little oscillations until 1.4 ka BP. Further, G. glutinata
percentages increased to 37% with a gentle linear trend.

T. quinqueloba, referred to as the front indicator species, exhibited the most
variations in terms of amplitude in this study. The abundance of the species
increased at the beginning while transitioning from 10.3 ka BP to 8 ka BP. After 8
ka BP to 5 ka BP, its percentage decreased from 40% to 4%, contrary to the trend
displayed by the above-reported species. The lowest relative abundance for this
species was observed at 5 ka BP. The 5-4 ka BP trend for this species was positive,
with an increase in its percentage. Afterward, the percentages decreased towards
2.4 ka BP followed by a peak (50%) at 2 ka BP. From 2 ka BP to the present, the

relative abundance of T. quinqueloba remained low with small oscillations.
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Fig. 4.2. Total planktic foraminifera (TPF, in x10° g sediment) and relative
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410.
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G. inflata, though comprised of smaller percentages of the assemblage, holds a
significant role in subpolar ocean hydrography as it is associated with the strength
of NAC (Pflauman et al., 2003). The relative abundance of this species increased
after 10.3 ka BP in the early-mid Holocene phase but with a dip at 8-7 ka BP. Also,
between 5-4 ka BP, G. inflata percentages decreased. During 4-2.2 ka BP, G. inflata

remained at 1% on average. Around 1.8 ka BP, the abundance increased to 2.5%.

Likewise, the less abundant species in our study site, G. uvula displayed no constant
trend in its relative abundance plot, instead fluctuating between maximum and
minimum values (Fig. 4.2). The maximum percentage for the species was 6%,
reached during 4-3 ka BP. In the mid-Holocene, during 7-4.4 ka BP, this species
was absent from the assemblage. Compared with the trend exhibited by G. inflata,

G. uvula showed a reverse trend.

Initially, all species except N. pachyderma increased in their relative abundance.
The trend in the relative abundance of T. quinqueloba is the reverse of what is
shown by the relatively warmer species, i.e., G. bulloides, N. incompta, and G.
glutinata. Also, the low abundant species G. uvula and G. inflata displayed opposite
trends.

4.4.2. Stable isotopic variations in planktic foraminifera
Oxygen stable isotopic composition

The stable Oxygen isotopic ratio of both species, G. bulloides and N. pachyderma
(8*8Opuirand 3*0pacn) follow similar trends in the early Holocene. However, they

slightly differ during the late Holocene (Fig. 4.3).

5180pach. ranges between 2.7 and 3.8 %o in our study during the Holocene, whereas
the minimum &*80pach. 2.7 %o Was attained only in the last interval. The average
8180pach. record except 2.7 %o varied between 3.2 and 3.6 %o (Fig. 4.3).

5180pui.varied from 1.2 and 2 %o, 1.2-1.5 %o less than the §*80pach. values. 58Opun.
declines from 2 %o to 1.2 %o in the early-mid Holocene from 10.3 ka BP to 3.5 ka
BP. This period also exhibited two marked dips in 3*3Opun. at 8 ka BP and 6.5 ka
BP. §*80pu.
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4.5. Discussion

4.5.1. 8*80 difference of G. bulloides and N. pachyderma: seasonal or depth

stratification

G. bulloides and N. pachyderma are two major species making a significant part of
the assemblages in the Subpolar North Atlantic (SPNA) Ocean. G. bulloides is
described as a temperate to subpolar species in the North Atlantic and is believed
to be a near-surface habitant. In tropical to subtropical oceans, the abundance of
this species is a function of the increased productivity related to upwelling (Kroon
and Ganssen, 1988; Naidu and Malmgren, 1996). Some studies have linked this
species’ occurrence to primary productivity (Ottens, 1992; Schiebel and Hemleben,
2000; Chapman, 2010). However, our study in the SPNA ocean showed no
correlation between the species’ abundance with the productivity factor Chl-a

(Sahoo et al., 2022).

N. pachyderma is a polar species, believed to flourish when summer SST <9 °C
(Bé and Tolderlund, 1971; Johannesen et al., 1994; Eynaud, 2011). This single
species even comprises the total planktic foraminifera assemblage in some regions

of the high-latitude oceans (Eynaud, 2011). From our surface sediment records in
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the SPNA, this species was observed to dominate in the Labrador Sea with 100%
abundance (Sahoo et al., 2022; chapter 3 of this thesis). N. pachyderma thrives in
the subsurface layer (100-150m) in the SPNA Ocean and near the surface (0-50 m)
in the polar ocean (Jonkers et al., 2010; Pados and Spielhagen, 2014). The
abundance of the species is inversely correlated with the temperature and salinity
of the upper water mass in the SPNA Ocean in our study Sahoo et al. (2022).
Moreover, some studies in the Nordic Seas suggest the occurrence of this species
is also dependent on sea ice cover, productivity, etc. (Greco et al., 2019).

A recent study from the Irminger Sea (Jonkers et al., 2010) has challenged the
paleoceanographic significance of these two species, G. bulloides and N.
pachyderma using sediment traps. This study explained that the A3'®0 between G.
bulloides and N. pachyderma is due to their seasonality flux variance and proposed
a similar regional depth habitat of ~50 m. However, the values obtained from our

core for both species are distinct from those observed in Jonkers et al. (2010).

G. bulloides 580 values from our study match the 530 values observed by Jonkers
et al. (2013). But N. pachyderma values greatly differ from Jonkers et al. (2013),
showing an average enrichment of ~1.5 %o. The 8'®0 of G. bulloides and N.
pachyderma from surface sediments in the Northern North Atlantic, compiled from
various published data, vary from 2.5 to 3.8 %o and 1.1 to 1.8 %o, respectively
(Ganssen and Kroon, 2000). This difference cannot be attributed to a seasonal
influence. Additionally, the depth habitat of N. pachyderma may vary depending
on the genotypic variation (Bauch et al., 2003) which could be attributed to this
difference in §*30. Additionally, in the Fram Strait, Simstich et al. (2003) suggested
a change in the depth habitat of N. pachyderma in an east-west transect depending
upon the hydrography of the region. The warm Atlantic water inflow in the Irminger
Sea and the Norwegian Sea regions causes a higher offset in the N. pachyderma
5180 than the surface values (Simstich et al., 2003). Moreover, N. pachyderma
values in our data are comparable to the N. pachyderma 580 values of the surface
sediment samples in Simstich et al. (2003). The isotopic difference between these
two species has been documented relative to depth stratification (Risebrobakken et
al., 2003; Moros et al., 2004).
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4.5.2. Hydrographic changes in the SPNA during the Holocene

In the early Holocene, after 10.3 ka BP as evidenced by previous studies in the
region (Moros et al., 2004), our planktic assemblage data displayed a similar
pattern. After the deglacial phase at 11.7 ka BP, the cold-water species N.
pachyderma percentages declined sharply from >60 % at 10.3 ka BP to <20 %. This
reflected the retreat of the cold meltwater from the region. Simultaneously, an
increase in the warmer temporal and subpolar species N. incompta, G. bulloides, G.
glutinata, T. quinqueloba, and G. inflata supports an increase in the warm water
flux in the region. A general increase in the 580 values in both species could be
explained by the resume of the subtropical water influx in the region. However, the
values declined during 8 ka BP, suggesting the already-known influence of the
remnant Laurentide Ice Sheet meltwater in the western North Atlantic at 8.2 ka BP
(Dyke and Prest, 1987; Barber et al., 1999). During this period, a minor increase in
the relative abundance of the cold-water species N. pachyderma, and the front
indicator species T. quinqueloba also supports the advancement of this meltwater
flux. This indicates a cold and low saline water-influenced upper water column in
the region. However, the NAC indicator G. inflata possibly indicates the NAC
water influence adjacent to the site. In the early Holocene up to 8.4 ka BP, the
surface-subsurface 580 difference was higher in the south of Iceland, northeast of
our core location, also reflecting an influence of low saline water at the surface and
stratified upper water column (Fig. 4.3, Thornalley et al., 2009). The 8.2 ka event
was restricted to the western part of the North Atlantic and the warm NAC water
was already activated in the eastern part of the North Atlantic (Telesinski et al.,
2022).

After the decline in the meltwater influx at the 8.2 ka event, the SPG circulation in
the region was reactivated following a major reorganization in the upper water
column of the region (Fig. 4.3, Thornalley et al., 2009). This can be seen in the
increased relative abundance of all the warm-water species and a decrease in the
occurrence of N. pachyderma. N. pachyderma percentages gradually declined till 6
ka BP concurrent with an increasing trend in the warmer subpolar and temperate
species N. incompta, G. bulloides, G. glutinata. From this, we suggest an enhanced
NAC water flow to the site after 8 ka BP. However, a fluctuating but higher
occurrence of T. quinqueloba during this period suggests a frontal influence near
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the core site. The increase in warm and saline water in the area might have resulted
in the enrichment in the 580 of both species since 8 ka BP. However, a sharp
decline in the 580 trend of both species at 6.5 ka BP might be a result of a lower
5180 influx from NAC with a strengthened SPG-like scenario. The SPNA in 8-6 ka
BP has been previously observed to display a positive NAO- influenced
strengthened SPG (Rimbu et al., 2003; Thornalley et al., 2009; Staines-Urias et al.,
2013). In a strengthened SPG case, the NAC water gets influenced by the extended
subpolar water influx, decreasing the salinity of the western SPG water (Hatun et
al., 2005; Sarafanov et al., 2010). This water is represented by a lower 520 (Frew
et al., 2000). A slight increase in the cold-water species N. pachyderma further
supports a lowering of temperature and salinity in the region. The decrease in T.
quinqueloba at 6.5 ka BP at our site might be due to the southeastward displacement
of the SPF further from our core location. T. quinqueloba abundance at the eastern
SPNA in the Iceland-Faroe-Shetland region during this period was higher than at
our site (Staines-Urias et al., 2013), supporting the eastward shift of the SPF.

Between 6-4 ka BP, we have observed a major shift in the planktic foraminiferal
abundances as a transition phase between the early Holocene and the late Holocene
composition. The warm water species reached their maximum abundance at 5 ka
BP and then declined towards 4 ka BP. At the same time, front indicator species T.
quingueloba and melt water species G. uvula were minimum and then increased.
From this, we suggest a westward or a southeastward retreat of the SPF and a lower

influence of the meltwater.

Moreover, a weakened NAO condition must have triggered a stratified upper water
structure in the region. The period from 6-5 ka BP has been associated with one of
the RCC (Rapid climatic change) events in the North Atlantic, described by
Mayewski et al. (2014). This period has also been identified as an Ice rafting event
(Bond et al., 1997). However, a negative NAO-induced weakened SPG could have

shifted the front westward and thus prevented the meltwater influx to the region.
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This resulted in a dominant warm NAC water influence in our studied region,
indicating a warm STG water input to the NAC. Further, a decline in the NAC
indicator species G. inflata from our study indicates a weakened NAC influence in
the region and a stratified oceanic condition. Also, a low in the total planktic
foraminifera indicates a productivity decline. The oxygen isotopic data from our
study reveals a minor enrichment in the 5¥Opacn Values but almost constant or a
minor depleted value in §'80pu. This further supports the presence of a stratified
upper water column. This is also evident from &80 data from the south of Iceland
(Thornalley et al., 2009). The near-surface salinity decreased, and subsurface
salinity increased with an increase in subsurface temperature during 6-5 ka BP
(Thornalley et al., 2009). A possible scenario for the decrease in near-surface
salinity can be a decrease in the summer insolation in the Northern hemisphere
(Moros et al., 2004). Further, a decline in 50 in both species followed towards 4
ka BP. This is accompanied by an increase in the relative abundance of T.
quinqueloba at our site. From this, we suggest a nearness of the subpolar front to
our studied region. Also, this period in the Iceland-Faroe-Shetland region has been
marked by a decreased gradient in 5'8O0pun values between Iceland-Faroe and Faroe-
Shetland regions, suggesting well-mixed upper water with a strengthened SPG-like
condition (Staines-Urias et al., 2013). However, most studies in the eastern North
Atlantic suggested warming during 6-4 ka BP (Thornalley et al., 2009; Solignac et
al., 2004). This could be due to a predominance of cold subpolar water in the surface
water of our region. The weakening of AMOC during 6-5 ka BP can be related to
the decrease in salinity and a reduced NAC (Thornalley et al., 2009). In the present
scenario, as we have seen subpolar cooling is related to a weakening of AMOC
strength and a decline in NAC inflow resulting in a cooler SPNA (Sevellec et al.,
2017).

The Late Holocene period from 4 ka BP to the present in SPNA is generally marked
by small oscillations in the upper watermass conditions in the SPNA region. This
is concomitant with our study as well, seen in the foraminiferal assemblage and
oxygen isotopic data. A relatively negative NAO since 4 ka BP has been
reconstructed from limnological records in western Greenland (Olsen et al., 2012).
Under a negative NAO scenario, SPG strength weakens, resulting in a warmer and

saline NAC inflow at the eastern side of the SPNA with an enhanced contribution
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of the Subtropical Gyre (STG) (Hatun et al., 2005). This Atlantic inflow water
returns to the Labrador Sea with EGC and creates an enhanced density gradient in
the SPNA. This leads to a strengthened SPG by initiating a reinforced NAC
(Thornalley et al., 2009). This hypothesis explains the varying hydrography seen in
our data. The higher percentage of G. uvula in the late Holocene marks an increased
influence of freshwater during this period. This variation is in accord with the other
published data in this region (Perner et al., 2018). The opposite trends in
percentages of the NAC indicator subsurface species G. inflata and the surface
freshwater species G. uvula in the region are relevant considering the alternate
retreat and advance of the freshwater during the late Holocene. The enhanced
freshwater flux has also been documented in the North of Iceland and East
Greenland shelf (Andrews and Giraudeau, 2003; Andersen et al., 2004; Jennings et
al., 2011). Additionally, T. quingueloba in our study area demonstrated a negative
trend from 4-2 ka BP with small oscillations, suggesting a gradual withdrawal of
frontal influence from the core site. Further, a culmination in T. quinqueloba
percentages at 2 ka BP suggests the front was nearest to our core site during the
period. This frontal shift can be explained with the help of NAO variance,
documented in Olsen et al. (2012). A prominent SPF during 2.7 to 1.5 ka BP period
was attributed to a strengthening in EGC strength and warming in NAC (Perner et
al., 2018). This difference between EGC and NAC created a stronger gradient and

hence a prominent SPF influence near Reykjanes Ridge.

As we have seen in our surface sediment study, N. pachyderma/N. incompta ratio
can be used as an indicator for the change in the temperature and the SPNA
hydrography in the SPNA region, as also evidenced in previous studies (Eynaud et
al., 2009; Eynaud, 2011). Here, we have seen an opposite trend in the relative
abundance of both species, displaying a negative relationship with each other. In
the early Holocene, when the N. pachyderma percentages were high, N. incompta
was relatively low. As the N. pachyderma percentage decreased towards the mid-
Holocene, N. incompta abundance increased. However, from the mid-Holocene to
the present, N. pachyderma abundance remained below 10%, indicating more of a
warmer water influence in the upper water mass in this region. And this is also
justified by the increased abundance of the warmer species N. incompta during this

period. Additionally, the assemblages in the core are comparable to the assemblages
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we have observed in the surface sediment samples over Reykjanes Ridge (from

chapter 3).

The Holocene in the SPNA has been seen to vary with the millennial-scale to
century-scale oscillations superimposed on the general Holocene trend (Bond et al.,
1997; Thornalley et al., 2009). The §'80 decline at 8 ka BP in our data is well
recorded in our studied region, correlating with the Laurentide Ice sheet meltwater
influx (Dyke and Prest, 1987). Also, a minor low-salinity event at 6.5 ka BP,
correlated with the 1500-year scale oscillations, as also seen in the hydrographic

data from south of Iceland (Thornalley et al., 2009).
4.6. Conclusions

e Reykjanes Ridge hydrography during the Holocene varied with the differential
presence of cold polar water and warm North Atlantic water.

e Three major phases have been identified in our studied region, i) the early
Holocene with the increased influence of warm Atlantic water ii) a transitional
mid-Holocene from 6-4 ka BP, with some reorganization in the SPNA
hydrography from thermal maximum to late Holocene, and iii) a late Holocene
period from 4 ka BP with a warming trend towards present and small
oscillations in its hydrography superimposed upon this trend.

e The marked feature of the early Holocene North Atlantic at 8.2 ka BP has been
clearly recorded in the planktic foraminiferal assemblages and the oxygen

isotopic data.

e Besides the 8.2 ka event, the small oscillations in our data throughout the

Holocene reflect changing Subpolar gyre dynamics.

e The position of the Subpolar front in the region varied in the Holocene relative
to our core site over the Reykjanes Ridge. The hydrography of the region was
shaped by the variation of the subpolar front. The advancement of the cold polar
water to our region was well-marked by the nearness of the SPF to our core site.
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Chapter 5

5. NAC and EGC influence on the Subpolar North Atlantic
hydrography during Holocene

5.1. Introduction

The Subpolar North Atlantic (SPNA) Ocean is an important link between tropical
and northern polar oceans. The subtropical heat and salinity are transported through
the SPNA toward Nordic Seas and the Labrador Sea, where deep overturning occurs
forming the deep water mass, North Atlantic Deep Water (NADW). NADW then
flows to the other oceans at the bottom. This meridional circulation is known as
Atlantic Meridional Overturning Circulation (AMOC). AMOC has varied in the
past and is known to have a greater role in the global climate (Broecker et al., 1985,
1988; Broecker and Denton, 1989; Alley et al., 2007). A changing AMOC is also
observed in the modern scenario. Moreover, this has been documented to be at its
minimum strength in the last millennium (Caesar et al., 2021). A recent study also
shows the weakest AMOC in the last 10,000 years (Spooner et al., 2020). The
observed coherency between SPNA hydrographic changes and AMOC variability
has established SPNA hydrography as a potential fingerprint for the AMOC
(Zhang, 2008).

SPNA surface hydrography has evolved through the Holocene with a variable
influx of the North Atlantic Current (NAC) and East Greenland Current (EGC).
Solar insolation variability, atmospheric phenomena and gyre dynamics together
have shaped this hydrography. In spite of a still debatable cyclicity in these changes
(Risebrobbaken et al., 2003; Bond et al., 2001), we have observed a dynamic
variability in the Holocene SPNA hydrography. This implies a variable strength of
the NAC and SPG in the SPNA. Here, we will compare our results from AMK 410
with published NAC and EGC records. Though an active AMOC was present in the
early Holocene, the modern AMOC trend was only established after 7 ka BP, at the
start of the active convection in the Labrador Sea following the Laurentide Ice Sheet
retreat (Hillaire-Marcel et al., 2001). A relatively stable AMOC has been
reconstructed since then, however, instances of decreased AMOC strength have
been also observed at 5 ka BP and 2.7 ka BP (Oppo et al., 2003). These lows in
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AMOC strength are majorly associated with cold freshwater advection southward
in the SPNA or/and a negative NAO-like scenario (Bond et al., 2001). Additionally,
a lower NAC influx linked with a weakened SPG also drives a weak AMOC (Hatun
et al., 2005). A cooling in SPNA and warming in the east of Newfoundland was
documented as coherent with weakened AMOC (Zhang, 2008).

With the reconstruction of near-surface temperature and salinity at our core site
over Reykjanes Ridge and comparison with published records, we will understand

the link between the aforementioned elements in the SPNA.
5.2. Study Area

The oceanographic settings for the core have been described in chapter 2 of the

thesis.
5.3. Materials and Methodology

The methodology followed for the core has been summarized in chapter 2. Here,
we will only discuss the §'30gy reconstruction from combined Mg/Ca and 580 of

foraminifera.
5.3.1. 88Osw reconstruction

5804w from the core has been reconstructed for the Holocene using Mg/Ca and
5180 of planktic foraminifera G. bulloides. We have converted the Mg/Ca values
(mmol/mol) of G. bulloides to temperature using the relation between temperature
and Mg/Ca of Thornalley et al. (2009) for G. bulloides. Using Kim and O'Neil
(1997)'s equation, these temperatures were then subtracted from the 8180 values
obtained. A conversion factor of -0.27 %o was applied for VPDB values to VSMOW
(Hut, 1987). Finally, the §'®0s (VSMOW) values were corrected for the Ice-

volume effect using Waelbroeck et al. (2002)’s Ice volume correction data.

As the salinity and §*®QOsy are linearly correlated (Le Grande and Schmidt, 2006),
we can interpret the 5'80sy variability as directly related to salinity changes.

5.4. Results

The mean Mg/Ca value varied down the core between 1.2 mmol/mol to 2.9
mmol/mol. These values were converted to water temperature using suitable

calibration equation as mentioned in the Materials and Methods chapter. The
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temperature derived for the upper section of the core lies well within the
temperature variation observed in the region (also discussed in Chapter 2). Here,

these temperature variations in the core are discussed.
Near-surface temperature and 'Osw variability

The near-surface temperature of the core varied between 6 and 14 °C and the 58Oy
varied between -1 to 1 %o. The top interval of the core corresponds to a temperature
of 10 °C and a 5'80sw of 0.5 %o. This is valid with the present-day temperature and
salinity data for the region.

For the early Holocene phase, 10.3-8.5 ka BP, a moderately increasing trend in
temperature and salinity was observed. However, the near-surface temperature
during this period was low. After 8.5 ka BP, both temperature and 5'8Osy (salinity)
at our core site dropped significantly. During this period, the relative abundance of
N. pachyderma also decreased while T. quinqueloba, N. incompta, and G. inflata
increased simultaneously. Later, the temperature and &'®Osw reached their

maximum value towards 7 ka BP, marking maxima in the early Holocene phase.

After 7 ka BP, the temperature and §'®Osw decreased up to 4.5 ka BP with a minor
dip at 6.5 ka BP. During this cool transition period, T. quinqueloba also displayed
a negative trend and was the minimum of the Holocene percentages in our studied
region. Moreover, an increased abundance of N. incompta and N. pachyderma was

exhibited whereas a decreased abundance was observed in the case of G. inflata.

The late Holocene trend was superimposed with regular fluctuations in both
temperature and 5'80sw values. However, the mean values tended toward more
positive values, shifting to a warmer and more saline upper watermass from 4.5 ka
BP to the present. We observed regular lows in temperature and 8Os at 3.5 ka
BP, 2.5 ka BP, 1.5 ka BP, and 0.5 ka BP. The species percentages also were
fluctuating with a mean value throughout the Holocene. Higher T. quinqueloba
percentages were perfectly in sync with the lower temperature and §!8Q0sy values.
Further, G. inflata variations were coordinated with the T. quinqueloba variation.
Additionally, these species were exhibiting a negative relation with N. incompta
and N. pachyderma percentages.
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Fig. 5.1. Plots showing temperature (°C) and &%Oswive %o (V-SMOW)
reconstructed from Mg/Ca and 580 of G. bulloides in the core AMK 410. Also, the
relative abundances of the planktic foraminifera species of the same core are plotted
with age (ka BP).
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The trends we observed in both temperature and salinity at our core site were

coherent throughout the Holocene.
5.5. Discussion
Influence of NAC and EGC on Subpolar Hydrography

The early Holocene temperatures from 10.3 ka BP increased marking a gradual
decrease in the deglacial meltwater flux and a higher Northern hemispheric summer
insolation. However, a lower near-surface temperature from our core reflects the
presence of cold meltwater, consistent with previous studies from the western
Subpolar North Atlantic (SPNA) and western Nordic Seas (Moros et al., 2004). The
cold and low saline surface water at 8 ka BP in our core could be related to the 8.2
ka- event, marked by the Laurentide Ice sheet final discharge (Dyke and Prest,
1987). Only after this meltwater retreat, our core exhibited a maximum temperature
which is also evident in the SST of the core near Reykjanes Ridge (LO09-14),
marking the early Holocene Maxima around 10-6.5 ka BP (Moros et al., 2004). This
increase in temperature represents an increase in the warm North Atlantic water
influence. The increase in the G. inflata percentage in our core also supports an
increase in the NAC influence at our core site during the Holocene. A simultaneous
SST maximum was also observed in the core at North Iceland suggesting an
increased NAC influence (Sicre et al., 2021). However, a decrease in the subsurface
temperature and salinity (Thornalley et al., 2009) and warming at the surface can
also be explained by the high summer insolation and lower winter insolation (high

seasonality by orbital forcing) in the early Holocene (Liu et al., 2003).
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Fig. 5.2. Comparison of near-surface temperature and salinity from our core AMK
410 with G. inflata-based subsurface temperature and salinity from south Iceland
(Thornalley et al., 2009), SST from north Iceland (Sicre et al., 2021), temperature
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wuellerstorfi from northeast Atlantic (Oppo et al., 2003).
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In the mid-Holocene, after 7 ka BP, the temperature and salinity decreased in the
near surface watermass in our studied region. However, a decrease in the subsurface
salinity and temperature in the south of Iceland at the same time indicates a well-
mixed upper water column (Thornalley et al., 2009). This suggests an increased
low-saline SPG water influence on NAC at our site. An increase in IRD in the North
Atlantic from Bond et al. (1997) is in agreement with the advection of polar water
resulting in Bond event 4 at ~5.3 ka BP. Likewise, Moros et al (2004) also
documented an increase in the Q/Pg percentage in the mid-Holocene from the
Norwegian Sea, showing an increased IRD flux and a linked enhanced polar water
flux. A mid-Holocene SST minimum is also evident from both the Reykjanes Ridge
and the Norwegian Sea SST (Moros et al., 2004). Moreover, a reduced North
Atlantic Current could also be the cause of this cooling. A decreased abundance of
G. inflata in our core during the period indicates a weakened NAC. A similar
observation of reduced Atlantic water since 6.9 ka BP was reported in the Barents
Sea (Duplessy et al., 2001). A significant transition in the mid-Holocene from other
studies (Giraudeau et al., 2000; deMenocal et al., 2000) is coherent with our study.

The late Holocene trend in our region is unstable as compared to early and mid-
Holocene trends. Long-term warming in our data with multiple cold and low saline
episodes during 4 ka BP-present is in accordance with the increase and decrease in
the T. quinqueloba percentages in our studied region. The cooler and fresher
episodes were coherent with higher T. quinqueloba percentages. These data are
coherent with the earlier proposed hypothesis of an alternate advection and retreat
of the polar freshwater (Solignac et al., 2004; Thornalley et al., 2009; Staines-Urias
et al., 2013). This polar water flux causes enhanced stratification in the region. The
stratification in our region is also supported by the decreased G. inflata abundance.
Also, a strengthening in the EGC strength has been known during the late Holocene
from various studies as a lowering in the SST in North Iceland (Sicre et al., 2021).
These oscillations in the late Holocene are also accompanied by the temperature
anomalies seen on the western coast of Africa (subtropical regions, deMenocal et
al., 2000). Similar increased polar water advances with strengthened EGC are
documented on the eastern coast of Greenland (Moros et al., 2006; Perner et al.,
2013). Moreover, a decreased Irminger Current strength has been reconstructed for

the late Holocene phase (Perner et al., 2016).
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SPNA hydrography and AMOC during Holocene

SPNA hydrography has been associated with the Atlantic Meridional Overturning
Circulation (Hakkinen and Rhines, 2004). A change in AMOC is coherent with the
variation in the North Atlantic Deep Water (NADW) formation. Hence, NADW
variation can be studied to monitor changes in AMOC strength. *C of benthic
foraminifera is an established proxy for the NADW and has been used to infer the
NADW during Holocene (Fig.5.2, Oppo et al., 2003).

In the early Holocene, consistent with a decline in the observed temperature and
salinity value, AMOC strength declined as seen from the depleted values in the §3C
of Cibicides wuellerstorfi. The enhanced meltwater influx decreases convection by
decreasing the buoyancy. However, the modern-like AMOC started after 7 ka BP
after the retreat of the LIS meltwater flux (Hillaire-Marcel et al., 2001). This is in
accordance with the high NAC influx and a strengthened SPG-like condition in the
early Holocene, as observed from our planktic foraminiferal assemblages

(discussed in Chapter 4).

Another sharp decline in the AMOC strength has been observed during 5 ka BP.
This decline is generally correlated with an increased IRD flux at the same time,
Bond event 4 (Bond et al., 2001; Oppo et al. 2003). However, the cooling in the
near-surface temperature during the mid-Holocene can be related as a manifestation
of this decline in AMOC. A weakened AMOC drives cooling in the SPNA region
by weakening the NAC strength (Hakkinen and Rhines, 2004). The weakening of
the NAC during this period was also indicated by a decline in the G. inflata

abundances.
5.6. Conclusions

By comparing our near-surface temperature and salinity data from our core over
Reykjanes Ridge with the published records, the following conclusions can be

drawn.

e Reconstruction of near-surface and salinity in our core reflected three major
phases coherent with the planktic foraminiferal species abundance data
(discussed in chapter 4 of the thesis); 1. An early Holocene warming, 2. A mid-

Holocene cooling and 3. A warming but oscillating late Holocene.
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The early Holocene increase in the near-surface temperature and salinity in our
region was influenced by an increase in the NAC influx. Also, the 8 ka BP
cooling event was clearly recognized in the near-surface attributes.

A decline in the near-surface temperature and salinity after 7 ka BP was
attributed to a decline in NAC strength.

The late Holocene was characterized by a fluctuating trend in both temperature
and salinity values with a long-term warming trend towards the present. The
oscillating late Holocene trend is a result of the advance and retreat of the cold
fresh polar water in the SPNA, consistent with previous studies from the region.
The reduced deep water formation observed at 8.2 ka BP and 5 ka BP and the
surface hydrography reconstructed from our data can be linked through

subpolar gyre dynamics.
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Chapter 6

6. Summary and Conclusion

6.1. Planktic foraminiferal assemblages from surface sediment

The present work from the Subpolar North Atlantic presents the planktic
foraminifera assemblages in an east-west transect along 59.5°N latitude covering
the wide region in the eastern and western subpolar North Atlantic (SPNA). Also,
an attempt has been made to understand how these species are distributed from the
east to west SPNA ocean using surface sediment samples. The findings from this
study are as follows.

e Based on cluster analysis, three planktic foraminifera groups were found in the
subpolar North Atlantic Ocean. The polar group represented by N. pachyderma
was dominant in the Labrador Sea. A mixed group composed of both warm
water and cold water species of N. pachyderma, N. incompta, G. glutinata and
T. quinqueloba was dominated in the Irminger Sea but also found in some
stations of the eastern transect. And a warm temperate group consisting of warm
taxa G. glutinata, N. incompta, T. quingueloba, G. bulloides and G. uvula was
populated in the region eastward of Reykjanes Ridge, in the Iceland Basin and
Rockall plateau.

e N. pachyderma and N. incompta abundances varied with increasing and
decreasing trends, respectively, from east to west SPNA. Also, their ratio was
in sync with the decreasing upper water column temperature. So, N.
pachyderma/ N. incompta can be used to interpret the upper water temperature
variation in the SPNA.

e Based a comparison with the previously published planktic foraminiferal
assemblage data from the SPNA reveals a possible shift in our species

assemblages.
6.2. Holocene Subpolar North Atlantic hydrography

Three major phases were identified in the Holocene based on the planktic
foraminifera assemblages, Oxygen isotopic composition of planktic foraminifera

and reconstructed near-surface temperature and salinity from the core AMK 410.
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The three major phases identified in the Holocene are i) the early Holocene with
the increased influence of warm Atlantic water ii) a transitional mid-Holocene
from 6-4 ka BP, with some reorganization in the SPNA hydrography from
thermal maximum to late Holocene, and iii) a late Holocene period from 4 ka
BP with a warming trend towards present and small oscillations in its

hydrography superimposed upon this trend.

The early Holocene increase in the near-surface temperature and salinity in our
region was influenced by an increase in the NAC influx. A decline in the near-
surface temperature and salinity after 7 ka BP was attributed to a decline in
NAC strength. The oscillating late Holocene trend is a result of the advance and

retreat of the cold fresh polar water in the SPNA.

The changes in the deep water formation during the Holocene can be related to

the SPNA hydrographic changes.
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