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Abstract

Despite the importance of nitrogen (N) for ocean productivity, and the long history of
using fossil foraminifera to reconstruct past ocean conditions, it is only in recent years,
due to methodological advances, that the nitrogen isotope ratio (δ15N) of foraminifera
has become a viable proxy for past marine nutrient cycling. Organic N trapped within
planktic foraminifer shells is protected from bacterial degradation, with its δ15N recording
the processes acting on the upper-ocean N pool. This thesis examines the relationship
between local biogeochemical cycling and foraminifera tissue- and shell-bound δ15N in
the greater Agulhas Current system and southeast Atlantic Ocean, focusing on the im-
plications for reconstructing Agulhas leakage (i.e., the transfer of Indian Ocean waters
into the Atlantic). Past fluctuations in this important component of the Atlantic Merid-
ional Overturning Circulation, whereby warm, saline Agulhas waters are transported to
the North Atlantic along its upper limb, have been tied to global glacial-interglacial cy-
cles, highlighting the region’s sensitivity to large-scale climate change. The work detailed
in this thesis includes the first foraminifer-bound δ15N ground-truthing studies from the
southeast Atlantic and the Agulhas Current regions and examines the extent to which
the unique δ15N signature of Indian Ocean nitrate is preserved in the tissue and shells of
foraminifera living in Agulhas leakage features (e.g., eddies). The isotopes of several forms
of N, including nitrate, particulate organic N, size-fractionated zooplankton biomass, liv-
ing foraminifera tissue and shell N, and fossil foraminifera, were measured and interpreted
in the context of coincident hydrographic measurements to determine the controls on the
δ15N of foraminifera and their potential food sources.

The data presented here reveal that mixed layer nitrate δ15N was noticeably lower
within an Agulhas eddy than it was for the surrounding Cape Basin waters, a characteristic
that was likely inherited from low thermocline nitrate δ15N produced in the region of
leakage origin, the Agulhas Current System. Similarly, the δ15N of foraminifera inhabiting
the Agulhas eddy was found to be low relative to foraminifera under background southeast
Atlantic conditions, despite foraminifera in the Agulhas Current System displaying on
average a higher δ15N than was recorded by foraminifera inhabiting the eddy. The data
therefore suggest that anticyclonic eddies “leaking” into the region from the Indian Ocean
maintain a low-δ15N environment that sustains the growth of foraminifera for several
months, and that N2 fixation and/or recycling of low-δ15N ammonium within the eddy
environment likely contributed to lowering of foraminifer-δ15N. That foraminifer-δ15N is
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on average 2-3‰ lower in Agulhas leakage than in the southeast Atlantic suggests that
enduring periods of increased leakage could result in relatively low-δ15N material being
transferred to the sediment and recorded.

A comparison of data from the southeast Atlantic and Agulhas regions to previous
ground-truthing studies from the Sargasso Sea and Southern Ocean reveals similarities in
both foraminifer tissue-shell δ15N relationships and inter-species δ15N differences. For in-
stance, symbiont-hosting foraminifera are consistently lower in δ15N than deeper-dwelling,
symbiont-barren individuals at the same location due to the symbiont’s ability to recycle
low-δ15N ammonium. Also consistent with previous studies is the positive correlation
observed between fossil foraminifera from core tops and modern shell- and biomass δ15N
in the Atlantic, despite sediment being derived from multiple locations within the Cape
Basin. This study adds to burgeoning efforts to ground-truth the foraminifer-δ15N palaeo-
proxy and supports the argument that the δ15N of living foraminifera, which is set by both
the local N supply and N-cycling processes, can be deduced from foraminifera shell-bound
δ15N in the sediment record. Furthermore, the work detailed in this thesis examines how
the unique δ15N of the nitrate and biological community of a particular water mass might
be leveraged to reconstruct past variations in Agulhas leakage.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

The oceans around southern Africa are home both to a strong Eastern Boundary Current
(the Benguela Current) in the South Atlantic Ocean, and a vigorous Western Boundary
Current (the Agulhas Current), in the Indian Ocean Fig. 1.1. The cool Benguela Current
flows north towards the equator, and the Agulhas Current flows polewards until it reaches
the the African cape, whereupon it loops back eastwards as the Agulhas Return Current,
forming part of the southern boundary of the Indian Ocean Subtropical Gyre (Lutjeharms,
1981; Nelson and Hutchings, 1983; Shannon and Nelson, 1996; Hutchings et al., 2009; Beal
et al., 2011). The proximity of both the Benguela and Agulhas systems to the Subtropical
Front and Southern Ocean adds further complexity to the region when investigating cli-
mate variability, but also presents several opportunities for palaeoceanographic research
(e.g., Peeters et al., 2004), as interactions between the ocean systems are thought to play
a major role in global climate changes (Winter and Martin, 1990; Biastoch et al., 2008;
Beal et al., 2011). The goal of this thesis is to assist palaeoceanographic research in the
South Atlantic and South Indian Oceans. This will be achieved through studying how bio-
geochemical cycling processes lead to nitrogen isotope variability in planktic foraminifera
and their surroundings, and subsequently assessing whether nitrogen isotopes in the sedi-
mentary record can serve as a reliable indicator of past alterations in thermocline nitrate
and marine productivity in this region.

1.2 The Biological Pump

The Atlantic Meridional Overturning Circulation (AMOC) Fig. 1.2 refers to the Atlantic
component of the global ocean conveyor-belt, and facilitates inter-hemispheric transfer of
oceanic heat and salt through the interactions of surface, thermocline and deep currents,
playing an essential role in Earth’s climate system (Gordon, 1986; Buckley and Marshall,
2016; Thornalley et al., 2018). Deep southward export of cool North Atlantic Deep Water
(NADW) is compensated by the northward flow of warm, salty surface and intermediate

1



CHAPTER 1. INTRODUCTION 2

waters which undergo cooling and further evaporation before subducting and contributing
to NADW formation (Kuhlbrodt et al., 2007; Garzoli and Matano, 2011). The depth and
strength of overturning fluctuates over time, which has implications for global climate
changes due to the close relationship between AMOC circulation and nutrient cycling,
including the biological pump (Völker and Köhler, 2013; Hertzberg et al., 2016; Valley
et al., 2017).

The biological pump is a term used to describe the marine biogeochemical processes
which act to transfer carbon from the ocean’s surface to the deep ocean (Volk and Hoffert,
1985; Martin et al., 1987). Dissolved inorganic matter is fixed by phytoplankton in the
euphotic surface waters into particulate organic matter (POM) and biominerals, which
are either grazed upon by zooplankton, or are transported out of the upper ocean (Boyd
et al., 2019; Nowicki et al., 2022; Siegel et al., 2023). Once phytoplankton die, their
biomass sinks out of the euphotic zone and is decomposed into inorganic forms; some is
recycled back into the euphotic layer as dissolved inorganic carbon, and some (usually
larger, more rapidly sinking) particles ‘escape’ and sink to the deep ocean or sea floor as
marine snow (McCave, 1975; Suess, 1980; Billett et al., 1983; Martin et al., 1987; Alldredge
and Silver, 1988; Henson et al., 2012; Devries et al., 2012). This deeper remineralization
results in a more efficient biological pump, as more carbon is removed from surface waters,
and less recycled nutrients are available to support new phytoplankton growth (Ito and
Follows, 2005; Boyd et al., 2019; Devries et al., 2012). When nutrients remain unused in
the euphotic layer, less carbon is sequestered into the deep ocean and the biological pump
is less efficient, driving an increase in atmospheric CO2 (Broecker, 1982; Broecker and
Peng, 1987; Sigman and Boyle, 2000; Ito and Follows, 2005; Schmittner and Galbraith,
2008; Schmittner and Somes, 2016). A less efficient pump has been associated with past
deglacial events (e.g., Heinrich Stadial 1, ∼ 14,500 - 18,000 years before present (BP)), and
is thought to have been triggered as a result of a slowdown in the AMOC (Gherardi et al.,
2009; Oppo et al., 2015; Bauska et al., 2016; Hertzberg et al., 2016), given that an increase
in atmospheric CO2 has been shown to drive an increase in global temperatures (Petit
et al., 1999; Kohfeld and Ridgwell, 2009). The suggestion that biological pump efficiency
is a primary driver of atmospheric CO2 variability therefore points to AMOC being a vital
mechanism responsible for modulating CO2 over time (Schmittner and Galbraith, 2008;
Hertzberg et al., 2016).

1.3 Agulhas Leakage and the Atlantic Meridional Over-
turning Circulation

One of the key components that influences AMOC is the transport of warm, salty water
from the Indian to the Atlantic Ocean, a process known as Agulhas leakage (Lutjeharms,
2006; Beal et al., 2011; Van Sebille et al., 2015). This largely occurs through mesoscale
eddies which propagate into the Cape Basin from the east, and continue northwards as
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Figure 1.1: Schematic of the ocean systems and their important features surrounding Southern Africa,
adapted from Hutchings et al. (1986).

part of the upper limb of the AMOC (Beal et al., 2011; Rühs et al., 2013). Leakage through
the Indian-Atlantic oceanic gateway is the sole mechanism by which Indian Ocean waters
enter the Atlantic (Lutjeharms, 2006; Beal et al., 2011).

Over orbital to millennial timescales, changes in leakage volume can affect the forma-
tion of NADW, whilst fluctuations in leakage over decadal timescales contribute to AMOC
variability (Biastoch et al., 2008; Caley et al., 2011; Simon et al., 2013). The most ac-
cepted interpretation of millennial-scale fluctuations in Agulhas leakage volume is that
changes appear to be driven primarily by latitudinal shifts in the mid-latitude westerly
wind belt as well as through the modification of wind intensity (Bard and Rickaby, 2009;
Durgadoo et al., 2013; Simon et al., 2013; Biastoch et al., 2015; Cheng et al., 2018; Tim
et al., 2019). Most palaeoceanographic records suggest that a poleward (equatorward)
shift in the wind belt results in an increase (decrease) in Agulhas leakage and a decrease
(increase) in wind intensity (Peeters et al., 2004; Marino et al., 2013), although opinions
differ as to which exerts more control on AMOC. Rapid warming and salinification of
surface waters in the region of the Indo-Atlantic gateway are thought to have been a
response to the wind shifts and subtropical front migration associated with early stages
of glacial terminations (Peeters et al., 2004; Martínez-Méndez et al., 2010; Dyez et al.,
2014; Kasper et al., 2014; Koutsodendris et al., 2014; Petrick et al., 2015a; Simon et al.,
2015). The negative buoyancy associated with leaked Indian Ocean waters is thought to
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Figure 1.2: Maps showing the influence of Agulhas leakage on the Atlantic Meridional Overturning
Circulation (a) Mean annual sea surface temperature (Schlitzer, 2012), with arrows indicating mean
surface circulation, including anticyclonic eddies moving westwards into the South Atlantic at the Agulhas
Retroflection (AR). (b) Meridional cross-section of the North and South Atlantic basins (Schlitzer, 2012),
indicating the northwards transport of surface and subsurface waters, and the southwards transport of
North Atlantic Deep Water (NADW). The high salinity input at the surface north of the Subtropical
Front (STF) is a result of Agulhas leakage. Figure is from Marino et al. (2013)

have triggered the resumption of convective overturning during periods of weak circula-
tion (through the subduction of surface waters in the North Atlantic close to Greenland,
Iceland and Norway) (Dyez et al., 2014; Koutsodendris et al., 2014), which helps to kick
start a sluggish or inactive AMOC at the end of an ice age (Peeters et al., 2004; Dickson
et al., 2010; Martínez-Méndez et al., 2010; Dyez et al., 2014; Kasper et al., 2014; Petrick
et al., 2015a).

Understanding the relationship between Agulhas leakage and the AMOC over shorter
(i.e., decadal and interannual) timescales is important for accurately projecting future
climate change. On a decadal timescale, multi-proxy records suggest that Atlantic circu-
lation has slowed over the last 150 years, and that it is declining more rapidly under the
present day conditions than during the previous 1,500 years (Robson et al., 2016; Thor-
nalley et al., 2018; Caesar et al., 2021). Initial modelling studies have shown that leakage
responds to hemispheric changes in the winds on a decadal scale, with an increased vol-
ume of Agulhas leakage occurring in response to the progressive poleward migration of
westerlies over the past three to four decades (Biastoch et al., 2009; Rouault et al., 2010).
However, a further model has proposed the opposite effect, whereby a decrease in leakage
is a response to a poleward shift in westerlies, (Durgadoo et al., 2013). These competing
hypotheses underscore the complexity of Agulhas leakage and its links to climate changes
at various time scales.

1.4 The challenge of reconstructing Agulhas leakage

Given the importance of Agulhas leakage to AMOC, a system which influences the effi-
ciency of the biological pump, reconstructing leakage can provide meaningful information
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about global ocean circulation and ocean-atmosphere climate changes. However, the rela-
tionship between Agulhas leakage and the AMOC, and the interaction between the South
Atlantic and Indian Oceans, is not straightforward, and interpreting proxy records of
leakage is difficult. For example, sea surface temperature (SST) and sea surface salinity,
both considered to be proxy measures of Agulhas leakage (Martínez-Méndez et al., 2010;
Caley et al., 2011; Marino et al., 2013; Dyez et al., 2014; Biastoch et al., 2015; Simon
et al., 2015; Petró et al., 2016), appear to be offset from one another during some periods
over the last 500,000 years, with the timing of increased salinity better matching the on-
set of deglaciation, whilst the SST increase is delayed (Kasper et al., 2014; Petrick et al.,
2015a). A further complication to accurate interpretation is the potential discrepancy
between when large changes in leakage volume occurred, relative to when Agulhas waters
entered the north Atlantic. Recent speculation is that the release of Indian Ocean waters
may initially lead to the development of a saline pool in the western Atlantic, before the
original leaked waters are ‘released’ to the north Atlantic in pulses (Ballalai et al., 2019).
Yet other studies have demonstrated the potential of Agulhas Current salinity or temper-
ature changes upstream of the Indian-Atlantic gateway region to alter leakage properties
without affecting the volume entering the Cape Basin, which can lead to confusion in
interpreting records from the South Atlantic (Caley et al., 2011; Petrick et al., 2015b;
Simon et al., 2015).

Furthermore, Agulhas anticyclonic eddies – the primary mode of Agulhas leakage – are
not passive transporters of Indian Ocean waters, but actively modify regional biological
production through upwelling, downwelling, and lateral advection (Lehahn et al., 2011;
Wallschuss et al., 2022). Recent studies suggest that present-day Agulhas eddies absorb
between 20% and 30% more CO2 than their surroundings, thus contributing to the gas’s
removal from the atmosphere (Orselli et al., 2019a,b; Ford et al., 2022). This could
lead to an underestimation of the efficiency of the biological pump when reconstructing
climate conditions, if interpretations are reliant solely on salinity or temperature proxies.
The aforementioned studies therefore serve to raise the question of how best to identify
leakage, its impact on the biological pump, and highlight the need to better understand
the processes that drive it.

1.5 The marine nitrogen cycle and nitrogen isotopes

One way in which past changes in productivity might be constructed is through examining
changes to the marine nitrogen (N) cycle Fig. 1.3. Bioavailable N is required for primary
productivity, but it is limited throughout much of the surface ocean (Menzel and Ryther,
1961; Thomas, 1966; John H. Ryther and Dunstan, 1971). N-cycling processes that add
or remove bioavailable N to the euphotic layer help modulate the strength and efficiency
of the biological pump (Raimbault et al., 1999; Yool et al., 2007; Sigman and Hain, 2012;
Emerson and Yang, 2022). New N enters the marine environment through N2 fixation, a
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process performed by marine microorganisms known as N-fixers, or diazotrophs (e.g., the
cyanobacterium Trichodesmium) (Dugdale and Goering, 1967; Sohm et al., 2011; Zehr
and Ward, 2002a) that creates bioavailable N whilst removing CO2 from the atmosphere
(Carpenter and Price, 1977; Zehr and Ward, 2002b). Removal of fixed N from the ocean
occurs via denitrification and anammox, which convert the fixed forms of N to N2 or N2O
gas, which is ultimately released to the atmosphere (Cline and Kaplan, 1975; Ganeshram
et al., 1995).

Past N-cycling processes can be reconstructed is through stable isotope analysis. There
are two stable isotopes of N: 14N and 15N, which make up 99.63% and 0.37% of the planet’s
total N, respectively, and isotopic fractionation occurs as a result of differences in the
reaction rates between two isotopes for a given process (Mariotti et al., 1981). During the
assimilation of nitrate by phytoplankton, the degree of discrimination occurring between
the two N isotopes can be defined as:

ε =
[
14k/15k − 1

]
× 1000 (1.1)

where ε is referred to as the isotope effect, and 14k and 15k represent the reaction rates
of 14N and 15N, respectively. Nitrogen isotopes composition/ratios are written in delta
notation, δ15N, expressed in parts per thousand (per mille, ‰), relative to N2 in air.
All the aforementioned N-cycling processes (N2 fixation, denitrification, assimilation and
nitrification) are subject to varying degrees of kinetic isotope fractionation, which combine
to leave an isotopic imprint on the remaining nitrate and the organic matter from which
it is produced (Hoering and Ford, 1960; Miyake and Wada, 1967; Wada, 1980; Goering
et al., 1990; Montoya, 1994; Altabet and Francois, 1994; Altabet et al., 1999).

To interpret the δ15N of nitrate or particulate organic nitrogen (PON), a model is
often used to provide a framework for understanding how nitrate is consumed by phyto-
plankton over time (Casciotti, 2016). The Rayleigh model is one such simplified approach
(Sigman and Casciotti, 2009). It assumes that the rate of consumption by phytoplank-
ton is proportional to the fraction of remaining available nitrate in the euphotic zone,
given a finite nutrient supply (Sigman et al., 1999). This is a good approximation of
many ocean systems, including the South Atlantic (Louanchi and Najjar, 2000; Sato and
Polito, 2014), where the surface ocean receives nitrate during a season (e.g., during win-
ter, where decreased stratification leads to upward mixing of subsurface nutrients into
the euphotic zone; Sarmiento et al. 2004), and little to no nutrients during the season of
nitrate uptake that follows (e.g., spring and summer) (Sigman et al., 1999). When using
the Rayleigh model (Fig. 1.4), ε remains constant, and a constant δ15N is assumed for the
initial nitrate source. Under these conditions, the δ15N of the reactant (nitrate) can then
be approximated as:

δ15Nreactant = δ15Ninitial − ε× ln(f) (1.2)

where δ15Ninitial is the δ15N of the initial supply of nitrate available to be consumed and
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Figure 1.3: Overview of the marine nitrogen cycle, showing the processes associated with the inputs
(N2 fixation and continental inputs), losses (denitrification) and internal cycling (assimilation and nitri-
fication) of bioavailable nitrogen. Figure is from Casciotti (2016).

f refers to the fraction of the supply that remains. Nitrate assimilation by phytoplankton
exponentially discriminates against 15N with an estimated global average of between 4 and
6‰, and the nitrate (and the PON subsequently produced from it) becomes enriched as
the remaining nitrate pool is used up. (Wada and Hattori, 1978; Sigman et al., 1999).

The instantaneous δ15N of PON is a measure of the isotopic value at a specific point,
and is consistently offset by the amount of the isotope effect, whereas the integrated δ15N
is a reflection of the total accumulated PON pool. The two are calculated as follows:

δ15Ninstantaneous = δ15Nreactant − ε (1.3)

δ15Nintegrated = δ15Ninitial + ε×
[

f

1− f

]
× ln(f) (1.4)

Because of the isotope effect (i.e., discrimination against 15N), partial consumption of
the available nitrate produces PON with a lower δ15N than that of the original nitrate
supply, whilst complete utilisation of the available nitrate causes δ15N of the final par-
ticulates increasingly resemble that of the original supply (Altabet, 1988; Francois and
Altabet, 1992). If nitrate is completely consumed, the δ15N of the particulate organic
N will be equal to that of the original supply, and no isotope effect will be expressed.
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Figure 1.4: Graph showing the effect of nitrate assimilation on δ15N using the Rayleigh (closed nitrate
pool) and Steady state (continuous nitrate supply) models. This example uses an isotope effect (ε) of
5‰ and an initial δ15N of 5‰ for the reactant (nitrate). ε approximates the difference between the
reactant N and product N (particulate organic nitrogen) in the case of the instantaneous product. Figure
is from Sigman and Casciotti (2009).

Therefore, PON δ15N variation in N-limiting oligotrophic regions (low latitudes and sub-
tropical gyres) should reflect changes in the δ15N of the source (Altabet, 1988; Francois
and Altabet, 1992).

Heterotrophic zooplankton inherit the δ15N of the PON they consume, plus additional
δ15N elevation due to trophic enrichment (Minagawa and Wada, 1984). After death, some
material sinks to the seafloor and is buried, where the isotopic signal can be preserved in
the sediment (Francois and Altabet, 1992; Altabet and Francois, 1994). Reconstructing
changes in past δ15N is therefore a useful approach with which palaeoceanographic changes
in the marine N cycle can be analysed.

In order to understand the reasons for sedimentary δ15N variation at a site over glacial-
interglacial time frames, it is crucial to determine the dominant N processes present in
the modern system. Isolating the important N-cycling processes in a marine system and
investigating their potential influences on δ15N, not only provides insight into how the
system might respond to future changes over time, but also allows for better global recog-
nition of N-cycling processes when interpreting δ15N variability in the sediment record
(Sigman and Casciotti, 2009).

Many studies attribute the increased efficiency associated with glacial periods (e.g.,
the Last Glacial Maximum) to a decrease in denitrification and/or enhanced N2 fixation
increasing the relative consumption of fixed N in the surface ocean (McElroy, 1983; Altabet
et al., 1995; Ganeshram et al., 1995; Broecker, 1998; Archer and Winguth, 2000; Eugster
et al., 2013; Landolfi et al., 2021). Others propose that the increased biological pump
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efficiency during glacial periods was the result of more complete utilization of the available
N pool in high latitude regions that (under present-day conditions) contain excess nitrate
(Sigman and Boyle, 2000; Martínez-García et al., 2014). Utilization of marine N, referred
to as assimilation, is carried out by microorganisms (e.g., phytoplankton), and nitrate,
ammonium, and nitrite are all forms which have the potential to be assimilated (Wada and
Hattori, 1978; Waser et al., 1998). Nitrate (and to a lesser degree, ammonium) tend to be
more abundant in the water column, due to nitrite’s role as a transient intermediate during
nitrification, the process whereby bacteria oxidise ammonium to nitrate (Ward et al., 1982;
Ward, 2008; Ryabenko, 2013; Kits et al., 2017). Increasing N utilization during the glacial
periods could have been achieved through the addition of iron (a limiting trace metal in
the Southern Ocean that is necessary for primary production; Trull et al. 2008; Martínez-
García et al. 2014; Studer et al. 2015), or by increasing stratification, which consequently
lowered the rate of nutrient transport to the euphotic layer (Sigman et al., 2000).

Bulk sediment analysis of δ15N has until recently been the primary method of gener-
ating palaeoceaongraphic records of N variability (e.g., Freudenthal et al., 2001; Jenkyns
et al., 2001; Robinson and Meyers, 2002; Galbraith et al., 2013). In high nutrient regions
where N is not limiting (e.g., the Southern Ocean), δ15N variability in sediments may re-
flect the degree of nitrate consumption, from which the efficiency of global biogeochemical
cycling could be inferred (Sigman and Casciotti, 2009; Martínez-García et al., 2014). In
oligotrophic regions where N is a limiting factor in primary production, changes in sedi-
mentary δ15N primarily reflect changes in N sources (Ren et al., 2012a; Kast et al., 2019).
Because essentially all surface nitrate is consumed on an annual basis, it is expected that
variation in the δ15N of exported material in these regions is a good approximation of
changes in the δ15N supply (Sigman and Casciotti, 2009).

However, bulk particle δ15N has been shown to undergo isotopic alteration upon sink-
ing out of the euphotic zone, as 14N is preferentially removed during decay, and prolonged
sinking of particles, or exposure at the sediment-water interface can significantly alter the
original δ15N signal (Wada, 1980; Altabet et al., 1991; Altabet and Francois, 1994, 2001;
Lehmann et al., 2002; Lourey et al., 2003; Gaye-Haake et al., 2005; Robinson et al., 2012).
It is difficult to assess whether alterations to bulk sediment δ15N have been consistent
over time; consequently, it has proven challenging to account for or accurately constrain
additional fractionation effects that accompany the decomposition of material (Lehmann
et al., 2002; Robinson et al., 2012).

To minimize the additional fractionation on δ15N that occurs after particulates sink out
of the euphotic zone, research has begun to focus on using the δ15N of microfossils (diatoms
and foraminifera) as a proxy for nutrient cycling in the ocean (Ren et al., 2009). Diatoms
and foraminifera also record past environmental conditions, but appear to be less affected
by degradation due to the organic N being preserved within a biomineral matrix (Altabet,
1988; Freudenthal et al., 2001; Ren et al., 2009; Mompeán et al., 2016; Martínez-García
et al., 2022). Initially suggested as a solution by (Altabet and Curry, 1989), foraminifera-
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bound δ15N was largely dismissed as too labour intensive to be practical, since thousands
of shells were required for a single measurement. The advent of new technologies has
allowed for the development of viable new proxy methods which require fewer specimens
per sample measurement. This is particularly relevant for the foraminfera-bound nitrogen
isotope proxy, which is reliant on accurate measurements from very small amounts of
organic N (Ren et al., 2009). Trace amounts of amino acids are incorporated into the
calcium carbonate tests (shells) during their construction, as organic material is used to
create the template upon which calcification can occur (King and Hare, 1972; Schiebel
et al., 2018). It is primarily this N, trapped between test layers, that is preserved upon
the foraminifer’s death. Because δ15N is preserved during trophic transfer, foraminifera
δ15N should in theory reflect the δ15N of consumed PON, which in turn is an indication
of the N-cycling processes involved in the PON’s production. Foraminifera-bound δ15N
variation in the fossil record therefore has the potential to reflect changes in the relative
consumption of total nitrate available, and/or changes in the nitrate source (ie. whether
nitrate in the euphotic zone available for productivity is primarily due to the upwelling
of preformed nitrate or due to N2 fixation).

1.6 Foraminifera as δ15N recorders

Foraminifera are a group of heterotrophic unicellular protists whose influence on the
palaeoclimatic record to date has been immeasurable (Kucera, 2007; Schiebel et al., 2018).
Arguably the backbone of palaeoceanography, foraminifera are responsible for many, if
not most, of the marine reconstructions we have today. Their calcite shells are ideal
candidates for several proxy methods (e.g., δ18O and Mg/Ca are used for reconstructing
temperature; LeGrande et al. 2004; Jonkers et al. 2013), whilst a species’ presence or
absence can signify changes in the water column. Advantages of using planktic (subsisting
in the water column) foraminifera in palaeoceanographic reconstructions include that they
are abundant throughout the world’s oceans, have existed for millions of years, possess
narrow temperature preferences, are relatively large (in comparison to diatoms), and there
are a manageable number of taxonomic species, allowing for both spatial and temporal
comparisons (Robinson et al., 2023). Planktic foraminifera live their entire lives in the
mid to upper water column before sinking to the seafloor after death, and their isotopic
makeup can be seen as reflective of their habitat, in addition to species-specific traits
(e.g., diet and physiology).

Features common to all species of foraminifera include pseudopodia, apertures, and
a shell (‘test’) to which chambers are added as the foraminifera grows (Hemleben et al.,
1989; Goldstein, 1999). Organelles and fibrillar bodies make up the cytoplasm inside the
test, whilst the pseudopodia (thin rhizopodia strands made up of stretched cytoplasm)
extend from the aperture away from the organism to collect food, aid mobility, and assist
in reproduction (Hemleben et al., 1989; Goldstein, 1999; Kucera, 2007). Pseudopodia
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activity decreases prior to new chamber formation, as a cytoplasmic bulge emerges to
form the primary organic sheet. The sheet serves as the template upon which calcifica-
tion occurs, resulting in a new chamber wall which is subsequently thickened by further
calcification over several days (Bé et al., 1979; Kimoto, 2015). The calcium carbonate
shells produced in this way are responsible for up to 60% of the total deep marine calcite
budget (Schiebel, 2002; Bird et al., 2020). Species are typically classified through shell
morphology. Features such as chamber size and shape, spiral form, the presence of spines
or keels, wall thickness, and number and size of apertures, help to distinguish individual
planktic species (i.e., morphotypes), of which there are roughly 50 in the modern ocean
(and several hundred in the known fossil record spanning from the mid-Jurassic until the
present day) (Kucera, 2007; Schiebel et al., 2018).

Planktic foraminifera have a wide range of feeding mechanisms, including grazing on
phytoplankton and/or detritus, carnivory, and symbiosis (Hemleben et al., 1989; Gold-
stein, 1999; Sen Gupta, 2003; Kucera, 2007). Non-spinose species such as Globorotalia
truncatulinoides and Globorotalia tumida are more passive feeders, dwelling deeper in the
water column (> 200m) and relying on sinking or suspended debris and bacteria as a food
source (Hemleben et al., 1989; Sen Gupta, 2003). Photosymbiosis (endosymbiosis with
autotrophic algae; Takagi et al. 2019) allows for some foraminifera species to receive fixed
carbon and nitrogen from the algae, whilst additionally engaging in carnivory or consum-
ing suspended particulate organic matter (Lee et al., 1965; Bé and Anderson, 1976; Gas-
trich, 1987; Bird et al., 2017). The symbiotic relationship can be obligatory (e.g., Orbulina
universa, Globigerinoides ruber, Trilobus sacculifer, Globigerinella siphonifera) or facul-
tative (e.g. Globorotalia inflata, Globorotalia menardii and Neogloboquadrina dutertrei),
where the latter is not required for the foraminifer’s survival (Hemleben et al., 1989;
Takagi et al., 2019). Most species utilize more than one feeding strategy. Carnivory is
especially important to spinose symbiont-bearers, who prey upon a wide range of zoo-
plankton, including copepods, amphipods, pteropods, crustaceans, and tintinids (Bé and
Hutson, 1977; Hemleben et al., 1989).

Most foraminifera have a monthly reproductive cycle and lifespan, although the deep-
dweller G. truncatulinoides appears to reproduce annually (Hemleben et al., 1985; Schiebel
and Hemleben, 2005). During its lifetime, G. truncatulinoides migrates vertically up
to several hundred metres (Lohmann and Schweitzer, 1989); some studies suggest that
reproduction occurs during late winter at depth, with juveniles ascending in the water
column through mixing and innate buoyancy control (Bé and Ericson, 1963; Schiebel,
2002; Margaritelli et al., 2020), whereas other research proposes the ascension of adults
before the spring bloom, prior to the release of gametes (Schiebel and Hemleben, 2005).

However, additional potential sources of δ15N variation need to be considered. Inter-
pretation of foraminifera-bound δ15N requires an in-depth knowledge of regional nutrient
cycling, local water mass transport, and an understanding of foraminifera morphology,
life cycles, habitat preferences and food strategies (Ren et al., 2012b). Initial work us-
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Figure 1.5: A conceptual diagram from Takagi et al. (2019), showing the reliance of foraminifera on
symbionts. Colours represent clusters of similar species (determined by the fraction of individuals with
symbionts, the relationship between test size and chlorophyll a content, the ratio of chlorophyll a to
biomass, and the maximum potential for photosynthetic activity).

ing foraminifera-bound δ15N in downcore reconstructions has been promising, which has
served to highlight the need for ground-truthing studies in order to determine the relation-
ship between foraminifera and nitrate under different ocean conditions. Robinson et al.
(2023) summarize how ongoing calibration research is focused on three main questions:
(1) is the shell-bound δ15N a good reflection of foraminifer tissue δ15N; (2) is the δ15N
of living foraminifera preserved in the fossil shells; and (3) what processes influence the
δ15N of foraminifera?

Tissue δ15N refers to the isotopic composition of living foraminifera biomass (i.e.,
not preserved in the fossil record), whereas shell-bound δ15N refers to measurements
acquired from the N trapped between shell layers, which is the fraction that remains
post-deposition. Initial measurements from the Sargasso Sea and Southern Ocean have
observed, on average, little to no difference between tissue and shell-bound δ15N (Smart
et al., 2018, 2020), which appears promising for point (1). Regarding point (2), com-
parisons between foraminifer δ15N in living and core-top (recent sediment) measurements
are limited, but thus far suggest only minimal alteration (∼0.6‰ increase) in the δ15N
of fossil shells relative to living ones (Ren et al., 2012b; Smart et al., 2018). Point (3)
requires a more regionally-specific approach in order to determine what N-cycling pro-
cesses are dominant in driving changes in modern foraminiferδ15N at a specific location.
Research in the low-latitude ocean shows that the δ15N of foraminifera track the δ15N
of thermocline nitrate, with symbiont-hosting species closely matching the actual value
(Ren et al., 2009, 2012b). Changes in foraminifera δ15N in the Southern Ocean track
PON δ15N variation, which seems to be seasonally decoupled from nitrate δ15N (Smart
et al., 2020). The decoupling can be explained by an increase in ammonium recycling
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during late summer lowering the δ15N of PON and foraminifera, whereas higher levels of
degradation during austral winter raise PON and foraminifer δ15N (Smart et al., 2020).

These studies demonstrate the importance of ground-truthing the method in quan-
tifying as much variability as possible, to better explain long-term trends in downcore
reconstructions. This includes researching the effect of biogeochemical cycling at both
intra- and inter-annual time scales in multiple regions, dominated by different N-cycling
processes. Within each environment, the relationship between the tissue- and shell-bound
δ15N of each species of foraminifera to the δ15N of mixed layer and/or thermocline nitrate
should be established, paying close attention to species-specific habitat preferences and
diets, as a species’ seasonal preference can influence how we interpret δ15N in the fossil
record.

1.7 Structure of this thesis

The work presented in this thesis focuses on broadening the understanding of biogeochem-
ical cycling in the southeast Atlantic and southwest Indian Ocean regions through nitrate
isotopes, and introduces the idea of using nitrogen isotopes in foraminifera as a method
for reconstructing Agulhas leakage. The thesis explores the advantages and challenges
of using nitrogen isotopes in planktic foraminifera as an indicator of past environmental
change, and synthesizes palaeo-proxy ground-truthing efforts (including this research and
existing studies) across the world’s oceans.

Chapter 2 focuses on establishing the driving processes of nitrogen cycling in the
southeast Atlantic and determining the relationship between the δ15N of upper ocean
nitrate and that of planktic foraminifera living in the region today. The chapter also
documents the finding that isotopically distinct Agulhas eddies transporting Indian Ocean
waters into the South Atlantic can impact the local δ15N signal of both nitrate and the
biological community, thus raising the possibility of utilizing fossil shell-bound δ15N as a
proxy for past leakage variation. Questions addressed in this chapter are:

1. What is the relationship between foraminifer tissue δ15N and thermocline nitrate
δ15N in the southeast Atlantic?

2. Do nitrate and foraminifer δ15N within a mature ‘leaked’ Agulhas eddy remain
isotopically distinct from background Atlantic conditions?

Chapter 3 investigates how biogeochemical cycling influences foraminifer δ15N in the
Agulhas Current System. Analysing foraminifera from this region provides an opportunity
to resolve several questions raised in Chapter 2 regarding the fidelity of foraminifer δ15N
in the Agulhas eddy with respect to the original source of Agulhas leakage. The chapter
explores the impact of two adjacent, isotopically-distinct thermocline nitrate sources on
foraminifer assemblages and tissue δ15N. Key questions include:
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1. How does foraminifer tissue-bound δ15N from the Agulhas Current System compare
to that which was measured in the Agulhas eddy?

2. What is the relationship between the δ15N of foraminifer tissue, PON, and thermo-
cline nitrate in the Agulhas Current System?

Chapter 4 focuses on ground-truthing the relationship between modern and fossil
foraminifer δ15N in the southeast Atlantic, and assesses whether modern the shell-bound
δ15N in this region is correlated to tissue δ15N. Additionally, findings from the south-
east Atlantic are compiled with existing data from other regions to analyze broader-scale
trends. Key questions addressed include:

1. What is the relationship between modern tissue- and shell-bound δ15N in both the
southeast Atlantic regions?

2. What is the relationship between modern and core-top shell-bound δ15N?

3. Is there evidence of spatial variability in the δ15N of fossil foraminifera within the
southeast Atlantic?

Chapter 5 reviews the main conclusions of this study and highlights potential avenues
for future foraminifera shell-bound δ15N research.
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Chapter 2

Tracking Agulhas leakage in the South
Atlantic using modern planktic
foraminifera nitrogen isotopes
Abstract

The volume of water transported into the South Atlantic from the Indian Ocean via “Agul-
has leakage” modulates global ocean circulation and has been linked to glacial-interglacial
climate cycles. However, constraining past Agulhas leakage remains a challenge. Using
new measurements from the modern South Atlantic, we propose that the nitrogen isotope
ratio of organic matter preserved in the shells of fossil planktic foraminifera could be used
to infer past changes in Agulhas leakage. Along a winter transect of the Cape Basin that
intersected a mature Agulhas eddy, we measured the nitrogen and oxygen isotope ratios
(δ15N and δ18O) of nitrate and the δ15N of suspended particles, bulk zooplankton, and
foraminifera (tissue and shells). Mixed-layer nitrate-, zooplankton-, and foraminifera-δ15N
were 2-3‰ lower in the eddy than the background Atlantic even though the δ15N of the
underlying thermocline nitrate was indistinguishable. We suggest that the δ15N of eddy-N
reflects Agulhas Current thermocline nitrate, which is ∼ 2‰ lower in δ15N than South
Atlantic thermocline nitrate due to N2 fixation occurring in the Indian Ocean. Further
lowering of foraminifera δ15N may have occurred during eddy transport due to in-situ
N2 fixation and/or recycling of low-δ15N ammonium. The absence of low-δ15N Agulhas
nitrate in the eddy thermocline can be explained by the lower density of Agulhas thermo-
cline and mixed-layer waters relative to the Cape Basin mixed layer. Agulhas thermocline
waters are transported into the mixed layer of migrating eddies, where isotope fraction-
ation during phytoplankton nitrate assimilation rapidly increases the δ15N of the nitrate
within. The low δ15N of eddy foraminifera, apparent even after several months of eddy
migration across the Cape Basin, suggests that fossil foraminifer-bound δ15N may record
variations in past Agulhas leakage.
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2.1 Introduction

The southeast Atlantic Ocean is important for global ocean-atmosphere dynamics because
it hosts the transport of heat and salt from the Indian to the Atlantic Oceans, which is
fundamental to the Atlantic Meridional Overturning Circulation (AMOC) (Fig. 1; Gordon
1986; De Ruijter et al. 1999; Garzoli and Matano 2011; Rühs et al. 2013). Warm, saline
upper Indian Ocean waters enter the South Atlantic via large anticyclonic eddies, jets,
and filaments that flow into the Cape Basin (Duncombe Rae, 1991; van Ballegooyen et al.,
1994; Schouten et al., 2000); this “Agulhas leakage” is the only pathway for Indian Ocean
waters into the Atlantic (Gordon, 1986; De Ruijter et al., 1999; Beal et al., 2011; Rühs
et al., 2013). The Cape Basin is bordered by the highly productive Benguela upwelling
system to the east and the oligotrophic South Atlantic subtropical gyre to the north and
west (Fig. 1; Stramma and Peterson 1989; Garzoli and Gordon 1996). Along with being
regularly infiltrated by Agulhas eddies, the Cape Basin imports and modifies mode- and
intermediate waters originating in the Southern Ocean, thereby acting as a conduit for
equatorward-flowing nutrients (Sarmiento et al., 2004; Garzoli and Matano, 2011).

The spawning of Agulhas eddies occurs at the Agulhas Retroflection, where the zero
wind stress curl and southward inertia cause the current to loop back on itself, anticy-
clonically, and form the eastward-flowing Agulhas Return Current (Gordon et al., 1987;
Lutjeharms and Valentine, 1984; De Ruijter et al., 1999; Beal et al., 2011). Although most
Agulhas Current waters are subsequently recirculated into the southwest Indian Ocean
subgyre (Stramma and Lutjeharms, 1997; De Ruijter et al., 1999; Hermes et al., 2007),
some water escapes at the Retroflection to form mesoscale anticyclonic eddies (the largest
termed “Agulhas rings”; Lutjeharms and Stockton 1987), which then either dissipate in the
Cape Basin or continue past the Walvis Ridge into the southwest Atlantic, occasionally
even entering the North Atlantic (Goni et al., 1997; Arhan et al., 1999; Schouten et al.,
2000).

Once in the Cape Basin, Agulhas eddies rapidly lose the warm temperatures of their
(sub)tropical Indian Ocean source waters (Goni et al., 1997; Olson et al., 1992; Schouten
et al., 2000; Schmid et al., 2003). They can nonetheless be identified by a characteristic
positive sea-surface height anomaly (SSHA) associated with convergence at their centres,
as well as by their elevated salinity, which persists on advective timescales (Gordon and
Huber, 1990; van Ballegooyen et al., 1994; Schouten et al., 2000). The export of relatively
saline waters from the Indian Ocean by Agulhas eddies contributes to the densification
and subduction of surface waters in the North Atlantic (through the formation of North
Atlantic Deep Water (NADW); Gordon et al. 1992; Donners et al. 2005; Garzoli and
Matano 2011), which leads to freshly oxygenated deep waters spreading southwards via
the AMOC (Gordon, 1986; Rintoul, 1991; Wefer et al., 1996; Garzoli and Matano, 2011;
Ferreira and Kerr, 2017). It has been suggested that decreased Indo-Atlantic exchange
during ice ages inhibited NADW production, weakening the AMOC, while a deglacial
increase in Agulhas leakage may have helped to re-establish warmer interglacial conditions
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by strengthening the AMOC (Berger and Wefer, 2002; Weijer et al., 2002; Knorr and
Lohmann, 2003; Peeters et al., 2004). Long-term variability in Agulhas leakage thus has
global-scale climate implications (Schouten et al., 2000; Van Aken et al., 2003; Beal et al.,
2011).

Past variations in Agulhas leakage have been reconstructed from assemblages of plank-
tic foraminifera, single-celled zooplankton with calcite shells that can be preserved in
seafloor sediments for millions of years post deposition (Bé and Hutson, 1977; Schiebel and
Hemleben, 2005). This approach relies on the sedimentary ratio of (sub)tropical Indian
Ocean species (termed “Agulhas leakage fauna”) to species better adapted to cooler South
Atlantic conditions as an indicator of the strength of leakage (Peeters et al., 2004; Lončarić,
2006; Caley et al., 2014). The idea is that foraminifera originating in (sub)tropical In-
dian Ocean waters are transported via Agulhas eddies into the South Atlantic where
they sink and accumulate on the seafloor; and that the stronger the Agulhas leakage, the
more abundant the (sub)tropical foraminifera in the sediments relative to the temperate
Atlantic species (Peeters et al., 2004; Martínez-Méndez et al., 2010; Caley et al., 2011,
2012).

Attempts to ground-truth this assemblage-based approach using modern foraminifera
indicate that it works well for young Agulhas eddies (< 9 months old) located relatively
close to the Agulhas Current Retroflection (Peeters et al., 2004; Caley et al., 2014). How-
ever, foraminifer species collected from a mature Agulhas eddy (> 10 months old) in the
Cape Basin were found to be indistinguishable from the species sampled in South Atlantic
waters outside the eddy (Lončarić, 2006). The implication of this finding is that although
conditions within an Agulhas eddy may initially favour (sub)tropical foraminifera, changes
in the eddy environment with time (e.g., rapid heat loss; van Ballegooyen et al., 1994)
prevent their sustained growth, allowing them to be succeeded by temperate Atlantic
species that are better adapted to the ambient conditions (Lončarić, 2006). This pattern
of succession will ultimately be communicated to the sediment record, with temperate
foraminifera potentially overwhelming the Agulhas assemblage and, by extension, the ev-
idence of leakage. There is thus a need for alternative proxies that better preserve the
signal of Agulhas leakage, especially beyond the region of eddy formation.

A potential candidate proxy for tracking Agulhas leakage is the nitrogen (N) isotopic
composition of organic matter encased within the calcite tests of planktic foraminifera (i.e.,
foraminifer-bound δ15N, where δ15N (in ‰ versus N2 in air) = [(15N/14N)sample/(15N/14N)air

- 1] × 1000). Bulk sedimentary N isotopes are often unreliable because the original upper-
ocean δ15N signal imprinted on particulate organic N (PON) can be altered during parti-
cle sinking or at the sediment-water interface, particularly in the less-productive (i.e., low
flux) open ocean, and/or be overwhelmed by contaminating inputs (e.g., fluvial or lat-
erally transported sediments), including in more productive coastal waters (Altabet and
Francois, 2001; Holmes et al., 2002; Robinson et al., 2012). The organic matter bound
within foraminifer shells appears far less vulnerable to such diagenetic change and/or con-
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tamination (Altabet and Francois, 1994; Meckler et al., 2011). During chamber formation,
foraminifera precipitate calcite onto an organic sheet containing N-rich amino acids (Bé
and Tolderlund, 1971; King and Hare, 1972; Hemleben et al., 1977; Spero and Williams,
1988). This organic material ends up encased within the foraminifer calcite matrix (Bé
et al., 1979; Hemleben et al., 1985) where the composition appears largely protected from
alteration (Martínez-García et al., 2022), including during sinking and burial in marine
sediments (King and Hare, 1972; Robbins and Brew, 1990; Ren et al., 2009, 2012; Smart
et al., 2018), where it can be preserved unaltered for millions of years (Kast et al., 2019;
Auderset et al., 2022).

An assumption inherent to applications of foraminifer-bound δ15N to sediment records
is that the δ15N of the organic N encased within a foraminifer shell is a good indicator of the
ecology and environment experienced during the organism’s lifetime (which can range from
two weeks to a year, depending on the species (Bé et al., 1979). Recent comparisons of the
δ15N of foraminifer tissue and shells have revealed a near 1:1 relationship and relatively
consistent offsets between the two in the mixed layer (average offsets ∼1.0‰, Ren et al.
2012; Smart et al. 2018, 2020; Robinson et al. 2023). Additionally, foraminifer-bound
δ15N appears to change only slightly between the mixed layer (i.e., living foraminifera)
and twilight zone (sinking foraminifera recovered via sediment trap, increasing by 0.6‰
between the upper 200m and 500m in the subtropical Sargasso Sea), and then remains
constant until foraminifera are incorporated into the sediments (Ren et al., 2012; Smart
et al., 2018). In low-latitude regions where the concentration of surface-water nitrate is
always low (i.e., oligotrophic), there is a strong link between foraminifer-bound δ15N and
the δ15N of thermocline nitrate supplied to the surface annually (Ren et al., 2009, 2012;
Smart et al., 2018). By contrast, in the high-latitudes where phytoplankton do not fully
consume surface-layer nitrate, foraminifer-bound δ15N is expected to reflect the extent of
nitrate drawdown (Martínez-García et al., 2014; Ren et al., 2015). This is because isotope
fractionation during nitrate assimilation causes phytoplankton biomass δ15N to rise as the
nitrate concentration declines (Altabet and Francois, 1994; Sigman et al., 1999), such that
more complete nitrate consumption should increase foraminifer-bound δ15N. However, a
recent ground-truthing study from the Southern Ocean showed that the δ15N of modern
foraminifer tissue (i.e., the non-calcified biomass of living foraminifera; FT-δ15N) is more
strongly linked to the δ15N of PON than to the δ15N of nitrate on a seasonal basis (Smart
et al., 2020).

On an annual basis, the δ15N of symbiont-bearing foraminifera (shells and tissue) in
the low-latitude ocean (Sargasso and South China Seas) has been shown to record the
δ15N of shallow thermocline nitrate almost without offset, while the δ15N of foraminifera
without symbionts is generally 1-2‰ higher (Ren et al., 2009; Smart et al., 2018). On
shorter timescales, both foraminifer-bound δ15N and FT-δ15N also reflect changes in up-
per ocean N cycling (Smart et al., 2018, 2020). Because individual foraminifera often live
for just a few weeks to months, the δ15N of living organisms may record multiple environ-
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mental processes, which could yield similar or opposing isotopic signatures. Interpreting
variations in fossil foraminifer-bound δ15N thus requires knowledge of regional and global
nutrient cycling, water mass properties including thermocline and sub-thermocline nitrate
δ15N, and foraminifer ecology at the species level.

Given the demonstrated sensitivity of foraminifer δ15N to thermocline nitrate in the
low-latitude ocean (Ren et al., 2009, 2012; Schiebel et al., 2018), we propose that foraminifer-
bound δ15N is a potentially viable proxy for monitoring Agulhas leakage into the South
Atlantic. While both the South Atlantic and Indian Oceans rely on Subantarctic Mode
Water (SAMW) as the ultimate source of their mixed-layer nitrate (Rintoul and Trull
2001; Sarmiento et al. 2004; Palter et al. 2010; Marshall et al. 2023), the δ15N of nitrate
in the thermocline of the subtropical Indian Ocean is substantially lower than that ob-
served in the subtropical South Atlantic (< 5.4‰ versus ∼6.8‰; This difference has
been explained as the result of N2 fixation in the Indian but not in the subtropical South
Atlantic (Moore et al. 2009; Raes et al. 2015; Landolfi et al. 2018; Harms et al. 2019;
Marshall et al. 2023), which introduces bioavailable N to the upper water column that
is low in δ15N (−2-0‰; Carpenter et al. 1997; Hoering and Ford 1960; Minagawa and
Wada 1986). In other ocean regions that host significant rates of N2 fixation, such as
the (sub)tropical North Atlantic, the low δ15N of thermocline nitrate is passed on to
phytoplankton (Fawcett et al., 2011, 2014; Van Oostende et al., 2017) and zooplankton
(Somes et al., 2010; Loick-Wilde et al., 2016), including foraminifera (Ren et al., 2012;
Smart et al., 2018). We thus expect the PON produced from the consumption of the
nitrate in Agulhas waters (including Agulhas eddies), as well as the foraminifera reliant
thereon, to be lower in δ15N than foraminifera from the Cape Basin. For a δ15N-based
leakage proxy to add value beyond existing proxies, a distinct δ15N signature must persist
in foraminifer-bound N regardless of changes in the eddy foraminifer species composition
(i.e., a major limitation of the assemblage-based proxy; Lončarić 2006).

Here, we investigate the potential utility of foraminifer-bound δ15N as a proxy for
Agulhas leakage and lay the ground-work for its application to palaeoceanographic records
from the Cape Basin. We present measurements of nitrate isotope ratios for samples
collected in 2015 and 2017 along a transect extending from the west coast of South Africa,
across the Cape Basin, and into the South Atlantic subtropical gyre that intersected
Agulhas eddies. For the 2017 cruise, we also measured the δ15N of various forms of PON
and of the tissue and shells of living planktic foraminifera captured in surface net tows,
both within an Agulhas eddy and in the “background” (i.e., non-eddy) South Atlantic.
We compare our data to new nitrate isotope measurements from the Agulhas Current
(Marshall et al., 2023) and confirm that its thermocline nitrate is low in δ15N compared
to the δ15N of nitrate in SAMW and the Cape Basin thermocline. Our results show that
foraminifera living in Agulhas eddies have a unique and persistent δ15N signature which
we suggest/propose could be leveraged to reconstruct Agulhas leakage in the past.
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2.2 Methods

2.2.1 Shipboard sampling

The South Atlantic Meridional Overturning Circulation Basin-wide Array (SAMBA) is a
zonal transect of moorings along 34.5◦S that was installed to measure basin-scale merid-
ional transport of mass, heat, and salt (Morris et al., 2017). During a cruise in 2017 to
service the eastern sub-array of SAMBA located off the coast of South Africa (i.e., east
of 0◦E), we sampled 21 conductivity-temperature-depth (CTD) hydrocast stations for a
variety of physical, chemical, and biological parameters (Fig. 2.1). We supplemented this
dataset with hydrographic, nutrient, and nitrate isotope measurements from five hydro-
casts conducted along the same array in 2015 (Campbell, 2016, ; C1-C5 in Fig. 1). In
both years, sampling occurred during austral winter (July) aboard the R/V S.A. Agul-
has II, with water-column samples collected using Niskin bottles attached to a rosette
equipped with Sea-bird CTD, oxygen, and fluorescence sensors that assisted in targeting
specific features (e.g., the mixed layer depth (MLD) and depth of maximum fluorescence
(F-max)). Sampling resolution was higher at the shallower depths (< 200m) than deeper
in the water column. In 2017, the cruise detoured south between 11.2◦E and 14.3◦E (to
35.5◦S) to sample an anticyclonic Agulhas eddy (hereafter referred to as E1) that was
tracked prior to and during the cruise using satellite altimetry (see below).

In July 2016, samples were collected for nutrients and nitrate isotopes aboard the
R/V S.A. Agulhas II along the Agulhas System Climate Array (ASCA) transect in the
southwest Indian Ocean that extends 300 km offshore of South Africa across the Agulhas
Current Morris et al. 2017; Marshall et al. 2023). From these samples, a representative
station (35.52◦S; 28.77◦E) located just offshore of the current core was selected for com-
parison with the SAMBA stations (yellow circle in Fig. 2.1). Samples were processed as
described for the SAMBA collections (Marshall et al., 2023).

For both the 2015 and 2017 SAMBA datasets, MLD was calculated as the depth at
which potential density exceeded the value at 25m by 0.05 kg.m−3. These derived MLDs
closely tracked the 26.1-26.2 kg.m−3 isopycnals that denote the top of the thermocline
and yielded upper layers over which the nitrate concentrations were near-homogeneous
(Fig. 2.2a, 2.2b).

All CTD stations were sampled for seawater nitrate+nitrite and nitrite concentrations,
with five and 19 stations sampled for nitrate isotopes in 2015 and 2017, respectively. Wa-
ter samples were collected in well-rinsed 50mL Falcon tubes for nutrients and high-density
polyethylene bottles for nitrate isotopes, with the latter immediately frozen at −20◦C. The
nitrate+nitrite concentrations were measured shipboard using a Lachat QuickChem flow
injection autoanalysis platform (Grasshoff, 1976; Diamond, 1994) in a configuration with
a detection limit of 0.1µM. Nitrite concentrations were determined manually via the col-
orimetric method of Strickland and Parsons (1968) using a Thermo Scientific Genesys 30
visible spectrometer. Certified reference materials (JAMSTEC) were included in each ni-
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Figure 2.1: Cruise track followed by the R/V S.A. Agulhas II in July 2017 along the SAMBA line.
Contour lines show sea surface height anomaly in reference to the geoid (SSALTO/DUACS product
distributed by AVISO via the Copernicus Marine Environment Monitoring Service Lea et al. 2018, http:
//marine.copernicus.eu, 24 July 2017), with positive and negative anomalies shown by the light green
and purple dashed lines, respectively. The outer edge of Agulhas eddy E1, as defined in section 2.4,
is indicated by the thick black contour, and E1 is labelled on the map. Along the transect, the white
circles represent stations sampled for nitrate concentration, isotopes, and particulate organic nitrogen;
red circles show stations where foraminifera and bulk zooplankton were also collected using net tows.
The positions of stations sampled in 2015 along the same 34.5◦S transect (Campbell, 2016) are indicated
by arrows and labelled as C1-C5, noting that the background SSHA does not apply to these stations.

trate+nitrite and nitrite run to ensure measurement accuracy. Nitrate-only concentrations
were calculated as the difference between the nitrate+nitrite and nitrite concentrations.

In 2017, four to six bulk suspended PON samples were collected over the mixed layer
(0-175m) at all stations. We targeted the surface (< 10m), the F-max, and two to four
additional depths including the approximate MLD. At each depth, 4L of seawater were
filtered through pre-combusted (450◦C for 8 hours) 0.3µm glass fibre filters (GF-75s;
Sterlitech) that were stored frozen in pre-combusted foil at −80◦C until processing.

Living planktic foraminifera were collected at nine stations (Fig.1, red circles) using
a double 1m2 250µm-mesh plankton net, towed obliquely over the upper 200m of the
water column at 0.1-0.6 knots for an average of 40 minutes. On deck, 90% of each
collection was preserved using 5-10% pH-buffered formalin and refrigerated at 4◦C until
processing, following the protocol of Smart et al. (2020) (modified from Ren et al. 2012).
The remaining 10% was size-fractionated on board for later analysis of bulk zooplankton

http://marine.copernicus.eu
http://marine.copernicus.eu
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Figure 2.2: Section plots from the 2017 cruise showing a) nitrate concentrations and c) salinity overlaid
with isopycnals (kg m−3; dotted black contour lines). The approximate mixed layer depth is indicated by
the dashed white line. Sampling stations are labelled on the bottom x-axis, and the location of Agulhas
eddy E1 is shown by the dashed black polygon (labelled E1). Panels b) and d) show the vertical profiles
of nitrate and salinity for the stations sampled in 2015, with the colours indicating whether those stations
were located in background Atlantic- (blue) or Agulhas eddy waters (green) at the time of sampling.

δ15N by sieving the material in series through nylon mesh sieves of 5000µm, 2000µm,
1000µm, 500µm, 250µm, and 150µm. The contents of each sieve were transferred to
pre-combusted 0.7µm glass fibre filters (GF/Fs) and frozen at −20◦C until processing.

2.2.2 Foraminifera and bulk zooplankton sample preparation

Sample preparation took place in the Marine Biogeochemistry Lab at the University of
Cape Town (UCT-MBL) and the Max Planck Institute for Chemistry (MPIC) in Mainz.
Foraminifera were picked according to the methods outlined in Ren et al. (2012) and
Smart et al. (2020). Briefly, formalin-preserved material was passed through a 1000µm-
mesh sieve to remove large zooplankton, then rinsed several times with deionized water. A
density separation was subsequently performed using a 200 g.L−1 NaCl solution before the
foraminifer-containing material was rinsed again with de-ionized water and transferred to
clean plastic petri dishes and the liquid was allowed to evaporate under a fume hood.

For tissue measurements, between three and 14 specimens of each species were picked,
photographed (Olympus UC90 camera) and transferred to weighed, pre-combusted (500◦C
for 5 hours) 4mL Wheaton vials. Picked foraminifera were rinsed with MilliQ water under
an Olympus SZX16 (0.7X–11.5X) incident light microscope using a pipette to remove
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residual nitrate and formalin (Ren et al., 2012; Smart et al., 2020), then the remaining
liquid was removed and the samples were dried in a desiccator overnight. Specimens were
weighed (Mettler Toledo XP6U comparator 7-digit microbalance), crushed in the vial with
an ethanol-cleaned spatula and transferred to the freezer until oxidation. Shell samples
were treated in the same way, using between 15 and 100 specimens per vial.

Thereafter, 1mL of persulfate oxidising reagent (POR) was added to each tissue (1 g
of four-times recrystallized potassium persulfate combined with 0.7 g NaOH and dissolved
in 100 mL Milli-Q water) and shell sample (1.5 g potassium persulfate and 1.5 g NaOH
dissolved in 100mL Milli-Q water) to convert the organic N to nitrate, facilitated by au-
toclaving for 65 minutes at 120◦C on a slow vent setting (Nydahl, 1978; Knapp et al.,
2005). Samples were prepared in triplicate in different oxidation batches (with the excep-
tion of rare species), and POR blanks and a dilution series of the amino acid standards,
USGS-40 and USGS-41 (Qi et al., 2003), were included in all batch runs. The blanks and
standards were used to quantify the magnitude and δ15N of the POR-associated N blank
and to ensure complete oxidation (standards). After autoclaving, tissue samples were
pH-adjusted to 5-7 using 4 N Optima grade HCl. For shell samples, the tissue-derived
nitrate was removed by rinsing 4 times with Milli-Q water, with the remaining calcite
left to dry overnight at 40◦C following the method of Ren et al. (2009). Samples were
then transferred to clean Wheaton vials to which 1mL of HCl was added to release the
calcite-bound organic N into solution. This organic N was oxidized to nitrate via the
addition of POR (in this case, 0.7 g of potassium persulfate and 4mL of 6.25 M NaOH in
96 mL Milli-Q), after which sample pH was adjusted to 5-7.

Size-fractionated zooplankton samples were prepared for N isotope analysis by freeze-
drying at −80◦C using a Scanvac Coolsafe. Where possible, the dried material was gently
scraped from the GF/F into a tin cup and weighed. Between 0.125 and 0.750mg of
sample was analysed. Where scraping was not possible due to small particles adhering to
the GF/F, filter quarters were inserted into tin cups and measured separately alongside
blank pre-combusted filters. The bulk PON samples were prepared and subsequently
analysed in the same way.

2.2.3 Particulate and nitrate isotope analysis

The concentration of nitrate resulting from the oxidation of foraminifer tissue and shells
was measured by chemiluminescence (Braman and Hendrix, 1989; Ren et al., 2012). Ni-
trate was then quantitatively converted to N2O gas via the denitrifier method (Sigman
et al., 2001) and the δ15N of the N2O was measured by gas chromatography-isotope ra-
tio mass spectrometry (GC-IRMS) at MPIC using a Thermo MAT253 with custom-built
N2O extraction and purification system (Weigand et al., 2016). N2O isotope measure-
ments were calibrated to N2 in air using the nitrate reference materials, USGS-34 and
IAEA-NO3 (Gonfiantini et al., 1993; Böhlke et al., 2003). Measurements from each batch
were corrected for the POR blank (which on average accounted for 0.7% of the N in the
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foraminifer tissue samples and 10.7% of the N in the shell samples). The mean pooled
standard deviation (1σ) for cleaning-and-oxidation replicates of the same sample was 0.03
for the tissue samples (n=188). The N content of the shell samples was not high enough
to run replicates.

Seawater samples underwent nitrite removal via sulfamic acid addition (Granger and
Sigman, 2009) prior to N and oxygen (O) isotope analysis since even very low concen-
trations of nitrite can significantly affect the measured δ15N and δ18O of nitrate+nitrite
(where δ18O (versus Vienna Standard Mean Ocean Water (VSMOW))
= [(18O/16O)sample/(18O/16O)VSMOW – 1] × 1000), Casciotti and McIlvin 2007; Fawcett
et al. 2015). The δ15N and δ18O of nitrate (δ15NNO3 and δ18ONO3) were subsequently de-
termined using the denitrifier-IRMS method (Sigman et al., 2001; Casciotti et al., 2002;
Weigand et al., 2016) at MPIC for the SAMBA 2017 samples and at Princeton University
for the SAMBA 2015 samples. The pooled standard deviations for replicate measurements
(n≥2) were 0.05 and 0.18 (n = 245) for δ15N and δ18O, respectively.

The nitrate N and O isotope data were used to calculate the parameter ∆(15-18)
(equating to δ15NNO3 – δ18ONO3 ; Sigman et al. 2005; Rafter et al. 2013). The ratio of
the N and O isotope effects expressed during nitrate assimilation by phytoplankton is
approximately 1:1 (Granger et al., 2004, 2010), such that assimilation does not alter
nitrate ∆(15-18). By contrast, processes that produce nitrate have variable effects on
its δ15NNO3 and δ18ONO3 . This is because the δ15N of nitrate resulting from subsurface
nitrification depends on the δ15N of the organic matter and ammonium being remineralized
and nitrified, while the δ18O of newly-nitrified nitrate is set by the δ18O of seawater (plus
an isotopic offset of ∼1.1‰; Sigman et al. 2005, 2009; Buchwald and Casciotti 2010;
Boshers et al. 2019). As such, nitrate ∆(15-18) can be used to disentangle overlapping N
cycle processes that cannot be diagnosed from measurements of δ15NNO3 or δ18ONO3 alone.
For example, N2 fixation introduces nitrate to the subsurface that is lower in δ15N than
deep-ocean nitrate, thus causing nitrate ∆(15-18) to decrease (e.g., Knapp et al. 2008;
Marshall et al. 2023). Similarly, co-occurring partial nitrate assimilation and nitrification
(e.g., at the base of the mixed layer), which has no net effect on the δ15NNO3 but causes
δ18ONO3 to rise (because the δ18O of newly-nitrified nitrate is higher than the δ18O of the
nitrate assimilated by phytoplankton), yields a decline in nitrate ∆(15-18) (Sigman et al.,
2005; Wankel et al., 2007; Sigman et al., 2009; Rafter et al., 2013; Fawcett et al., 2015;
Deman et al., 2021).

The δ15N of bulk PON and size-fractionated zooplankton was measured in the Stable
Light Isotope Laboratory at UCT using a Delta V Plus IRMS coupled to a Flash 2000
elemental analyzer. In-house standards calibrated against IAEA reference materials were
run after every 5-8 samples and used to reference the measurements to atmospheric N2.
The detection limit for N was 1µg and precision was < 0.2‰. On average, the filter
blanks were 1.4% of the bulk zooplankton N concentration and 6.9% of the bulk PON.
The pooled standard deviation for replicate samples was 0.18‰.
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2.2.4 Satellite imagery and model products

Satellite altimetry was used alongside ship-board hydrographic and acoustic Doppler cur-
rent profiler (ADCP) data to track an Agulhas eddy before and during the SAMBA 2017
cruise. A large asymmetrical eddy (E1) formed in December 2016 and was evident at the
time of sampling as a closed-contour, positive surface height anomaly (SSHA) > +7 cm
(CMEMS, Fig. 1). Within this contour, E1 was characterized by high sea-surface salinity
(> 35.5 g.kg−1), depressed isopycnals (Fig. 2.2c), and anticyclonic rotation (apparent in
the ACDP data; Chen et al. 2021; Wallschuss et al. 2022). For the 2015 cruise, Agul-
has eddies were identified post-cruise from elevated water temperatures (by as much as
4.7◦C at 250m), anticyclonic rotation (via ADCP), high mixed-layer salinity (Fig. 2.2d),
and the depression of isopycnals in the upper water column. Two additional eddies (E2,
7.5-8.3◦E and E3, 3.6-3.7◦E) were identified by Wallschuss et al. (2022) along the 2017
transect. Our stations 12, 13, 13R, 15, and 16 were located with these features. However,
we classify only station 12 (8.3◦E) as an eddy station and refer to stations 13, 13R, 15, and
16 as ‘mixed’. This decision was based on (1) reduced rotation at the mixed stations due
to their being located at the eddy edges, and recognizing that the physical and biological
properties at eddy edges can reflect either the eddy (e.g., station 3) or the background
Atlantic (e.g., station 10); and (2) the low sampling resolution within E2 and E3, such
that these features are not well defined (Wallschuss et al., 2022).

The CMEMS product, Global_Forecast_Bio_001_028, was used to visualize the sea-
sonal cycle of surface (0.5 m) nitrate concentrations at four locations along 34.5◦S over four
years, encompassing the two cruises (2014 – 2018 at 0.25◦E, 7.5◦E, 10◦E, and 13◦E). This
product uses the output from the PISCES model (Aumont et al., 2015), which simulates
daily biogeochemical cycles of carbon and nutrients. The surface nitrate concentration is
resolved at 0.25◦ horizontal resolution in the eddy-permitting model.

2.3 Results

2.3.1 Hydrography and the identification of eddy stations

Eddy stations were distinguished from the background Atlantic using a combination of al-
timetry, density, and salinity data, along with the derived MLDs. Agulhas eddies are char-
acterized by anticyclonic rotation, positive SSHAs, and deep, low-density, high-salinity
mixed layers (Schouten et al., 2000; Van Aken et al., 2003; Moutin and Prieur, 2012;
Dufois et al., 2016). From our high resolution sampling in 2017 between stations 2 and 10
(14.6◦E to 11.2◦E), we determined that stations 4 to 9 were located within eddy E1, with
the neighbouring stations on either side representing the eddy edges (Fig. 2.1 and 2.2).
The most positive SSHA (+38 cm) was observed at station 7 (13.1◦E), which was taken
to represent the core of E1. As expected, the E1 mixed layer was more saline than the
surrounding Atlantic stations (e.g., 35.55 g.kg−1 at station 5 versus 35.45 g.kg−1 at station
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11; Fig. 2.2c).
Satellite imagery indicated the presence of an additional eddy-like feature just north

of our transect, with station 12 sampling its southern edge (Fig. 2.1). Although station
12 was not located in the centre of this eddy, its high-salinity, low-density mixed layer
evince a substantial influence of Agulhas leakage (Fig. 2.2). Additionally, its mixed layer
was 277m deep, leading us to classify station 12 as an eddy station. Agulhas leakage
was less apparent at the neighbouring station 13 (and 13R; where “R” indicates “repeat”
since station 13 was sampled on both the outbound and inbound legs of the cruise). Here,
the isopycnals shoaled rapidly, leading to shallower mixed layers (158m and 211m). We
classify these stations as “mixed”, and as such, do not include them (or the E1 edge
stations 3 and 10) in our comparisons of Atlantic versus eddy seawater characteristics.

At the trailing (i.e., eastern) edge of E1, a dipole effect was evident, with the cy-
clonic circulation of a non-Agulhas eddy to the east creating a steep gradient in SSHA
(approximately 50 cm over 100 km between stations 2 and 4; Fig. 2.1). The interaction
of E1 with the cyclone heavily influenced the physical and chemical characteristics of the
water column, evinced by a sudden shoaling of the mixed layer (to 67m) and nitracline
at stations 3 to 5 compared to the stations in the centre of E1 (Fig. 2.2b).

The average MLD in E1 was significantly greater than the average Atlantic MLD
across the 2017 transect (MLD = 218± 37m (n = 5; stations 5 to 9) and 106± 40m (n
= 8; stations 2, 11, 14 to 19), respectively, Welch’s t-test p <0.001). Eddy station 4 was
excluded from this analysis due to its much shallower mixed layer (67m) resulting from
isopycnal shoaling during interaction of the trailing edge of E1 with the cyclone to its east.
The same trend of deeper in-eddy mixed layers was evident in the 2015 dataset, with an
average MLD of 187± 32m (n = 2) for the eddies (stations C3 and C5) and 139± 16m
(n = 3) for the Atlantic stations (C1, C2 and C4; Fig. 2.2b and 2.2d).

Using potential density, we identified several water masses in the upper 1000 m
of the 2015 and 2017 transects. SAMW was evident between 26.6 and 27.0 kg.m−3

(∼350 to 750m) and was overlaid by South Atlantic Subtropical Mode Water (SASTMW;
26.2 to 26.6 kg.m−3; ∼200 to 350m), which is formed through the modification of SAMW
by mixing with less dense surface waters (Donners et al., 2005). In 2017, the surface
waters overlying SASTMW had a potential density of 25.9 to 26.2 kg.m−3, with the light-
est waters encountered at the westernmost edge of the transect (i.e., station 19 in the
subtropical gyre), as well as at mid-transect stations 12, 13, and 13R.

2.3.2 Seawater nitrate concentrations and isotopes

Mixed-layer nitrate concentrations were similar for the 2015 and 2017 transects (< 4.1µM
in 2017 and < 3.1µM in 2015; Fig. 2.2a and 2.2b, S.1), with a consistent east-to-west
decrease of ∼0.2µM per degree of longitude (Fig. S.1). In E1, mixed-layer nitrate was
on average 1.2µM higher than background Atlantic levels. In 2015, the eddies were en-
countered further west along the transect, and eddy mixed-layer nitrate was on average
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Figure 2.3: Surface (0.5m) nitrate concentrations at four locations along the SAMBA transect (34.5◦S;
0◦E (dark blue), 7.5◦E (dark green), 10◦E (light blue), 13◦E (light green)) between January 2014 and
January 2018. The thin lines show monthly reanalysis data and the thick lines show smoothed data (mov-
ing average = 2 weeks) (http://marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-028.
pdf). Coloured circles show the surface nitrate concentrations measured at the corresponding locations
during the 2015 and 2017 cruises.

0.7µM lower than in the Atlantic mixed layer. Below the mixed layer, the nitrate concen-
tration of SASTMW in 2017 was fairly uniform, averaging 8.6± 2.3µM (n = 12) for the
Atlantic stations and 8.5 ± 1.9µM (n = 14) in E1. The mean value across the transect
was 8.6 ± 2.0µM (n = 38), consistent with previous measurements of SASTMW in the
southeast Atlantic (8.7 ± 2.6µM; Flynn et al. 2020). The nitrate concentration of the
underlying SAMW ranged from 11.3 to 23.6µM (average of 16.7± 3.7µM, n = 27), with
no significant difference between the Atlantic stations and E1. The nitrate concentra-
tions determined in 2015 for these water masses were similar (9.2 ± 6.6µM (n = 17) for
SASTMW and 20.2± 5.6µM (n = 13) for SAMW).

Surface (0.5m) nitrate data from CMEMS agree well with our measured concentrations
(Fig. 2.3). The model time-series shows that our sampling took place during the nitrate
resupply period, which begins in late autumn (April/May). Surface nitrate concentrations
peak in spring (September), reaching 4 to 5µM at 13◦E, 2 to 4µM at 10◦E, 1 to 3µM at
7.5◦E, and 1 to 2µM at 0◦E, and nitrate is almost completely exhausted by late summer
(March/April). Comparing the nitrate concentration data from 2015 and 2017 with the
model output suggests that both samplings captured typical winter conditions in the
southeast Atlantic, and that the two years can be analysed as a single, combined dataset.
Thus, unless otherwise stated, further discussion of water masses and seawater nitrate
isotopes refers to a composite of the 2015 and 2017 datasets.

The mean δ15NNO3 for SASTMW across the transect (eddy + Atlantic stations) was

http://marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-028.pdf
http://marine.copernicus.eu/documents/QUID/CMEMS-GLO-QUID-001-028.pdf
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Figure 2.4: Depth profiles (0-400m) of a) nitrate concentration, b) δ15NNO3 , and c) δ18ONO3 for the
SAMBA line stations sampled in 2015 and 2017, coloured by station type (blue = background Atlantic,
green = Agulhas eddy). Also shown are data from a representative station located in the Agulhas
Current (dashed black line; Marshall et al. 2023). Error bars show ±1 standard deviation of duplicate
measurements.

6.9± 0.4‰ and the mean δ18ONO3 was 3.8± 0.6‰ (n = 51, Fig. 2.4). From the com-
bined nitrate isotope dataset, we observe a clear difference between eddy and Atlantic
δ15NNO3 , but not δ18ONO3 (Fig. 2.4b and c). While δ15NNO3 increased from the ther-
mocline (i.e., SASTMW) into the surface (< 20m) at both the eddy and Atlantic sta-
tions, the magnitude of the increase was smaller at the eddy stations (average surface
δ15NNO3 = 8.6± 0.5‰ and 10.3± 0.8‰ for the eddy (n = 19) and Atlantic stations (n
= 40), respectively). Similarly, the concentration-weighted average mixed-layer δ15NNO3

for the eddy stations (calculated using 1m gridded values) was 7.9± 0.7‰ (i.e., 1.0‰
higher than the thermocline δ15NNO3), while in the Atlantic mixed layer, δ15NNO3 av-
eraged 9.6± 1.2‰ (i.e., 2.7‰ higher). In addition, some of the E1 profiles showed a
negative δ15NNO3 deviation at the top of the thermocline (from 6.9‰ in SASTMW to as
low as 6‰ at 230 to 250m) that was not apparent at the Atlantic stations (nor in the
δ18ONO3 data). Like the δ15NNO3 , the δ18ONO3 also increased from the thermocline into
the mixed layer, but by similar amounts at the eddy and Atlantic stations; averaged over
the mixed layer, δ18ONO3 was elevated relative to the thermocline by 2.3± 1.3‰ at the
eddy stations and 2.8± 2.1‰ at the Atlantic stations.

The difference between the thermocline-to-mixed-layer changes in δ15NNO3 and δ18ONO3

in the eddy versus Atlantic is highlighted by the nitrate ∆(15-18) profiles where the ef-
fect of nitrate assimilation on δ15NNO3 and δ18ONO3 has been removed (Fig. 2.5). Below
the thermocline, all the seawater nitrate profiles converged on a ∆(15-18) of 3.2. At the
eddy stations, ∆(15-18) then decreased over the thermocline and into the surface (average



CHAPTER 2. TRACKING AGULHAS LEAKAGE 43

Agulhas 

station

0

200

400

600

0 1 2 3 4
 ∆(15−18) (‰ vs air)

D
ep

th
 (

m
)

Atlantic
Eddy

Figure 2.5: Average nitrate ∆(15-18) (δ15NNO3
– δ18ONO3

) for the Atlantic and eddy stations gridded
at 1m intervals. Shaded areas show ±1 standard deviation of the combined 2015 and 2017 dataset. The
black dashed line indicates the ∆(15-18) for the Agulhas Current profile shown in Fig. 2.4.

mixed-layer ∆(15-18) of 1.8± 1.2‰) whereas at the Atlantic stations, ∆(15-18) remained
roughly constant between the thermocline and the surface (average mixed-layer ∆(15-18)
of 3.0± 1.4‰).

In the Agulhas profile, the mixed layer had a density of 25.4 kg.m−3, which was low
compared to the Cape Basin mixed layer, and a nitrate concentration of 1.2 ± 0.1µM,
which was similar (Fig. 2.4a). While SAMW (26.6-27.0 kg.m−3), with a core δ15NNO3 and
δ18ONO3 of 6.9± 0.2‰ and 3.5± 0.2‰, respectively (∆(15-18) of 3.4± 0.2‰) (Marshall
et al., 2023), also underlies the Agulhas Current thermocline, δ15NNO3 decreased strongly
into the thermocline (to reach a minimum of 4.9‰ at 250m Fig. 2.4b) and δ18ONO3

decreased slightly (to reach a minimum of 2.2 at 250 m; Fig. 2.4c). The subsequent
thermocline-to-mixed-layer increases in δ15NNO3 and δ18ONO3 were by 2.4‰ and 4.3‰,
respectively (Fig. 2.5), similar to (although offset to lower absolute values, particularly
for δ15NNO3) the increases observed in E1. As such, mixed-layer δ15NNO3 in the Agulhas
profile (concentration-weighted average of 8.2± 0.8‰) was similar to that measured in
the Cape Basin eddies and lower than in the Atlantic mixed layer (by 1.4‰), while its
δ18ONO3 (concentration-weighted mixed-layer average of 7.2‰) overlapped with the lower
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end of the mixed-layer values measured across the Cape Basin. The ∆(15-18) of nitrate
averaged over the mixed layer of the Agulhas profile was 1.0± 0.3‰, which is 0.8‰ and
2.0‰ lower than the mixed-layer nitrate-∆(15-18) observed at the eddy and Atlantic
stations, respectively.

2.3.3 Foraminifera and particulate organic N isotopes

In our analysis of the foraminifera (tissue and shell) and particulate δ15N data, we divide
the stations into two groups, “eddy” and “Atlantic”. We include the mid-transect “mixed”
station 13 in the Atlantic group since, although it showed some properties consistent with
an eddy-influenced environment (e.g., high salinity and positive SSHA), it was not en-
closed by anticyclonic flow (Fig. 2.1). We also classify the leading edge of E1 (station 10)
as Atlantic, as the upward-sloping isopycnals meant that Atlantic waters lay just below
the surface (< 50m) even as the surface waters showed some Agulhas influence. The
trailing edge of E1 (station 3) is considered part of the eddy given its close proximity to
the eddy centre (where retention of the eddy source waters is typically strongest; Wang
et al. 2018) compared to the stations at the leading edge. We note that excluding these
three stations (3, 10, and 13) from our analysis does not significantly alter the results.
Standard deviations reported for foraminifera and particulate δ15N reflect variability be-
tween sampled specimens (typically from multiple stations), rather than measurement
replication.

2.3.3.1 Foraminifera abundance and size

Three dominant foraminifer species were present at all stations sampled in 2017; com-
bined, the deeper-dwelling species, Globorotalia inflata, Globorotalia truncatulinoides, and
Globorotalia hirsuta accounted for between 73% and 100% of the total foraminifera at each
station (Fig. 2.6). Atlantic stations 17 (2.6◦E) and 14 (5.1◦E) were characterised by the
highest relative abundances of spinose shallower-dwellers (Globigerina bulloides, Orbulina
universa, and Globigerina falconensis) at 26.5% and 18.5% of the total foraminifera, re-
spectively. In contrast, stations 13 (7.5◦E) and 9 (11.8◦E) comprised almost entirely of
G. inflata, G. hirsuta, and G. truncatulinoides. We did not observe any of the typical
subtropical species previously recorded in this region (e.g., Globigerinoides ruber, Trilobus
sacculifer, Globorotalia menardii ; Schiebel and Hemleben 2017), apart from a single G.
ruber specimen at station 14.

Although the three deeper-dwelling species dominated the foraminiferal assemblage
across the transect, their relative abundance varied, with G. inflata and G. truncatuli-
noides varying inversely (r2 = 0.89). G. truncatulinoides dominated the western section
of the transect (e.g., 63% of the total assemblage at station 17 where G. inflata comprised
just 7%), while G. inflata dominated in the east (e.g., 80% at E1 station 5 where G. trun-
catulinoides contributed only 7%). The contribution from G. hirsuta across the transect
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Figure 2.6: Relative abundance of different species of foraminifera from each net tow across the transect.
Numbers in brackets indicate station numbers. Leading edge (10) is assigned to the Atlantic group while
Trailing edge (3) is grouped with the eddy stations (see text for details).

was lower (3 to 28%; lowest in the Atlantic and highest at the leading edge of E1) and did
not show a relationship with either G. inflata or G. truncatulinoides abundances. Most
other species (O. universa, Globigerinella calida, Globigerinella siphonifera, and G. bul-
loides) were present in low numbers at several stations across the transect. G. falconensis
was only present at two Atlantic stations (13 and 14), as was G. glutinata (stations 14
and 17).

G. truncatulinoides and G. hirsuta were the two largest species sampled across the
transect (longest dimensions averaging 614± 138µm and 614± 113µm, respectively),
followed by G. inflata (507± 78µm). On average, all three of these species were larger at
the Atlantic stations than in E1, although the differences were not statistically significant.
The opposite trend was observed for the euphotic-dwelling G. bulloides and O. universa,
which were on average slightly larger in E1 than in the Atlantic, although specimen
numbers were too low to establish significance.

2.3.3.2 Foraminifer tissue nitrogen isotopes (FT-δ15N)

For the eddy group, the overall FT-δ15N (i.e., combining data from all species) ranged from
1.7‰ to 6.1‰, with a mean of 4.4± 1.2‰ (n=45; all sampled specimens) (Fig. 2.7a).
FT-δ15N was significantly higher (p< 0.01) at the Atlantic stations (range of 5.7‰ to
8.0‰, with a mean of 6.8± 0.6‰ (n=63)), and less variable (ranges of 2.3‰ in the
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species collected in the 0 → 200m net tows in 2017. Circles represent the average FT-δ15N measured in
triplicate for each species at a single station, with the blue circles indicating Atlantic stations and the
green circles showing the data from Agulhas eddy E1. The shapes behind or alongside the circles show
the spread of the data; b) Average species-specific FT-δ15N for each station sampled along the transect,
with circles and triangles representing Atlantic and eddy stations, respectively. Error bars show standard
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Atlantic versus 4.4‰ in the eddy). The same trends hold within most species (i.e., lower
FT-δ15N in the eddy than in the Atlantic samples; Fig. 2.7b). The mean FT-δ15N of
the highly abundant G. inflata was 6.7± 0.5‰ (n=14) and 3.6± 1.0‰ (n=12) in the
Atlantic and eddy groups, respectively, while the less abundant G. bulloides had a mean
FT-δ15N of 6.3± 0.6‰ (n=4) at the Atlantic stations and 2.9± 0.9‰ (n=4) in the
eddy. Where abundant enough to measure, G. siphonifera had a higher δ15N in both the
Atlantic and eddy samples relative to the other species (8.0± 0.1‰ (n = 3 samples from
1 station) and 4.6± 0.8‰ (n=7 samples from 3 stations), respectively). Additionally, G.
hirsuta and G. truncatulinoides were consistently higher in δ15N than the other species at
all stations, with an average eddy FT-δ15N of 5.3± 0.5‰ (n = 12) and 5.4± 0.7‰ (n =
9) and Atlantic FT-δ15N of 7.1± 0.4‰ (n = 19) and 7.3± 0.5‰ (n = 19), respectively.
Standard deviations reported here reflect variability between sampled specimens (typically
from multiple stations), rather than measurement replication.

2.3.3.3 Foraminifer shell-bound nitrogen isotopes

Shell-bound δ15N correlated well with FT-δ15N for all species (r2 = 0.8, Fig. 2.8a) and was
on average 1.3± 0.8‰ higher than FT-δ15N for the same species at a given station. Shell
measurements for the three species present at both the eddy and Atlantic stations (G.
truncatulinoides, G. hirsuta, and G. inflata) yielded an average δ15N of 6.3± 1.4‰ (n
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by the δ15NNO3 measurement from just below the mixed layer) across the transect. Blue shapes show
nitrate and foraminifer measurements from the Atlantic stations and the leading edge of Agulhas eddy E1
while green shapes show data from within E1 and include the trailing edge station (see text for details).
Error bars show ±1 standard deviation of triplicate measurements of the same foraminifer species at each
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Shapes in the shaded green box indicate where the average eddy FT-δ15N for each foraminifer species
would be positioned if plotted versus the mean Agulhas thermocline δ15NNO3 (4.9‰). The dashed grey
line in both figures indicates a slope of 1:1.

= 7) and 7.9± 0.7‰ (n = 11), respectively (i.e., an eddy-Atlantic difference of 1.3‰).
The spread in the shell-bound δ15N data was also greater for the eddy (2.4‰) than
the Atlantic samples (1.3‰). Similar to FT-δ15N, there was a larger difference between
Atlantic and eddy shell samples for G. inflata than for G. hirsuta or G. truncatulinoides
(the difference between Atlantic and eddy shell-bound δ15N was 1.5‰ greater for G.
inflata than for the latter two species; in the case of FT-δ15N, the difference was 1.0‰).

2.3.3.4 Bulk zooplankton and particulate organic N

The δ15N of the bulk zooplankton increased with increasing size-fraction, from a mean
(for the combined eddy and Atlantic stations) of 5.8± 0.6‰ for the 250-500µm size-
class to 6.7± 1.2‰ for the 500-1000µm size-class (Fig. 2.7a). Both the zooplankton
size classes (chosen due to their containing the majority of the foraminifera and their
larger prey) from the Atlantic stations had a higher δ15N than their eddy counterparts.
The 250-500µm and 500-1000µm fractions had a mean δ15N of 6.0± 0.1‰ (n=3) and
7.2± 0.6‰ (n=3), respectively, at the Atlantic stations versus 3.9± 1.0‰ (n = 2) and
5.1± 0.4‰ (n=2) in the eddy. This equates to an Atlantic-to-eddy decline of 1.9‰ and
2.0‰ for the 250-500µm and 500-1000µm size classes, respectively, which is similar to
the trend observed for the foraminifera.

We observed no difference in upper-ocean (0-100 m) PON concentrations between the
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eddy and Atlantic stations (0.3± 0.04µM (n = 7) and 0.3± 0.4µM (n = 6), respectively;
Fig. 2.7). Similarly, there was no significant difference in the mean PON-δ15N between
the two groups (2.8± 1.6‰ (n = 6) for the Atlantic and 2.5± 0.7‰ (n=7) for the
eddy), although the Atlantic group exhibited larger within-group variability. Both the
lowest mixed-layer average PON-δ15N (1.2± 0.8‰) and the highest (5.5± 0.9‰) were
measured at Atlantic stations.

2.3.3.5 Foraminifer tissue δ15N versus seawater nitrate δ15N

Because we have considerably more measurements (and replicate samples) of FT-δ15N
than of shell-bound δ15N, we focus our comparison with δ15NNO3 on the FT-δ15N data.
We nonetheless expect the trends to hold for the shell data given their strong correlation
with FT-δ15N (Fig. 8a; Smart et al., 2018, 2020). Of all the species measured, G. trun-
catulinoides, G. hirsuta, and G. inflata were most similar in δ15N to thermocline nitrate
at the Atlantic stations (with the mean δ15NNO3 of SASTMW, the water mass just below
the mixed layer, taken to represent thermocline nitrate). The combined average FT-δ15N
for G. truncatulinoides and G. hirsuta was 7.2± 0.4‰, compared to 6.9± 0.4‰ (or
7.0± 0.3‰ when comparing only the year from which net tows were collected, i.e. 2017)
for thermocline nitrate (Fig. 2.8b).

The similarity of FT-δ15N to δ15NNO3 did not extend to E1 where G. truncatulinoides
and G. hirsuta had a combined FT-δ15N that was on average 1.5‰ lower than the
local thermocline δ15NNO3 (mean FT-δ15N = 5.3± 0.6‰ versus 6.8± 0.6‰ for eddy
thermocline nitrate; Fig. 2.8b). Across all the eddy stations, G. bulloides and G. inflata
showed the largest deviations in δ15N from thermocline nitrate, with the minimum FT-
δ15N (as for all species) observed at station 4 in the centre of E1, resulting in a thermocline-
to-FT-δ15N difference of 5.0‰ and 3.9‰ for G. bulloides and G. inflata, respectively, at
this station. Comparing the mean FT-δ15N for eddy foraminifer species with the average
δ15NNO3 of the Agulhas thermocline (4.9‰; Marshall et al. (2023), noting that Fig. 2.4b
shows a representative offshore profile rather than the thermocline average shown by
the green shading in Fig. 2.8b) reveals a strong similarity for G. truncatulinoides (mean
eddy FT-δ15N = 5.4± 0.7‰), G. hirsuta (5.3± 0.5‰), G. siphonifera (5.3± 0.3‰),
and O. universa (4.6± NA ‰), while the remaining foraminifera were lower in FT-δ15N
than Agulhas thermocline nitrate (3.6± 1.0‰ and 2.9± 0.9‰ for G. inflata and G.
bulloides, respectively).
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2.4 Discussion

2.4.1 Absence of Agulhas planktic foraminifer assemblages in the
Cape Basin

No robust differences were observed in the foraminifer assemblage inside and outside
Agulhas eddy E1. The known temperate winter species, G. truncatulinoides and G.
hirsuta, dominated across the transect, while the more adaptable transitional species, G.
inflata, appeared to favour the turbulence created by winter mixing and eddy vorticity
(i.e., G. inflata increased in relative abundance at the trailing edge of E1; Deuser et al.
1981; Chapman 2010. This similarity in foraminifer community composition indicates that
diagnosing Agulhas leakage through an abundance-based index is not always possible,
particularly once Agulhas eddies have migrated some distance from the Retroflection
region. Similar foraminifer species homogeneity has been observed for a mature (i.e., > 7

month old; Schouten et al. 2000; Froyland et al. 2015) Agulhas ring and its Cape Basin
surrounds during late summer, with (sub)tropical/warm-water species T. sacculifer and
G. ruber (both considered Agulhas Leakage fauna) dominating inside and outside the
eddy (Lončarić, 2006).

Seasonality is likely the primary determinant of the “background” foraminifer assem-
blage of the Cape Basin (Van Aken et al., 2003; Peeters et al., 2004), as is the case for
other ocean regions (Boltovskoy, 1994; Eguchi et al., 2003; Jonkers and Kučera, 2017).
Recently-shed eddies can disrupt this scenario, however, as the upper-ocean temperatures
of young Agulhas rings and eddies are warmer than in the Cape Basin, creating a tempo-
rary niche for (sub)tropical foraminifer species in the southeast Atlantic. Eddies located
near the Retroflection tend to be relatively young (< 5 months) and in a stage of active
decay characterized by large SST and SSH anomalies (Schouten et al., 2000). However,
intense heat loss and advective mixing rapidly cool eddy surface waters, particularly as
they near the South Atlantic subtropical gyre (Duncombe Rae, 1991; Goni et al., 1997;
De Ruijter et al., 1999; Van Aken et al., 2003). The mean annual SST at 28◦E in the Ag-
ulhas Current is ∼23◦C (Garcia et al., 2019); further west and closer to the Retroflection
at 18.5◦E, this decreases to ∼ 19◦C (Locarini et al., 2013). By the time E1 reached our
transect position (7 to 8 months after shedding), its maximum SST had dropped to 16◦C.
Although within the temperature range determined under laboratory conditions to be
acceptable to (sub)tropical foraminifer species (e.g., T. sacculifer, G. ruber, N. dutertrei ;
Bijma et al. 1990), the eddy SST was nonetheless below that considered optimal for these
species to reproduce (i.e., above 20◦C for all three species; Hecht 1976; Waterson et al.
2017). In the summer, however, SSTs in the Cape Basin rise above 20◦C (Lea et al., 2018),
adequate to at least temporarily sustain (sub)tropical populations imported by Agulhas
rings (Peeters et al., 2004; Lončarić, 2006).

Among the (more temperate) foraminifer species present in E1, the variations in rela-
tive abundance might reflect their preferences for different hydrographic conditions (Feld-
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meijer et al., 2015). The high percentage of G. inflata within and at the trailing edge
of E1 relative to the Atlantic stations (Fig. 2.6) is consistent with previous assertions
that this species is more tolerant of vertical mixing, cool waters, and rapidly changing
conditions (Schiebel and Hemleben, 2017; Kretschmer et al., 2018). In contrast, G. trun-
catulinoides appears better adapted to less turbulent conditions as this species was most
abundant at the stations near the more stable South Atlantic subtropical gyre. However,
G. truncatulinoides is known to spend most of its life below the thermocline, ascending
only during late winter/early spring for reproduction (Schiebel and Hemleben, 2005); it
is possible that the deep eddy mixed layers displaced this species beneath the reach of
our nets (towed over the upper 200m).

2.4.2 Potential mechanisms for δ15N differences in the southeast
Atlantic and Agulhas eddies

2.4.2.1 Relative consumption of nitrate

As the dominant form of fixed N in the ocean, nitrate sets the baseline for the N isotope
distributions in an ecosystem. The lower δ15NNO3 (and (∆15-18)) evident in the mixed
layer at the eddy stations relative to the background South Atlantic (8.2± 0.7‰ versus
10.2± 1.3‰ for δ15NNO3 ; Fig. 2.4b) suggests that the controls on the nitrate isotope
distributions in eddy waters are distinct, and that eddies may receive a low-δ15NNO3

source that does not influence the mixed-layer of the surrounding Atlantic. Since the
potential for isotopic alteration due to nitrite was eliminated by its removal prior to
our measurement of the nitrate isotopes (Granger and Sigman, 2009), any differences in
δ15NNO3 and δ18ONO3 between the eddy and background Atlantic must be due to processes
that influence the nitrate pool. We examine these in detail below.

One mechanism that can cause mixed-layer δ15NNO3 to vary is the extent to which
vertically-supplied nitrate is taken up by phytoplankton. Phytoplankton preferentially
consume 14N-bearing nitrate, such that the δ15NNO3 of the residual nitrate pool rises as
its concentration declines (Minagawa and Wada, 1986; Sigman et al., 1999). Thus, the
more completely a particular supply of nitrate is consumed, the higher its δ15NNO3 , and
vice versa. It is therefore possible that the lower δ15NNO3 measured in the eddy mixed
layer relative to that in the background Atlantic was due to less complete consumption
of the same nitrate supply.

To a first approximation, the available nitrate concentration data appear consistent
with this idea. An east-west gradient is apparent in both the 2015 and 2017 nitrate mea-
surements, with surface nitrate concentrations declining near-linearly from the nearshore
stations (∼ 3µM) to the most offshore station 19 (0.8µM at 0◦E) (Fig. S.1). In 2017,
E1 was located at the eastern edge of the transect and its mixed layer was characterized
by higher nitrate concentrations than the background stations to the west (by ∼0.4µM).
One might thus conclude that the mixed-layer δ15NNO3 (and by extension the FT-δ15N)
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difference between the eddy and Atlantic stations can be explained by a lower degree of
nitrate consumption to the east (eddy) versus the west (Atlantic) of the transect.

There are a number of reasons why this explanation is unlikely, however. First, our
sampling occurred near the beginning of the nitrate resupply period (Fig. 2.3), such that
the mixed layer nitrate concentration and δ15NNO3 should mainly reflect ongoing mixing
of thermocline nitrate with a volume of nitrate-depleted surface water leftover from the
previous growing season (i.e., late-summer/autumn). By contrast, because the lifetime of
zooplankton and foraminifera is on the order of months (Montoya et al., 2002; Schiebel
and Hemleben, 2005; Loick-Wilde et al., 2016), their biomass δ15N will largely reflect the
N consumed over the previous growing season, prior to the onset of nitrate resupply.

Second, the CMEMS concentration data indicate that the amount of nitrate supplied
to the mixed layer is not the same across the transect (Fig. 2.3). Instead, the seasonal
nitrate supply is higher nearer the coast, decreasing offshore (i.e., the maximum surface
nitrate concentration, indicative of the nitrate available to phytoplankton at the beginning
of the growing season (in September/October), averages 3.6µM at 13◦E versus 1.2µM
at 0.25◦). Thus, even if our July nitrate concentrations do predominantly reflect con-
sumption (rather than mixing), the fraction of the nitrate supply consumed (i.e., [NO3

-](July, surface)/[NO3
-](Sept/Oct, supply)) would be similar across the transect (64-67% remain-

ing), rather than higher to the east than the west as would be required to explain the
δ15NNO3 data by differential nitrate consumption.

Third, in the 2015 dataset, Agulhas eddies were encountered further west along the
transect and their mixed-layer nitrate was on average 0.7µM lower than in the Atlantic
mixed layer. While this pattern is consistent with the zonal trend in nitrate concentration
observed in 2017 (and in the CMEMS product), it would have resulted in a higher δ15NNO3

in the eddy- than the Atlantic mixed layers if driven by nitrate consumption, which is
not what we observe. Instead, eddy mixed-layer δ15NNO3 in 2015 was 2.3‰ lower than
the average Atlantic mixed-layer δ15NNO3 , consistent with the eddy-Atlantic difference
observed in 2017.

Finally, if the difference in the δ15NNO3 in the eddy versus the background Atlantic
were due to nitrate consumption, the δ18ONO3 should be similarly variable since δ15NNO3

and δ18ONO3 increase proportionally during nitrate assimilation (Granger et al., 2004,
2010; Rohde et al., 2015). However, we observe a much smaller (statistically insignif-
icant; p = 0.2) difference in the mean δ18ONO3 in the mixed layer of the eddy versus
the background Atlantic (6.1± 1.3‰ versus 6.6± 2.1‰, Fig. S.2). Below the depth of
winter mixing (∼300m), nitrate ∆(15-18) averages 3.2± 0.2‰ for all stations across the
transect, consistent with previous observations for SAMW in the South Atlantic (Tuerena
et al., 2015; Marconi et al., 2019; Flynn et al., 2020). At the background Atlantic stations,
mixed-layer nitrate ∆(15-18) was 3.0± 1.4‰, indistinguishable from the subsurface ni-
trate and indicating that the seasonal supply and consumption of subsurface nitrate is
the main driver of the nitrate isotope distributions at these stations (Granger et al., 2004;
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Rafter et al., 2013). By contrast, nitrate ∆(15-18) in the eddies was low throughout the
mixed layer (average of 1.8± 1.2‰ for the mixed layer and even lower for the upper
100m, ∆(15-18) of 1.6± 1.7‰). Moreover, eddy nitrate ∆(15-18) was similar to the
mean ∆(15-18) observed in the Agulhas Current thermocline and mixed layer (2.1‰ and
1.3‰, respectively; Fig. 5; (Marshall et al., 2023)). We thus conclude that a mechanism
other than differential nitrate consumption is required to explain the lower δ15NNO3 and
∆(15-18) of nitrate in Agulhas eddies versus the background Atlantic.

2.4.2.2 Low thermocline nitrate δ15N

N2 fixation introduces organic N to the mixed layer that is low in δ15N, −2‰ to 0‰
(Hoering and Ford, 1960; Minagawa and Wada, 1986). The subsequent sinking and rem-
ineralization (i.e., ammonification plus nitrification) of this organic N yields subsurface
nitrate that is similarly low in δ15N (Knapp et al. 2005, 2008; Marshall et al. 2023). By
contrast, the δ18O of newly nitrified nitrate is relatively high, as it is set by the δ18O of
seawater (∼0‰) plus an isotopic offset of ∼1.1‰ (Sigman et al., 2009; Boshers et al.,
2019; Buchwald and Casciotti, 2013). As such, N2 fixation causes both the δ15NNO3 and
the ∆(15-18) of nitrate to decline (Sigman et al., 2009; Rafter et al., 2013). Data from
the Agulhas Current (Fig. 4; Marshall et al. 2023) and the waters of the southern In-
dian Ocean (Harms et al., 2019) that ultimately feed the Agulhas Current reveal a low
δ15NNO3 and ∆(15-18) throughout the thermocline (4.9‰ and 2.4‰, respectively) and
low ∆(15-18) in the surface waters (1.3‰). The similarity of the eddy and Agulhas
Current ∆(15-18) values strongly suggests that Agulhas leakage transports recently fixed
nitrate from the South Indian Ocean into the Cape Basin, with potential vorticity and
kinematic steering associated with the circulation of migrating eddies (Chelton et al.,
2011; Condie and Condie, 2016) maintaining the isotopic distinction between the eddy
and the surrounding south Atlantic.

Thermocline δ15NNO3 is robustly low across the Agulhas Current System (as exempli-
fied by the black profile in Fig. 2.4b; Harms et al. 2019; Marshall et al. 2023) yet within
the Agulhas eddies, subsurface δ15NNO3 is generally more similar to the δ15NNO3 of the
South Atlantic thermocline. The absence of low-δ15NNO3 in the eddy thermocline can be
attributed to the deep convective mixing typical of Agulhas eddies (Dufois et al., 2016;
Olson et al., 1992; Schmitt and Olson, 1985), which likely entrains both mixed-layer and
upper thermocline Agulhas Current nitrate into the eddy mixed layer (noting too, that
Agulhas Current mixed-layer and thermocline waters are less dense than mixed-layer wa-
ters in the Cape Basin; 24.0-26.4 kg.m−3 versus 26.0-26.2 kg.m−3). Consumption of this
nitrate by phytoplankton will rapidly raise its δ15NNO3 (and δ18ONO3), overprinting the
low δ15NNO3 but not the low ∆(15-18) characteristic of the Agulhas Current thermocline
(Sigman et al., 2009).

The low nitrate ∆(15-18) in the eddies may also be influenced by coupled partial
nitrate assimilation and nitrification. If nitrate assimilation and nitrification co-occur
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(e.g., at the base of the mixed layer; Fawcett et al. 2015; Marshall et al. 2023), the cycling
between organic N and nitrate yields no net change in the δ15NNO3 of the combined (i.e.,
partially assimilated plus newly-nitrified) nitrate pool, provided N is neither lost nor
gained (Rafter et al., 2013; Sigman et al., 2005, 2009). By contrast, assimilation is a
sink for the O atoms in nitrate while nitrification is a source, with the δ18ONO3 reset by
nitrification to the δ18O of seawater plus an isotopic offset of ∼1.1‰ (Sigman et al., 2009;
Buchwald and Casciotti, 2013; Boshers et al., 2019). The δ18ONO3 of newly nitrified nitrate
thus ends up higher than the δ18ONO3 that was initially assimilated. As such, coupled
partial nitrate assimilation and nitrification causes the δ18ONO3 of the combined nitrate
pool to rise, which, along with no change in δ15NNO3 drives a decline in the ∆(15-18) of
nitrate (Sigman et al., 2005; Wankel et al., 2007; Sigman et al., 2009; Rafter et al., 2013;
Fawcett et al., 2015; Deman et al., 2021; Marshall et al., 2023). Nitrification of partially
assimilated N at the base of the mixed layer could occur prior to and/or following eddy
spawning, making the low-∆(15-18) either a transported or an in situ signal, or both.
Indeed, it has been suggested that some portion of the low-∆(15-18) nitrate in the mixed
layer and upper thermocline of the Agulhas Current derives from coupled partial nitrate
assimilation and nitrification (Marshall et al., 2023). This signal is then transported
(and possibly augmented) in Agulhas leakage. Coupled partial nitrate assimilation and
nitrification cannot account for the entire lowering of the nitrate ∆(15-18), however, either
in the Agulhas Current or in the eddy, as this mechanism does not lower δ15NNO3 . Thus,
there must be a role for N2 fixation in driving the nitrate isotope distributions observed
in Agulhas leakage.

2.4.2.3 In-situ drivers of eddy δ15N variation

A final consideration is that that the δ15N of PON and foraminifera within Agulhas
eddies may decline during their migration into the South Atlantic (i.e., after spawning)
in response to processes that further lower the δ15NNO3 and ∆(15-18) of eddy nitrate.
Anticyclonic eddies in other subtropical and mid-latitude regions have been observed to
host elevated rates of N2 fixation (Holl et al., 2007; Fong et al., 2008; Löscher et al.,
2016; Liu et al., 2020); similar conditions in the Cape Basin in summer and autumn (i.e.,
N-limited surface waters, a stoichiometric phosphorus excess relative to N, and surface
temperatures > 20◦C) may be conducive to this process, provided the iron supply is
sufficient (Deutsch et al., 2007; Marshall et al., 2023)). There is little evidence of N2

fixation in the (sub)tropical South Atlantic, which has been attributed to iron limitation
of diazotrophic plankton (Moore et al., 2009; Luo et al., 2012; Browning et al., 2017), but
Agulhas eddies may host higher trace metal concentrations than the surrounding Atlantic
because they include a significant contribution of southwest Indian Ocean coastal waters
(Paul et al., 2015; Conway et al., 2016). However, that the δ15NNO3 and ∆(15-18) of
nitrate in the eddy mixed-layer and thermocline is higher than in the Agulhas Current
suggests that if N2 fixation does occur in Agulhas eddies, its influence is minor compared
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to the effect of horizontal and vertical mixing between the eddy and its surroundings,
which may have been significant for E1 given its age (7 to 8 months) (Schouten et al.,
2000). However, calculating the exact degree of mixing between E1 and its surroundings is
beyond the scope of this study, given the difficulty in constraining variables in this region
(e.g., identifying a completely leakage-free δ15NNO3 end-member in the southeast Atlantic
is difficult to extract) using wintertime nitrate measurements from a single cruise.

Another in-situ mechanism that could act to lower foraminifer δ15N is the recycling
of low-δ15N ammonium within the eddy. Recycled ammonium produced via zooplankton
excretion and bacterial decomposition of organic matter has a lower δ15N (by ∼5‰) than
nitrate (Checkley and Miller, 1989; Mobius, 2013); when assimilated by phytoplankton,
this ammonium will decrease the δ15N of PON (Fawcett et al., 2011, 2014; Treibergs
et al., 2014) and subsequently, the δ15N of foraminifera (Smart et al., 2020). Enhanced
reliance on regenerated N in anticyclonic eddies has previously been suggested to occur as
a consequence of light limitation of phytoplankton induced by the characteristically deep
mixed layers (Dortch, 1990; Siegel et al., 1995). Indeed, Wallschuss et al. (2022) measured
nitrification rates in the mixed layer of E1 that were an order of magnitude higher than
in the surrounding Atlantic. This finding indicates that (1) the deep eddy mixed layer
environment was conducive to intense N recycling, and (2) the in-eddy phytoplankton
were light-limited (a requirement for nitrifiers to outcompete phytoplankton), such that
they would have been consuming regenerated N rather than nitrate, the latter being far
more energetically expensive to assimilate than ammonium (Dortch, 1990). It is thus
likely that ammonium recycling during eddy transit contributed to the low δ15N of the
foraminifera in E1.

Regardless of whether N2 fixation or ammonium recycling were active during eddy
transit, our nitrate isotope data strongly suggest that the δ15NNO3 and ∆(15-18) of
mixed-layer nitrate in Agulhas leakage is strongly influenced by processes occurring in
the Agulhas Current and its source waters, and as such, is distinct from that of the
surrounding Cape Basin. While the low δ15NNO3 is rapidly eroded by isotopic fractiona-
tion associated with nitrate assimilation during eddy migration, it nonetheless influences
the isotopic composition of other eddy N pools. Moreover, the low nitrate ∆(15-18) is
retained, making this parameter a robust tracer of Agulhas leakage.

2.4.3 Controls on FT-δ15N

All the foraminifer species in E1 show a significantly lower FT-δ15N than the Atlantic
foraminifera (4.4± 1.2‰ versus 6.8± 0.6‰; Figs. 7 and 8). We observe the same trend
for the foraminifer shells (6.3± 1.4‰ versus 7.9± 0.7‰), as well as for tissue and shell-
bound N within individual species, suggesting that the eddy community was supported by
a comparatively low-δ15N diet. The similar Atlantic-to-eddy δ15N decrease observed for
bulk zooplankton within the size range of foraminifera (from 7.2± 0.6‰ to 5.1± 0.4‰)
supports this notion. The nitrate supplied to the winter mixed layer of the South Atlantic
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Table 2.1: Mean FT-δ15N of the various foraminifer species measured in this study with their average
living depth (*ALD, estimated from Peeters and Brummer 2002; Sousa et al. 2014; Rebotim et al. 2017;
Schiebel and Hemleben 2017; Meilland et al. 2018, 2019; Lessa et al. 2020). ** G. truncatulinoides
experiences large seasonal vertical displacement and can at times be found at depths > 600m.

Species Atlantic δ15N Eddy δ15N Estimate of Symbionts?
(‰) (‰) ALD* (m)

G. bulloides 6.3 ± 0.6 2.9 ± 0.9 0 - 100 No (unknown)
G. falconensis 6.2 ± 0.0 - 50 - 100 Facultative (unknown)
G. glutinata 7.0 ± NA - 0 - 80 Facultative (chrysophytes)
G. hirsuta 7.1 ± 0.4 5.3 ± 0.5 100 - 200 No
G. inflata 6.7 ±0.5 3.6 ± 1.0 80 - 100 Facultative (chrysophytes)
G. siphonifera 8.0 ± 0.1 5.3 ± 0.3 80 - 100 Facultative (chrysophytes)
G. truncatulinoides 7.3 ± 0.5 5.4 ± 0.7 80 - 200 ** No
O. universa 7.1 ± NA 4.6 ± NA 70 - 100 Obligate (dinoflagellates)

was completely consumed by phytoplankton during the 2016-2017 spring/summer growing
season preceding our sampling (Fig. 2.3). This nitrate consumption would have yielded
mixed-layer PON that was similar in δ15N to the subsurface nitrate supply (under ideal
conditions where the δ15N of the product tends to equal that of the original nitrate;
Mariotti et al. 1981). In the eddy, therefore, the PON produced from the consumption
of Agulhas nitrate would have been relatively low in δ15N (∼4.9‰) compared to PON
in the waters outside that eddy that was fuelled by SASTMW (∼6.9‰). Given that all
foraminifera and zooplankton consume particulate N (be it phytoplankton, zooplankton,
detritus or the microbial inhabitants thereof; Bé and Hutson 1977; Spindler et al. 1984;
Uhle et al. 1997; Bird et al. 2020), those inhabiting the eddy would have incorporated
the low δ15N of Agulhas nitrate into their biomass. The lower FT-δ15N (and shell-bound
δ15N) of foraminifera in the eddy versus the background Atlantic is thus consistent with
the eddy fauna retaining the δ15N of Agulhas thermocline nitrate while foraminifera in
background Atlantic waters record the higher δ15N of SASTMW. We note, however, that
the measured δ15N of mixed-layer PON at the time of sampling was not different between
the eddy and Atlantic, which we largely ascribe to the shorter integration time for the
suspended PON pool (mainly composed of phytoplankton) relative to zooplankton in
general and foraminifera in particular (Altabet and McCarthy, 1985; Eppley et al., 1983;
Fasham et al., 1990; Capone et al., 2008). This isotopic discrepancy is addressed in detail
in section 2.4.3.1 below.

2.4.3.1 Interspecies relationships

The interspecies FT-δ15N relationships are broadly consistent across the eddy and At-
lantic stations and largely in agreement with previous observations (Ren et al., 2009,
2012; Li et al., 2019; Smart et al., 2018, 2020). Higher FT-δ15N is associated with deep-
dwelling non-spinose species (G. truncatulinoides and G. hirsuta, typically inhabiting



CHAPTER 2. TRACKING AGULHAS LEAKAGE 56

depths > 100m, Table 2.1), the FT-δ15N of G. inflata (a mid- to shallow-depth dwelling
non-spinose species) is slightly lower (by 1‰ on average), and the FT-δ15N observed
for G. bulloides and G. falconensis (spinose shallow dwellers) is the lowest (on average
1.9‰ lower than the FT-δ15N of G. truncatulinoides). This pattern closely resembles
that seen in the Southern Ocean (where the FT-δ15N of G. truncatulinoides/G. hirsuta
> G. inflata > G. bulloides ; Smart et al. 2020). Differences in FT-δ15N among species
are likely a reflection of both diet and species-specific metabolic processes. For exam-
ple, G. truncatulinoides and G. hirsuta are thought to predominantly graze on sinking
PON (Bé and Hutson, 1977; Sen Gupta, 2003), the δ15N of which increases with depth as
14N-bearing PON is preferentially decomposed by heterotrophic bacteria (Altabet, 1988;
Mobius, 2013).

Interestingly, G. siphonifera had a FT-δ15N that was similar to the deep-dwellers,
despite its hosting symbionts (Gastrich, 1987; Faber et al., 1988), which might be expected
to lower its FT-δ15N (Ren et al., 2012). This observation is consistent with tissue and
shell measurements from the Sargasso Sea, where G. siphonifera was observed to be
as high or higher in FT-δ15N than the deep-dwelling foraminifera (Smart et al., 2018).
There, it was posited that the chrysophyte symbionts associated with G. siphonifera
(a species that may dwell at sub-euphotic depths where light intensity is low; Rebotim
et al. 2017; Meilland et al. 2019) might be less active in N cycling than the dinoflagellate
symbionts present in O. universa, rendering G. siphonifera more reliant upon predation
and leading to its higher trophic level. Higher-δ15N food sources available at its slightly
deeper dwelling depth may also contribute to G. siphonifera’s elevated δ15N (Li et al.,
2019). The largest discrepancy from previous work that we observe is for O. universa
in the eddy (station 4; one of only two stations with sufficient O. universa specimens
to measure FT-δ15N). The dinoflagellate-bearing O. universa has been observed to be
lower in δ15N than non-symbiont-hosting species, explained by partial retention of low-
δ15N ammonium normally excreted by foraminifera (Uhle et al., 1999; Ren et al., 2012;
Lekieffre et al., 2020). However, we measure an in-eddy FT-δ15N for this species that is
similar to the symbiont-barren, deep-dwelling G. hirsuta (i.e., high in δ15N). By contrast,
at station 14 outside the eddy, O. universa had similar FT-δ15N (lower by 0.4‰) to G.
hirsuta. The O. universa specimens in the eddy were roughly 20% larger in diameter
than those collected from the Atlantic, and thus also higher in N content (6.6 vs 2.4
nmol N/individual on average). If a larger size implies a higher trophic level (e.g., more
carnivorous), then trophic position might explain the higher δ15N of O. universa in the
eddy. However, larger O. universa individuals can also host more symbionts (Spero and
Parker, 1985), which might instead be expected to lower their FT-δ15N (by allowing them
to retain more low-δ15N ammonium; Ren et al. 2012; Lekieffre et al. 2020) relative to
that of smaller individuals. To disentangle the relative importance of carnivory versus
ammonium retention in setting the FT-δ15N of O. universa, summertime sampling is
needed as this is the season when O. universa (and other dinoflagellate-bearing foraminifer
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species) should be most abundant (Deuser et al., 1981; Chapman, 2010; Friedrich et al.,
2012).

The different amounts by which the FT-δ15N (and shell-bound δ15N) of the various
foraminifer species are lower in the eddy than in the Atlantic (i.e., the “FT-δ15N offset”)
could be the result of several environmental and/or ecological factors. The similar FT-δ15N
offset for the two non-spinose deep dwellers (1.9‰ and 1.8‰ for G. truncatulinoides and
G. hirsuta, respectively) is likely explained by their similar depth habitat and a common
food source. A larger FT-δ15N offset was observed for G. inflata and G. bulloides (2.9‰
and 3.4‰, respectively). In nutrient-rich regions, these two species have been observed
to live at similar depths, typically associated with the chlorophyll maximum (Mohtadi
et al., 2007; Salgueiro et al., 2020; Zarkogiannis et al., 2020). Occupation of a similar
depth habitat (and thus access to similar food sources) could explain the similar FT-δ15N
of G. bulloides and G. inflata.

To explain the larger FT-δ15N offset of the remaining shallow- to intermediate-depth-
dwellers (O. universa and G. siphonifera; 2.5‰ and 2.7‰, respectively) compared to
the deeper dwellers, we consider differences in symbiotic activity, lifetime, and seasonality
between the two groups (Anand et al., 2003; Lombard et al., 2011; Friedrich et al., 2012;
Stainbank et al., 2019). For O. universa and G. siphonifera, a shift to greater reliance
on symbiont-retained N inside the eddy could hypothetically lower their FT-δ15N, which
could amplify their FT-δ15N offset relative to the deep-dwellers. Such a shift may occur
because of a difference in foraminifer size or maturation stage. For the dinoflagellate-
hosting O. universa, the occurrence of larger foraminifera inside the eddy is consistent with
this explanation, as larger specimens tend to possess more symbionts (Spero and Parker,
1985; Hönisch et al., 2021), which could increase the amount of 14N retained relative to
individuals with fewer symbionts (as is the case with δ11B, Hönisch and Hemming 2004;
Henehan et al. 2013). However, we do not observe an increase in test size in G. siphonifera
in E1 relative to the South Atlantic. Longer lifespans may also have contributed to the
smaller offset measured in G. truncatulinoides and G. hirsuta (long-lived species that
migrate several hundred metres during their lifetime (Hemleben et al., 1985; Lohmann and
Schweitzer, 1989); for example, if these species had only recently entered the local mixed
layer. In this case, the FT-δ15N of G. truncatulinoides and G. hirsuta in the eddy would
partly retain the higher δ15N of their former diet (partially degraded subsurface PON)
and not yet have fully taken on the (lower) δ15N of their new mixed-layer food source.
Deep-dwelling individuals could also have recently become mixed into the eddy due to
the recent seasonal deepening of the mixed layer across the transect, thus incorporating
foraminifera with a higher ‘starting’ FT-δ15N than if the individuals had been consuming
low FT-δ15N throughout their lifetime.
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2.4.3.2 In-eddy dynamics

FT-δ15N was not uniform across the eddy, but was instead lowest closer to the eddy centre
(i.e., near the SSHA maximum; station 5, Fig. 2.1, Fig. ??) and near the trailing edge
(stations 3 to 4). Across-eddy spatial patterns were observed for other properties, such
as temperature and salinity, which were highest at the eddy centre, declining towards its
edges (Fig. 2.2c). It is likely that the parameters measured at the centre of the eddy
more closely reflect the eddy source region while the edges reflect enhanced mixing with
the surrounding waters. Indeed, the transitional nature of eddy edges is well known, with
seawater properties (and subsequently, the biological community) in eddies evolving over
time to more closely resemble the eddy surroundings. The fact that our FT-δ15N data
show a spatial pattern across the eddy further supports the notion that the low FT-δ15N
of eddy foraminifera is due to the influence of Agulhas thermocline nitrate rather than to
some mechanism ongoing across the Cape Basin. FT-δ15N at station 3 at the trailing edge
of E1 was similarly low to the FT-δ15N measured in the centre of the eddy (4.1± 1.2‰
versus 5.0± 0.8‰), seemingly at odds with the explanation above. However, the trailing
edge of E1 was located very close to the eddy centre, and possessed properties much more
eddy-like than the leading edge (Fig. 2.1), such that despite the increased mixing expected
at eddy edges, many of the foraminifera sampled in the station 3 net tow likely lived in
close proximity to the eddy core for much of their lifetime.

2.4.3.3 Factors affecting the relationship between FT-δ15N and δ15NNO3

The FT-δ15N of several foraminifer species in the Atlantic closely approximated the
δ15NNO3 of thermocline (i.e., SASTMW) nitrate. The three most abundant species (G.
truncatulinoides, G. hirsuta, G. inflata; all deep and/or mid-depth dwellers) together
had an average FT-δ15N that was offset from the δ15NNO3 of thermocline nitrate by only
0.4± 0.3‰ (Fig. 2.8b). In the Sargasso Sea, a similar near-match between foraminifer
tissue and thermocline δ15NNO3 has been observed, but there it was the euphotic-dwelling,
symbiont-hosting species G. ruber, T. sacculifer, and O. universa were that were most
similar to thermocline δ15NNO3 , while the FT-δ15N of the deep dwelling foraminifera was
higher, by ∼1‰ (Smart et al., 2018). The same pattern has been observed in a com-
parison between thermocline nitrate and foraminifera-bound δ15N from surface sediments
across the low-mid latitude ocean (Ren et al., 2012a). These authors reasoned that the
dinoflagellate symbionts in euphotic-dwelling foraminifer species were responsible for the
similarity of FT-δ15N to δ15NNO3 , as they effectively lower FT-δ15N through ammonium re-
tention, counteracting the isotopic enrichment expected for a predator relative to its prey.
In our study, the FT-δ15N of the facultatively symbiotic species G. inflata and potentially
symbiotic (Gastrich, 1987; Jonkers and Kučera, 2015) G. falconensis was slightly lower
(0.5 to 0.8‰) than the δ15NNO3 , seemingly at odds with these earlier findings. However,
in the short-term, FT-δ15N is set by the δ15N of its diet and species-specific metabolism
(i.e., specific trophic offset; affected by ammonium excretion, symbiont activity/exchanges
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Figure 2.9: Schematic showing the nitrogen isotope dynamics that we propose were ongoing in a) the
background Cape Basin and b) an Agulhas eddy that had migrated into the Cape Basin in 2017. The
orange arrow and dashed line indicates South Atlantic Subtropical Mode Water (SASTMW, 6.9‰).
The light grey arrow in panel b shows the mean δ15NNO3

of Agulhas Current nitrate (4.9‰, Marshall
et al. 2023) and the darker grey arrow below it indicates the import of Subantarctic Mode Water (SAMW,
6.7‰), the ultimate source of nitrate to both the Cape Basin and Agulhas region. Suspended PON δ15N,
bulk zooplankton δ15N (for the 250-500µm and 500-1000µm size classes), and FT-δ15N are indicated
using images of the various species (see legend). Thin vertical lines are the calculated difference in δ15N
between one example foraminifer species (G. inflata) and suspended PON.

and/or direct ammonium assimilation (e.g., G. bulloides in culture; Bird et al. 2020) rather
than by δ15NNO3 directly, with seasonal changes in PON δ15N appearing to drive large
deviations (as high as 4‰) in FT-δ15N relative to both the annual average FT-δ15N and
the δ15NNO3 of the nitrate supply (Smart et al., 2020). As such, the fact that we only have
winter FT-δ15N in the South Atlantic may explain the apparently anomalous relationship
of the FT-δ15N of certain foraminifer species to δ15NNO3 , with data from other seasons
required to fully characterize the relationship.

The similarity between FT-δ15N and thermocline δ15NNO3 observed at the Atlantic
stations did not hold in the eddy. Here, FT-δ15N was on average 2‰ lower than the
δ15NNO3 of SASTMW nitrate underlying the mixed layer and was more similar to the
δ15NNO3 of Agulhas thermocline nitrate (∼4.9‰) (Fig. 2.9). As outlined in section 4.2
above, we suggest that as the eddy migrated into the South Atlantic, nitrate originating in
the Agulhas Current thermocline (and mixed layer, although its concentration in this layer
would have been extremely low; Marshall et al. 2023) was incorporated into the eddy’s
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deepening mixed layer where it would have been rapidly consumed by phytoplankton
and thus integrated into the eddy’s planktonic ecosystem. In other words, the waters
underlying the eddy mixed layer at the time of sampling did not reflect the original nitrate
supply to its surface ecosystem. Indeed, given the age of the eddy (7 to 8 months),
along with its retentive anticyclonic circulation and the considerably longer lifetime of
foraminifera compared to phytoplankton (i.e., PON), SASTMW nitrate likely contributed
only minimally to the FT-δ15N measured in the eddy.

2.4.3.4 Foraminifera δ15N versus PON δ15N

Above, we have compared FT-δ15N to δ15NNO3 . However, foraminifera do not consume
nitrate, but rather the photosynthetic biomass generated from the assimilation of nitrate
and other N forms, as well as heterotrophic and detrital organic matter (i.e., PON).
Indeed, a recent study from the Southern Ocean showed that FT-δ15N in the mixed layer
is more closely tied to the δ15N of PON than to δ15NNO3 on sub-annual timescales (Smart
et al., 2020) As such, for the eddy foraminifera to acquire their lower FT-δ15N, they
would have had to consume a different (i.e., lower δ15N) PON pool from the Atlantic
foraminifera, which we propose derived from the assimilation of Agulhas-sourced nitrate.
However, the measured δ15N of upper mixed-layer PON in E1 is remarkably similar to
the PON collected at the Atlantic stations (2.5± 0.7‰, n = 7 versus 2.8± 1.6‰, n =
6)).

To explain these suspended PON data, we consider the time over which the isotopic
signal of different N pools integrates and examine the potential effect(s) of circulation
and seasonality. Phytoplankton, a large component of the PON pool, live for hours to
days, which allows for fairly rapid isotopic change (Pasquero, 2005; d’Ovidio et al., 2010;
Treibergs et al., 2014). As such, suspended PON in the eddy may reflect phytoplank-
ton N assimilation that has occurred recently (e.g., of vertically- or laterally-supplied
SASTMW and/or shallower Cape Basin nitrate), while foraminifer shell δ15N integrates
the isotopic signal of all the PON consumed by the foraminifera over their lifetime (al-
though the turnover time for biomass is unknown, and is likely shorter than the shell).
The foraminifera chosen for isotope analysis in this study were adults, such that their
FT-δ15N also likely integrated over weeks to several months. One problem with this ex-
planation, however, is that our sampling took place near the start of the nitrate resupply
period in the Cape Basin (Fig. 2.3), meaning that any recent assimilation of SASTMW
nitrate, accompanied by isotopic fractionation, would have yielded PON with a consider-
ably lower δ15N (by as much as 5‰, the expected isotope effect associated with nitrate
assimilation; Sigman and Casciotti 2009) than that of SASTMW nitrate. Moreover, given
the very deep mixed layers in the eddy (∼250m), which would have caused severe light
limitation of phytoplankton (Wallschuss et al., 2022), along with the fact that nitrate is
energetically expensive to assimilate (Dortch, 1990), it is unlikely that significant con-
sumption of newly-supplied SASTMW was ongoing at the time of our study. Indeed,
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direct measurements of N uptake in the eddy that occurred coincident with our sampling
indicate that phytoplankton were supported near-exclusively by recycled N (Wallschuss
et al., 2022).

Anticyclonic eddies can retain particles in the mixed layer for months as weak down-
welling reduces the sinking flux and the closed circulation and inward surface convergence
deter the loss of organisms through horizontal advection (Saino and Hattori, 1980; Condie
and Condie, 2016; Cetina-Heredia et al., 2019; Sinha et al., 2019). Bacterial re-working
of particles within the eddy would raise the δ15N of PON over time (without the need
for an additional supply of high δ15NNO3), bringing the originally lower-δ15N PON in the
eddy in line with the surrounding Atlantic PON (Altabet and McCarthy, 1985; Mobius,
2013; Mino et al., 2020). One might expect such a rise in PON δ15N to also increase
FT-δ15N given the strong relationship between FT-δ15N and PON δ15N observed in the
Southern Ocean (Smart et al., 2020), yet this is not what we observe. It is possible that
at the time of our sampling, the eddy foraminifera had not consumed enough partially
degraded PON to significantly raise their δ15N. Additionally, some foraminifera (e.g.,
shallow-dwellers) may have fed preferentially on PON that was newly produced from the
assimilation of nitrate with an isotope effect or low-δ15N ammonium, or even assimilating
some ammonium directly (e.g., G. bulloides) (Bird et al., 2020).

Without temporally-resolved measurements, it is difficult to draw robust conclusions
regarding the dynamics of the eddy PON pool. However, even though the δ15N of PON
does not align with the trends observed in the δ15NNO3 and FT-δ15N, the bulk δ15N does
(Fig. 2.7). It is thus possible that the zooplankton biomass (particularly in the 250 - 500
µm range, which has an N concentration 3- 4 times that of the < 0.7µm PON) as well as
detritus in that size class and/or its microbial inhabitants more accurately represents the
diet of the foraminifera than does the suspended PON. Not only will foraminifera consume
other zooplankton (Bé and Hutson, 1977; Hemleben et al., 1989), but the zooplankton
biomass integration time would have been similar to that of the foraminifera (Montoya
et al., 2002; Loick-Wilde et al., 2016). As such, the bulk zooplankton δ15N at the time
of our sampling, which was lower in the eddy than the Atlantic due to the influence of
Agulhas-derived nitrate, may be a better approximation than the δ15N of suspended PON
of the organic matter consumed by the foraminifera (Fig. S.3).

2.4.4 Potential for reconstruction of past Agulhas leakage from
foraminifer-bound nitrogen isotopes

In this study, we found the δ15NNO3 of Agulhas eddy mixed-layer nitrate to be significantly
lower than that of the surrounding Cape Basin, even after several months of eddy migra-
tion away from the Agulhas Retroflection. The δ15N of foraminifera and bulk zooplankton
was similarly low for populations sampled in the eddy compared to those collected from
adjacent background Atlantic waters. We also observed a strong similarity between the
FT-δ15N of deep-dwelling foraminifera and thermocline δ15NNO3 , with eddy foraminifera
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recording the δ15NNO3 of Agulhas Current thermocline nitrate and Atlantic foraminifera
more closely resembling local SASTMW. These findings have important implications for
(1) palaeo-climate reconstructions in the Atlantic-Indian gateway region and (2) the im-
plementation of the foraminifer-bound δ15N proxy elsewhere in the ocean.

Our data show that foraminifera in Agulhas eddies retain the distinct δ15N of Agulhas
thermocline nitrate, itself the result of N2 fixation in the southwest Indian Ocean (Harms
et al. 2019; Marshall et al. 2023), which could be leveraged to trace Indo-Atlantic ex-
change through past climate transitions. Previous palaeoclimate studies have suggested
that glacial-to-interglacial climate transitions were associated with increased leakage of
Indian Ocean waters into the South Atlantic, which would have increased the salinity of
waters returning to the North Atlantic, thus enhancing NADW subduction and strength-
ening the AMOC (Peeters et al., 2004; Franzese et al., 2006; Ballalai et al., 2019; Dickson
et al., 2010; Caley et al., 2011; Marino et al., 2013; Simon et al., 2020). Studies of fos-
sil foraminifera collected in sediment cores from the western continental shelf of South
Africa reveal a higher abundance of (sub)tropical species (i.e., Agulhas leakage fauna)
during glacial terminations, consistent with an increase in the strength of Agulhas leak-
age during this time (Peeters et al., 2004; Caley et al., 2014). From our FT-δ15N results
and the strong correlation of FT-δ15N to shell-bound δ15N observed here and elsewhere
(Fig. 8a; Ren et al., 2012; Smart et al., 2018, 2020), we would expect these glacial-
interglacial transitions to be characterized by comparatively low foraminifer-bound δ15N
in the southeastern Atlantic sediment record. Our samples were collected from a rela-
tively mature Agulhas eddy and yet the isotopic influence of Agulhas nitrate was still
clear in the FT-δ15N. This observation suggests that the foraminifera-δ15N proxy has the
potential to extend Agulhas leakage reconstructions beyond the retroflection region and
into the offshore South Atlantic where Agulhas leakage fauna (e.g., G. ruber, G. menardii,
T. sacculifer) no longer dominate surface waters due to temperature changes associated
with eddy decay (Lončarić, 2006). One caveat to this idea is that the foraminifer-δ15N
leakage proxy relies on the δ15N of Agulhas nitrate being distinct from that of the Cape
Basin thermocline, as is the case today. Since Agulhas thermocline nitrate is low in δ15N
because of N2 fixation, a past decrease in N2 fixation in the southwest Indian Ocean
would lead to higher-δ15N nitrate in the Agulhas Current, which would be passed on to
the upper-ocean ecosystem, including the foraminifera. Similarly, a past increase in N2

fixation in the South Atlantic, which today hosts negligible rates of this process (Moore
et al., 2009; Sohm et al., 2011), could have lowered the δ15N of thermocline nitrate in the
Cape Basin, weakening the δ15N difference between Agulhas leakage and the surrounding
Atlantic waters. Since N2 fixation in the South Atlantic is currently strongly iron limited
(Moore et al., 2009), one might be able to address the potential for its occurrence in the
past through examination of proxies for iron supply (Wolff et al., 2006; Martínez-García
et al., 2014). In addition, past variations in the δ15N of Agulhas or south Atlantic nitrate
endmembers could be reconstructed by analysing foraminifera-bound δ15N in sediment
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records from these regions. If the variability of these endmembers through time is known,
foraminifera-bound δ15N measurements on sediment records located in the Agulhas leak-
age region could provide detailed reconstruction of past changes in Agulhas leakage.

2.5 Conclusions

We measured the δ15N and δ18O of nitrate and the δ15N of PON, bulk zooplankton,
and foraminifera in an anticyclonic eddy that had pinched off the Agulhas Current, as
well as in the surrounding (i.e., “background”) southeast Atlantic, to assess their utility
as a tool for identifying Agulhas leakage into the Cape Basin. Nitrate supplied to the
mixed layer across the Cape Basin in winter and early spring is exhausted during the
spring-summer growing season, limiting the extent, on an annual basis, to which isotope
fractionation during nitrate consumption is imprinted on δ15NNO3 or the δ15N of the
organisms consuming this nitrate. We therefore attribute the low δ15N of anticyclonic
Agulhas eddies to the retention of Agulhas-sourced nitrate, which is low in δ15N and
∆(15-18) as a result of N2 fixation in the southwest Indian Ocean (Harms et al. 2019;
Marshall et al. 2023. This low δ15N signal is retained in the δ15N of foraminifera and other
zooplankton inhabiting the eddy even after the δ15N of eddy mixed-layer nitrate is raised
by isotopic fractionation during phytoplankton nitrate assimilation and mixing with the
higher-δ15N nitrate of the Cape Basin. We attribute the different δ15N trends in mixed-
layer nitrate, PON, bulk zooplankton, and foraminifera to the different isotopic integration
times of these N pools. Foraminifera and zooplankton inhabiting Agulhas eddies appear
to retain the low δ15N of Agulhas thermocline nitrate for several months, despite ongoing
exchange with the surrounding Cape Basin and changes in the dominant foraminifer
species in the eddy driven by rapid surface heat loss that renders eddy waters unsuitable
for Agulhas fauna (Gordon et al., 1987; Gordon and Haxby, 1990; Lončarić, 2006). These
findings are of particular relevance for tracking Agulhas leakage some distance beyond
the Agulhas Retroflection – the rapid decrease in eddy temperatures post-eddy spawning
(De Ruijter et al., 1999; Van Aken et al., 2003) leads to faunal assemblages in Agulhas
leakage quickly becoming more similar to those in the surrounding Atlantic, to the extent
that it becomes challenging to distinguish leakage based only on the presence and/or
relative abundance of Agulhas fauna (Lončarić, 2006).

Our data add to a growing body of work showing a strong (near 1:1) correlation
between tissue- and shell-bound foraminifer δ15N and confirm previous assertions that
foraminifer-bound δ15N can be used to track the δ15N of thermocline nitrate in the low-
latitude open ocean (Ren et al., 2012; Smart et al., 2018). However, our observations differ
from previous findings in that it is the deep-dwelling, non-symbiont hosting foraminifer
species rather than the shallow-dwelling, dinoflagellate-bearers that most closely match
the δ15N of thermocline nitrate, at least during winter when our sampling occurred. The
implication is that deep-dwelling foraminifera are faithful recorders of the subsurface
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nitrate supply to the South Atlantic mixed layer during winter. Future studies seeking
to use FT-δ15N to reconstruct thermocline δ15NNO3 in the South Atlantic should avoid
Cape Basin sediments as we hypothesize these will be influenced by the isotopic signal of
Agulhas leakage.

Future investigations into spring and summer N dynamics in the Cape Basin would
be useful for assessing the relationships among summer foraminifer species composition,
foraminifer δ15N, and shallow thermocline nitrate, as well as for determining the relative
importance of seasonal fluxes (and consequently, the dominant δ15N signals) reaching the
sea floor (as per Smart et al. 2020). For example, the available data suggest that G.
truncatulinoides is most abundant in winter (Lohmann and Schweitzer, 1989; Steinhardt
et al., 2015; Rebotim et al., 2017); as such, shell measurements of this species from
sedimentary archives may reflect changes in winter conditions rather than an annual
average. Additionally, isotope measurements in the Agulhas Current System (i.e., of
PON and foraminifera prior to the formation of eddies) would provide important end-
member information that would assist in interpreting Agulhas eddy N isotope dynamics,
as would observations from newly-formed Agulhas eddies. Comparing the results of the
present study with such data would also allow us to disentangle imported signals from in
situ eddy processes that may alter nitrate and particle δ15N, such as in-eddy N2 fixation
and ammonium recycling that could have contributed to the low FT-δ15N measured in
the mature Agulhas eddy.
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Figure S.2: Nitrogen and oxygen isotopes of seawater nitrate (δ15NNO3
and δ18ONO3

, respectively)
plotted versus ln([NO3

-]) (i.e., in “Rayleigh space”) for samples collected in 2015 and 2017. Blue circles
indicate Atlantic stations (including leading edge) and green circles represent the Agulhas eddy stations
(including trailing edge). The data show how at lower nitrate concentrations (i.e., ln([NO3
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mixed layer), the δ15NNO3
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Figure S.3: Foraminifera δ15N versus bulk zooplankton δ15N at specific stations (4, 5, 10, 13, 14), where
zooplankton size classes are a) 250-500µm; and b) 500-1000µm. Species are indicated by shape and are
shaded according to station (Atlantic = blue, eddy = green), with error bars denoting ±1 standard
deviation from triplicate (foraminifera) and duplicate (bulk zooplankton) measurements.
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Figure S.4: Schematic demonstrating foraminifera δ15N variation across eddy E1’s physical structure
(west-to-east). Eddy stations (left to right: stations 10, 9, 5, 4 and 3) are denoted by black arrows. FT-
δ15N of G. inflata (common to all stations) is shown above the arrows, whilst temperature and salinity at
20m are written below them. Solid black lines represent density, and the vertical dotted line represents
the eddy centre (highest sea surface height anomaly).
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Chapter 3

Tracing Agulhas Current System
biogeochemistry through the nitrogen
isotopes of foraminifera
Abstract

This study presents the first nitrogen isotope (δ15N) measurements from living plank-
tic foraminifera in the Agulhas Current System, a region whose thermocline waters are
supplied by both tropical (δ15NNO3 = 5.8‰) and subtropical (δ15NNO3 = 4.9‰) sources.
Foraminifera, bulk zooplankton (> 250µm), and suspended particulate organic nitrogen
(PON, > 0.7µm) were collected from a series of net tows across a transect perpendicular
to the east coast of South Africa along with seawater nitrate. Foraminifer assemblages
responded rapidly to changes in the water column, and showed a progressive offshore de-
crease in tropical versus subtropical species corresponding to the shift from tropical- to
subtropical-sourced waters. The tissue-bound (FT-)δ15N of symbiont-hosting foraminifera
(Globigerinoides ruber and Trilobatus sacculifer) in the subtropical, N-limited waters off-
shore of the Agulhas Current was within 0.3‰ of thermocline nitrate, in line with what
has previously been observed in the Sargasso Sea. Winter δ15N PON and FT-δ15N in the
tropical core and inshore of the current were roughly equal to that of subtropical PON
and foraminifera, despite the relative elevation of tropical thermocline δ15NNO3 compared
to subtropical thermocline δ15NNO3 . The similarity is attributed to differing degrees of
nitrate assimilation occurring between the Agulhas Current and the adjacent subtropical
waters. FT-δ15N at the furthest offshore section of the transect was low for most species
in comparison to the rest of the transect. This decrease in FT-δ15N was also most likely
due to partial assimilation, as a cyclonic intrusion had recently supplied new, low-δ15N
nitrate to the euphotic zone through the shoaling of the mixed layer and uplift of sub-
tropical thermocline waters. The resulting FT-δ15N within the cyclonic feature was on
average 1.2‰ lower than foraminifera offshore of the current outside of the feature. On
average, subtropical foraminifer FT-δ15N was higher than what was previously recorded
in a mature Agulhas eddy in the southeast Atlantic, despite the waters in the eddy having
originated from the Agulhas Current. The isotopic difference between the two regions is
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indicative of biogeochemical processes, such as N2 fixation and recycling of ammonium,
acting to lower the N isotopic composition of particulate organic matter during Agulhas
leakage transport. Recognizing the importance of these additional mechanisms for yield-
ing FT-δ15N variability within mesoscale eddies is meaningful for the development of an
Agulhas leakage FT-δ15N palaeoceanographic proxy, and further research is needed to
better understand the influence that rapidly shifting nutrient conditions within Agulhas
eddies has on PON and foraminifer δ15N.
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3.1 Introduction

The Agulhas Current is one of the strongest western boundary currents in the world, and
is an important component in global ocean circulation as it drives an exchange of upper
(∼700m) Indo-Atlantic waters (Bryden and Beal, 2001; Van Aken, 2007; Beal et al.,
2015). This exchange, termed “Agulhas leakage”, occurs south of the African continent,
and transports warm, saline Indian Ocean waters northwestwards into the Cape Basin
at the point where the fast-moving inertial jet retroflects to form the eastward-flowing
Agulhas Return Current (ARC; Gordon, 1985, 1986). Fluctuations in Agulhas leakage
are thought to be closely connected to the strength of the Atlantic Meridional Overturning
Circulation (AMOC), with Indian Ocean waters acting as a source of negative buoyancy
for Atlantic waters (Weijer et al., 2002; Peeters et al., 2004; Biastoch et al., 2008; Beal
et al., 2011; Marino et al., 2013; Weijer and van Sebille, 2014; Biastoch et al., 2015).
The majority of leakage is transported by eddies (predominantly anticyclonic), whose
dynamics inhibit rapid mixing of leaked Indian Ocean water with that of the surrounding
cooler, fresher South Atlantic surface waters (Gordon, 1985; Duncombe Rae, 1991).

Because of its role in moderating the convective stability of AMOC, a system that
influences global climate (Weijer et al., 2002; Biastoch et al., 2009), the Agulhas region
is of considerable interest for palaeoclimatologists who wish to determine the relationship
of long-term glacial-interglacial cycles to changes in (local and global-scale) atmospheric
and oceanic circulation. Regarding atmospheric circulation, several models and sediment
records suggest that, in addition to latitudinal wind shifts (Peeters et al., 2004; Lamy
et al., 2007; Bard and Rickaby, 2009), intensification of Southern Hemisphere westerly
winds results in increased leakage, whereas a weaker wind intensity correlates with a re-
duction in leakage (Graham et al., 2012; Durgadoo et al., 2013; Koutsodendris et al.,
2014). Regarding oceanic circulation, evidence suggests that the present-day AMOC is
weak in comparison to the past millennium, with warmer climates predicted to increase
meltwater and further slow the density-driven circulation system (Beal et al., 2011; Thor-
nalley et al., 2018; Caesar et al., 2021; Marcello et al., 2022). Under such conditions,
studies suggest that buoyancy compensation through enhanced Agulhas leakage will play
a pivotal role in the reestablishment of a more vigorous AMOC state (Van Sebille et al.,
2009; Marino et al., 2013; Dyez et al., 2014). However, the extent to which Agulhas leakage
can ‘balance-out’ observed AMOC weakening remains unknown, in large part due to the
difficulty of constraining (sub)mesoscale processes that influence Indo-Atlantic exchange
of waters (e.g., the shear associated with mesoscale eddies; Weijer et al. 2002; Biastoch
et al. 2008, 2009; Beal et al. 2011; Durgadoo et al. 2013).

Changes in the AMOC and Agulhas leakage also have implications for biogeochemical
cycling in the southeast Atlantic and southwest Indian Oceans, as the biological pump (i.e.,
the export of photosynthetically-produced organic matter into the deep ocean through
biological and physical processes; Volk and Hoffert 1985) is tightly coupled to the ocean’s
physical circulation (Galbraith and Skinner, 2020). One way in which glacial-interglacial
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biogeochemical changes in the Indo-Atlantic region might be recorded in the fossil record
is in the nitrogen (N) isotopes of organic matter in marine sediments and microfossils.
During nitrate assimilation, phytoplankton preferentially consume the lighter 14N isotope,
leaving the remaining nitrate pool enriched in 15N (Wada and Hattori, 1978; Sigman
et al., 1999). As more nitrate is assimilated, the particulate organic nitrogen (PON)
produced also increases in δ15N (δ15N = ([(15N/14N)sample] / [(15N/14N)N2 in air]−1)×1000,
per mil, ‰), eventually converging on that of the original nitrate supply (δ15NNO3) once
all the available nitrate is used up (Wada and Hattori, 1978; Altabet and McCarthy, 1986;
Sigman et al., 1999; Sigman and Casciotti, 2009). In this way, the δ15N of PON and the
organisms that consume it can be seen as a reflection of the nitrate (and recycled N)
conditions during their lifetime. Palaeoceanographic reconstructions are possible through
analysis of bulk sedimentary δ15N and microfossil-bound δ15N, but the former is more
susceptible to post-depositional degradation and diagenetic alteration, which are difficult
to correct (Altabet and Francois, 1994; Galbraith et al., 2008).

On the other hand, foraminifera, single-celled protists, are particularly well-suited for
isotopic analysis, due to the excellent preservation of their calcite tests after burial in most
environments, their abundance throughout the global oceans, and their pervasiveness in
the fossil record since the mid-Cretaceous (Schiebel and Hemleben, 2005; Ren et al., 2009;
Meckler et al., 2011; Ren et al., 2012b; Robinson et al., 2023). Test chambers contain trace
amounts of organic N between and within calcite layers; N is therefore held within the
shell matrix and appears to be largely protected from degradation upon burial (Martínez-
García et al., 2022) Studies of living and recently deposited foraminifera have shown their
δ15N to be a good reflection of thermocline nitrate in low- to mid-latitude oligotrophic
regions where surface-layer nitrate is nearly completely consumed (Chapter 2, Ren et al.,
2009, 2012b; Smart et al., 2018), in addition to reflecting the degree of summertime nitrate
consumption in areas where N is not a limiting factor for primary production (e.g., the
Southern Ocean) (Smart et al., 2020).

Foraminifera are adapted to a wide range of environments, with temperature, food
availability and light being the dominant predictors of foraminifera species assemblage
(Berger, 1969; Ortiz et al., 1995; Rutherford et al., 1999; Kucera, 2007, and references
therein). For simplification, species are often classified according to their habitat prefer-
ence – tropical, subtropical, transitional or mid-latitude, sub-polar or polar – and occupy
varying depths within these zones (Bradshaw, 1959; Bé and Tolderlund, 1971; Bé and
Hutson, 1977). Individuals obtain N through their diet, which largely consists of detrital
particulate organic nitrogen (PON), although many will supplement this through preying
on algae, zooplankton or large phytoplankton (Anderson and Sedell, 1979; Bé et al., 1981;
Caron et al., 1982; Spindler et al., 1984; Hemleben et al., 1989; Schiebel et al., 2001).
More than half of extant foraminifer species appear to make use of photosymbiosis to
some extent, housing algal symbionts that make them functionally mixotrophic rather
than heterotrophic (Anderson and Sedell, 1979; Spindler et al., 1984; Hemleben et al.,
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1989) Some species (e.g., Orbulina univera, Globigerina ruber, Trilobus sacculifer) are
dependent upon symbionts to survive (obligatory symbiosis), whilst others appear to uti-
lize them facultatively to different degrees (Hallock, 1981; Hemleben et al., 1989; Stoecker,
1998; Uhle et al., 1999; Takagi et al., 2019). Foraminifera with obligatory symbiosis with
dinoflagellates tend to be lower in δ15N due to symbionts recycling of low-δ15N ammonium
produced by the host, which offsets some (or all) of the expected increase in δ15N gained
through trophic enrichment (Ren et al., 2012b; Smart et al., 2018; Lekieffre et al., 2020).
Non-symbiont hosting foraminifera found at deeper average living depths are often higher
in δ15N, as they excrete the low-δ15N ammonium produced (Ren et al., 2012b; Smart
et al., 2018).

In addition to the absence of symbionts, consumption of partially-degraded PON likely
contributes to the higher δ15N typically measured for deep-dwellers such as Globortalia
truncatulinoides, as bacteria decompose suspended PON as it sinks through the water col-
umn, preferentially removing 14N and leaving the remaining particles higher in δ15N (Saino
and Hattori, 1980; Altabet and McCarthy, 1986; Altabet et al., 1991; Lehmann et al.,
2002; Mobius, 2013). There is also evidence of Globigerina bulloides, a non-dinoflagellate-
hosting species, directly assimilating low-δ15N ammonium (Bird et al., 2020), which is
consistent with several ground-truthing studies that have found its δ15N to be more simi-
lar to dinoflagellate-hosting species or between that of the symbiont-hosting foraminifera
and asymbiotic intermediate-dwellers (Smart et al., 2018, Chapter 2).

Initial studies indicate that the annually integrated δ15N of certain species of foram-
inifera accurately reflects that of the local thermocline nitrate (i.e., the immediate ni-
trate supply to the surface layer; Ren et al. 2009; Li et al. 2019; Smart et al. 2018).
Dinoflagellate-hosting foraminifera appear to most closely match thermocline nitrate δ15N
in the Sargasso Sea, whilst non-symbiotic species appear to be a better approximation in
the South Atlantic (Chapter 2). The similarity of foraminifer δ15N to thermocline nitrate
is a key point of interest in terms of reconstructing past climate, as thermocline nitrate
is the main source of N to the euphotic zone, and changes in its δ15N are indicative of a
change in source waters or net gains and losses in bioavailable N (Altabet, 1988; Knapp
et al., 2005).

3.2 Study region and aims

The Agulhas Current transports both tropical and subtropical water masses, which are
isotopically distinct from one another (Marshall et al., 2023). Instead of mixing together
to form a homogenous poleward-flowing current, the tropically- and subtropically-sourced
water masses remain largely separate, generating steep isopycnal gradients (shear) within
the current itself (Beal et al., 2006, Fig. S.1). The δ15N of foraminifera in the Ag-
ulhas Current System (ACS) should, to some extent, reflect the variable sources and
processes acting on the δ15NNO3 of these water masses. The most significant (with an
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Figure 3.1: Map of the study area, showing the Agulhas System Climate Array (ASCA) (yellow box
and map inset) and surrounding southwest Indian Ocean. The large map shows bathymetry (coloured
contours) at 200m, 1000m and at 1000m intervals thereafter. Coloured sections in the map inset represent
zones mentioned in text. Note that station 6 has a repeat sample (labelled in text as station 6.5), and
station 8.5 is an addition (non-ASCA line) station sampled on the inward journey. Black arrows indicate
the direction of upper ocean transport.

estimated volume contribution of ∼ 54% to the Agulhas Current; Ridderinkhof et al.
2010; Beal et al. 2015; Ponsoni et al. 2016; Marshall et al. 2023) contributor to the
current is subtropical waters from the South Indian Ocean subgyre (referred to as the
subgyre hereafter). The subgyre, which is defined as the region of anticyclonic circula-
tion that occurs between 30 and 40◦S, and whose eastern boundary lies at roughly 70◦E
(Fig. 3.1), is primarily made up of recirculation of its own waters (Gordon et al., 1987;
Valentine et al., 1993; Stramma and Lutjeharms, 1997; Biastoch et al., 1999; De Ruijter
et al., 1999; Palastanga et al., 2007). Initial measurements of subtropical thermocline
waters (STTW, 25.5 kg.m−3 < σθ < 26.4 kg.m−3, where σθ is potential density) indi-
cate its δ15NNO3 to be ∼4.9‰, lower than that of Subantarctic Mode Water (SAMW,
26.4 kg.m−3 < σθ < 27.0 kg.m−3, δ15NNO3 ∼6.9‰), the water mass below it and the
ultimate source of nitrate to the thermocline and euphotic zone (Marshall et al., 2023).
SAMW forms in the winter mixed layers north of the Subantarctic Front in the Southern
Ocean, and is the source of nutrients to Pacific, Atlantic and Indian Ocean thermocline
waters as it flows northwards (McCartney and Woodgate-Jones, 1991; Sloyan and Rintoul,
2001; Sarmiento et al., 2004; Herraiz-Borreguero and Rintoul, 2011); the comparatively
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low δ15NNO3 of STTW relative to SAMW indicates remineralization of low-δ15N organic
matter (the product of N2 fixation; Hoering and Ford 1960) in the local thermocline
(Marshall et al., 2023).

The second source region to the Agulhas Current is the Mozambique Channel, which
supplies (via eddies) a smaller volume (contributing an estimated 22% to the total Ag-
ulhas Current volume; De Ruijter et al. 2002; Ridderinkhof et al. 2010; Beal et al. 2015;
Marshall et al. 2023) of warmer, fresher tropical waters to the inshore of the Agulhas
Current (Gordon et al., 1987; Stramma and Lutjeharms, 1997; Donohue and Toole, 2003;
Beal et al., 2006). The δ15NNO3 of nitrate in tropical thermocline waters (TTW) is also
lower than the δ15NNO3 of SAMW, but higher than that of the subtropical thermocline, at
∼5.8‰ (Marshall et al., 2023) The third source to the Agulhas Current includes waters
transported by the South East Madagascar Current (∼ 24% of the total Agulhas Cur-
rent volume), where the majority of thermocline waters are subtropical (Gordon, 1986;
Stramma and Lutjeharms, 1997; Karstensen and Quadfasel, 2002; De Ruijter et al., 2004;
Beal et al., 2015).

Since the thermocline nitrate δ15N in the Agulhas region (4.9‰-5.8‰, Marshall et al.
2023) is lower than what was measured in the southeast Atlantic in Chapter 2 (6.9‰),
should foraminifera in the Indo-Atlantic region (i.e., the ocean region encapsulating the
southeast Atlantic and southwest Indian Oceans, and the gateway area through which
Agulhas leakage occurs) approximate thermocline nitrate δ15N, then foraminifera may
“track” the leakage of Agulhas waters, through the sinking of (relatively low-δ15N) leakage-
inhabiting foraminifera to the sea floor. Initial results from Chapter 2 are encouraging,
with the mixed-layer δ15NNO3 of an Agulhas eddy and its residing foraminifera community
found to be low relative to background South Atlantic waters. Agulhas leakage consists
of both tropical and subtropical waters, but the latter is thought to contribute a larger
volume (Durgadoo et al., 2017; Marshall et al., 2023), and the isotopic difference in leakage
and non-leakage foraminifera (∼2.4‰, Chapter 2) was roughly similar to the δ15NNO3

difference observed between the South Atlantic thermocline and Subtropical thermocline
nitrate sources (∼2‰). However, the FT-δ15N of foraminifera living in the Agulhas
Current and adjacent subgyre have not yet been measured. A comparison between FT-
δ15N from the South Atlantic and Agulhas Current is necessary to understand whether
the leakage signal is a true reflection of southeast Indian Ocean N-cycling, and whether
foraminifera in both regions have a similar relationship to thermocline or mixed layer
nitrate with regards to nitrogen isotopes.

This study primarily aims to (1) investigate the relationship between foraminifera δ15N
and thermocline δ15NNO3 in the greater ACS; (2) discuss the impact of having distinct
tropical and subtropical habitats within the ACS region on foraminifera assemblages and
FT-δ15N; and (3) determine whether the low FT-δ15N previously observed in a mature
Agulhas anticyclonic eddy is an accurate reflection of Agulhas Current conditions, or
whether there are additional biogeochemical processes that act to modify FT-δ15N down-
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stream of the transect sampling region (west of 27◦E) or post ring-shedding. In answering
these questions, this research contributes to the broader objective to assess the potential
viability of using foraminifera (shell)-bound (FB-)δ15N as a palaeoceanographic proxy for
past Agulhas leakage variability.

3.3 Methods

Samples used in this study were collected along the Agulhas System Climate Array
(ASCA) transect line offshore of South Africa in July 2018 on board the R/V S.A. Agulhas
II. The ASCA line consists of 20 moored stations (Fig. 3.1), all of which were sampled
for nitrate isotopes during the cruise on the outgoing journey. An additional two sta-
tions were sampled during the return trip, one of which was positioned between stations
8 and 9 (at the current’s offshore edge), whilst the other was located in the same loca-
tion of station 6 (in the current’s core). The station closest to the coast was located at
33.35◦S 27.48◦E; the furthest offshore station was at 35.73◦S 28.90◦E. The CTD rosette
was equipped with a Sea-Bird Electronics CTD, fluoresence sensors, and Niskin bottles,
which collected water samples at targeted depths during the cast. Inorganic nutrient ni-
trate concentrations were determined on board while samples for nitrate isotope analysis
were collected in Nalgene HDPE tubes and stored at −20◦C until processing.

Between six and eight bulk PON samples were taken at each station across the depth
range of 5-200m. Four litres of seawater per sample (total n = 146 samples) were filtered
through 0.3µm glass fibre filters (either 47mm or 25mm in diameter) that were frozen
at −20◦C. Bongo net oblique tows were performed at 12 stations using a double 1 m2
(250µm) plankton net. Nets were lowered to a depth of 200m and then brought up for
a total deployment time of around 20 minutes. After rinsing everything from the nets
into a bottle, 10% of the sample was removed and size fractionated with sieves (2000µm,
1000µm, 500µm, 250µm, 150µm) and filtered onto pre-combusted glass fibre filters for
bulk zooplankton isotope analysis. Size-fractionated samples were stored at −20◦C. pH-
buffered formalin (10% of the sample volume) was added to the remaining 90% of the
sample, which was then refrigerated until processing.

3.3.1 Processing and isotope analyses

Bulk zooplankton and PON isotope analyses were conducted at the Stable Light Isotope
Laboratory at the University of Cape Town. Size-fractionated zooplankton filters were
freeze dried, before between 0.1 and 0.8mg of material from each size-fractionated zoo-
plankton filter was transferred to a tin cup for δ15N analysis. Empty tin cups were run as
blanks. Bulk zooplankton samples (mostly small size fractions) that could not be removed
from the filter were quartered, transferred to tin cups, and run separately, with unused
pre-combusted filters included as blanks. For PON, a 15.4mm diameter corer was used to
obtain two filter cores per sample, which were then also placed in tin cups for N content
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measurements and isotopic analysis. The δ15N analysis for both sets of samples were
subsequently carried out using a Delta V Plus isotope ratio mass spectrometer (IRMS)
coupled to a Flash elemental analyzer 112 series with a detection limit of 1µg N. In-house
standards (Choc, Merck Gel and Valine) calibrated to international reference materials
were used to calibrate sample δ15N measurements to atmospheric N2.

Seawater samples from a 2016 occupation of the ASCA transect undertaken in the
same month (July) were also used in this study (Marshall et al., 2023). These samples
had already been measured for the δ15N and δ18O of nitrate (where δ18O = δ18O/16O) and
this data can be found at https://doi.org/10.5281/zenodo.7628608. Several seawater
profiles from the 2018 cruise were processed in the same way for comparison. Frozen sam-
ples collected in 2018 were defrosted and filtered to remove particles before being shipped
to the Max Planck Institute for Chemistry, where the remainder of the processing and
analysis took place. For nitrate-only δ15N and δ18O analysis, nitrite was removed through
the addition of sulfamic acid (Granger and Sigman, 2009). After allowing at least 10
minutes for the reaction to take place, the pH was raised to 6-8 using NaOH. Nitrate was
then converted to N2O gas using the denitrifier method (Sigman et al., 2001) before being
measured by a Thermo MAT253 gas chromotography-isotope ratio mass spectrometer
(GC-IRMS) with custom-built inline N2O extraction and purification system (Weigand
et al., 2016). Measurements were calibrated to the international reference scales using
USGS-34 and IAEA-NO-3 nitrate reference materials (Gonfiantini et al., 1995; Böhlke
et al., 2003) as well as an in-house nitrate standard, and are reported relative to at-
mospheric N2. The pooled standard deviation of replicates was 0.2± 0.3‰ δ15N, and
0.5± 0.5‰ for δ18O.

Foraminifera from the formalin-preserved samples were rinsed through a 1000µm-mesh
sieve with deionized water before undergoing a density separation with 200 g.L−1 NaCl
solution using 40mL Falcon tubes (Ren et al., 2012b; Smart et al., 2020). The remaining
material was allowed to dry in petri dishes for 1-2 days under a fume hood. Once dry,
foraminifera were picked under a microscope and individual species were separated and
counted. Triplicates of between 3 and 9 individuals of each species were selected per
measurement (where specimen numbers were low, duplicate measurements were made).
Specimens were cleaned and weighed according to the protocol outlined in Chapter 2.
After weighing, cleaning and crushing samples, 1mL of persulfate oxidising reagent (POR,
see Smart et al. (2020) and Chapter 2 for recipe) was added to each vial to convert
organic N in the foraminifera tissue to nitrate, including 10 POR-only (blank) vials per
run and a dilution sequence of amino acid standards (USGS-40, USGS-41 and USGS-65).
Samples were autoclaved for 65 minutes on a slow vent setting and pH-adjusted with
HCl to between 5 and 7 (Ren et al., 2012b). Nitrate concentrations for each sample were
measured using chemiluminescence (Braman and Hendrix, 1989), after which the nitrate
was converted to N2O via the denitrifier method and measured for δ15N as described above.
The foraminifera tissue δ15N measurements were corrected for POR oxidation blanks,

https://doi.org/10.5281/zenodo.7628608
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which on average contributed 7.6% to the total N (sample+blank) N content. Duplicates
(different specimens of the same species from the same station) were oxidised in separate
batches and measured during separate GC-IRMS runs. Pooled standard deviation of all
duplicate samples of 0.46‰ (n = 248).

3.4 Results

3.4.1 Station classification and physical oceanography

Each of the 22 stations sampled across the ASCA line were classified into oceanographic
zones for the purposes of this study (Fig. 3.1). Physical oceanographic properties (e.g.,
velocity, density and salinity) were used to characterize water masses and to delineate
zones with different water column structures in the ACS. Waters at stations 1 and 2
were tropically-sourced, and are inshore of the current. Stations 3 and 4 comprised the
inshore edge of the current core; stations 5, 6, 22 (the repeat sampling at station 6’s
coordinates) and 7 were positioned within the current’s core. Stations 8 and 9 were located
at the current’s offshore flank (subtropically-sourced), where the isopycnal gradient is less
steep than that observed at the inshore edge (stations 3 and 4). The waters offshore of
the Agulhas Current were further divided into mid-shore (stations 10 - 15) and offshore
(stations 16-20) due to a noticeable uplift of thermocline waters evident in stations 16 to
20. From satellite sea-surface height anomaly and SST data (Global Reanalysis Multi-
Model Ensemble Product GREP, not shown), this feature appears to be a two-week old
cyclonic eddy that was cut off from the Agulhas Return Current-Subtropical Convergence,
and subsequently moved northeastwards through the South Indian Ocean subgyre towards
the coast. In this study, we use the term “cyclonic eddy” or “cyclonic intrusion” when
referring to this eddy and its effect on the transect region. The 2016 nitrate isotope
dataset was similarly classified (see Marshall et al. 2023), with the omission of a mid-
shore classification, since the aforementioned cyclonic intrusion was not present in 2016.

During the 2016 transect, the core of the Agulhas Current lay roughly 30 km offshore,
and contained clear evidence of low density Tropical Surface Water (TSW, < 24.5 kg.m−3,
Beal et al. 2006) in the upper 100m (Marshall et al., 2023). In 2018, the current was
further offshore (∼45 km), and was composed of higher density waters at the surface
(> 24.5 kg.m−3; Fig. 3.2), which indicate more thorough mixing of TSW with the ther-
mocline waters below (Tropical Thermocline Water, TTW, 24.5-26.4 kg.m−3). SAMW
(> 26.4 kg.m−3) was present inshore of the current during both years, but shoaled to the
surface in 2016 whilst remaining below 150m in 2018. We use the 25.5 kg.m−3 isopycnal
as an indication of the base of the mixed layer offshore of the current, as the the isopycnal
largely coincides with the mixed layer depth (MLD, although strong vertical advection in-
shore decouples this relationship; Marshall et al. 2023). Whereas the deepest mixed layers
(> 200m) in 2016 were found furthest offshore, the 25.5 kg.m−3 isopycnal shoaled east of
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Figure 3.2: Depth sections of the Agulhas System Climate Array (ASCA) transect (from west to east),
showing (a) nitrate concentrations (note the difference in depth relative to b, c and d). (b) salinity,
(c) oxygen concentration, and (d) temperature. White lines denote contours of potential density, with
the 25.5 kg.m−3 line (taken as mixed layer depth) emphasized in black. Stations are indicated by grey
triangles in (a), and stations where net tows occurred are numbered. Zones mentioned in text are shown
at the top of (a).

28.4◦E to the surface (< 20m) in 2018. The shoaling was caused by the 400m-thick layer
of cooler, denser subtropical thermocline waters uplifted by the cyclonic intrusion, which
brought nutrients closer to the surface east of station 16 (34.99◦S; 28.44◦E). A further
distinction between the two transects was the position of the low-oxygen (140µm) water
mass, TTW, which lay below the current (50-200m) in 2016 but extended inshore closer
to the surface (0-150m) in 2018 (Fig. 3.2c).

3.4.2 Nitrate concentrations and isotope ratios

Nitrate concentrations and isotopes for 2018 were similar to those reported for 2016 (Ta-
ble 3.1, Fig. 3.3, Fig. 3.4; Marshall et al. 2023). For both years, thermocline calcu-
lations excluded waters that were within the appropriate density range but exhibited
an assimilation signal (rising δ15NNO3 with decreasing concentration for a given profile),
to better approximate the original nitrate supply to the mixed layer (i.e., before as-
similation). The thermocline nitrate concentrations in 2018 decreased with increasing
distance from shore (Fig. 3.2a); mean TTW nitrate was 8.5± 1.1µm across the four sta-
tions closest to the coast, and mean STTW nitrate concentration for all the mid- and
offshore stations was 5.6± 0.6µm. Average δ15NNO3 , δ18ONO3 , and ∆(15-18) for TTW
was 6.0± 0.3‰, 2.8± 0.3‰, and 3.2± 0.1‰, respectively, while STTW averages were
5.5± 0.2‰, 3.4± 0.7‰, and 2.0± 0.6‰, respectively. ∆(15-18), defined as the differ-
ence between the nitrogen and oxygen isotopes of nitrate, is used in studies to highlight
where N-cycling processes decouple the near 1:1 relationship that exists between δ15NNO3

and δ18ONO3 during assimilation (e.g., the introduction of low δ15NNO3 due to N2 fixation
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Figure 3.3: Vertical profiles showing nitrate concentration for seawater nitrate samples collected from the
Agulhas System Climate Array (ASCA). Lines represent data from 2016 and non-joined points represent
2018 data. Colours correspond to zones mentioned in-text.

lowers δ15NNO3 relative to δ18ONO3 , lowering the ∆(15-18), Sigman et al. 2005; Rafter et al.
2013). Mixed layer nitrate concentrations also decreased from offshore (7.1± 3.8µm at
station 3 to a low of 1.1± 0.0µm at station 17 in 2018). Average tropically-sourced, mixed
layer nitrate for current core stations (3 - 5) was 6.0± 1.4µm compared to 1.6± 0.4µm
for mid- and offshore stations combined. In the mixed layer, δ15NNO3 was higher offshore;
in the current core it was 5.8± 0.6‰, while for mid- and offshore stations combined it
was 6.7± 1.9‰. Mixed layer δ18ONO3 increased across the transect, from 2.6± 0.5‰ in
the current core to 5.8± 0.5‰ offshore of station 9 (resulting in a ∆(15-18) of 3.2‰ and
0.9‰, respectively).

The similarity of the 2018 data to those acquired on the 2016 cruise (Table 3.1)
indicates interannual stability of nitrogen isotopes in the thermocline at least across the
two sampling years. We therefore use the mean water mass values from Marshall et al.
(2023) when discussing broad trends in ACS N-cycling due to that study presenting a
fuller dataset, unless otherwise stated (e.g., when comparing different pools of N at a
specific station).
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3.4.3 Organic N: PON and Bulk Zooplankton

There was no significant change in particulate organic nitrogen (δ15NPON) between 0 and
200m water depth, such that the measurements were averaged for each station. Average
δ15NPON ranged from 0.9± 0.1‰ at station 16 to 3.9± 0.1‰ at station 13 (Fig. 3.5, small
black circles). δ15NPON in the current core (TSW, n = 4 stations) averaged 2.4± 0.2‰.
The stations at the current edges and inshore of the current were similar, at 2.4± 0.2‰
(n = 5) and 2.2± 0.1‰ (n=2) respectively. Mid-shore stations (STSW) were higher in
comparison (3.2± 0.2‰, n = 6) and offshore stations (STSW) were lower (1.3± 0.1‰,
n = 4).

Three out of twelve stations sampled for bulk zooplankton were located in the cur-
rent core (stations 5, 6, and 6.5), and were measured for δ15N of bulk size-fractionated
zooplankton (δ15Nzoo) (Fig. 3.5, black symbols). Combining size classes of 250-500µm
and 500-1000µm together gave an average of 5.9± 0.1‰. As with PON, stations at the
current’s edges had similar δ15Nzoo values to the current core, although higher δ15N zoo
was measured at the inshore (tropical) edge relative to the offshore (subtropical) bound-
ary (6.3± 0.2‰, n = 2, vs 5.7± 0.1‰, n = 3, respectively). Mid-shore δ15Nzoo was also
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Table 3.1: Comparison of the nitrate isotope and concentration data for water masses along the
Agulhas System Climate Array (ASCA) in 2016 and 2018. Water masses include Tropical Thermocline
Water (TTW), Subtropical Thermocline Water (STTW), Subantarctic Mode Water (SAMW), Tropical
Surface Water (TSW) and Subtropical Surface Water (STSW). Values followed by * indicate a small
sample set (n = 6)

2016 2018

δ15NNO3 δ18ONO3 [NO3
-] ∆(15-18) δ15NNO3 δ18ONO3 [NO3

-] ∆(15-18)

(‰) (‰) (µM) (‰) (‰) (‰) (µM) (‰)

TTW 5.8 ± 0.7 2.7 ± 0.3 7.5 ± 1.9 3.0 ± 0.4 6.0 ± 0.3 2.8 ± 0.3 8.5 ± 1.1 3.2 ± 0.1

STTW 4.9 ± 0.4 2.9 ± 0.7 4.8 ± 1.2 2.2 ± 0.8 5.5 ± 0.2 3.4 ± 0.7 5.6 ± 0.6 2.0 ± 0.6

SAMW 6.9 ± 0.2 3.4 ± 0.2 13.7 ± 3.2 3.4 ± 0.1 6.6 ± 0.1 3.4 ± 0.4 13.6 ± 2.7 3.3 ± 0.4

TSW 6.0 ± 1.6 3.2 ± 2.0 3.0 ± 2.7 2.5 ± 0.4 5.9 ± 0.4 * 2.5 ± 0.4 * 6.0 ± 1.4 * 3.1 ± 0.0 *

STSW 7.2 ± 1.3 6.0 ± 1.4 1.3 ± 0.6 1.2 ± 0.6 6.6 ± 1.8 4.9 ± 1.0 1.6 ± 0.4 0.9 ± 2.2

similar to that of the core, at 5.8± 0.1‰ (n = 3), but offshore stations once again had
a noticeably lower δ15Nzoo of 3.8± 0.1‰ (n = 2).

The calculated difference between bulk zooplankton (combined size classes) and PON
δ15N at each station ranged from 2.6‰ (station 5) to 4.3‰ (station 3) and averaged
3.4± 0.6‰. The difference between the averages among the classified zones steadily
decreased with distance from shore, from 4.0‰ at the inshore current boundary to 2.6‰
at the offshore stations. Pearson correlation coefficient and paired t-tests of δ15N for size
classes 250-500µm and 500-1000µm against the weighted average PON δ15N indicate a
significant (p << 0.05) strong positive (R2 > 0.5 in both cases) correlation between the
δ15N of PON and bulk zooplankton.

3.4.4 Foraminifera

3.4.4.1 Species and abundance

The species observed in the ACS consisted of a mix between tropical and subtropi-
cal species. Tropical species included Trilobus (previously classified as Globigerinoides)
sacculifer, Pulleniatina obliquiloculata, Globorotalia menardii, Globigerinoides ruber and
Globigerinella siphonifera. Note that although classified here as a tropical species, cryp-
tic forms of G. siphonifera have also been found in subtropical regions, and this species
occupies a broad range of environmental conditions (Bijma et al., 1998; De Vargas et al.,
2002; Lombard et al., 2011; Seears et al., 2012). Likewise, G. bulloides is an opportunistic
species that has been found near-ubiquitously throughout the world’s oceans (Bé and Hut-
son, 1977; Prell and Curry, 1981; Ufkes et al., 1998; Morard et al., 2013); here, we classify
G. bulloides as subtropical due to its optimum growth temperature being low in compar-
ison to Agulhas Current SST (∼ 13◦C versus ∼ 20◦C (Fig. 3.2d), Prasanna et al. 2016).
Other species classified as subtropical included Globorotalia truncatulinoides, Globoro-
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Figure 3.5: Agulhas System Climate Array (ASCA) station δ15N data for PON (weighted average for
0-150m depth) and bulk, size-fractionated zooplankton (black circles = 1250˘500µm size class; triangles
= 500-100µm size class), compared to mixed layer depth (secondary y axis, 25.5 kg.m−3, green circles).
Stations are positioned west to east. Zones are labelled at the top of the plot; the Agulhas Current label
includes both the in- and offshore edges, with the core current labelled below. Error bars for PON show
standard deviation.

talia hirsuta, and Globorotalia inflata. Other species present along the ASCA line that
occur across a wide range of water temperatures included Orbulina universa, Globigerinita
glutinata, Neogloboquadrina dutertrei, and Globigerinella calida.

There was a shift from tropical foraminifera dominance inshore of the current to sub-
tropical dominance offshore (Fig. 3.6). Tropical species G. siphonifera, Trilobatus sac-
culifer and Globigerinoides ruber together made up more than 50% of the total assem-
blage at stations 3 - 5. The relative abundance of subtropical G. inflata increased steadily
from west to east, peaking at 80% at station 16. Despite being a shoreward-bound re-
peat of station 6, the species composition of station 6.5 was quite different. Station 6.5
consisted of a larger proportion of G. inflata and G. bulloides (34% combined at station
6.5 versus 6% at station 6), whereas on the outward-bound sampling of station 6, the
tropical component was much greater (> 80% of the total assemblage).

G. inflata was found to consistently make up the largest percentage of the subtropical
species. Overall, there was a larger diversity of tropical species, and the relative dominance
of each varied by station. However, of the stations where tropical foraminifera dominated
the assemblages, station 3 is unique in that T. sacculifer was almost non-existent, to the
point where the species was better represented at some of the subtropical stations (e.g.,
stations 14 and 20). While we do not know the absolute abundances of foraminifera at
each station, the similar towing time (∼20 minutes) at all stations likely means that our
highest and lowest counts reflect environmental signals (rather than sampling bias). Thus,
foraminifera were likely most abundant at stations 5 (current core) and 10 (mid-shore),
and least abundant at stations 3 (inshore), 16 and 20 (offshore).
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Figure 3.6: Foraminifera assemblages collected from net tows along the Agulhas System Climate Array
(ASCA) 2018. Yellow bars represent species previously associated with warm, tropical waters. Blue bars
represent species found in cooler, subtropical regions. Green bars represent cosmopolitan species. Rare
species in our study were classified as ‘other’. ‘Tropical (other)’ species include G. pelagica, G. radians,
G. rubescens, G. hexagonus and G. conglobatus; ‘Subtropical (other)’ consists of N. incompta, G. uvula
and G. scitula.

3.4.5 N isotopes

3.4.5.1 General trends

For data analysis, foraminifera were divided into groups according to physiology (spinose
and non-spinose), primary habitat (shallow, intermediate, deep), and symbiotic status.
The resultant six groups were based on the literature (Malmgren et al., 1983; Coulbourn
et al., 1980; Hemleben et al., 1989; Takagi et al., 2019) and are referred to by their most
distinguishing characteristics: (1) Spinose & symbionts (Trilobus, Orbulina and Globigeri-
noides ; active dinoflagellate symbionts), (2) Spinose & no symbionts (Globigerina), (3)
Non-spinose & intermediate (Globorotalia (globular), Globigerinita, Neogloboquadrina,
Pulleniatina; facultative symbiosis), (4) Tropical & intermediate (Globorotalia (keeled
rim); facultative symbiosis), (5) Subtropical & deep (Globorotalia; symbiont-barren), and
(6) Other (Globigerinella). This final group (Other) consists of G. siphonifera and G. cal-
ida. Several studies have shown the tissue- and shell-bound δ15N of G. siphonifera to be
consistently high in comparison to both dinoflagellate-bearing and non-symbiont hosting
species (Smart et al., 2018; Li et al., 2019, Chapter 2); of the species present in our as-
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Figure 3.7: Mean FT-δ15N of foraminifera groups at each station. Groups include (a) spinose &
symbionts (G. ruber, T. sacculifer, O. universa); (b); spinose & no symbionts (G. bulloides) (c) non-
spinose & intermediate (G. inflata, N. dutertrei, P. obliquiloculata, G. crassaformis, G. glutinata); (d)
tropical & intermediate (G. menardii, G. tumida, G. ungulata); (e) subtropical & deep (G. hirsuta, G.
truncatulinoides); (f) other (G. siphonifera, G. calida); (g) plots (a) to (f) combined, showing standard
deviation for duplicate measurements of a species at a tow. Colours indicate zones mentioned in text.

semblage, G. calida is the most morphologically and genetically similar to G. siphonifera,
although recent studies suggest that inter-genus (Globigerinella) genetic variability may
be higher than in other genera (Seears et al., 2012; Weiner et al., 2014; Morard et al.,
2015; Weiner et al., 2015). The two species are also thought to have similarly low degrees
of photoysmbiosis (i.e., a low reliance on symbionts for survival; Takagi et al. 2019).

FT-δ15N for all species ranged from 3.4‰ to 10.2‰ (Fig. 3.7). The lowest FT-δ15N
was observed offshore in G. ruber, and the highest was found in G. siphonifera in the
Agulhas Current. G. siphonifera and G. truncatulinoides (Other and Subtropical and
deep, respectively) were consistently higher in FT-δ15N relative to other species at a
given station, whereas G. ruber and T. sacculifer (Spinose & symbionts) typically dis-
played the lowest FT-δ15N (Fig. 3.8). Across all zones, FT-δ15N was lowest for the Spinose
& symbionts group at 5.2± 0.6‰ (Fig. 3.7a). As with the PON and bulk zooplankton
isotopes, the groups Spinose & No symbionts (with the exception of station 8, Fig. 3.7b),
Non-spinose & intermediate (Fig. 3.7c, offshore stations dominated by G. inflata), Trop-
ical & intermediate (Fig. 3.7d), Subtropical & deep (Fig. 3.7e), and Other (Fig. 3.7f)
showed marked offshore decreases in FT-δ15N. Non-spinose & intermediate FT-δ15N de-
creased from a maximum of 6.8± 0.9‰ (n = 9) at station 6 to 4.2± 0.4‰ (n = 4) at
station 16, Subtropical & deep FT-δ15N ranged from 7.7± 0.5‰ (n = 3) at station 6 to
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4.4‰ (n = 1) at station 16, Tropical & intermediate FT-δ15N decreased from 6.2± 1.4‰
(n = 3) at station 4 to 4.3± 0.2‰ (n = 2) at station 16, and Other FT-δ15N decreased
from 10.2‰ at station 3 (n = 1) to 5.2‰ at station 8 (n = 1).

3.4.5.2 Agulhas Current Core and Inshore edge: Stations 3 - 7 (Tropical
nitrate supply)

Average FT-δ15N for the five core and inshore edge stations was 6.1± 1.2‰ (n = 108
samples, Fig. S.2). The highest values were observed in Subtropical & deep (non-spinose)
species (G. truncatulinoides, G. hirsuta), where average FT-δ15N was 7.6± 0.4‰ (n =
5). Lowest FT-δ15N was measured in spinose, symbiont-hosting foraminifera (G. ruber,
G. sacculifer and O. universa, average 5.2± 0.6‰, n = 40), all of which are in obligate
symbiotic relationships with dinoflagellate algae. The facultatively photosymbiotic group,
Non-spinose & intermediate (G. inflata, P. obliquiloculata, N. dutertrei, G. glutinata),
and Spinose & no symbionts (G. bulloides) had averages of 6.4± 0.7‰ (n = 33) and
6.8± 2.1‰ (n = 6), respectively, both of which were more than 1‰ higher than the
spinose, symbiont-hosting group. In comparison to these foraminifera, FT-δ15N for the
intermediate-dwelling tropical species was relatively low at 5.6± 0.8‰ (n = 15).
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3.4.5.3 Offshore current edge & Agulhas mid-shore: Stations 8 - 15 (Sub-
tropical nitrate supply)

Average FT-δ15N for the five offshore edge and mid-shore stations was 6.1± 0.8‰ (n =
94, Fig. S.2), similar to FT-δ15N measured within the Agulhas Current, and all species
groups were within 0.5‰ of their current value. The FT-δ15N of deep-dwelling subtropical
foraminifera remained high in the mid-shore region (6.6± 0.6‰, n = 10), whilst the FT-
δ15N of Spinose & no symbionts (G. bulloides) was 6.1± 1.1‰ (n = 4). As with the
Agulhas Current (core and edge) zone, the lowest FT-δ15N was found in the Spinose &
symbiont (dinoflagellate-hosting) species (G. ruber, T. sacculifer and O. universa), where
the average FT-δ15N was 5.1± 0.6‰ (n = 23). The average FT-δ15N for the group Non-
spinose & intermediate was 6.3± 0.5‰ (n = 36).

3.4.5.4 Agulhas Offshore: Stations 16 - 20 (Subtropical nitrate supply)

Average FT-δ15N for the two offshore stations was 4.7± 0.6‰ (n = 17), 1.4‰ lower
than in the Agulhas Current zone. Although there were fewer specimens in this more
oligotrophic region, several of the inter-species trends remained apparent. The lowest
FT-δ15N was measured for the Spinose & symbionts, euphotic-dwelling foraminifera, at
4.2± 0.9‰ (n = 2). Unlike in the Agulhas Current and mid-shore zones, however,
Tropical & intermediate species showed the highest FT-δ15N (4.9± 0.5‰, n = 5). There
were very few specimens available for the Subtropical & deep and the Spinose & no
symbionts groups, which averaged 4.4‰ (n = 1) and 5.0‰(n = 1), respectively; their
FT-δ15N relative to other species in this zone are therefore not discussed further.

3.5 Discussion

3.5.1 Interannual variability of ACS water masses

Both the 2016 and 2018 nitrate isotope datasets portray the Agulhas Current and adjacent
subgyre as a system composed of several isotopically distinct water masses sourced from
tropical and subtropical regions. However, several differences were observed in the vertical
displacement of the density-defined water masses between the 2016 and 2018 transects,
some of which were noted in Braby et al. (2022), which published the observations of the
physical oceanography for the 2018 transect. First, there was a clearer presence of TSW
in 2016, as evidenced by the lower density (< 24.5 kg.m−3, Fig. S.3) waters in the Agulhas
Current (to avoid confusion, note that Braby et al. (2022) does not distinguish between
surface and thermocline waters, and identifies TSW as < 25.5 kg.m−3). This telltale low
density signal of TSW was much more diluted in 2018, suggesting strong vertical mixing
with thermocline waters prior to our sampling. Second, SAMW upwelled close to the coast
in 2016, adding nitrate with a higher δ15NNO3 (6.9‰) than the tropical thermocline to the
euphotic zone in the inshore zone of the transect (Marshall et al., 2023). In 2018, SAMW
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was situated below the thermocline, and there was no strong coastal upwelling event at
the time of sampling. Third, a more deeply penetrating pool (∼100-200m) of TTW was
present in 2016 (Fig. S.3), revealed by the mass of low oxygen concentration waters below
the current core. Finally, in 2016 the mixed layer deepened with distance offshore from
the Agulhas Current, as evidenced by the isopycnals sloping offshore (Fig. S.1, Marshall
et al. 2023). In 2018, on the other hand, mixed layers offshore of station 15 (34.8◦S
28.4◦E) shallowed, as an incursion of subtropical thermocline waters was advected from
the east. As previously mentioned, the MLD was decoupled from the 25.5 kg.m−3 isopy-
cnal, and waters below the mixed layer were low in nitrate concentration (Fig. 3.2a).
Mesoscale variability in the form of eddies is a frequent and integral part of southwest
Indian Ocean circulation (Gründlingh et al., 1991; Biastoch et al., 1999; Schouten et al.,
2003; Raj et al., 2010; Kolasinski et al., 2012; Lamont et al., 2014; Noyon et al., 2019;
Vinayachandran et al., 2021), affecting both stratification and biological activity through-
out the year. The cyclonic intrusion observed here demonstrates how mesoscale dynamics
can drive variability in the ACS; not only did the intrusion result in a local increase in
nitrate availability within the euphotic zone, but it is also suspected to have impacted the
Agulhas Current’s width, with the raised isopycnals (which brought cooler, fresher and
less oxygenated waters closer to the surface) associated with the cyclone’s leading edge
effectively narrowing the stream (Braby et al., 2022).

Despite the differences in water column structure between the two years, nitrate con-
centrations and isotopes for the surface and thermocline water masses of the ACS in
2018 were similar to those reported for 2016 (Table 3.1, Fig. 3.3, Fig. 3.4; Marshall et al.
2023). This inter-annual consistency was expected, as the subgyre - from which more
than 50% of the Agulhas Current’s volume derives - retains recirculated thermocline
(25.7− 26.2 kg.m−3) waters for an estimated four years (Karstensen and Tomczak, 1997;
Fine et al., 2008). Therefore, the supply of nitrate entering the mixed layer across the
transect was expected to have roughly the same properties (δ15N, δ18O and concentration)
in 2018 as in 2016. The available data support this, with δ15NNO3 of each water mass in
2018 falling for the most part within one standard deviation of the δ15NNO3 for 2016 (Ta-
ble 3.1). The fact that in 2018, the nitrate isotopes of the water masses adhered so closely
to the 2016 values, in spite of the physical differences (e.g., stratification, upwelling), is a
reflection of how strongly along-isopycnal mixing between tropical and subtropical waters
is inhibited across the Agulhas Current (Beal et al., 2006).

3.5.2 Physical changes in water masses reflected in foraminifer
assemblages

The offshore shift to a more subtropical foraminifer assemblage coincides with the tran-
sition from coastal TTW to STTW (Fig. 3.2 and 6). Temperature has been shown to be
the strongest predictor of foraminifer community composition, followed by salinity and
turbulence (Meilland et al., 2016; Rebotim et al., 2017; Kontakiotis et al., 2021), and the
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ASCA gradients in species composition chiefly aligned with these expectations. Offshore
of station 16, the upward mixing of thermocline waters towards the surface was reflected
in an increase in intermediate- to deep-dwelling species (e.g., G. truncatulinoides and
G. menardii) relative to the other species at stations 16 and 20. With regards to overall
abundance, these offshore stations hosted roughly five- to ten-times fewer individuals than
stations sampled in the core of the current. The lower abundances at these stations un-
derlines the oligotrophic nature of the subgyre (although some communities may have also
been present below the range of our net tows (200m), and upward mixing of thermocline
waters may have dispersed some species). Subtropical gyres (including the subgyre) are
nutrient-poor regions of the ocean characterized by stratified water columns and low pro-
ductivity for much of the year (Hayward, 1987; Karl, 1999; Jena et al., 2012), which should
favour G. ruber and G. sacculifer, foraminifer species that have traditionally been found
to be well-adapted to these conditions (Bijma and Hemleben, 1994; Watkins et al., 1996;
Fraile et al., 2008; Lessa et al., 2020; Scott, 2020). Our assemblage data does not show this
trend; rather, these two species were most dominant in the higher nutrient current core as
opposed to the oligotrophic mid-shore zone. However, the offshore decrease in these two
species is not unexpected, as foraminifera can, and do, inhabit waters characterized by
non-ideal nutrient conditions, and the Agulhas Current’s warm surface temperatures are
optimal for the shallow-dwelling G. ruber and G. sacculifer in terms of reproduction (Bé
and Hutson, 1977; Fraile et al., 2008; Rebotim et al., 2017). Interestingly, we do see an
increase in G. inflata, a species often associated with cool conditions (Boltovskoy, 1969;
Pujol and Grazzini, 1995; Lončarić, 2006; Rigual-Hernández et al., 2012; Lessa et al.,
2020), offshore where subtropical thermocline waters were uplifted (station 16).

Tropical species associated with warm waters persisted inshore of the Agulhas Cur-
rent core, despite the upwelling of cool thermocline waters in the section between the
current and shelf edge (stations 3 and 4). Foraminifera in this region had likely been
advected inshore from the current, as vertical and horizontal shears are at a maximum at
the inshore edge of western boundary currents (Beal, 2009; Imawaki et al., 2013; Hood
et al., 2017). The absence of strong coastal upwelling in 2018 supports this idea, as up-
welling would have brought species better adapted to cooler, more turbulent conditions
(e.g., the opportunistic G. bulloides ; Ortiz et al. 1995; Ufkes et al. 1998; Peeters and
Brummer 2002). Further, shallow-dwelling symbiont-bearing species like G. ruber and
G. sacculifer are more likely than other species to be dispersed by horizontal advection.
The large, more spherical spinose chambers of these species make their tests more buoy-
ant than non-spinose species, allowing for greater dispersion distances and slower sinking
times (Hayward, 1986). The morphology of G. siphonifera is similar (i.e., large, spherical
chambers), which could also explain the high percentage of G. siphonifera at station 3
(both in comparison to other species at the same station, and across all stations), as
despite its deeper average living depth, G. siphonifera tends to have large tests with
spherical chambers. However, G. siphonifera is a cosmopolitan species with at least two
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Figure 3.9: Agulhas System Climate Array (ASCA) 2018 physical characteristics of the upper 100m
across transect. Lines represent the outward journey, whilst diamonds indicate properties of the stations
sampled on the return journey (stations 6.5 and 8.5 in text). Colours indicate CTD measurements at
depth.

morphotypes, one of which appears to have a preference for cool conditions (Bijma et al.,
1998; Darling and Wade, 2008), and its disproportionate abundance may instead indicate
a stronger presence of TTW than STW at the surface. The same could be true for G.
bulloides, an intermediate-dweller that has been used as an upwelling indicator in palaeo-
reconstructions due to its preference for cool, high productivity waters (Hemleben et al.,
1989; Ufkes et al., 1998; Mollenhauer et al., 2003).

Another station where G. bulloides was prominent was during the repeat sampling of
station 6 (referred to as station 6.5); although not high in abundance relative to most
stations across the transect, the increase in the species is noticeable when considering
its absence at station 6 (sampled four days prior). Other intermediate- (G. inflata) and
deep-dwelling (G. menardii) species also increased relative to the initial sampling at this
location. The increase can be attributed to intensification of upwelling between sam-
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a point in the offshore edge of the Agulhas Current, whilst the green line shows seasonality at a point
further downstream in the area of retroflection, where a mature Agulhas eddy (Chapter 2) was shed at
the end of 2016.

plings, causing the mixed layer to shallow and cool by 2◦C (Fig. 3.9). The sudden change
led to a noticeably larger proportion of intermediate-dwellers, which were likely vertically
transported along with STTW. Conditions were no longer favourable to the shallowest-
dwelling (and highly buoyant) foraminfera, G. ruber and T. sacculifer, causing them to
become displaced to another location. This shift in population may provide an analogue
for longer-term seasonal or inter-annual variability, showing the response of foraminifer
populations in this region to changing environmental conditions resulting from underlying
physical and biogeochemical processes (Schiebel and Hemleben, 2000; Barlow et al., 2020).
Upwelling conditions in the Agulhas Current and subgyre region are largely controlled by
seasonal winds and topographic forcing (Hood et al., 2017); therefore, if wind intensi-
ty/wind stress curl were to increase during glacial periods as has been suggested (Huang
et al., 2007; Rampen et al., 2008; Marlow et al., 2000), glacial foraminifer assemblages
recovered from Agulhas sediments might be more strongly dominated by subtropical or
deeper-dwelling species better adapted to turbulent conditions (Simon et al., 2013).

3.5.3 Controls on FT-δ15N

3.5.3.1 Relationship of FT-δ15N to PON and bulk zooplankton δ15N

Across the ASCA transect, δ15NPON was significantly (weakly) correlated with mean FT-
δ15N (R2 = 0.35; not shown). The positive relationship was particularly evident when
isolating specific species, including G. inflata (non-spinose with symbionts, R2 = 0.58, not
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Figure 3.11: Correlation plots of station data, showing (a) FT-δ15N of G. bulloides vs δ15N-PON
(weighted average of 0-200m), (b) FT-δ15N of G. inflata vs bulk zooplankton δ15N, (c) FT-δ15N of G.
menardii vs bulk zooplankton δ15N, (d) mean FT-δ15N (all species) vs bulk zooplankton δ15N (size class
250-500µm).

shown) and G. bulloides (spinose without symbionts, R2 = 0.66, Fig. 3.11a). Both species
also showed a strong correlation with bulk zooplankton δ15N (size classes 250-500µm and
500-1000µm, the size range that includes foraminifera and their potential prey, along
with other microzooplankton (Fig. 3.11b), as did G. menardii (tropical deep dweller, R2

= 0.54 (versus 250-500µm bulk zooplankton, p < 0.01, Fig. 3.11c)). When pooling all
species together, bulk zooplankton measurements were even more strongly correlated with
FT-δ15N (R2 = 0.79 (p < 0.01) for size class 250-500µm and R2 = 0.65 (p < 0.01) for
size class 500-1000µm, Figs. 11a-d). A similarly close relationship between foraminifera
and PON (the primary food source for foraminifera) δ15N was previously observed in
the Subantarctic and Polar Frontal Zones (Smart et al., 2020). Upper-ocean nitrate in
these more southerly locations did not co-vary with FT-δ15N in winter (unlike in the
South Atlantic (Chapter 2) and Sargasso Sea; Smart et al. 2018), in part due to lower
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productivity and higher bacterial decomposition of PON during winter, while FT-δ15N
and δ15NPON remained coupled throughout the year (Smart et al., 2020). In the southeast
Atlantic, the relationship of foraminifera to PON appeared to be disrupted by Agulhas
leakage waters overlying South Atlantic thermocline waters (Chapter 2).

The species that were least correlated with PON and/or bulk zooplankton are spinose,
dinoflagellate symbiont-hosting species (T. sacculifer, O. universa, G. ruber). All three
species are thought to be carnivorous, having eaten zooplankton like copepods under
laboratory conditions, in addition to phytoplankton (Bé and Hutson, 1977; Bé et al.,
1981; Caron et al., 1982; Caron and Bé, 1984; Hemleben et al., 1989), but their obligatory
photosymbiosis means that these species are arguably less reliant on PON for nutrition
than other foraminifera. Although chrysophyte algae have on occasion been observed to
be in symbiosis with G. inflata, this species is predominantly heterotrophic, unlike the
aforementioned dinoflagellate-hosting foraminifera (Hemleben et al., 1989; Takagi et al.,
2019). Its average living depth and herbivorous diet indicates that it should be more
isotopically similar to the deeper-dwelling, symbiont-barren species, which is what we
observed in our study (and has also been observed in other regions (Chapter 2; Smart
et al. 2018, 2020)).

The mean difference between FT-δ15N and δ15NPON was similar in the ACS to what
was observed in the South Atlantic (3.7± 0.6‰ vs 3.8± 1.3‰, respectively, Chapter 2),
which is roughly equivalent to the nitrogen isotopic enrichment expected for a one trophic
level difference (Minagawa and Wada, 1984; Peterson and Fry, 1987). Further south (in
the region of the subtropical and subantarctic fronts), this trophic difference was similar,
averaging 3.2± 0.2‰ across all species despite seasonal variation in both FT-δ15N and
δ15NPON, and was ∼3.3‰ at the Agulhas Retroflection (40.9◦S, 26.8◦E, Smart et al.
2020). The relatively small deviation of the FT-δ15N— δ15NPON offset across the ASCA
stations (0.6‰) suggests that the isotopic relationship between foraminifera and PON
is fairly consistent in the region, whilst the intra-annual consistency of the offset further
south (Smart et al., 2020) is a promising indicator that FT-δ15N may be a good reflection
of δ15NPON variability in the region throughout the year.

3.5.3.2 Species-specific controls on FT-δ15N

The broad inter-species trends in the Agulhas region are similar to those previously mea-
sured in the Subantarctic Zone and Polar Frontal Zone, Sargasso Sea, South China Sea,
and Southeast Atlantic (Ren et al. 2009; Li et al. 2019; Smart et al. 2018, 2020 Chap-
ter 2), and are mostly consistent across the transect (Fig. 3.7, Fig. 3.8). Species-specific
differences in FT-δ15N are thought to arise predominantly from diversity in diets, depth
habitats, and metabolic pathways (Hemleben et al., 1989; Schiebel and Hemleben, 2005;
Ren et al., 2012b; Bird et al., 2020). Foraminfera-algal symbiosis has regularly been asso-
ciated with low FT-δ15N in comparison to heterotrophic species (with offsets of 0.5-3‰ in
the Sargasso Sea (Smart et al., 2018) and ∼1.5‰ in the ACS). Exceptions to this trend
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have in the past included G. bulloides (symbiont-barren) and G. siphonifera (symbiont-
hosting, referred to as Globigerinella aequilateralis in Ren et al. 2012b), which were found
to have unexpectedly low and high FT-δ15N, respectively, in all the aforementioned re-
gions (Smart et al. 2018, 2020, Chapter 2, Li et al. 2019). Although our measurements of
G. siphonifera were, for the majority of stations, consistent with a high FT-δ15N for G. si-
phonifera, G. bulloides FT-δ15N was surprisingly high in both the tropical and subtropical
sectors of the ARC.

Research has shown that the FT-δ15N of the symbiont-barren, heterotrophic G. bul-
loides can be lowered through direct consumption of low-δ15N ammonium or raised dur-
ing periods of increased ammonium availability where increased protein production and
storage results in 15N enrichment (Lee et al., 1965; Bird et al., 2020). However, ammo-
nium was not present in the range of concentrations needed to bring about this increase
(> 10µm, Bird et al. 2020). G. bulloides appears to have occupied a broad trophic range,
with a diet that consists of bacteria and phytoplankton (Bird et al. 2017; Chronopoulou
et al. 2019). We posit that the persistently higher-than-expected G. bulloides FT-δ15N
measured in this study was due to a low reliance on ammonium as an N source relative to
other food sources in this environment, or an average living depth similar to intermediate
or deep-dwellers, since the trophic difference of G. bulloides FT-δ15N from PON is similar
to that of G. inflata and G. truncatulinoides (∼4‰). In particular, G. bulloides ’ strong
correlation to PON δ15N (Fig. 3.11a, R2 = 0.66) suggests that in this case, the majority
of the species’ diet was organic matter (PON and/or bacteria).

The reason for the consistently high FT-δ15N measured for G. siphonifera across mul-
tiple environments is uncertain. One underlying reason could be due to cryptic speciation
producing several morphotypes of G. siphonifera, which complicates the understanding
of its physiology and its relationship to its environment. Morphotypes of G. siphonifera
include Type I, Type IIa and Type IIb (Darling et al., 1997; Huber et al., 1997; Darling
et al., 1999); it is possible that the type that has been sampled for δ15N (in this and also in
existing studies) has a similar diet to deep-dwelling foraminifera, or that its host/symbiont
interactions or growth characteristics (e.g., time of chamber formation) produce a signal
different from that of other foraminifer species (Huber et al., 1997; Bijma et al., 1998;
De Vargas et al., 2002). A further distinction is that the dominant algal symbionts for G.
siphonifera are chrysophytes and/or prymnesiophytes, as opposed to the dinoflagellates
associated with G. ruber, T. sacculifer and O. universa (Gastrich, 1987; Faber et al.,
1988). Under laboratory conditions where water temperatures deviated from the optimal
temperature (24◦C) G. siphonifera experienced a decrease in the rate of symbiont pho-
tosynthesis, which was attributed to the partial inactivation of symbiont photosynthetic
enzymes (Lombard et al., 2009). That the maximum SST across the ASCA transect was
23◦C, with the majority of the 0-200m depth interval characterized by a temperature
between 17 and 20◦C, could explain the non-symbiont-like FT-δ15N of G. siphonifera in
this region, but not necessarily in other basins where temperatures are warmer (Bermuda)
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and yet the FT-δ15N of the species remained high.
Previous studies have linked the high FT-δ15N of deep-dwelling species such as G.

truncatulinoides to their reliance on partially-degraded PON and lack of algal symbionts
(Ren et al., 2012b; Smart et al., 2018). Bacteria preferentially remove 14N from PON over
time as it ages and/sinks in the water column, leading to the PON in sub-euphotic waters
being more enriched in 15N than at the surface (Saino and Hattori, 1980; Altabet and
McCarthy, 1986; Altabet et al., 1991; Lehmann et al., 2002). In our study, δ15NPON at
depth (150m) was not obviously higher than was measured at the surface, but the deep-
dwelling species in our assemblage likely spent time below this depth, as evidenced by the
FT-δ15N of G. truncatulinoides remaining consistently high across the transect (> 6.3‰
in current (core and edge) zones). Reliance on symbionts may explain the small but
consistent difference in FT-δ15N that was observed between Non-spinose & intermediate
and Tropical & intermediate groups, where the latter was on average 0.7‰ lower than
the former. Both groups host algal symbionts and tend to subsist at roughly the same
depths (50-100m, Rebotim et al. 2017; Venancio et al. 2017; Stainbank et al. 2019), but
photosymbiotic activity in the G. menardii -like species (i.e., Tropical & Intermediate) is
higher (Takagi et al., 2019).

3.5.3.3 FT-δ15N versus thermocline nitrate

FT-δ15N was stable across much of the transect (mean = 6.0± 1.1‰, n = 219 at 12
stations, Fig. 3.7g) despite the roughly 1‰ difference in δ15NNO3 observed between the
tropical and subtropical thermocline. Existing studies of foraminifera biomass and shell
δ15N in low-to-mid-latitude regions where N is limiting have shown that N isotopes in
foraminifera tend to reflect variations in thermocline nitrate on an annual basis (Ren
et al. 2009, 2012a; Smart et al. 2018, Chapter 2); if this were the case in the ACS, we
might expect a clearer distinction between FT-δ15N inshore of (and including) station 7
(with tropical thermocline water underlying the mixed layer) and those collected offshore
of station 8 (which are supplied by subtropical thermocline waters). However, we observed
little to no distinction in FT-δ15N between stations 7 and 8, and instead noted a decrease
between stations 14 and 16 (i.e., between mid-shore and offshore zones) where there was
no accompanying thermocline δ15NNO3 change. This contrast indicates that FT-δ15N may
not be a straightforward reflection of thermocline δ15NNO3 variation in the region.

First, we discuss the possible reasons for the observed difference in FT-δ15N between
the mid-shore and offshore zones. Since both zones are ultimately supplied by the same
nitrate source (STTW, mean δ15NNO3 of 4.9‰), complete consumption of the available
nitrate would result in a net fractionation of zero, with no isotopic difference between
the PON (and FT-δ15N) produced at the mid-shore and offshore stations (Wada and
Hattori, 1978; Altabet and McCarthy, 1985; Montoya et al., 1992). Since the δ15N of
foraminifera is set by their diet, the discrepancy between their species-specific FT-δ15N
values must therefore ultimately result from a difference in the relative consumption of
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available nitrate by phytoplankton, the consumption of an additional nitrate source with
a different N-isotopic composition, and/or changes in feeding strategies of foraminifera
under different habitat conditions. Phytoplankton assimilating an additional source of
nitrate can be dismissed as 1) the physical and biogeochemical properties of the water
masses agree with what has previously been observed in the region (Valentine et al., 1993;
Beal et al., 2006; Marshall et al., 2023) and 2) the δ15NNO3 profiles for both zones were
very similar (Figure 4a), with thermocline δ15NNO3 values between stations 10 and 19 that
were within 0.5‰ of one another.

We therefore look to partial nitrate consumption to explain the discrepancy between
the mid-shore and offshore, an explanation that is supported by the hydrographic and
nutrient data. The shoaling of the mixed layer coincided with the presence of the cyclonic
intrusion at the offshore section of the transect (station 16), and thermocline waters were
uplifted towards the surface (Figure 3). Mixing STTW with surface waters supplied
new nitrate to the euphotic zone, observable in cross-section plots of the ASCA transect
as the decoupling of oxygen and salinity from the mixed layer (25.5 kg.m−3, Fig. 3.2).
Consumption of the new supply of nitrate (which is lower in δ15NNO3 than STSW) from
below would result in PON that is relatively depleted in 15N, and foraminifera with a
similarly low δ15N signal. On average, δ15NPON is set over the course of several hours to
days (Waser et al., 1998; Treibergs et al., 2014), whereas FT-δ15N likely integrates over
days to weeks (Smart et al., 2018; Robinson et al., 2023). Given that (1) the offshore
nitrate concentrations between 100 and 200m were lower than the average STTW nitrate
concentrations, indicating that some of the nitrate had already been assimilated by the
time of sampling, and (2) satellite (sea level anomaly and velocity vector) data showed that
the cyclonic feature had been present in the region for at least 2 weeks prior to sampling,
it is likely that the low offshore FT-δ15N is a consequence of foraminifera incorporating
the low δ15NPON signal derived from partial consumption of newly-supplied (i.e., uplifted)
thermocline water nitrate.

With regards to changing feeding strategies of foraminifera, it is possible that being
located closer to the oligotrophic subgyre and further from the tropically-influenced waters
of the Agulhas Current might influence the diet of some species, resulting in an altered
FT-δ15N signal. However, considering the evidence for increased nitrate availability in
the offshore euphotic layer, combined with the duration of the cyclonic feature (> 2

weeks) and the relatively short distance (40 km) between stations 14 (mid-shore) and 16
(offshore), it is unlikely that the lower FT-δ15N in the offshore zone was the result of the
subgyre affecting diet preferences.

The conclusion that a lower degree of nitrate consumption is responsible for the ob-
served decrease in offshore FT-δ15N has implications for Agulhas leakage, as the offshore
FT-δ15N signal presented here should increase as phytoplankton continue to assimilate the
available nitrate. Assuming nitrate is mostly consumed in ACS surface waters, mid-shore
foraminifera may be a better indication of the average relationship between FT-δ15N and
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thermocline (source) δ15NNO3 than what was observed at the offshore stations. In order
for FB-δ15N to work as an Agulhas leakage proxy, the foraminifera within the leakage need
to be isotopically distinct from their surroundings (i.e., the south Atlantic). In Chapter 2,
FT-δ15N was measured for foraminifera living in the southeast Atlantic, as well as for spec-
imens inhabiting a mature Agulhas eddy (roughly 7 months old, Chapter 2, Wallschuss
et al. 2022). Comparing mid-shore FT-δ15N with the background Atlantic dataset (species
common to both include G. truncatulinoides, G. inflata, G. bulloides, G. hirsuta, and G.
siphonifera) shows that the Agulhas mid-shore foraminifera were lower in FT-δ15N for all
species except G. hirsuta. This is to be expected due to STTW having a lower δ15NNO3

than South Atlantic Subtropical Mode Water (SASTMW), the nitrate supply to the mixed
layer in the southeast Atlantic (SASTMW, δ15NNO3 = 6.9‰, Chapter 2). However, the
difference in FT-δ15N between the two regions (Fig. S.2) was smaller than the difference
between the δ15N of the nitrate source to the southeast Atlantic (δ15N SASTMW) and
that of the subtropical subgyre nitrate source (δ15N STTW) (0.5‰ difference in FT-δ15N
versus 2‰ difference in thermocline δ15NNO3). In addition, the mid-shore ACS FT-δ15N
was significantly higher than the average measurements from the mature eddy in the Cape
Basin (p < 0.01; higher by an average of 2.2‰), indicating that the eddy is not a simple
reflection of Agulhas conditions; instead, we observed that Agulhas offshore FT-δ15N was
more similar to the FT-δ15N within the mature eddy.

3.5.3.4 Comparison to southeast Atlantic FT-δ15N

Agulhas Current (core and edge) FT-δ15N values are similar to those recorded in the South
Atlantic during the winter of the previous year (Fig. S.2), with South Atlantic FT-δ15N on
average 0.4± 0.8‰ greater than that of the same species in the Agulhas Current. Of the
six overlapping species, only three were present offshore in the ACS in suitable quantities
for FT-δ15N measurements (G. truncatulinoides, G. inflata and G. bulloides). Offshore
FT-δ15N was on average 2.2‰ lower than South Atlantic values for the same species, and
were more isotopically similar to their counterparts from within the anticyclonic eddy
(Chapter 2). Offshore ACS FT-δ15N for G. truncatulinoides and G. inflata were 1.0‰
lower and 0.9‰ higher than in the South Atlantic eddy, respectively. On the other hand,
G. bulloides was 2.2‰ higher offshore than in the eddy; however, as noted above, the
FT-δ15N of this species within the ACS was unexpectedly high in comparison to other
studies (Ren et al., 2012b; Smart et al., 2018, 2020).

In the South Atlantic, FT-δ15N of deep-dwelling foraminifera was a good indicator for
local thermocline δ15NNO3 (∼6.7‰; Chapter 2). If the same were true within the ACS,
we would expect these species to be lower in δ15N than in the South Atlantic, since the
tropical and subtropical thermocline δ15NNO3 in 2016 was 5.8‰ and 4.9‰, respectively.
Instead, the FT-δ15N of deep and intermediate-dwelling foraminifera was consistently
higher than that of thermocline nitrate (with the exception of the low FT-δ15N associated
with the cyclonic intrusion), whilst the FT-δ15N of spinose, symbiont-hosting foraminifera
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was a closer match to thermocline δ15NNO3 . This is more in line with what was observed
in the Sargasso, where O. universa, G. ruber and T. sacculifer were consistently within
0.5‰ of thermocline nitrate (Ren et al., 2012b; Smart et al., 2018).

N2 fixation and ammonium assimilation could lower the FT-δ15N within an Agulhas
eddy during leakage transport. Since the isotope effect associated with N2 fixation is
small (−2-0‰, Hoering and Ford 1960; Delwiche et al. 1979; Carpenter et al. 1997), N2

fixation produces organic N that is low in δ15N, the remineralization of which results in
low δ15N nitrate. Anticyclonic eddies are becoming increasingly recognized as hotspots
for N2 fixation, and may contribute to a lower FT-δ15N relative to eddy surroundings
(Holl et al., 2007; Fong et al., 2008; Li et al., 2020; Liu et al., 2020; Chen et al., 2021;
Dugenne and Gradoville, 2022). The recycling and assimilation by phytoplankton of low
δ15N ammonium produced through organic matter decomposition (Altabet, 1988; Mino
et al., 2002; Fawcett et al., 2011) and via zooplankton excretion (Checkley and Miller,
1989) also has the potential to lower the δ15NPON over time, creating a low δ15N food
source for foraminifera. The ACS data presented here support a scenario in which one
or both of these processes are active in-situ during the transport of Agulhas leakage, as
either of these processes could yield a 2.2‰ decrease in the leakage FT-δ15N relative to
the pre-leakage signal (when considering Agulhas mid-shore FT- δ15N as the pre-leakage
end-member).

It is also possible that the comparatively low Agulhas leakage eddy FT-δ15N could be
a result of seasonal variability in δ15NPON. Species-specific FT-δ15N seasonal changes of
2‰ have been observed in the mid-latitude Sargasso Sea, where an increased reliance on
ammonium relative to nitrate during mid- to late summer is thought to be responsible
for observed decreases in δ15NPON and FT-δ15N (Smart et al., 2018). Although there
are differences in the nutrient sources and biogeochemical cycling of the two basins, the
Sargasso Sea dataset arguably provides the best available seasonal comparison for the
subtropical portion of the ACS, in that nitrate is supplied via winter mixing to an olig-
otrophic surface layer (Lomas et al., 2013; Treibergs et al., 2014) and is subsequently
taken up to completion (Lipschultz, 2001; Fawcett et al., 2015). The Agulhas eddy from
which foraminifera were sampled in 2017 was formed and migrated into the South At-
lantic in early summer (Wallschuss et al. 2022, Chapter 2). Whilst some amount of N
had likely undergone recycling by this time (Menzel and Ryther, 1959; Lipschultz, 2001),
time-series satellite model data of the Agulhas Retroflection indicate that surface nitrate
was not used up at this time (3.10), and it is uncertain how much greater the reliance
on ammonium was during early summer than during our sampling period (winter). It is
difficult to draw any definitive conclusions regarding the seasonal variations in FT-δ15N
without data collected during other months; however, the region in which FT-δ15N de-
creased becomes less of an issue when focusing on reconstructing Agulhas leakage. An
increase in ammonium consumption would have the same impact on FT-δ15N, whether
the signal resulted from seasonal variation in the ACS nitrate supply or from the retention
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of nitrate-deplete waters in the eddy during the transport of leakage.
Therefore, although uncertainty remains regarding the processes affecting FT-δ15N

downstream of the Agulhas Current region and during the transport of leakage, we are
confident that Agulhas leakage foraminifera are noticeably lower in δ15N (both in tissue
and shell) than the foraminifera inhabiting the surrounding Atlantic (Chapter 2). The
utility of the foraminifer-bound nitrogen isotopes as a proxy for Agulhas leakage is de-
termined by being able to identify this low FB-δ15N in the sediment, not by quantifying
the degree to which each process contributed to the final isotopic composition. Although
definitively identifying such processes will greatly improve our understanding of local
mesoscale controls on biology and stratification in the ACS, as well as providing further
insight into the role of eddies in biogeochemical cycling and carbon export, the findings
of our initial work are encouraging for research aimed at reconstructing past leakage.

3.5.3.5 Influence of recent changes to water column structure on FT-δ15N

Along the ASCA transect, we next examine the unexpected similarity in FT-δ15N between
tropical and subtropical FT-δ15N found across stations 3 - 14, despite their being supplied
by two separate, isotopically different nitrate sources (mean δ15NNO3 of 5.8‰ versus
4.9‰ for TTW and STTW, respectively). Partial assimilation offered a potential reason
for the FT-δ15N differences observed between the mid- and offshore zones, and may also
explain the similarity of FT-δ15N between the tropical current and subtropical mid-shore
zones. Nitrate concentrations in the upper 100 m were low at ∼1-2µM (Fig. 3.2a) at the
current’s offshore edge and mid-shore stations (stations 8 - 14), and the water column
became increasingly stratified with distance from the coast (Fig. 3.2a). In contrast, TTW
shoaled to the surface inshore of the Agulhas Current (evident in the sloped isopycnals
and low oxygen concentration characteristic of TTW at stations 3 - 5; Fig. 3.2c), bringing
subsurface nitrate with a δ15N of 5.8‰ and concentration > 10µM to the surface to
supply stations 3 - 7 (Fig. 3.2a, c).

In comparison to thermocline nitrate, both the current and mid-shore zones showed a
nitrate utilization of roughly 50% at the surface. Applying a Rayleigh (for the subtropical
section) and steady state (for the tropical section) framework to our data, where the δ15N
of both the reactant (nitrate) and product (PON) increase as nitrate consumption pro-
ceeds, indicates that the same degree of consumption of TTW and STTW would result in
the production of a higher TTW-supplied δ15NPON (and foraminifera) than PON derived
from STTW by around 1‰. However, neither model is particularly appropriate for the
tropical current zone, due to high velocities and large flow variability inshore and within
the core of the Agulhas Current (Beal et al., 2015), which violates the models’ assump-
tions. The vertical transport of water is an order of magnitude lower than its downstream
surface velocity (∼0.2m.s−1 versus ∼2m.s−1, Figure S.1; Bryden et al. 2005; Beal et al.
2015). Rapid downstream (advective) transport of nutrients combined with diapycnal
mixing and entrainment of thermocline waters into the surface means the upper layers of
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the current will be characterized by higher nitrate concentrations than would be possible
through vertical supply alone. This makes the fraction of nitrate utilization difficult to
quantify (Pelegrí and Csanady, 1991). The extremely low apparent isotope effects for ni-
trate assimilation calculated by applying the Rayleigh model to the 2018 data, (ε < 1‰,
ε = (δ15NNO3-initial − δ15NNO3-reactant)/(ln[f ]), where f is the fraction of nitrate remaining
([NO3

-]measured]/[NO3
-]initial)) confirm a high degree of mixing or uplift of tropical ther-

mocline waters (i.e., violating Rayleigh model conditions). The constant mixing and
import of low δ15N nitrate for assimilation would yield a low δ15NPON source of food for
foraminifera. We also note that the difference between TTW and STTW is less than
1‰, and that only a small amount of mixing of additional nitrate would be necessary
to lower the tropical δ15NPON to a value similar to that observed in the mid-shore, which
was driven solely by the consumption of subtropical thermocline-supplied nitrate.

The Agulhas Current consists of a mixture of tropical and subtropical waters, but
the majority of its volume (and likely the majority of leakage volume) is sourced from
subtropical regions (Stramma and Lutjeharms, 1997; Durgadoo et al., 2017). Considering
that the average difference between the background Atlantic and Agulhas eddy FT-δ15N
(Chapter 2) was more than double that of the difference between TTW and STTW
δ15NNO3 , logic suggests that even if a large portion of leakage was derived from TTW, the
additional processes responsible for lowering δ15NPON of Agulhas leakage would still create
a lower FT-δ15N than that of the background Atlantic. If this is true, then Agulhas leakage
would manifest as a low FB-δ15N signal in the southeast Atlantic sediment, regardless
of whether the dominant portion of leakage was derived from tropical or subtropical
thermocline waters.

3.6 Conclusions

In this study, nitrate isotopes across the ACS were found to be consistent with previous
measurements, suggesting isotopic inter-annual stability in the region. Northern-sourced
tropical thermocline waters appear to be consistently higher in δ15NNO3 than the olig-
otrophic subtropical thermocline waters (Marshall et al., 2023). The sharp frontal bound-
aries created by the meeting of these water masses over a relatively short distance across
the Agulhas Current System provide an excellent window through which to view how
physical properties of the marine environment govern foraminifera assemblages; a clear
shift was visible from > 80% dominance by tropical species in the warm core of the Agul-
has Current to a similar level of dominance by subtropical species offshore, over a distance
of 50 km (station 6 to station 10). This work builds on existing ground-truthing efforts
(Ren et al. 2009, 2012b; Li et al. 2019; Smart et al. 2018, 2020; Chapter 2) aiming to un-
derstand the link between ocean biogeochemistry and foraminifera-bound δ15N preserved
in the fossil record. As in the aforementioned studies, we find FT-δ15N to be consistently
lower in spinose, dinoflagellate-hosting species in the ACS (e.g., G. ruber, T. sacculifer)
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relative to non-symbiont hosting or facultatively symbiont-reliant species. Furthermore,
dinoflagellate-hosting species appear to best approximate thermocline nitrate δ15N in the
ACS, which is consistent with data from the Sargasso and South China Seas (Li et al.,
2019; Smart et al., 2018), but divergent from the southeast Atlantic, where the isotopic
composition of deep-dwellers in winter was more comparable to that of thermocline nitrate
(Chapter 2).

The positive correlation between foraminifera and PON (and zooplankton (250-1000µm))
is consistent with knowledge of foraminifera‘s reliance on particulates and zooplankton
to subsist (Bé et al., 1981; Hemleben et al., 1989), and suggests that foraminifera are
reliable isotopic indicators of particulate N in the ACS. Species-specific subtropical FT-
δ15N under nitrate-deplete conditions in the ACS appears similar to that of the southeast
Atlantic, despite the lower thermocline δ15NNO3 in the ACS. The data therefore suggest
that additional processes, like in-situ N2 fixation and recycling and consumption of am-
monium act to lower the δ15NNO3 (and FT-δ15N) of leakage in transit, yielding the low
FT-δ15N measured in the Agulhas eddy in the southeast Atlantic (Chapter 2). Should
these processes regularly lower the δ15N of PON in leaked eddies in this manner, a signif-
icant increase in leakage from the Agulhas Current could significantly lower the δ15N of
the foraminifer flux to the seafloor, along the Southeast Atlantic leakage pathway.

The data from several pools of marine N demonstrate the importance of mesoscale
dynamics in the ACS on biological assemblage and nitrogen isotope composition. Ex-
amples of this include (1) fluctuations in inshore upwelling (lowering mixed layer δ15N
through resupply and partial consumption of new nitrate from below), (2) lateral advec-
tion of organisms from the current (buoyant euphotic-dwelling foraminifera carrying their
current-derived FT-δ15N signal inshore/shorewards) and (3) cyclonic intrusions disrupting
offshore stratification and bringing low δ15NNO3 thermocline waters closer to the surface.

Finally, we note the fast responses of foraminifera assemblages and FT-δ15N to meso-
scale processes (i.e., the shoaling of thermocline waters). A noticeable change in the upper
(200 m) water column assemblage occurred over the course of four days, exhibited by the
repeat sampling of a station within the current’s core, and a change in FT-δ15N developed
as a result of a transient cyclonic feature roughly 2 - 3 weeks old. These shifts further
illustrate the importance of understanding mesoscale and seasonal processes that influence
regional biogeochemistry, as seasons where shell export from the mixed layer is high
may not be representative of average (or even predictable) conditions. However, despite
the nonlinear controls and intrinsic variability of the ACS environment, FT-δ15N has a
similar relationship to thermocline nitrate as has been observed in other basins (Sargasso
and South China Sea). This consistency is promising with regards to developing an N
isotope-based proxy for Agulhas leakage, but also in terms of local palaeoceanographic
reconstructions that seek to better understand past Agulhas Current dynamics, as intra-
and interannual variability become less important over longer time scales.
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Supplementary Figures

Figure S.1: Velocity plot of the Agulhas System Climate Array (ASCA) 2018 transect (adapted from
an original image created by T. Marshall), showing the structure of the Agulhas Current using (a)
along-stream and (b) cross-stream velocity (m.s−1). Negative values indicate southward flow in (a) and
westward flow in (b). Black lines show the 0 and −1m.s−1 contours.
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Figure S.2: Comparison of FT-δ15N data from 6 species common in net tows from the southeast Atlantic
and southwest Indian Ocean. Mean FT-δ15N refers to all the average of all individuals of that species
from within a zone, which included five Atlantic stations, four Eddy stations (Chapter 2), six Agulhas
System Climate Array (ASCA) current & inshore edge stations, four ASCA mid-shore and offshore edge
stations, and two ASCA offshore stations. Missing bars indicate stations where there were not enough
(or any) individuals present for FT-δ15N measurements.

Figure S.3: Section plot showing oxygen concentrations from ASCA 2016. Contours lines refer to
density, and dashed lines denote the boundaries of water masses (Tropical Surface Water (TSW), Tropical
Thermocline Water (TTW), Subtropical Surface Water (STSW) and Subtropical Thermocline Water
(STTW)). Triangles on the x axis (degrees longitude) indicate station positions along the transect.
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Chapter 4

Nitrogen isotopic composition of
modern ocean and core-top planktic
foraminifera in the South Atlantic

Abstract

The isotope ratio of organic nitrogen in fossil foraminifera (FB-δ15N) has the potential
to help reconstruct changes in upper ocean biogeochemistry and circulation. However,
the drivers of isotopic variation affecting FB-δ15N are not well constrained in the South
Atlantic due to the complex interplay between Atlantic, Indian and Southern Ocean wa-
ters. This study reports modern (net tow) and recent fossil (core-top) foraminifera 15N
measurements from the Cape Basin in order to assess the viability of the method in this
region. We find positive species-specific correlations between modern foraminifer tissue-
(biomass) and shell-bound δ15N (regression slope = 0.57), as well as between modern and
fossil FB-δ15N (regression slope = 0.54). However, we also observe a consistent offset of
1.4‰ between the tissue and modern shell data, and 2.8‰ between modern and fossil
FB-δ15N, indicating that additional influences acted to alter FB-δ15N prior to deposition.
We propose that the tissue-shell offsets are due to recent change in environmental condi-
tions prior to net tow sampling whilst modern-fossil shell offsets are generated through
some combination of (1) deposition of transported foraminifera from the continental shelf;
(2) foraminifer consumption of high-15N particulate organic nitrogen (PON) at greater
depths during gametogenesis; (3) selective dissolution of low-δ15N foraminifer test cham-
bers upon export from the photic zone, and/or selective dissolution of smaller individuals;
(4) FB-δ15N reflecting the integration of different environmental conditions over several
thousand years; and (5) a change in the growth period of foraminifera relative to seasonal
biogeochemical cycles over the mid- to late Holocene. Nevertheless, the consistency of
the modern and fossil FB-δ15N offset across multiple species and the strong relationship
between tissue and modern shell-bound δ15N are promising with regards to use of the
palaeoceanographic proxy in this region, and suggest that variations in the fossil record
can likely be attributed to changes in upper ocean biogeochemical cycling.
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4.1 Introduction

The Southeast Atlantic is a complex region that is influenced by the interplay of oceanic
and atmospheric processes of Atlantic, Indian and Southern Ocean origin. The interplay
between the Benguela Upwelling System, South Atlantic Subtropical Gyre, the Agulhas
Current and Southern Ocean fronts result in a region controlled by nonlinear mesoscale
dynamics that is subject to large amounts of turbulence (Lutjeharms, 1981; De Ruijter
and Boudra, 1985; Duncombe Rae et al., 1992; Gordon et al., 1992; De Ruijter et al.,
1999; Dencausse et al., 2010). Variability in this region is particularly relevant for global
ocean circulation, as it is a gateway for the transport of upper ocean Indian Ocean waters
to the Atlantic, where they ultimately contribute to deepwater formation via convective
overturning (Gordon, 1985; Broecker, 1991; Gordon et al., 1992; Biastoch et al., 2008;
Van Sebille et al., 2010). This transfer of Indian Ocean waters, known as Agulhas leak-
age, occurs predominantly through the generation of anticyclonic eddies and filaments at
the point of Agulhas Current retroflection, south of South Africa (De Ruijter et al., 1999;
Lutjeharms, 2006; Van Sebille et al., 2009). Water mass properties and oceanic variabil-
ity in the southeast Atlantic have been linked to glacial-interglacial ocean-atmospheric
changes, in particular with the large scale, density-driven overturning system known as
the Atlantic Meridional Overturning Circulation (AMOC) (Lutjeharms, 2006; Beal et al.,
2011). Understanding the variability of southeast Atlantic ocean dynamics and Agulhas
leakage is therefore crucial for predicting future impacts of global climate change (Weijer
et al., 2002; Biastoch et al., 2008; Caley et al., 2012).

Various proxy methods have been used to reconstruct centennial- and millennial- scale
climate variability in the region of Agulhas leakage, including radiogenic isotope compo-
sition (e.g., Franzese et al. 2006), trace element ratios (Martínez-Méndez et al., 2008),
oxygen and hydrogen isotopes (e.g., Flores et al. 1999; Kasper et al. 2014), grain size
analyses (e.g., Stuut et al. 2002; Granger et al. 2018), and the relative abundance of
foraminifera (e.g., Peeters et al. 2004; Caley et al. 2014). However, the complexity of its
oceanographic setting makes straightforward interpretation of the region’s paleoclimate
records challenging, and new proxies are necessary to help disentangle the competing
processes that may be confounding our interpretation of past climate dynamics.

4.1.1 Nitrogen isotopes as a proxy for southeast Atlantic vari-
ability

One promising avenue by which progress could be made in this regard involves reconstruct-
ing how the N isotope composition (δ15N) of organic matter exported to the seafloor may
have changed over time. This organic matter contains information about ocean produc-
tivity and nutrient-cycling processes that acted upon it prior to and during its sinking
and burial (Hoering and Ford, 1960; Cline and Kaplan, 1975; Altabet and Francois, 1994;
Carpenter et al., 1997; Sigman et al., 1999). This is because the biological processes of
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creating, removing and converting between forms of bioavailable N are all associated with
fractionation of N isotopes (Wellman et al., 1968; Altabet and Francois, 1994; Montoya,
1994). Given that N is an essential and often limiting element for phytoplankton produc-
tivity, the reconstruction of N isotopes has thus long been a focus of the paleoceanographic
community (Sigman et al., 2009).

Globally, downcore reconstruction efforts initially focused on measuring bulk sedi-
mentary δ15N over millennial (e.g., Kienast, 2000; Freudenthal et al., 2002; Deutsch et al.,
2004; Tesdal et al., 2013, and references therein) and even longer (e.g. Etourneau et al.,
2009) timescales, with several records even having been produced in the southeast At-
lantic region (Rau et al., 2002; Pichevin et al., 2005; Etourneau et al., 2009). However,
alteration of the original δ15N in bulk sedimentary organic matter can occur through mi-
crobial degradation during sinking and after burial (Freudenthal et al., 2001; Gaye-Haake
et al., 2005; Gaye et al., 2013), as bacteria preferentially consume the lighter 14N isotope,
raising the δ15N of the remaining original matter (i.e., in bulk sediment) (Möbius et al.,
2010). There are also processes that add extraneous material post deposition (Schubert
and Calvert, 2001; Robinson et al., 2012), confounding interpretation of bulk sediment
δ15N records. In an effort to eliminate this uncertainty in the bulk sediment record, the
δ15N of organic matter bound in fossils has been proposed as a reliable alternative for
reconstructing past N cycling, since organic N ‘trapped’ in a calcite shell matrix appears
to be largely protected from diagenesis (Sigman et al., 1999; Ren et al., 2009; Straub et al.,
2013; Martínez-García et al., 2014; Studer et al., 2015; Smart et al., 2018; Martínez-García
et al., 2022), with downcore records of foraminifera showing minimal changes in amino
acid composition and N content over time (King and Hare, 1972; Robbins and Brew,
1990; Ren et al., 2009). Reconstructions extending back as far as the Cenozoic suggest
that microfossils have the potential to protect organic matter on time scales of millions
of years (Kast et al., 2019; Auderset et al., 2022).

Spurred by initial promising ground-truthing research (Ren et al., 2009), which showed
a strong correlation between the shell-bound (FB-)δ15N of foraminifera and thermocline
nitrate δ15N, reconstructions of FB-δ15N have been applied on multiple timescales to
reconstruct biogeochemical cycling (Ren et al., 2009; Meckler et al., 2011; Ren et al., 2012a;
Straub et al., 2013; Martínez-García et al., 2014; Ren et al., 2015; Studer et al., 2015;
Kast et al., 2019; Studer et al., 2021; Auderset et al., 2022). Broadly, these studies have
found that nutrient dynamics at a local scale are demonstrably affected by global-scale
climate forcing at multiple timescales, and that local responses to climate fluctuations
have significant implications for the partitioning of carbon within the ocean-atmosphere
system.

Beyond their implication for global climate, however, these studies have also high-
lighted the need for detailed ground-truthing of FB-δ15N. For instance, downcore FB-δ15N
records from multiple species at the same core site have revealed that species’ patterns
of isotopic variation can alternate between aligning with and diverging from one another
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during glacial-interglacial fluctuations (Ren et al., 2009; Meckler et al., 2011). This phe-
nomenon, which suggests habitat-related or biological control, can affect foraminifera
living at different depths (or those with different diets) to varying extents. Similar vari-
ation can result from changes in the season of peak productivity and foraminifer growth
cycles (Fraile et al., 2009; Jonkers and Kučera, 2015). Given that our understanding of
foraminifer physiology and biogeographic distribution are continually being updated, and
that ground-truthing data on which the FB-δ15N method is based is spatially-limited,
there is a strong need to better understand the relationship between local biogeochem-
istry and FB-δ15N in the modern ocean, particularly for areas with complex circulation
like the SE Atlantic.

4.1.2 Existing ground-truthing studies of FB-δ15N

Ground-truthing efforts into identifying the biogeochemical controls on FB-δ15N involve
comparisons between the δ15N of modern (water column, tow-collected) foraminifer tissue
and shells, sinking (trap-collected) shells, core top (i.e., recent sediment) fossils, present-
day seawater nitrate, particulate organic nitrogen (PON) and larger particulates (bulk
zooplankton) (Ren et al., 2012b; Smart et al., 2018, 2020, Chapter 2, Chapter 3). Phys-
ical oceanographic data (e.g., temperature, salinity and density) are used to supplement
isotopic measurements, and can provide context regarding water column structure, source
regions of nutrients, and seasonality. These data help to establish a comprehensive view
of the local marine environment and relevant biogeochemical processes that might affect
FB-δ15N.

Thus far, ground-truthing FB-δ15N data has predominantly focused on two subtropical
locations (the Sargasso Sea and the South China Sea) and two Southern Ocean latitudinal
transects, which include the Subantarctic Zone (SAZ) and Polar Frontal Zone (PFZ),
south of South Africa (the two zones hereafter referred to together as the Subantarctic)
(Ren et al., 2012b; Li et al., 2019; Smart et al., 2018, 2020). Both subtropical regions
are N-limited (Dugdale and Goering, 1967; Chen et al., 2004; Lipschultz, 2001; Knapp
et al., 2005; Zhang et al., 2020), whereas the Subantarctic is predominantly limited by
iron and light (Martin, 1990; Mitchell et al., 1991; Sunda and Huntaman, 1997; DiFiore
et al., 2006). In the former, changing degrees of nitrate consumption can be ruled out as a
primary driver for upper ocean δ15N variation on an annual (or longer) timescale (Knapp
et al., 2005; Fawcett et al., 2015), whereas for the latter, the extent to which nitrate is
consumed has been observed to influence FB-δ15N in the SAZ (Lourey and Trull, 2001;
Smart et al., 2020).

FB-δ15N in low latitude regions appears to closely resemble the δ15N of thermocline
nitrate (Ren et al., 2009, 2012b; Li et al., 2019; Smart et al., 2018), whereas FB-δ15N
in the Subantarctic tracks ambient nitrate only when PON is positively correlated with
thermocline nitrate (i.e., late spring to late summer, Smart et al. 2020). However, several
common trends exist at all locations studied so far (as well as in the southeast Atlantic
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and southwest Indian regions discussed in Chapters 2 and 3 of this thesis). Despite
relatively large differences in the actual values of FB-δ15N between regions, there are
roughly consistent inter-species isotopic differences between dinoflagellate (obligatory)
photosymbiotic-, facultatively photosymbiotic-, and symbiont-barren foraminifera species
in the modern ocean, although this is not always the case in sediment records (Ren
et al., 2012b; Li et al., 2019; Smart et al., 2018, 2020; Auderset et al., 2022). Symbiont-
barren species (e.g., Globorotalia truncatulinoides) are typically high in δ15N compared
to facultatively photosymbiotic species (e.g., Neogloboquadrina dutertrei and Globorotalia
menardii), which are in turn higher in δ15N than species that rely upon dinoflagellate
symbionts for their survival (e.g., Globigerinoides ruber, Trilobus sacculifer and Orbulina
universa) (Bé and Hutson, 1977; Schiebel et al., 2017; Takagi et al., 2019). Furthermore, in
all regions where it is present, the chrysophyte-hosting species Globigerinella siphonifera
possesses an anomalously high tissue- and modern shell-bound δ15N, often surpassing
that of the symbiont-barren species (Chapter 2; Chapter 3; Ren et al., 2012b; Li et al.,
2019; Smart et al., 2018). The average FB-δ15N difference between symbiont-barren and
-obligatory species in both tissue and modern shell data appears to be around 1-2‰ (Ren
et al., 2012b; Smart et al., 2018, Chapter 2, Chapter 3), a difference roughly equivalent
to half a trophic level (Post, 2002; Caut et al., 2009). The lower FB-δ15N evident in
dinoflagellate-hosting foraminifera species is thought to be due to the symbionts’ recycling
and retention of low δ15N ammonium within the hosts that would otherwise be excreted
(Ren et al., 2012b; Smart et al., 2018). Photosymbiosis in foraminifera therefore minimizes
the trophic level effect, which usually raises a consumer’s δ15N by approximately 2-4‰
(Minagawa and Wada, 1984; Deniro, 1987; Post, 2002).

The positive linear relationship exhibited between species-specific tissue- and shell-
bound δ15N is also consistent in the two regions where tissue δ15N was measured along
with FB-δ15N from living shells (Sargasso Sea and Subantarctic, Ren et al. 2012b; Smart
et al. 2020, 2018; Robinson et al. 2023), as well as in the southeast Atlantic (Chapter 2).
In the Sargasso Sea, there was no noticeable offset between the δ15N of the foraminifer’s
tissue and what was incorporated into its shell matrix (Smart et al., 2018), on average,
this lack of difference was also apparent in the Subantarctic, although larger standard
deviations were associated with inter-species and intra-species differences in the offsets
between shell- and tissue-bound δ15N during the same season (Smart et al., 2020).

An small increase (∼0.5-1.3‰) in FB-δ15N has been observed between the net tow
and sediment trap foraminifera in both the Sargasso Sea and South China Sea (Li et al.,
2019; Smart et al., 2018). Although the organic matter found between calcite layers of
shells is largely protected, an increase in FB-δ15N has been observed to occur in the
Sargasso during the initial export of foraminifera from the photic zone upon their death
(Smart et al., 2018). There appears to be little to no isotopic deviation after this point,
with the FB-δ15N of recent core-top foraminifera roughly equivalent to that of recently
dead, sinking organisms (Smart et al., 2018). One explanation is that the tow-to-trap δ15N
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increase is the consequence of preferential dissolution of thin-walled juveniles during post-
death sinking (Peeters et al., 1999), where younger foraminifera (which may have formed
a part of the net tow assemblage measured for living shells δ15N) are removed through
dissolution before burial (Smart et al., 2018). Smart et al. (2018) reasoned that younger
foraminifera may subsist on a diet that is biased towards smaller, lower δ15N prey (e.g.,
phytoplankton rather than larger copepods that are higher in δ15N), meaning that the
dissolution of these individuals would remove foraminifera with a low (relative to mature
foraminifera) FB-δ15N. An alternative explanation is that weight loss of shells before
burial might have an effect on FB-δ15N, as thinning of shells has been documented to
occur between 100 and 1000m (Schiebel et al., 2007). The weight loss could come from
dissolution and/or breakage of the outermost chambers during sinking; the outermost
chambers of mature symbiont-hosting foraminifera may be lower in δ15N than the inner
chambers due to larger individuals housing more symbionts (i.e., stronger ammonium
retention) when the more recent chambers were produced (Smart et al., 2018). If these
thin, low δ15N outer chambers are preferentially degraded or lost to dissolution (and/or
breakage) during sinking, they would not be integrated into the fossil FB-δ15N. An
alternative reason for weight loss of shells is the dissolution of the innermost chambers;
bacterial degradation of the organic tissue within the foraminifer’s shell can create an
acidic microenvironment capable of dissolving the inner layers in contact with the tissue
(Schiebel et al., 2007; Smart et al., 2018).

4.1.3 Study region and aims

This study builds on existing ground-truthing efforts, and aims to characterize the ef-
ficiency with which the complex southeast Atlantic Ocean circulation and productivity
fluctuations are recorded in the sediment. Surface nitrate concentrations in the region
are similarly low to those observed in the Sargasso Sea (Andrews and Hutchings 1980;
Browning et al. 2017; Chapter 2), but our region is also influenced by both Southern
Ocean water masses and the highly productive Benguela Upwelling System (BUS). North
of ∼27◦S, upwelling is perennial, whilst mid-latitude westerly winds act to suppress up-
welling in the southern BUS during austral winter (Nelson, 1992; Shannon and Nelson,
1996; Hutchings et al., 2009). Offshore of the BUS, nitrate is predominantly supplied
to the mixed layer through winter mixing (Donners et al., 2005), but offshore advection
from upwelling cells (in particular those in the northern region) may supplement areas
close to the continental shelf (Shillington et al., 1992; Shannon and Nelson, 1996). Eddies
transporting waters north-westwards from the Agulhas Current System (ACS) may also
introduce small amounts of newly fixed nitrogen to the southern region, given that recent
experiments conducted in other regions have found increased rates of nitrogen fixation
inside anticyclonic eddies (Fong et al., 2008; Löscher et al., 2016; Li et al., 2020).

The purpose of this study is twofold: (1) to ground-truth the use of FB-δ15N in the
Southeast Atlantic Ocean; and (2) to assess the consistency of the FB-δ15N drivers and
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Figure 4.1: Locations of multicores (MUCs) used in this study relative to the SAMBA 2017 line.
Bathymetry contours (from the southern African west coast outwards) are 200m, 1000m, and at 1000m
intervals thereafter. Major upwelling cells are indicated by diagonal lines, and arrows illustrate directions
of surface transport.

relationships across vastly different nutrient regimes of the world’s ocean. To achieve
these objectives, we compare δ15N measurements from recent (core-top) fossil foraminifer
shells with modern foraminifer tissue and shell samples collected via net tows in the
Indo-Atlantic region, and then compare these finding with existing data from ground-
truthing studies conducted in the Sargasso and Subantarctic regions. We discuss the
extent to which offsets in δ15N between modern (tissue and shells) and fossil shells can be
attributed to environmental or physiological controls. In this way, we seek to contribute
to a more robust interpretation of FB-δ15N variability in the fossil record.

4.2 Methods

4.2.1 Collection of living and fossil foraminifera

Living foraminifera were collected from the southeast Atlantic and southwest Indian
Oceans using a double 1m2 opening, 200m-mesh plankton net during two austral winter
cruises in 2017 (SAMBA line, Atlantic) and 2018 (ASCA line, Indian) (Fig. 4.1). The
SAMBA line extends westwards from South Africa along 34.5◦S, whilst the ASCA line
stretches to the southeast from 33.5◦S up to 300 km offshore. Details regarding stations



CHAPTER 4. N ISOTOPIC COMPOSITION OF FORAMINIFERA 145

and background hydrography for each cruise can be found in Wallschuss et al. (2022)
(SAMBA), Marshall et al. (2023) (ASCA), and Chapter 2, Chapter 3 (SAMBA, ASCA).
Nine and twelve net tows were performed during the SAMBA and ASCA cruises, re-
spectively; of the nine SAMBA stations, four were sampled inside a roughly 7-month old
Agulhas eddy, and five were sampled outside of the eddy in ambient (background) Atlantic
conditions. ASCA stations were classified into four zones (central current, current shear,
mid-shore, and offshore) depending on their water mass composition and distance from
the Agulhas Current’s core. Nets were towed for an average of 40 minutes (2017) and 20
minutes (2018) to a maximum depth of 200 m, after which the tow material was preserved
in a pH buffered 5-10% formalin solution and refrigerated at 4◦C until processing (Ren
et al., 2012b).

Surface sediments were collected in the Cape Basin and larger Benguela Upwelling
System during the M57/1 R/V Meteor cruise in 2003 using a multicorer (Schneider,
2003). Sub-samples of sedimentary material were stored at the University of Cape Town
until processing, whereupon five core tops (0-2 cm) were selected for foraminifera-bound
δ15N analysis based on location relative to the modern tows and preservation state of
foraminifer shells (Fig. 4.1), as no δ15N (nitrate or foraminifera-bound) data exist for the
exact location of available core tops. Sediment rates for GeoB 8336 and GeoB 8342 range
between 0.3 and 1.3 cm/1000 years (Bergh et al., 2021), whilst some studies suggest that
the region of GeoB 8308 has a higher sedimentation rate of ∼4 cm/1000 years (Herbert
and Compton, 2007). The two most northern core tops (GeoB 8336 and GeoB 8342)
were classified in the original cruise report (Zabel et al., 2005) as “northern deepwater”
cores (i.e., deepwater referring to cores offshore of the shallow Benguela mudbelt; Birch
1977; Meadows and Baxter 2001; Compton et al. 2009), whereas the remaining three
(GeoB 8308, GeoB 8311, and GeoB 8317) were classified as “southern deepwater” cores.
Foraminifera (Globorotalia inflata) from four of the samples were submitted for AMS ra-
diocarbon analysis (Beta Analytic Inc, Miami) and were calibrated using the BetaCal4.20
software and the MARINE20 calibration curve, and a local reservoir age of 29 ± 88 years
was applied (Heaton et al., 2020).

4.2.2 Cleaning and oxidation of living and fossil foraminifera

Living foraminifera were processed for tissue- and shell-bound δ15N as outlined in Chap-
ters 2 and 3. In addition to the data reported in these chapters, between 18 and 67
individuals of each species were selected from picked Agulhas Current specimens (net-tow
collected) for shell-bound δ15N analysis, resulting in 19 measurements from this region.

The protocol for fossil foraminifera δ15N followed that of (Ren et al., 2009) and was
performed at the Max Planck Institute for Chemistry (MPIC). Individuals were picked
manually from the 500µm - 1000µm size fraction under a Zeiss Stemi 508 Stereo mi-
croscope (within a given species, individuals of roughly similar size were collected), and
between 2.6 and 16.6mg of foraminifera tests were collected for each sample.



CHAPTER 4. N ISOTOPIC COMPOSITION OF FORAMINIFERA 146

Table 4.1: Locations, water depth, sample depth and radiocarbon age (1950 = 0 years before present
(BP)) of multicores. The age of GeoB 8311 was not analysed due to its close proximity to GeoB 8308.

Core Site Group Lat (S) Lon (E) Water Sample Age (BP)

depth (m) depth (m)

GeoB 8308 north 33o 55.18 16o16.06 3162 0 - 1 cm 5780 ± 30⋆

GeoB 8311 north 33o 21.90 16o 18.59 2535 0 - 1 cm -

GeoB 8317 south 32o 19.74 15o 09.80 2930 1 - 2 cm 1340 ± 30

GeoB 8342 south 31o 29.99 13o 00.00 3521 1 - 2 cm 3600 ± 30

GeoB 8336 south 29o 12.58 12o 20.64 3626 0 - 1 cm 3680 ± 30
⋆Reported reservoir ages from this region vary, but although adjustment of the reservoir age would result
in changes to individual ages, the differences between the core sites themselves would be the same.

Specimens were gently crushed and transferred to 15mL polypropylene centrifuge
tubes. Clay particles were removed by adding 10mL of a 2% polyphosphate solution
and sonicating them in an ultrasonic bath for ∼ 10 seconds. After rinsing three times
with Milli-Q, 7mL of dithionite-citric-acid (pH∼ 8) was added to each vial. Samples
were placed in a water bath at 80◦C for 40 minutes to remove Fe-Mn oxides before again
rinsing three times with Milli-Q. The remainder of each sample was transferred into a
muffled 4mL vial for oxidative cleaning in order to remove non-shell-bound organic mat-
ter. A potassium persulfate/sodium hydroxide solution was prepared using 2 g potassium
persulfate that had been recrystallized three times, 2 g NaOH pellets and 100mL Milli-Q,
with 3mL of the resulting solution being added to all vials. Samples were then autoclaved
for 65 minutes at 125◦C, rinsed four times with Milli-Q, and left to oven dry overnight at
50◦C. Between 0.6 and 5.1mg of cleaned shell fragments were weighed out for oxidation
of shell-bound N. Dissolution of CaCO3 was facilitated through the addition of 45µL of
4N HCl, which released the organic matter from the shell matrix. Sample N was then
oxidized to nitrate using 1mL of a basic potassium persulfate solution (1 g NaOH, 100mL
Milli-Q, 0.7 g recrystallized persulfate) and autoclaved for 65 minutes. The resultant N
concentrations were measured by chemiluminescence detection following the reduction of
an aliquot of sample nitrate to nitric oxide using vanadium (III) (Braman and Hendrix,
1989).

4.2.3 N isotope analysis

Sample nitrate was quantitatively converted to N2O via the denitrifier method (Sigman
et al., 2001). Where sample size allowed, for each sample 5 nmoles of nitrate was injected
into 3mL of buffered (pH 6.3) media containing denitrifying bacteria (P. chlororaphis),
and the resulting N2O was measured by gas chromatography-isotope ratio mass spectrom-
etry (GC-IRMS) using a Thermo MAT 253 with online N2O extraction and purification
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(Sigman et al., 2001; Casciotti et al., 2002; Weigand et al., 2016). International references
IAEA-NO-3 and USGS34 standards were used to calibrate the isotopic composition of
the samples to air.

The contribution of the oxidation reaction (the oxidation blank) was measured by
combining five individual 1mL aliquots of oxidation solution into a single aliquot, which
was then injected into a bacterial vial. The oxidation blank was on average 8.3% of the
total N concentration (nmol.mL−1). Standard deviation of duplicate oxidations (samples
of the same species from the same core) was 0.8‰ (n = 2).

Three in-house MPIC coral standards (CF1, CF2, PO-2) were measured in duplicate,
and a mixed foram standard (FB-1) was measured in triplicate, which was on average
within 0.4± 0.1‰ (n = 3) of the laboratory’s long-term average (5.8‰).

4.2.4 Correcting for low concentration samples

There were fewer specimens per species collected from the ASCA tows in comparison to
SAMBA (average of 40 for each measurement, with an average of 1.8 shell measurements
per net tow, vs 45 at an average of 3.6 shell measurements per tow). In addition, the
most abundant species in the Agulhas Current System (e.g., G. ruber, T. sacculifer, G. in-
flata, Globigerina bulloides) were smaller and shallower-dwelling than G. truncatulinoides
and Globorotalia hirsuta, two of the main species measured for FB-δ15N in the Atlantic.
These large deep-dwelling species had visibly thick calcite crusts, whereas the tests of
foraminifera in the ACS were thinner, thus providing less material for analysis. This
resulted in lower- than-expected concentration samples being measured via GC-IRMS,
and it was necessary to perform additional corrections to these data. In order to obtain
Agulhas FB-δ15N, we performed three different correction methods and compared them
to an expected value calculated using the difference between tissue- and shell-bound δ15N
in the South Atlantic. These calibrations therefore served as an exercise to examine the
effect that different correction methods have on low N samples. The bracketing amino
acid standards used in this specific run (referred to as ‘U41’ and ‘U65’) were higher in
δ15N than the samples (USGS41 = +47.6‰, USGS65 = +20.68‰), and were therefore
dismissed as a suitable correction method (other runs have previously also included ‘U40’
(USGS40 = −4.52‰), which is more appropriate).

Method I used the calibration curve (of area vs δ15N) from low amounts of IAEA-NO-3
standards and method II used the calibration curve from USGS34. Although standards
below 3 nmol were not used during the Agulhas GC-IRMS run due to unexpectedly low
Agulhas shell concentrations, 1 nmol and 0.5 nmol standards were included in the previous
two runs, which had likely produced similar measurement errors to the Agulhas run on
the machine. Linear regression functions using both IAEA-NO-3 (method I) and USGS34
(method II) standards were produced by comparing the peak area and δ15N anomaly from
the known value of each (4.7‰ and −1.8‰). Both IAEA-NO-3 and USGS34 displayed
negative trends for areas < 3.5 Vs (< 1 nM) as well as for areas between 3 - 9 Vs (1-3 nM)
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Figure 4.2: IAEA-NO-3 (‘IAEA’) and USGS34 (‘USGS’) calibration curves for low N samples. Linear
regressions calculated for (a) < 1 nM (area = 0 - 3) and (b) 1-3 nM (area 3 - 9) using two previous GC-
IRMS runs.

(Fig. 4.2). Samples less than 1 nmol resulted in regression equations y = 2.46−0.54x and
y = 2.44 − 0.27x for IAEA-NO-3 and USGS34 respectively, where x is sample area, and
y is the FB-δ15N anomaly. Linear regression for samples between 1 and 3nmol produced
equations of y = 1.23− 0.12x (IAEA-NO-3) and y = 2.28− 0.21x (USGS34).

Method III involved calculating the difference between two identical ACS tissue GC-
IRMS runs (n = 9 samples from 6 species) where samples were injected at different con-
centrations, due to unexpectedly low concentrations in the initial run (Replicate method).
Based on concentrations back-calculated from the first GC-IRMS run, replicate samples
(same species, same tows) were rerun using their correct concentrations, targeting 5nmol
of N for all samples. Calculating the difference in tissue-bound δ15N between the repli-
cates, a linear regression was plotted versus peak area, resulting in y = 1.25 − 0.26x

(Fig. 4.3).
Corrected values for Agulhas FB-δ15N were calculated using all methods, with linear

regression functions for IAEA-NO-3 and USGS34 being assigned to samples based on the
original peak area (i.e., < 1 nmol or 1-3 nmol). Expected values were estimated based on
the average difference between southeast Atlantic tissue and shell δ15N from the same
species at the same tow; USGS34- and IAEA-NO-3-corrected FB-δ15N were on average
0.8‰ lower and 1.0‰ higher than the expected sample value, whereas replicate-corrected
FB-δ15N was 0.1 higher. There were four cases (out of a potential 19) where the corrected
data were noticeably different from the expected FB-δ15N (G. bulloides 1, G. bulloides 2,
G. menardii, and T. sacculifer 4 (Fig. 4.4). Of these, G. menardii was the only sample to
produce a higher-than-expected FB-δ15N. For all plots and further analysis, we use the
‘replicate- corrected’ data with these four outlier data points removed.
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Figure 4.3: Replicate method (method III) calibration curve comparing low concentration (< 2.7nmol,
area < 6) and 5 nmol FB-δ15N samples. δ15N difference (y axis) is equal to the FB-δ15N of the low
concentration sample minus the FB-δ15N of the 5nmol sample.

4.2.5 Additional repository data

Foraminifera δ15N data from existing publications were accessed from the Biological &
Chemical Oceanography Data Management Office (https://www.bco-dmo.org/dataset/
747394, 747341, 747248, 805653). These datasets contain (1) modern (net tow) tissue-
and shell-bound δ15N, shell-bound sediment trap shell-bound δ15N, and core-top fossil
shell-bound δ15N from the Sargasso Sea (Smart et al., 2018); and (2) modern (net tow)
tissue- and shell-bound δ15N from the Southern Ocean (SAZ) (Smart et al., 2020).

4.2.6 Terminology

Two types of foraminifera shell are used in this study: those sampled used net tows, and
fossil foraminifera from sediment multicores. To distinguish between the two, we refer to
them as ‘modern shell’ and ‘fossil shell’ data, respectively. The notation FB-δ15N is used
to refer to both modern and fossil shells, whereas tissue-bound δ15N refers to the δ15N of
foraminifera tissue (mostly cytoplasm) measured from living (net tow) specimens. Tissue-
bound δ15N was referred to in Chapters 2 and 3 as FT-δ15N, due to minimal references to
shell-bound data, but is written in full for this chapter to avoid confusion regarding the
similarity of the terms FB and FT.

With regards to location, we have chosen to refer to the two sampling locations as
‘Atlantic’ and ‘Indian’ when referring to the regions as a whole (e.g., when comparing
data from these regions to published Sargasso Sea or Subantarctic data). These regions

https://www.bco-dmo.org/dataset/
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Figure 4.4: A comparison of the original blank-corrected FB-δ15N of ASCA shell samples to the results
acquired using methods I - III. Expected δ15N is an estimate of FB-δ15N based on the addition of the
difference between southeast Atlantic tissue and shell samples (1.3‰) to average Agulhas zone-and-
species-specific tissue δ15N.

can be further subdivided to examine variability within a basin, or to compare local and
meso-scale dynamics between neighbouring southeast Atlantic and southwest Indian areas.
In the Atlantic, these subdivisions are ‘background Atlantic’ and ‘eddy’ environments
(Chapter 2); with Indian data, we divide the sampled area into ‘current δ15N inshore
edge’ (sometimes abbreviated to ‘current’), ‘mid-shore and offshore edge’ (abbreviated to
‘mid-shore’) and ’offshore’ (Chapter 3).

4.3 Results

4.3.1 Modern foraminifera tissue versus shell δ15N

Compiling modern foraminifera δ15N from the southeast Atlantic and ACS, we observe
a significant (R2 = 0.57, p < 0.01) positive linear correlation between tissue and shells
(using the average species δ15N per tow (station); i.e., shell measurements are compared
with tissue measurements from the same station and same net tow). Regression analysis
produced a near 1:1 slope (gradient = 0.87) with an average δ15N offset of 1.5± 1.0‰
(shell δ15N > tissue δ15N) (Fig. 4.5a); the offset in each region was similar, with the
Agulhas offset slightly higher than the offset calculated for the southeast Atlantic (1.8‰
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Figure 4.5: Comparison between (a) all Atlantic and Agulhas tissue- and modern shell-bound δ15N
from this study, specific to each station and coloured by zone; and (b) data from this study compared to
existing tissue and shell data from Sargasso Sea (Smart et al., 2018) and Subantarctic/Southern Ocean
(Smart et al., 2020). “Indian” refers to all Agulhas zones, and “Atlantic” refers to both background
Atlantic and eddy data pairs. Data points for both (a) and (b) reflect the species-averaged δ15N per
station, and standard deviation refers to the deviation between duplicate samples at from the same net
tow. The dotted line represents the 1:1 line.

and 1.2‰, respectively). We note that excluding the samples with low concentrations
(< 3 nmol N) from the analysis makes no significant difference to the relationship, where
R2 = 0.58, p < 0.01 and a linear function of y = 2.2 + 0.86x. We therefore choose to
include the low concentration, replicate-corrected, samples during the analyses presented
here. In the southeast Atlantic, average offsets were variable, but were larger for the eddy
samples than for the same species collected from stations characterized by background
Atlantic conditions (Table 4.2), with G. truncatulinoides displaying the largest offsets in
both regions. Two species (G. siphonifera, background Atlantic, and G. bulloides, eddy)
displayed negative offsets (i.e., greater tissue-bound δ15N than modern shell FB-δ15N;
G. siphonifera = −0.2‰, G. bulloides = −0.3‰), whereas a larger FB-δ15N than tissue-
bound δ15N was measured for the remainder of southeast Atlantic data. All Agulhas
offsets were positive (Table 4.3), the largest being a difference of 3.2‰ between shell and
tissue δ15N (G. menardii), and the lowest being observed for Pulleniatina obliquiloculata
at 0.7‰.

A similar slope of ∼ 1 (1.1) is observed when the Sargasso Sea and Southern Ocean
(SAZ) data are included in the regression, with the former providing a composite of low-
δ15N samples (mean shell δ15N = 3.5± 0.6‰ for spring; n = 72 samples, 10 species)
relative to the data from this study (mean δ15N of 7.6± 0.9‰ (not including eddy shell
δ15N, n = 38 samples, 8 species), Fig. 4.5b). In contrast, the Southern Ocean data span
a much larger range than the data presented here or for the Sargasso Sea, despite com-
paratively few measurements (FB-δ15N range > 10‰; mean δ15N = 2.7± 4.2‰; n = 69



CHAPTER 4. N ISOTOPIC COMPOSITION OF FORAMINIFERA 152

Table 4.2: Tissue and modern shell δ15N of South Atlantic foraminifera under background and eddy
(leakage) conditions. ∆δ15N = Shell δ15N- Tissue δ15N (italicized). Species-specific offsets in tissue and
shell δ15N were calculated at each station, and the ∆δ15N reported here refers to the average of each
station- and species-specific offset within a zone.

Species Background Atlantic Eddy

Tissue δ15N Shell δ15N ∆ δ15N Tissue δ15N Shell δ15N ∆ δ15N

(‰) (‰) (‰) (‰) (‰) (‰)

G. bulloides 2.9 2.6 -0.4

G. falconensis 6.2

G. glutinata 7.0

G. hirsuta 7.0 7.5 0.5 5.3 7.5 2.3

G. inflata 6.5 7.3 0.8 3.6 6.0 2.4

G. siphonifera 8.0 7.8 -0.2 4.6

G. truncatulinoides 6.9 9.0 2.1 5.4 8.0 2.6

O. universa 7.1 4.6

samples, 5 species). Most (80%) of the species measured for FB-δ15N in the Sargasso Sea
and Subarctic studies were common to those measured here in the Atlantic and Agulhas
(the exceptions being G. falconensis, O. universa, and G. glutinata, species whose tissue-
bound δ15N in the southeast Atlantic was in-line with other facultatively photosymbiotic
or symbiont-barren species. Although tissue data were measured for these species in both
regions, there were not enough specimens for shell measurements).

4.3.2 Fossil shell δ15N from multicores in the southeast Atlantic

Fossil FB-δ15N ranged from 7.7‰ to 12.0‰ (Fig. 4.6a). At all locations, symbiont- bear-
ing species G. ruber and T. sacculifer showed the lowest FB-δ15N, whilst G. siphonifera
was consistently high and displayed little variation (11.3± 0.1‰). O. universa and G.
truncatulinoides showed variable FB-δ15N, low relative to other species at some sites
(GeoB 8308 and GeoB 8317, both southern) but high at others (northern GeoB 8336 and
southern GeoB 8311). A small yet significant difference (p < 0.01, Fig. 4.6b) was apparent
between the mean fossil FB-δ15N of the northern and southern cores (10.8± 1.2‰ versus
9.9± 1.0‰, respectively, yielding a difference of 0.8‰). The high G. bulloides FB-δ15N
value (11.9‰) was excluded from this comparison, since there was only one fossil measure-
ment of this species in the dataset, and this measurement was an integrated ‘northern site’
signal, containing specimens from both GeoB 8336 and GeoB 8342. A further difference
between the southern and northern cores (excluding in-between site, GeoB 8317) is the
range in FB-δ15N between the four species common to each site (G. truncatulinoides, G.
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Table 4.3: Tissue and modern shell δ15N of southwest Indian (Agulhas Current System) foraminifera
across three “zones” defined in Chapter 3. ∆δ15N = Shell δ15N- Tissue δ15N (italicized). Species-specific
offsets in tissue and shell δ15N were calculated at each station, and the ∆δ15N reported here refers to
the average of each station- and species-specific offset within a zone.

Species Current + Inshore Shear Mid-shore + Offshore Shear Offshore

Tissue δ15N Shell δ15N ∆ δ15N Tissue δ15N Shell δ15N ∆ δ15N Tissue δ15N Shell δ15N ∆ δ15N

(‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰) (‰)

G. bulloides 6.4 6.9 5.0

G. calida 6.9 7.3

G. crassaformis 6.7

G. glutinata 6.4 5.9

G. inflata 6.6 8.1 1.6 6.4 7.7 1.3 4.4 6.0 1.6

G. menardii 6.1 9.3 3.2 6.0 4.7

G. ruber 4.9 7.7 2.7 4.8 4.8

G. siphonifera 7.3 9.0 1.7 6.9

G. truncatulinoides 7.5 6.5 4.4

G. tumida 4.8

G. ungulata 5.3 5.3

O. universa 5.5 4.6

P. obliquiloculata 6.3 7.0 0.7 6.2 5.8

T. sacculifer 5.1 6.4 1.3 5.2 3.5

hirsuta, G.inflata and O. universa). At northern sites, the range between these species
was 1.1± 0.1‰, whereas measurements from southern sites found the spread between
species at a site to be more than twice this amount (average = 2.8± 0.4‰).

4.3.3 Modern versus fossil shell δ15N

Eddy (i.e., Agulhas leakage) data were not included when comparing fossil and shell data,
as fossil FB-δ15N records the long-term flux; a ‘pure’ eddy FB-δ15N would not be repre-
sented in fossil FB-δ15N, as leakage of low δ15N nitrate would result in the integration
of leakage foraminifera with background Atlantic foraminifera (i.e., fossil FB-δ15N varia-
tion may be caused by the changes in the amount of leakage foraminifera proportional to
background foraminifera, but an integrated FB-δ15N is likely to show a more muted con-
trast than evident in the modern data shown in Chapter 2). However, FB-δ15N from the
Agulhas Current was not removed, as our study serves to provide baseline fossil FB-δ15N
measurements for the region. Modern foraminifera tissue and shell δ15N in the background
Atlantic was similar to foraminifera from in-current/mid-shore ACS (Chapter 3; the single
offshore shell measurement was also excluded from core top comparisons as it (like the
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Figure 4.6: FB-δ15N of all core top samples in this study. In text, core locations are divided into
southern (GeoB 8308, GeoB 8311 and GeoB 8317) and northern (GeoB 8336 and GeoB 8342) locations.
Core ages are indicated by brackets below the core name in the legend. Figure (a) presents the average
FB-δ15N per species, where G. bulloides specimens from GeoB 8342 were added to GeoB 8336 to bulk
up sample size for an accurate measurement, and FB-δ15N of T. sacculifer from GeoB 8336 included
specimens added from GeoB 8317 and GeoB 8311. Figure (b) displays the average FB-δ15N for northern
(green) and southern (yellow) sites.

eddy) reflects a more transient feature, rather than an average condition), and inclusion
of ASCA data allowed for the addition of N. dutertrei, G. ruber and T. sacculifer, three
species that were not present during the winter Atlantic tow but were abundant in the
Atlantic multicores. We also chose to exclude G. bulloides from any linear regression
calculations in this section (although the data are plotted in Fig. 4.7), as a single, anoma-
lously high, FB-δ15N fossil measurement was made from northern core material, whilst
all modern data were collected from a location closer to the southern sites. At least two
measurements were obtained for all other species.
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1:1

2.5 ‰

Modern Shell
Figure 4.7: Comparison between modern shell FB-δ15N and fossil shell FB-δ15N (MUCs). Fossil δ15N
is calculated as the mean δ15N for a given species across all five core sites (standard deviation refers to
the deviation per species across all sites). Species’ averages of Sargasso Sea data from Smart et al. (2018)
are plotted in yellow in both figures, where a) shows a 2.5‰ offset from the 1:1 line with a y intercept
of 0.

As is the case for tissue versus shell δ15N (Fig. 4.5), there is a significant (R2 =

0.54, p < 0.05) positive correlation between modern shell and fossil FB-δ15N. The
symbiont-bearing, shallow-dwelling species, T. sacculifer displayed the lowest FB-δ15N
in both datasets, and G. siphonifera and G. truncatulinoides were consistently the high-
est (Fig. 4.7). Overall, the data have a regression slope of 0.78 and an intercept of 2.1‰
using species-specific measurements (on average, fossils were 2.8‰ higher than modern
shells, and 4.1‰ higher than modern tissue δ15N). Considered separately, the northern
and southern core tops yield similar trends, with southern species displaying a slightly
steeper gradient (0.93 in southern versus 0.65 in northern core tops) and lower y inter-
cept (Fig. 4.8). If we include existing data from the Sargasso Sea (where there was only a
minor difference between modern shells (from tows and traps) and core-top fossil δ15N),
the correlation remains strong (R2 = 0.89, p << 0.01) and the slope increases to 1.6.
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Figure 4.8: Comparison between average species- and location-specific modern shell-bound δ15N and
average fossil shell-bound δ15N from (a) the northern coretops (north of 32◦S, GeoB 8336 and GeoB
8342); and (b) the southern coretops (south of 32◦S, GeoB 8308, GeoB 8311 and GeoB 8317). Blue
points indicate data from the modern southeast Atlantic, whilst green points indicate where data from
the modern southwest Indian Ocean was used. The 1:1 line is shown as a dashed grey line in both figures.

4.4 Discussion

4.4.1 Modern foraminifera: tissue versus shell δ15N

4.4.1.1 Global patterns in FB-δ15N

The assumption that modern shell-bound δ15N in foraminifera is a reliable reflection of
tissue δ15N is one of the underlying principles of the fossil FB-δ15N proxy (Ren et al.,
2009; Robinson et al., 2023). The slight offset observed between tissue and shell δ15N in
our data (average = 1.4± 1.0‰ using paired tissue-shell data from the same species and
same tow) at first glance appears to contradict findings from the Sargasso Sea, where no
offset was observed in samples collected from net tows (Smart et al., 2018). However,
when plotted together with previously published Sargasso Sea and Southern Ocean data
over a broader δ15N range (Smart et al., 2018, 2020; Robinson et al., 2023), the 1.4‰ off-
set observed in our study appears less consequential (Fig. 4.4b). The data presented here
provide a ‘high end- member’ (δ15NNO3 ∼ 6.9‰, Chapter 2) setting, whereas the Sargasso
Sea foraminifera represent a ‘low end-member’ setting (δ15NNO3 ∼ 2.6‰, Knapp et al.
2005; Fawcett et al. 2015; Smart et al. 2018), whilst the majority of the data from the Sub-
antarctic Zone (Smart et al., 2020) are located between the two (δ15NNO3 = 7.9-12.2‰;
DiFiore et al. 2006).

The high R2 (0.53) value (from the combined dataset) indicates a strong relationship
between tissue- and shell-bound δ15N; a strong relationship for each individual dataset
(R2 = 0.57 for Atlantic and Indian measurements, with the R2 of Sargasso species ranging
from 0.35 - 0.97 (excluding G. truncatulinoides (R2 = 0.07) and G. siphonifera, (R2 =
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0.05); Smart et al. 2018) suggests the relationship may be independent of region. In
the combined tissue versus shell dataset, the near 1:1 gradient combined with a small
y-intercept (0.33) hints that the N used in biomineralization during chamber formation
is not isotopically distinct from that used in everyday cell functioning. This is consistent
with the Sargasso data of Smart et al. (2018) who noted that the majority of the bound N
that is measured in foraminifera tests is found in amino acids, which are also a significant
component of the organic tissue. In this way, foraminifera appear similar to symbiotic
corals (Muscatine et al., 2005), and different from diatoms, where N is present in several
compounds in frustules (Sigman et al., 1999; Horn et al., 2011; Morales et al., 2013;
Robinson et al., 2023). The gradient of the Atlantic and Indian dataset (< 1) is also
consistent with Smart et al. (2018)’s observation of greater variability in tissue δ15N
relative to modern shell δ15N, the latter of which integrates over a longer time, smoothing
out shorter-term variability.

4.4.1.2 Potential reasons for the local offset between tissue- and shell-bound
δ15N

Below, we outline several mechanisms that could have potentially raised the shell- bound
δ15N relative to tissue δ15N. The lack of offset observed in the Sargasso Sea (Smart et al.,
2018) for the same species as were present in our study suggests that we can rule out
fractionation (during biomineral formation) or a systematic difference in N sources used
in cell functioning versus those involved in the shell building process (Muscatine et al.,
2005). One contributor to the 1.4‰ offset could simply be related to the small sample size
of our shell dataset, which resulted in a larger standard deviation between duplicates from
the same net tow than was observed in the tissue samples. Average standard deviation
for G. inflata, G. truncatulinoides, and G. hirsuta shell δ15N in the Atlantic was 0.6‰,
whilst in the eddy it was 1.4‰ (Table 4.1). If this deviation is subtracted from the original
offset, we are left with a shell- to tissue-bound δ15N offset of 0-0.8‰, revealing that more
than half of the offset could potentially be attributed to high variability within an eddy
environment throughout a foraminifer’s lifetime resulting in a larger discrepancy between
tissue- and shell-bound δ15N than is observed under background Atlantic conditions.

A second possibility is that the δ15N increase in the shells relative to the tissue may
be a result of foraminifera having experienced a recent change in their habitat, either via
drifting or a change in ocean nutrient conditions and/or stratification. These environ-
mental changes may have occurred in the period between the latest chamber formation
and the sampling of specimens by net tow, but more likely reflect a proportionately larger
amount of shell sample recording the earlier conditions (since shells integrate over a longer
period than tissue). Sampling occurred in austral winter, which is a period of increased
turbulence and deepening mixed layers in both the southeast Atlantic and southwest In-
dian regions (Shannon and Nelson, 1996; Lutjeharms, 2006; Lamont et al., 2016; Braby
et al., 2022). Wintertime convection resupplies the euphotic zone with relatively low-δ15N
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nitrate (Holmes et al., 2002; Marshall et al., 2023), in which case the PON consumed
by foraminifera in the days-weeks prior to sampling may have been lower in δ15N than
the longer-term (i.e., life-long) average represented by the shells. This explanation is
consistent with the large interannual and seasonal variability in productivity and water
column stratification observed in the Indo-Atlantic region (Matano et al., 1999; Weeks
et al., 2006; Hutchings et al., 2012); seasonal changes in sinking particulate δ15N along the
Walvis Ridge, for example, can result in changes of several per mille (Holmes et al., 2002),
and δ15NPON in the Southern Benguela Upwelling System has shown large variations (up
to 9‰) even within a single season (Flynn et al., 2020). This reasoning could also explain
the larger (on average) tissue-shell δ15N offset seen in the eddy relative to the background
Atlantic foraminifera; eddy dynamics are inherently turbulent, and organisms transported
within them are subjected to spatial changes affecting δ15N of particulate N, as well as
changes in δ15N that occur due to the longer retention time of the particulates (Heywood
and Priddle, 1987; Mackas et al., 2005; Condie and Condie, 2016; Vortmeyer-Kley et al.,
2018; Cetina-Heredia et al., 2019).

However, δ15N variations between chambers in a single foraminifera are likely to be
minor in comparison to centennial- or millennial-scale changes in FB-δ15N. FB-δ15N over
the late Quaternary (0 - 30,000 years BP) appears to range from 3 to 5‰, depending
on the species and basin (Ren et al., 2009; Meckler et al., 2011; Martínez-García et al.,
2014; Studer et al., 2015, 2021), which is larger than the entire offset observed between
the tissue- and modern shell-bound δ15N in this study.

4.4.2 Fossil shell δ15N versus Modern shell δ15N

4.4.2.1 Variability in core top fossil shell-bound δ15N

We are cautious to interpret fossil shell δ15N variation between sites, due both to the
differences in radiocarbon age (samples range from 1370 BP to 5780 BP, [Table 4.1]) and
the relatively minor inter-site δ15N differences in comparison to the measurement standard
deviations [Fig. 4.6]. However, foraminifera from northern sites showed smaller inter-
species ranges, and were on average slightly higher in δ15N than those at southern sites
(by 0.9‰), with the largest difference in FB-δ15N observed between the northernmost
GeoB 8336 (29◦12.58′ S) and the southernmost GeoB 8308 (33◦55.18′ S) for most species
(mean difference in FB-δ15N = 1.3± 1.1‰ for 6 species).

The comparatively large inter-species FB-δ15N range observed at the southern sites
(2.8‰ versus 1.1‰ at northern core sites, [Figs 4.6, 4.8]) is likely driven by the high
seasonal (as well as decadal and millennial) variability of the southern section of the
Benguela Upwelling System (Meadows and Baxter, 2001; Tyson et al., 2002; Hutchings
et al., 2009). Stronger seasonality is apt to produce larger intra-annual changes in δ15N
PON than in regions where seasonal changes in winds, mixed layer depths, and produc-
tivity, are minor (Altabet and McCarthy, 1985; Holmes et al., 2002; Lourey et al., 2003;
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Bǎnaru et al., 2014). Since the dominant species of foraminifer in the southeast Atlantic
varies throughout the year, depending on habitat suitability (e.g., water column temper-
ature and stratification; Lončarić 2006, Chapter 2), the inter-species FB-δ15N range is
likely to be greater. There is less seasonality in wind strength north of 31◦S, where the
Lüderitz cell (centred at ∼27◦S) hosts perennial upwelling (Shannon and Nelson, 1996). In
contrast, mid-latitude westerly winds heavily influence the dynamics of the area south of
31◦S, with northward migration of the wind system in winter acting to suppress upwelling
and long-term hemispheric-scale changes in westerly wind intensity driving inter-annual
variability (Cohen and Tyson, 1995; Shannon and Nelson, 1996; Stuut et al., 2002).

With regards to spatial variability, it is possible that Agulhas leakage contributed to
lowering the average FB-δ15N in the southern core-tops relative to the two northern sites.
All five core locations have the potential to be affected by Agulhas eddies, but GeoB 8311
and GeoB 8308 are located at the inshore edge of the leakage corridor (where the majority
of Agulhas eddies propagate, Garzoli and Gordon 1996; Garzoli et al. 1996; Dencausse
et al. 2010) and are thus more likely to be affected by a less-diluted leakage transportation
signal, which brings nitrate (and particulate N) with a characteristically low δ15N into
the southern Benguela region (Marshall et al., 2023, Chapter 2).

Although additional data are needed to more confidently identify trends, the slightly
higher FB-δ15N for foraminifera in the northern cores could potentially be a result of
closer proximity to strong perennial upwelling. Highly productive upwelling systems are
typically also regions of subsurface denitrification; high levels of primary productivity at
the surface and organic matter decomposition below and on the shelf result in oxygen defi-
cient zones (ODZs), conducive to the removal of fixed N from the water column (Dugdale
et al., 1977; Ganeshram et al., 2000; Tyrrell and Lucas, 2002; Kuypers et al., 2005). Wa-
ter column denitrification has a large isotope effect (∼ 13-25‰; Cline and Kaplan 1975;
Brandes et al. 1998; Sigman et al. 2005; Kritee et al. 2012; Marconi et al. 2017), which
raises the δ15N of the resulting organic matter (and, subsequently, foraminifera). More-
over, studies from the west coasts of South Africa and Namibia suggest that, similar to
other eastern boundary currents, the Benguela Upwelling System hosts intermittent water
column denitrification, inshore of the current (Tyrrell and Lucas, 2002; Kuypers et al.,
2005; Flynn et al., 2020). Although GeoB 8336 and GeoB 8342 are not located within
the upwelling cells themselves, low oxygen conditions extend westwards off the continen-
tal shelf (Chapman and Shannon, 1987; Bailey, 1991; Monteiro and van der Plas, 2006),
and changes in upwelling and productivity have previously been inferred from downcore
records at both of these sites (Bergh et al., 2021). The higher FB-δ15N observed for the
foraminifera from GeoB 8336 and GeoB 8342 therefore raises the possibility of a denitri-
fication signal (which elevates remaining nitrate in δ15N) at these sites relative to those
further south.
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4.4.3 Comparing modern versus fossil shell δ15N

Overall, fossil FB-δ15N measurements exhibited similar inter-species trends to both tissue-
and modern shell-bound δ15N [Fig. 4.7]. The lowest fossil shell FB-δ15N were found for
dinoflagellate-hosting species, G. ruber, O. universa and T. sacculifer. G. siphonifera was
consistently high, which is in agreement with existing modern and global fossil data (Smart
et al., 2018; Lekieffre et al., 2020; Li et al., 2020). Given the moderately high δ15N of the
asymbiotic deep-dwelling G. truncatulinoides in modern tissue and shell data, we expected
this species to yield high FB-δ15N values at all core sites. Surprisingly, FB-δ15N was high
at only two stations (GeoB 8311, south, GeoB 8336, north), with G. truncatulinoides
at the other three stations displaying a lower FB-δ15N, similar to that of G. inflata,
an intermediate-dwelling and facultatively photosymbiotic species [Fig. 4.6]. However,
there is large variability in the depth habitat of G. truncatulinoides, both in different
regions (Reynolds et al., 2018; Lessa et al., 2020) and throughout a single foraminifer’s
life cycle (Bé and Hutson, 1977; Hemleben et al., 1989; Lohmann and Schweitzer, 1989),
which is roughly one year (Hemleben et al., 1989; Steinhardt et al., 2015; Reynolds et al.,
2018). Variability in the species’ fossil FB-δ15N may thus be a result of changing water
column conditions over time leading to shifts in G. truncatulinoides ’ seasonal habits and
vertical migrations. One point in favour of this argument is that a variable offset (−5‰ to
2.2‰) between the deep dweller and the dinoflagellate-hosting O. universa has previously
been noted in the region (Foreman, unpublished), with the FB-δ15N of the two species
converging for several thousand years during the last glacial-interglacial cycle.

When comparing modern and fossil shell-bound δ15N, we have included several south
Indian Ocean modern shell measurements, despite the sediment cores being located in the
Cape Basin. This decision is based on the fact that two species (G. ruber and T. sac-
culifer) were not present during the winter SAMBA sampling (Cape Basin; Chapter 2),
but were abundant in the core-tops and the modern ASCA collection (Agulhas region;
Chapter 3), so the (winter) ASCA data allow a preliminary comparison. G. ruber and T.
sacculifer have previously been identified in the water column in the Cape Basin using
a sediment trap that integrated populations over a 6-month (February - July) interval
(Lončarić, 2006), so the absence of these species from our SAMBA net tow was almost
certainly due to their reduced abundance in winter. The best analogue available to com-
pare modern and fossil shell δ15N from these species is therefore to use the values of their
Agulhas Current (“current & midshore”; Chapter 3) counterparts, where they do occur
in winter. The caveats to this approach include the assumption that these species of
foraminifera have a similar tissue- and shell-bound δ15N in the Cape Basin as in the ACS.
The assumption was based on the fact that similar δ15N values had been observed in the
species common to both regions (G. inflata, G. truncatulinoides, G. siphonifera and G.
bulloides) in the modern net tow data (Chapter 2, Chapter 3). However, since G. ruber
and T. sacculifer appear to occur in the Cape Basin predominantly in summer (Lončarić,
2006; Lončarić et al., 2006), there is the possibility that seasonal shifts in FB-δ15N would
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cause a discrepancy between the signal used here to approximate modern FB-δ15N versus
the signal recorded in the fossil record (which reflects the period of highest foraminifer
flux to the seafloor).

In complement to the assumption that modern shell-bound δ15N reflects tissue δ15N,
equally important is the premise that the isotopic composition of a specimen’s shell is
not altered post-mortem, i.e., there should be negligible or quantifiable (ideally constant)
change in δ15N after death. Our data show a pervasive 2.5‰ offset in fossil shell δ15N
relative to our modern shell δ15N (Fig. 4.7). In the following section, we consider at
what point this change occurs, and whether it is driven by sampling bias, assemblage
differences between modern winter net tows and the sediment, or real physical and/or
biological processes.

4.4.3.1 Reasons for higher FB-δ15N in fossils relative to living foraminifera

We suggest three potential explanations for the isotopic difference observed between mod-
ern and fossil shells within the Cape Basin. First, it is possible that the FB-δ15N is an
accurate reflection of living shells, but in the past. The core tops range in age from 1,340
to 5,780 years BP [Table 4.1], with an estimated sedimentation rate of 4 cm / 1,000 years
in the region (Herbert and Compton, 2007). Several studies from other regions have
shown noticeable decreases in FB-δ15N during this time period due to increases in N2

fixation in the North Atlantic basin (Ren et al., 2012b; Straub et al., 2013; Studer et al.,
2021). The southeast Atlantic Ocean is highly dynamic owing to the complex interactions
between Atlantic, Indian and Southern Oceans (Lutjeharms and Meeuwis, 1987; Boebel
et al., 1999, 2003; Lutjeharms and Ansorge, 2001; Garzoli and Matano, 2011; Weldeab
et al., 2013) and could have experienced a similar degree of FB-δ15N fluctuations, thus
explaining the offset seen here between modern and fossil FB- δ15N.

Although a baseline shift of 2.5‰ in the span of 3,000 years would be large (existing
foraminifera records show species-specific changes of this magnitude over 8,000 - 20,000
years (Ren et al., 2009; Straub et al., 2013; Martínez-García et al., 2014)), an O. universa
record from the same region (Core U1479, 35◦03′ S, 17◦24′ E) shows a 2.5‰ change over a
similar time period (between the core top and 6,000 years BP; Foreman, unpublished). In
addition, coral records from the Mozambique Channel show a similar range over a much
shorter timescale (∼200 years; Foreman, unpublished), indicating that the dynamic Indo-
Atlantic system can experience large δ15N fluctuations and noticeable long-term trends
over hundreds of years, particularly at sites near the coast. Given the close interactions
between the Agulhas and southeast Atlantic regions, it is likely that at least some of the
offset observed between living and fossil shell δ15N is due to late Holocene changes in
N-cycling. Indeed, other studies in this region have shown a broad trend towards cooler
waters during the late Holocene (∼5,000 - 0 years BP), interspersed with significant
decadal and centennial variability (Farmer et al., 2005; Kim et al., 2003; Leduc et al.,
2010; Meisel et al., 2011; Granger et al., 2018).
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Second, the fossil foraminifera specimens may have been transported to the core sites
from another location. The sites are located just offshore of the continental slope [Fig. 1];
both terrigenous and marine organic material is frequently transported from the shelf and
deposited at intermediate depths on the slope and potentially further offshore (Herbert
and Compton, 2007; Compton and Wiltshire, 2009; Compton et al., 2009). It is therefore
possible that a portion of the material sampled for our study originated in a shallower,
more coastal setting. On the Southern Benguela shelf, nutrient trapping leads to low
oxygen conditions that are potentially suitable for denitrification, and subsurface nitrate
δ15N has been shown to be slightly higher on-shelf than in the off-shelf water column
(Flynn et al., 2020); a rise in nitrate δ15N would likely act to raise the δ15N of foraminifera
on the shelf relative to those living further offshore. However, the influence of transported
material can be difficult to account for in coastal settings, and one might argue that
inshore denitrification would result in a deviation from inter-species FB-δ15N variation
(in comparison to the modern shells, Chapter 2), rather than a roughly consistent offset
across most species, as shallow shelf conditions (responsible for higher subsurface δ15N
nitrate) inshore of the Benguela Current would likely not be equally suitable for all species.

A third potential reason for the increase in FB-δ15N could be that the modern winter
samples are not representative of the time of greatest flux to the seafloor. FB-δ15N is
largely set by the isotopic composition of PON (Smart et al., 2020, Chapter 2), which
varies seasonally due to changes in the degree of nitrate consumption (Altabet et al.,
1991) and N cycling processes like ammonium-based phytoplankton growth and particle
reworking by bacteria (Cifuentes et al., 1988, 1989; Altabet et al., 1991; Montoya, 1994;
Altabet and Francois, 2001; Lourey et al., 2003). It is therefore reasonable to assume
that FB-δ15N should be biased towards the period of greatest flux, which is dependent
on factors such as primary productivity and mixed layer deepening (nutrient supply), as
well as when environmental conditions (including temperature, nutrient availability and
water column stratification) are best suited to individual species (Bé and Tolderlund, 1971;
Deuser et al., 1981; Ladigbolu et al., 2020). Some species (e.g., G. truncatulinoides) prefer
winter conditions, whilst G. ruber, T. sacculifer and N. dutertrei tend to prefer spring or
early summer conditions (Schiebel and Hemleben, 2000; Rebotim, 2018). In general, the
largest export flux occurs during, or directly after, periods of peak productivity. In the
Cape Basin/Benguela region, productivity is highest during austral spring and summer
(September - February) (Shannon and Nelson, 1996; Holmes et al., 2002; Weeks et al.,
2006; Hutchings et al., 2009), whereas net tow samples for the present study were collected
in mid-winter (July), which might be representative of the start of the nutrient resupply
period. Winter-summer shell δ15N differences in the Subantarctic Zone have been observed
to be as large as 3.6‰, with maximum tissue and modern shell-bound δ15N tending to
occur during winter for most species (Smart et al., 2020). If the sediments are recording
an early springtime signal, then one would expect fossil shell-bound δ15N to be lower than
that of the net-tow specimens, which is not the case. However, the δ15N of PON and
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some species of foraminifera peak during early summer in the Sargasso Sea, just after the
spring bloom (Smart et al., 2018); a similar environment in the Southeast Atlantic would
result in sinking shells being higher in δ15N than living foraminifera in winter, especially
if there had been some initial drawdown of nitrate due to recent winter mixing at the time
of sampling, or if there was an increase in ammonium uptake relative to nitrate, which
has been shown to be the case on the Southern Benguela Upwelling System shelf (Flynn
et al., 2018). Seasonal bias is therefore not ruled out as a contributor to the observed
isotopic offset between our modern and fossil foraminifera.

A further point in regards to seasonality is that some of the offset could potentially be
explained by a change in the growth season of foraminifera during the mid to late Holocene,
thereby changing the δ15N of species’ diets. One point in favour of this argument is the
late Holocene (2,000 - 0 BP) divergence observed between UK’

37 and TEX86 temperature
proxies in this region (Granger, 2016). Both proxies have been shown to record sea
surface temperature but involve biomarkers synthesized by different groups of microbes
(i.e., Emiliana huxleyi versus Thaumarcheota; Brassell et al. 1986; Schouten et al. 2002).
Divergence between the two proxies may reflect a change in growth seasons, a trend that
could be echoed in foraminifera over the same time period (Barker et al., 2009; Huguet
et al., 2011; Lopes Dos Santos et al., 2013). However, a change in the growth season of
a species would likely have resulted in more intra-site FB-δ15N variability between the
younger (GeoB 8317) and older (GeoB 8308) sediments, whereas all sites show a similar
FB-δ15N species hierarchy (Fig. 4.6).

4.4.3.2 Potential biological processes affecting foraminifer (shell)-bound δ15N

Biological mechanisms for the isotopic difference between modern and fossil shells include
a (1) change of diet prior to gametogenesis; and (2) the loss of calcite after death. Addi-
tional calcite tends to be added to foraminiferal tests during gametogenesis (reproduction)
(Hemleben et al., 1985, 1989; Caron et al., 1990; Steinhardt et al., 2015), and this may
amount to a significant percentage of total shell weight depending on the species (e.g.,
28% on average of the total shell weight of T. sacculifer ; Bé et al. 1981). During this stage
in their life cycle, several species descend deeper in the water column before releasing ga-
metes (Emiliani, 1971; Erez et al., 1991; Lohmann, 1995; Schiebel and Hemleben, 2005;
Steinhardt et al., 2015). Since bacteria preferentially consume 14N, bacterially-mediated
diagenesis raises particulate δ15N over time, and deeper particles tend to have a higher
δ15N (Altabet, 1988; Altabet et al., 1991; Casciotti et al., 2008). Mature foraminifera
may ingest this high-δ15N PON when they migrate out of the mixed layer, raising their
tissue-δ15N just prior to gametogenesis (and the FB-δ15N thereafter). Modern specimens
sampled in this study were all adults that had been captured within 200m of the surface,
but had not descended yet, and would thus not shown this final, high FB-δ15N. How-
ever, another argument suggests that foraminifera feed less just prior to gametogenesis as
symbionts appear to be digested or discarded and spines are shed, decreasing the ability
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of foraminifera to feed and thus arguing against a significant change in the δ15N of final
chambers (Bé et al., 1981; Hemleben et al., 1989). Should feeding not take place after
descending, the δ15N of the final chamber would not be raised, and would therefore not
explain the increase in fossil FB-δ15N relative to modern shells.

Regarding the loss of calcite post-mortem, although FB-δ15N is largely protected from
diagenetic alteration, a portion of the shell is ‘lost’ as foraminifera sink out of the mixed
layer (Lohmann, 1995; Broecker, 2001). In the case of juvenile foraminifera, some are
entirely dissolved before reaching the seafloor. The fossil record preferentially records
mature foraminifera, whilst younger (smaller) individuals are removed during sinking due
to their slower descent (increasing the time and extent of dissolution), as well as due to
the lack of a ‘protective’ thicker gametogenic layer (Adelseck and Berger, 1975; Hemleben
et al., 1989; Fehrenbacher et al., 2017; Smart et al., 2018). Of the shells that do reach the
seafloor, research suggests that an average of 19% of total shell weight is lost during sinking
between 100 and 1000 m due to dissolution in the twilight zone (Schiebel et al., 2007). The
idea of invoking partial shell loss as a mechanism for raising FB-δ15N was suggested by
Smart et al. (2018) who observed a 0.5‰ increase in sediment trap foraminifera shells in
the Sargasso Sea relative to shell measurements from net tows (surface ocean). Smart et al.
(2018) put forward two explanations for this increase. First, they raise the possibility that
breakage of the largest (outer) chambers of dinoflagellate-hosting species during sinking
or burial (Constandache et al., 2013) may also remove low FB-δ15N due to an increased
reliance on (or larger abundance of) symbionts towards the end of the organism’s life.
This scenario is likely not the case here, as the fossil-modern shell offset appears consistent
in both symbiont-barren (offset= 2.5± 1.1‰, G. truncatulinoides and G. hirsuta) and
dinoflagellate-hosting species (offset= 2.2± 0.7‰, G. ruber and T. sacculifer). Second,
Smart et al. (2018) suggest that if one assumes lower δ15N diet for juveniles than for
adults, where young foraminifera rely less on carnivory and more on surface and subsurface
PON, the removal of the inner chambers (or the complete dissolution of juveniles upon
sinking) would result in sea-floor, fossil foraminifera being higher in FB-δ15N than living
foraminifera dwelling in the mixed layer. Dissolution of the inner chambers may have
occurred as a result of their being in contact with a foraminifer’s organic tissue, which
is decomposed by bacteria after death, forming an acidic microenvironment through the
release of weak organic acids (Schiebel et al., 2007; Smart et al., 2018). Dissolution of
juveniles and/or juvenile chambers is a more likely scenario than the removal of low-δ15N
outer chambers in dinoflagellate-hosting species, but is difficult to prove without more
data. It is also unclear whether dissolution would affect all species to similar degrees, as
some (e.g., G. truncatulinoides) are less carnivorous (Anderson and Sedell, 1979; Spindler
et al., 1984), which might result in a smaller fossil-to-modern shell δ15N offset relative to
euphotic dwellers like G. ruber.
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Figure 4.9: Schematic illustrating some of the potential processes influencing FB-δ15N prior to mea-
surement. (1) Differences between tissue and modern-shell δ15N can arise due to changing environmental
conditions during a foraminifer’s lifetime, with larger discrepancies occurring in more turbulent envi-
ronments; (2) Descent in the water column has the potential to alter the δ15N of foraminifer diet prior
to gametogenesis; (3) Sinking foraminifera may experience dissolution of thin-walled, low δ15N juvenile
chambers; and (4) Specimens used in analysis may have been transported from elsewhere via bottom
currents or movement off the continental shelf.

4.5 Conclusions

This study adds to global ground-truthing efforts of the FB-δ15N palaeoceanographic
proxy by comparing modern foraminifera tissue and shell measurements with measure-
ments of fossil foraminifera from coretops in the South Atlantic region. The results of
these comparisons reveal that fossil foraminifera FB-δ15N is strongly linked in this region
to the original organic tissue of living foraminifera, which is in turn a reflection of habi-
tat (mixed layer and thermocline) nutrient conditions. Further examination of the three
distinct datasets allows for the identification of the stages in a foraminfer’s life cycle (and
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subsequent sinking and deposition) where changes in N isotopic composition can occur,
creating apparent offsets from the original living foraminifer tissue [Fig. 4.9]. We discuss
the relative importance of these isotopic offsets with regards to palaeoceanographic proxy
interpretation, as some changes may have implications for how palaeoceanographic sedi-
ment records are interpreted whereas in other instances, changes may have no influence
on interpretations. We conclude that rapid changes in water column conditions are likely
responsible for the difference between tissue and modern shell-bound δ15N, but that this
finding means little for the fossil record. A single measurement of fossil FB-δ15N yields an
integrated signal of multiple foraminifera from a span of at least several centuries, whilst a
discrepancy between an individual’s tissue- and shell-bound δ15N (caused by short-term,
intra-seasonal variability) measured at a single point in time will not affect the long-term
average.

At the same time, several mechanisms are proposed as potential reasons for the con-
sistently higher FB-δ15N in fossil foraminifera relative to modern foraminifera, includ-
ing individuals feeding on PON with a higherδ15N prior to gametogenesis, loss of inner
chambers during sinking, loss of juvenile shells prior to burial, and the post-depositional
transport of foraminifera off the continental shelf. Additionally, the core-top sediment
used in this study also does not present a true analogue to modern ocean conditions, as
the measured fossil FB-δ15N represents an integrated signal over the age range of 1,340 to
5,380 BP. It is difficult to dismiss any of these processes from the available data; nonethe-
less, the data presented here appear to validate the assumption that shell-bound δ15N is
a good indicator of the δ15N of living foraminifera (Ren et al., 2009), and suggest that
modern shell FB-δ15N is a composite of signals acquired throughout an organism’s life
(Li et al., 2019; Smart et al., 2018, 2020). The positive relationship between tissue- and
shell-bound δ15N bodes well for use of the proxy in this region and a larger sample set
would likely reduce some of this uncertainty. Indeed, the remaining ambiguity presents
an opportunity for future research to focus on clarifying the effect that modern spatial
and temporal variability has on the palaeoceanographic record in the southeast Atlantic
Ocean.

Our findings suggest that FB-δ15N will work well as a proxy method for establish-
ing changes in local nitrate sources, including supply changes resulting from fluctuations
in Agulhas leakage. The close agreement of the relationship between modern and fossil
foraminifer δ15N to previous studies (where source nitrate δ15N is lower than in the south-
east Atlantic and biogeochemical cycling is different) strengthens the hypothesis that the
proxy appears viable in multiple regions with different N-cycling dynamics, and is there-
fore applicable throughout the global ocean. Our initial fossil FB-δ15N data also raise
the idea that downcore records taken from core sites located close to one another in the
southeast Atlantic may record very different processes. There are multiple factors that
can potentially drive δ15N changes in nitrate in the southeast Atlantic, including proxim-
ity to the continental shelf (and the influence of water column denitrification), location
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relative to the Agulhas leakage corridor (which introduces low δ15NNO3 into the system),
and the influence of seasonal or perennial upwelling (i.e., more southerly sites experience
higher inter-annual variability than northern sites, where upwelling is more perennial).
Additionally, centennial or millennial shifts in westerly wind position and intensity might
result in periodic fluctuations between the competing drivers of biogeochemical cycling
at a single location. Combining FB-δ15N with other palaeoceanographic proxies (e.g., for
SST) when reconstructing past climates could help in distinguishing among these drivers,
as well as increasing our understanding of how local- and global-scale climate forcings
interact in this region. In this way, FB-δ15N is a powerful tool in palaeoceanographic
reconstructions of biogeochemical cycling in the southeast Atlantic Ocean.
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Figure S.1: Difference between corrected and expected FB-δ15N for low concentration (< 4 nmol)
samples. All samples are from Agulhas net tows, with the exception of two Atlantic shell samples from
station 14 (denoted by a * following the species name). Positive values indicate higher expected FB-δ15N
relative to replicate-corrected FB-δ15N.
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Chapter 5

Conclusion

The chapters in this thesis provide insights into the relationship between the N isotope
composition of planktic foraminifera and that of their environment, in both the southeast
Atlantic and southwest Indian Oceans. The broad aim of the project was to determine
whether the living, and ultimately fossil, foraminifera-bound (FB-) δ15N signal accurately
records changes in upper ocean biogeochemistry, with a particular interest in examining
the potential of the proxy as a means to identify past fluctuations in Agulhas leakage.
In this final chapter, I summarize the key findings of my research and propose potential
ideas for future research that would build upon the work presented here.

5.1 Summary of key findings

Key finding 1: Foraminifera δ15N is correlated to the δ15N of ther-
mocline nitrate and PON in the southeast Atlantic and southwest
Indian Oceans.

A major focus of Chapters 2 and 3 included assessing whether the δ15N in the tissue
of living foraminifera varied in conjunction with the δ15N of thermocline nitrate in the
southeast Atlantic, a relationship previously observed elsewhere in the low-to-mid latitude
ocean (Ren et al., 2009; Smart et al., 2018), and one that has important implications for
how FB-δ15N variation is interpreted in downcore records. There was a strong relationship
of foraminifera tissue- (FT-) and shell-bound (FB-) δ15N with thermocline nitrate δ15N
(δ15NNO3) under background southeast Atlantic conditions, suggesting that foraminifera
in this region do track changes in the δ15N of the nitrate supply to the mixed layer. In
the Agulhas Current System (ACS), FT-δ15N variability was more closely tied to δ15N
PON (more similar to previous findings from the Subantarctic Zone), although the actual
value of δ15NNO3 remained within similar to the FT-δ15N of several species. The weaker
correlation between foraminifera and nitrate δ15N in the ACS was likely an effect of the
δ15N of variability in the degree of nitrate consumption (affected by the mixing of new
thermocline nitrate into surface waters via a mesoscale cyclonic feature, which led to
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a decrease in FT-δ15N and the δ15N of all measured forms of organic N/particulates)
than the largely oligotrophic southeast Atlantic. This process of partial consumption
demonstrated the rapidity at which the δ15N of foraminifera responds to changes in the
δ15N of available nitrate (within ∼2 weeks), despite foraminifera being at least one trophic
level removed from the nitrate, the source of isotopic change. Nonetheless, although the
species whose FT-δ15N best approximated that of thermocline nitrate differed across the
ACS, the broad trend of foraminifera reflecting δ15NNO3 (as has been reported for other
regions; Ren et al. 2009, 2012; Smart et al. 2018, 2020) remained, despite the highly
nonlinear controls and (sub)mesoscale variability associated with the ACS. This trend is
extremely promising for the application of the proxy on a global scale, as it demonstrates
consistency among regions and provides evidence that inter-basin comparisons are feasible,
despite regional variability.

Also consistent with previous studies’ (Ren et al., 2009, 2012, 2015; Smart et al., 2018,
2020) interpretations is the lower FT-δ15N observed in symbiont-hosting species in the
ACS, relative to non-symbiont, deeper-dwelling species; symbionts are thought to retain
and recycle low δ15N that would otherwise be excreted by the host foraminifer, effec-
tively reducing the δ15N increase associated with trophic level fractionation (Ren et al.,
2012; Smart et al., 2018). Furthermore, symbiont-hosting foraminifera best approximated
the actual value of thermocline nitrate δ15N in the subtropical and tropical ACS, whilst
deeper-dwellers were higher in δ15N. In the southeast Atlantic, however, it was the deep-
and intermediate-dwelling species (G. truncatulinoides, G. hirsuta and G. inflata) that
appeared to best approximate the actual value of thermocline nitrate (within 0.4‰ of
the thermocline nitrate δ15N), rather than the shallow, dinoflagellate-hosting species, of
which there were relatively few, but whose FT-δ15N was still lower in comparison. It is
possible that the relationship between the δ15N of foraminifera and thermocline nitrate
could change during warmer conditions, when the symbiont-hosting species become more
abundant in the region (Lončarić, 2006), confirmation of this idea would require collection
of samples during spring and summer in the region. Nonetheless, initial findings from the
southeast Atlantic strongly suggest that there is potential for the use of G. truncatuli-
noides and G. hirsuta (as well as G. inflata) FB-δ15N as an indicator of long-term (e.g.,
centennial and longer) changes in winter thermocline conditions, providing that the core
site is outside of the main corridor of Agulhas leakage.

Key finding 2: The isotopic signal of nitrate and foraminifera
transported in Agulhas leakage remains distinct from that of the
background Atlantic.

Chapter 2 compared the δ15N of upper-ocean nitrate and foraminifera under background
southeast Atlantic conditions and within a mature anticyclonic eddy (i.e., Agulhas leakage
conditions). Even after seven months, the δ15N of the Agulhas eddy remained distinctly
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lower than that of its surroundings, although it was higher than offshore ACS subtropical
mixed layer and thermocline waters. The low ∆(15-18), the difference between the N and
O isotopes of nitrate, was even more reminiscent of Agulhas subtropical waters (Marshall
et al., 2023), and implied retention of the Agulhas source waters within the eddy environ-
ment. FT- and FB-δ15N in the Agulhas eddy was on average 2.4‰ lower than background
Atlantic foraminifera of the same species. The similarity of the species assemblage across
the transect (i.e., the absence of traditional “leakage fauna”) was hypothesized to be due
to rapid cooling within eddies, as this would lead to a shift in species dominance to those
better adapted for reproduction in cooler waters. Remarkably, the low δ15N signal in leak-
age foraminifera appears resilient to transitions in foraminifera generations and species,
and therefore holds potential for tracking leakage in the Cape Basin beyond where the
characteristic warm Agulhas temperature signature is lost and distinctive “leakage fauna”
disappear.

Key finding 3: The FT-δ15N of leakage foraminifera is not a straight-
forward reflection of FT-δ15N in the ACS prior to ring shedding.

Thermocline waters in the ACS are made up of Tropical Thermocline Water (TTW)
and Subtropical Thermocline Water (STTW), both of which are lower in nitrate δ15N
than South Atlantic thermocline waters, with STTW δ15N lower in comparison to TTW.
However, the FT-δ15N of the majority of ACS foraminifera in Chapter 3 was not low
enough to explain the low FT-δ15N observed in the Agulhas eddy in Chapter 2. Instead,
only the FT-δ15N measured furthest offshore of the Agulhas Current core (and whose
low FT-δ15N was likely due in part to the recent injection of new nitrate) resembled that
measured within the Agulhas eddy. As mentioned above (Key finding 1 ), thermocline
nitrate δ15N across much of the sampled ACS region was best recorded by symbiont-
hosting species such as G. ruber and T. sacculifer, which are relatively low in 15N in
comparison to the deep-dwelling, symbiont-barren species (e.g., G. truncatulinoides and
G. hirsuta), which were better approximators of thermocline nitrate δ15N in the southeast
Atlantic. Species-specific FT-δ15N was thus similar between the most oligotrophic sections
of the southeast Atlantic and ACS environments, leading to the conclusion that additional
N-cycling processes must be occurring downstream and/or within the eddy, post-shedding,
to produce the low FT-δ15N observed in Agulhas leakage. Two mechanisms that may have
yielded the δ15N decrease are N2 fixation – which would introduce new N with a low δ15N
into the system – and the recycling of low-δ15N ammonium generating low-δ15N PON (i.e.,
foraminifer food sources). To test these hypotheses, in-situ measurements of N2 fixation
and ammonium cycling within an Agulhas eddy are needed, alongside time series FT-δ15N
data in the ACS to investigate inter-seasonal signals.
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Key finding 4: Ground-truthing the FB-δ15N method in the south-
east Atlantic shows that modern tissue- and shell-bound δ15N are
strongly correlated to the δ15N of fossil foraminifera in recent sedi-
ments, but that biogeochemical processes integrating over different
time intervals can result in δ15N offsets

The strong positive relationship between modern tissue and shell-bound δ15N observed in
the Southeast Atlantic and Southwest Indian study areas supports the hypothesis that
FB-δ15N is a good representation of the isotopic composition of the living organism, even
in this dynamic mid-latitude region. This finding, from Chapters 2 and 4, is in line with
previous ground-truthing research in the Sargasso Sea (Smart et al., 2018) and Southern
Ocean regions (Smart et al., 2020). A difference in the integration times between tissue-
(days) and shell-bound (weeks) δ15N was likely responsible for shell-bound δ15N being
on average 1.4‰ higher than tissue δ15N. Both the southeast Atlantic and ACS were
sampled at the start of the winter mixing period, thus tissue potentially reflected some
of the low-δ15N PON derived from newly supplied (not yet δ15N-elevated) nitrate from
below the mixed layer whereas the shells had incorporated N prior to winter mixing.

A strong, positive linear correlation was again evident when comparing (species-
specific) fossil foraminifera δ15N to that of modern shells, but with an additional average
offset of 2.5‰ between them (where fossil shell δ15N > modern shell δ15N). A difference
in the integration time of δ15N within samples was again suggested as a potential expla-
nation; given that the δ15N of the fossil shells reflected a signal integrated over several
thousand years (somewhere between 1,340 and 5,780 years), it is likely that some of this
offset is due to changing ocean conditions during the late Holocene. There are other
potential causes of the higher δ15N that cannot at this stage be ruled out. These include
(1) the preferential dissolution of low-δ15N juvenile foraminifera during sinking (due to
a slower sinking rate or thinner shells); (2) post-mortem decomposition of foraminifera
tissue creating an acidic microenvironment that dissolved low-δ15N inner chambers; (3)
a higher δ15N PON diet prior to gametogenesis (a stage not captured by the net tows);
and (4) a shift in the season of highest productivity between the mid-Holocene and the
present day.

More research is needed to determine which of these explanations is the most likely to
account for the higher FB-δ15N observed in the fossil shells in the Cape Basin; additional
global ground-truthing efforts will help to constrain the isotopic effect of shell loss during
sinking, whereas downcore FB-δ15N reconstructions in the region will allow for a better
estimation of the magnitude of expected FB-δ15N change over centennial and millennial
time scales. Knowledge of the latter would be useful when determining the sensitivity of
FB-δ15N to changes in environmental conditions. Regardless of which of these processes
are responsible for the δ15N offset, the strong correlation that exists between modern and
fossil FB-δ15N is promising for the use of the FB-δ15N proxy method in the Southeast
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Atlantic, as the modern versus fossil FB-δ15N offset appears to be consistent across species.

Key finding 5: Relatively small distances matter when interpreting
FB-δ15N variability in the southeast Atlantic.

Although some of the small but noticeable variability between core sites in Chapter 4
could be attributed to differences in surface sediment age, the differences also suggest
that location may be an important factor in δ15N variability. Dominant biogeochemical
processes can vary strongly across relatively small distances in the modern Cape Basin;
downcore variability in FB-δ15N may therefore reflect different processes depending on
the core location. Water column denitrification, which raises the δ15N of nitrate and
the organic matter derived from it (Brandes et al., 1998), may have contributed to the
FB-δ15N difference observed between the two coretops located north of 32◦S and the
three coretops south of this latitude. Sediments located closer to regions of perennial
upwelling in the Northern Benguela Upwelling System, where low oxygen conditions are
more persistent (Tyrrell and Lucas, 2002; Kuypers et al., 2005), are more likely to be
influenced by denitrification. Denitrification could explain the higher average FB-δ15N
(by 0.9‰) in the northern coretops relative to those further south. On the other hand,
the southern cores were located closer to the corridor (most frequent pathway) of Agulhas
leakage. Fossil foraminifera sampled from this sediment may therefore show a stronger
(low-δ15N) Agulhas leakage signal, explaining the lower FB-δ15N in the southern cores
relative to the northern cores, and demonstrating again how small spatial changes might
result in substantial isotopic variability.

5.2 Concluding remarks and future research

Ground-truthing the FB-δ15N proxy involves examining and understanding the domi-
nant forcings in a region, investigating how best to distinguish between biogeochemical
processes that act to produce similar signals to one another (e.g., N2 fixation, partial
assimilation of nitrate, and ammonium cycling), and developing potential scenarios that
could cause the dominant drivers of variability to change over time. The research detailed
in this thesis not only provides baseline δ15N values with which to compare downcore
records from the region, but also helps to interpret downcore FB-δ15N changes. Given the
emphasis on determining average baseline biogeochemical conditions against which palaeo-
records can be compared, it might seem counter-intuitive that seasonality or mesoscale
features such as eddies could significantly impact the interpretation of sediment records
with centennial- or millennial-scale integration times. However, analysis of short-term
variability is an important component of ground-truthing any method, as it provides
analogues to longer term changes and increases awareness of which processes are best
recorded in the sediment. For example, with regards to particles and organic matter,
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sediment records are inherently biased in favour of the season where the flux out of the
photic zone (and deposition on the seafloor) is greatest.

It is therefore important to know what biogeochemical processes are dominant in par-
ticular seasons, in order to correctly interpret FB-δ15N variation in the sediment record.
Similarly, when eddies are a frequent and integral component of a region, as is the case
in the Indo-Atlantic gateway region, biogeochemical processes specific to these mesoscale
features have the potential to significantly affect the sedimentary FB-δ15N signal. The low
FB-δ15N signal within an Agulhas eddy is one example where understanding mesoscale
dynamics plays a crucial role in how one might interpret FB-δ15N variability within the
southeast Atlantic. The consistently low foraminifera tissue and shell-bound δ15N within
the Agulhas eddy revealed that not only do these mesoscale features bring low δ15N ni-
trate and foraminifera into the Atlantic, but the isotopic signal remains distinct from its
surroundings (and potentially intensifies) over the course of several months. In this way,
the ’average’ conditions, whereby FB-δ15N approximates the local thermocline nitrate
δ15N, are disrupted. It is therefore important to be able to recognize when and where
fossil FB-δ15N variability is a product of a shift in the season of peak productivity, or the
result of a change in the frequency and/or intensity of local mesoscale features. Gener-
ating multiple FB-δ15N measurements from a variety of foraminifer species, and/or the
inclusion of additional proxy methods (e.g., proxies for wind strength or dust flux), when
reconstructing past ocean conditions, will be valuable for distinguishing between the two
drivers. Furthermore, future research into seasonal signals of modern foraminifera tissue-
and shell-bound N from the study region would be invaluable, as has been done in the
Sargasso Sea (Smart et al., 2018) and Southern Ocean (Smart et al., 2020).

While challenging, the Cape Basin is a useful region for palaeoceanographers to test
the effects of varying biogeochemical processes on FB-δ15N. Different drivers of isotopic
variability dominate at different sites, sometimes over relatively short distances, such as
multiple nitrate sources to the euphotic zone (South Atlantic Subtropical Mode Water,
Tropical Thermocline Water, Subtropical Thermocline Water), perennial and seasonal
coastal upwelling, denitrification off the west coast of South Africa and Namibia, olig-
otrophic gyre conditions, mesoscale eddy environments (altering stratification), and N2

fixation (both in the offshore Agulhas Current System and potentially within anticyclonic
eddies). Each of these processes has an isotopic effect on δ15N-NO3 and the biological
community it supports, and it may be possible to separate out the effects of each process
on FB-δ15N, if there is careful consideration of sampling location. For example, coastal
sites located close to the Lüderitz upwelling cell could be used to reconstruct cycles of
denitrification in the Benguela Upwelling System, whilst a comparison of FB-δ15N just
south and north of the Walvis Ridge could reveal changes in the proportion of Agulhas
leakage progressing into the North Atlantic.

In summary, continued research into the nuances of foraminifera ecology and the re-
sponses of foraminifera to seasonal and longer-term change is needed to address new
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research questions involving seasonality and location that have arisen as a result of
this study, and to avoid misinterpreting isotopic changes observed in fossil foraminifera.
Nonetheless, the key findings of this study strongly support the continued ground-truthing
and future use of FB-δ15N in the southeast Atlantic and southwest Indian Oceans, as a
means of identifying past changes in thermocline nitrate conditions. In addition, these
initial data highlight the potential of the proxy to record past fluctuations in Agulhas leak-
age. Palaeoceanographic reconstructions making use of FB-δ15N to investigate changes
in leakage within these dynamic ocean regions could greatly assist in forecasting the re-
sponse(s) of the Atlantic Meridional Overturning Circulation to future climate change.
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Appendix A

Additional Data Tables

Table A.1: Abundance of foraminifera at Southeast Atlantic (SAMBA) stations.

Eddy Atlantic
Station 3 4 5 9 10 11 13 14 17
G. inflata 90 768 246 78 62 64 317 72 701
G. truncatulinodies 19 70 205 48 93 121 201 614 963
G. hirsuta 26 99 183 34 62 32 182 27 259
O. universa 1 4 0 0 0 1 0 0 6
G. siphonifera 1 16 10 0 0 7 0 0 29
G. falconensis 0 0 0 0 0 0 1 0 38
G. calida 0 6 1 0 0 0 0 1 5
G. bulloides 7 0 100 0 5 5 0 250 400
G. glutinata 0 0 0 0 0 0 0 7 3
G. ruber 0 0 0 0 0 0 0 0 1

196
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Table A.2: Average foraminifer tissue δ15N from the southeast Atlantic. Leading edge station (10) is
classified as “Atlantic,” and trailing edge station (3) classified as “Eddy.” sd δ15N indicates standard
deviation between multiple samples from the same station. For depth estimates and symbiont
relationships, see Table A.6

Station Longitude (◦E) Species Type δ15N sd δ15N
17 2.6 G. bulloides Atlantic 6.7 0.3
17 2.6 G. glutinata Atlantic 7
17 2.6 G. hirsuta Atlantic 7.2 0.2
17 2.6 G. truncatulinoides Atlantic 7.5 0.1
14 5.1 G. bulloides Atlantic 5.7 0.3
14 5.1 G. falconensis Atlantic 6.2 0
14 5.1 G. hirsuta Atlantic 7.4 0.2
14 5.1 G. inflata Atlantic 6.8 0.6
14 5.1 G. siphonifera Atlantic 8 0.1
14 5.1 G. truncatulinoides Atlantic 7.5 0.6
14 5.1 O. universa Atlantic 7.1
13 7.5 G. hirsuta Atlantic 6.7 0.2
13 7.5 G. inflata Atlantic 6.5 0.2
13 7.5 G. truncatulinoides Atlantic 6.9 0.1
11 10.2 G. hirsuta Atlantic 7.0 0.1
11 10.2 G. inflata Atlantic 6.6 0.4
11 10.2 G. truncatulinoides Atlantic 7.1 0.2
10 11.2 G. hirsuta Atlantic 6.6 0.5
10 11.2 G. inflata Atlantic 6.3 0.1
10 11.2 G. truncatulinoides Atlantic 6.6 0.2
9 11.8 G. hirsuta Eddy 6.1 0.2
9 11.8 G. inflata Eddy 5.1 0.3
9 11.8 G. truncatulinoides Eddy 6.0 0.3
5 13.6 G. bulloides Eddy 3.4 0.1
5 13.6 G. hirsuta Eddy 5.2 0.3
5 13.6 G. inflata Eddy 4.6 0.1
5 13.6 G. siphonifera Eddy 5.3 0.3
5 13.6 G. truncatulinoides Eddy 5.2 0.4
4 14 G. bulloides Eddy 1.7 0.9
4 14 G. hirsuta Eddy 4.7 0.3
4 14 G. inflata Eddy 2.8 0.7
4 14 G. siphonifera Eddy 4.0 0.7
4 14 G. truncatulinoides Eddy 4.9 0.8
4 14 O. universa Eddy 4.6
3 14.3 G. hirsuta Eddy 5.3 0.4
3 14.3 G. inflata Eddy 3.3 0.8
3 14.3 G. siphonifera Eddy 5
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Table A.3: Average bulk zooplankton δ15N from the southeast Atlantic.

Station Latitude (◦S) Longitude (◦E) Size (µm) Zoo δ15N sd δ15N Type
4 -35.25 13.97 250-500 3.2 0.2 Eddy
4 -35.25 13.97 500-1000 4.8 0.2 Eddy
5 -35.25 13.68 250-500 4.7 0.2 Eddy
5 -35.25 13.68 500-1000 5.4 0.1 Eddy
10 -34.51 11.2 250-500 5.8 Leading Edge
10 -34.51 11.2 500-1000 6.6 0.1 Leading Edge
13 -34.51 7.45 250-500 6.0 0.2 Atlantic
13 -34.51 7.45 500-1000 7.7 0.1 Atlantic
14 -34.5 5.11 250-500 6.1 0.0 Atlantic
14 -34.5 5.11 500-1000 6.9 0.0 Atlantic

Table A.4: Weighted average PON δ15N from the southeast Atlantic (profiles 0 - 175m).

Station Latitude (◦S) Longitude (◦E) PON δ15N Type
1 -34.5 17.14 1.7 Upwelling
3 -34.75 14.32 2.4 Atlantic
4 -35 14 1.3 Trailing Edge
5 -35.25 13.68 2.7 Eddy
6 -35.41 13.47 3.2 Eddy
7 -35.25 13.07 3.0 Eddy
8 -35 12.44 2.8 Eddy
9 -34.75 11.81 3.0 Eddy
10 -34.51 11.2 4.6 Leading Edge
11 -34.5 10.2 2.1 Atlantic
12 -34.51 8.33 1.6 Eddy
13 -34.51 7.45 2.4 Mixed
13R -34.51 7.45 2.5 Mixed
14 -34.5 5.11 1.2 Atlantic
17 -34.5 2.62 3.4 Atlantic
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Table A.5: Abundance of foraminifera at Agulhas Current System stations.

Inshore edge Current core Offshore edge Mid-shore Offshore
Station 3 4 5 6 6.5 8 8.5 10 12 14 16 20

Species Type B1 B2 B3 B4 B12 B5 B11 B6 B7 B8 B9 B10
O. universa subtropical 7 9 42 0 2 7 3 11 1 6 0 1
G. bulloides subtropical 18 21 72 3 49 1 56 113 34 13 7 13
T. sacculifer tropical 1 41 208 112 45 50 27 19 6 17 0 7
P. obliquiloculata tropical 5 4 55 29 14 14 5 18 5 9 0 3
N. dutertrei subtropical 4 4 34 0 12 23 13 28 12 15 2 6
G. ungulata subtropical 0 3 55 1 0 5 2 3 3 6 0 0
G. tumida tropical 0 1 15 0 6 1 0 0 0 0 1 0
G. truncatulinoides subtropical 0 0 6 4 7 2 3 10 2 8 3 1
G. siphonifera tropical 45 8 60 0 52 6 22 25 7 8 1 3
G. inflata subtropical 2 0 37 12 72 103 72 334 61 73 72 37
G. hirsuta subtropical 0 1 0 2 0 2 1 9 0 1 3 0
G. ruber tropical 13 31 117 38 20 19 29 43 9 9 2 3
G. glutinata subtropical 0 6 9 5 2 5 33 21 1 6 0 4
G. menardii tropical 1 7 3 14 63 7 17 21 17 9 1 10
G. calida subtropical 2 3 24 0 2 2 1 9 6 10 0 0
G. falconensis subtropical 1 1 3 3 0 0 2 2 0 0 0 0
G. rubescens tropical 0 0 0 1 0 1 0 5 0 0 0 0
G. adamsi/G. radians tropical 0 0 0 0 1 0 1 0 0 0 0 0
N. incompta/N. pachyderma subtropical 0 0 0 3 4 4 0 2 0 0 0 0
G. hexagonus tropical 0 1 0 0 0 0 0 0 0 0 0 0
G. pelagica tropical 0 3 2 8 1 0 0 0 0 0 0 0
G. uvula subtropical 0 0 2 0 0 0 0 0 3 2 0 0
G. scitula subtropical 0 0 1 5 0 0 0 0 0 0 0 0
G. conglobatus tropical 0 0 2 1 0 0 0 0 0 0 0 0
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Table A.6: Tissue-bound δ15N of Agulhas Current System foraminifera. Depth estimates and symbiont classification are referenced predominantly from Peeters
and Brummer (2002); Birch et al. (2013); Kimoto (2015); Rebotim et al. (2017); Takagi et al. (2019) and Stainbank et al. (2019).

Species Current & Shear δ15N Mid-shore δ15N Offshore δ15N Depth estimates Symbionts?
G. bulloides 6.8 ± 2.1 6.1 ± 1.1 5 ± NA 0 - 100 No (Unknown)
G. calida 7 ± NA 7.3 ± NA 60 - 80 Unknown
G. crassaformis 6.9 ± NA 40 - 70 No
G. glutinata 6.3 ± 0.3 0 - 80 Facultative (chrysophytes)
G. hirsuta 7.3 ± 0.7 100 - 200 No
G. inflata 7.0 ± 0.5 6.2 ± 0.5 4.5 ± 0.6 80 - 100 Facultative (chrysophytes)
G. menardii 6.3 ± 1.0 6.0 ± 0.5 4.9 ± 0.5 60 - 120 Facultative (chrysophyte/prymnesiophyte)
G. ruber 5.1 ± 0.6 4.9 ± 0.9 3.4 ± NA <50m Obligate (dinoflagellate)
G. siphonifera 7.6 ± 1.3 6.7 ± 1.0 80 - 100 Facultative (chrysophytes)
G. truncatulinoides 7.6 ± 0.4 6.4 ± 0.5 4.4 ± NA 80 - 200 No
G. tumida 5.1 ± 0.2 thermocline >100 Facultative (chrysophyte)
G. ungulata 5.4 ± 0.3 5.4 ± 0.4 thermocline <100 No
N. dutertrei 6.5 ± 1.1 6.2 ± 0.4 5.0 ± NA 0 - 80 Facultative (chrysophyte/pelagophyte)
O. universa 5.4 ± 0.7 5.6 ± NA 70 - 100 Obligate (dinoflagellates)
P. obliquiloculata 6.2 ± 0.4 6.3 ± 0.4 5.7 ± NA 30 - 60 Facultative (chrysophyte/prymnesiophyte)
T. sacculifer 5.2 ± 0.5 5.2 ± 0.4 3.5 ± NA 20 - 80 Obligate (dinoflagellate)
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Table A.7: Average bulk zooplankton δ15N from the Agulhas Current System.

Station Size (µm) Zoo δ15N sd δ15N
3 500-1000 6.7 0.1
4 250-500 5.6 0.1
4 500-1000 7.1 0.0
5 250-500 6.0 0.3
5 500-1000 6.0 0.1
6 250-500 5.1 0.1
6 500-1000 5.6 0.1
6.5 250-500 6.0 0.1
6.5 500-1000 6.2 0.0
8 250-500 5.5 0.1
8 500-1000 6.2 0.1
8.5 250-500 5.4 0.2
8.5 500-1000 5.9 0.0
10 250-500 5.8 0.2
10 500-1000 6.0 0.1
12 250-500 5.6 0.1
12 500-1000 6.0 0.1
14 250-500 5.6 0.1
14 500-1000 5.8 0.0
16 250-500 3.3 0.0
16 500-1000 4.0 0.1
20 250-500 3.9 0.0
20 500-1000 4.3 0.0
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Table A.8: Weighted average PON δ15N from the Agulhas Current System (profiles 5 - 200m).

Station PON δ15N δ15N sd
1 1.36 0.08
2 3.31 0.05
3 2.41 0.31
4 2.27 0.13
5 3.4 0.2
6 1.97 0.22
6.5 2.78 0.12
7 2.52 0.15
8 2.77 0.11
8.5 1.18 0.16
9 2.58 0.18
10 2.49 0.07
11 3.49 0.27
12 2.02 0.17
13 3.92 0.08
14 2.88 0.1
15 3.57 0.08
16 0.93 0.12
17 2.38 0.12
18 1.68 0.19
19 1.21 0.11
20 1.21 0.11
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Table A.9: Foraminifera-bound δ15N from South Atlantic core tops.

GeoB Species δ15N [N] nmol/ml
8308 G. hirsuta 10.7 5.1
8308 G. inflata 10.0 5.0
8308 G. ruber 8.5 3.2
8308 G. siphonifera 11.2 4.7
8308 G. truncatulinoides 10.0 4.6
8308 N. dutertrei 10.1 5.3
8308 O. universa 7.7 2.9
8308 T. sacculifer 9.2 5.0
8311 G. hirsuta 10.4 18.1
8311 G. hirsuta 11.6 16.0
8311 G. inflata 9.5 12.0
8311 G. truncatulinoides 12.0 5.0
8311 O. universa 10.0 4.4
8317 G. hirsuta 9.9 4.9
8317 G. inflata 9.5 5.1
8317 G. truncatulinoides 9.8 4.9
8317 O. universa 9.0 2.1
8336 G. bulloides 11.9 3.8
8336 G. hirsuta 11.4 23.3
8336 G. inflata 11.1 20.7
8336 G. inflata 9.7 17.0
8336 G. inflata 10.8 4.3
8336 G. ruber 10.3 4.6
8336 G. siphonifera 11.4 4.6
8336 G. truncatulinoides 11.6 12.7
8336 O. universa 10.8 8.1
8336 T. sacculifer 9.7 6.2
8342 G. hirsuta 10.5 5.0
8342 G. inflata 10.0 5.0
8342 G. siphonifera 11.4 4.8
8342 G. truncatulinoides 9.9 4.9
8342 N. dutertrei 10.7 4.9
8342 O. universa 9.3 4.7
8342 T. sacculifer 9.7 3.8


	Acknowledgements
	Introduction and Literature Review
	Introduction
	The Biological Pump
	Agulhas Leakage and the Atlantic Meridional Overturning Circulation
	The challenge of reconstructing Agulhas leakage
	The marine nitrogen cycle and nitrogen isotopes
	Foraminifera as 15N recorders
	Structure of this thesis

	Tracking Agulhas leakage in the South Atlantic using modern planktic foraminifera nitrogen isotopes
	Introduction
	Methods
	Shipboard sampling
	Foraminifera and bulk zooplankton sample preparation
	Particulate and nitrate isotope analysis
	Satellite imagery and model products

	Results
	Hydrography and the identification of eddy stations
	Seawater nitrate concentrations and isotopes
	Foraminifera and particulate organic N isotopes

	Discussion
	Absence of Agulhas planktic foraminifer assemblages in the Cape Basin
	Potential mechanisms for 15N differences in the southeast Atlantic and Agulhas eddies
	Controls on FT-15N
	Potential for reconstruction of past Agulhas leakage from foraminifer-bound nitrogen isotopes

	Conclusions
	Supplementary Figures

	Tracing Agulhas Current System biogeochemistry through the nitrogen isotopes of foraminifera
	Introduction
	Study region and aims
	Methods
	Processing and isotope analyses

	Results
	Station classification and physical oceanography
	Nitrate concentrations and isotope ratios
	Organic N: PON and Bulk Zooplankton
	Foraminifera
	N isotopes

	Discussion
	Interannual variability of ACS water masses
	Physical changes in water masses reflected in foraminifer assemblages
	Controls on FT-15N

	Conclusions
	Supplementary Figures

	Nitrogen isotopic composition of modern ocean and core-top planktic foraminifera in the South Atlantic
	Introduction
	Nitrogen isotopes as a proxy for southeast Atlantic variability
	Existing ground-truthing studies of FB-15N
	Study region and aims

	Methods
	Collection of living and fossil foraminifera
	Cleaning and oxidation of living and fossil foraminifera
	N isotope analysis
	Correcting for low concentration samples
	Additional repository data
	Terminology

	Results
	Modern foraminifera tissue versus shell 15N
	Fossil shell 15N from multicores in the southeast Atlantic
	Modern versus fossil shell 15N

	Discussion
	Modern foraminifera: tissue versus shell 15N
	Fossil shell 15N versus Modern shell 15N
	Comparing modern versus fossil shell 15N

	Conclusions
	Supplementary Figures

	Conclusion
	Summary of key findings
	Concluding remarks and future research

	Additional Data Tables



