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1. Introduction

1.1. A general introduction

Anthropogenic inputs of carbon dioxide to the Earths’ atmosphere increasingly affect global 
climate (IPPC, 2014). The extent to which our climate will change is, however, still subject 
of intense debate (Alley et al., 2003; European Marine Board, 2003). This largely depends 
on future socio-economic developments and to a lesser extent on the unknown equilibrium 
climate under much higher CO2 conditions than today (e.g. Harley et al., 2006). On a regional 
scale the uncertainty of predictions increases dramatically and particular components such as 
cloud cover, precipitation and storm frequency are often very difficult to predict. In turn, 
such small-scale processes have potentially strong feedbacks on global climate, adding to the 
general uncertainty in climate change scenarios. To better constrain regional processes, and 
hence global change, methods have to be developed to better understand their behaviour and 
potential impact on the global ocean-climate system.

The oceans form an important component of the global climate system. They alter our 
climate by various mechanisms, such as heat transport by means of ocean circulation or the 
sequestration of atmospheric carbon. Most of the solar radiation received at the Earth’s surface 
is captured by the ocean and warms its surface waters. As a result of its heat capacity and 
circulation, the ocean has the ability to both store and redistribute this heat before it is released 
to the atmosphere (much of it in form of latent heat, that is, water vapour). Additionally, the 
ocean participates in the biogeochemical cycles and exchanges gases with the atmosphere, thus 
influencing its greenhouse gas content.

Transport of highly saline waters from the Indo-Pacific into the South Atlantic via the Agulhas 
leakage forms an important component of the global oceanic circulation. The Agulhas leakage 
is involved in regulating the Atlantic meridional overturning in the global climate (Fig. 1.1) 
and evidence indicates that Agulhas leakage is increased by anthropogenic climate change 
(Beal et al., 2011). Interactions between the Agulhas system and the climate over longer 
periods appear from paleoceanographic evidence in sediment cores that uses the abundance 
of planktonic foraminiferal species associated with modern day Agulhas waters in the South 
Atlantic (Peeters et al., 2004, Caley et al., 2014) and the geochemical composition of their 
shells in the Agulhas leakage area (e.g. Simon et al., 2013, Dyez et al. 2014). Models geared 
towards simulating future Agulhas leakage need to be constrained by quantitative proxies 
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for understanding the underlying longer-term mechanisms in the source area upstream of 
the retrofl ection area that includes eddy transports in the Mozambique Channel. However, 
past variability of Agulhas leakage from upstream source areas that prominently include the 

Mozambique Channel, remains poorly known.

1.2. Th e greater Agulhas system 

1.2.1. Ocean circulation 
Th e greater Agulhas system around southern Africa forms a key component of the global 
ocean circulation (Gordon et al., 1992; De Ruijter et al., 1999; Lutjeharms, 2006). Warm 
and saline water from the Indian Ocean is injected into the upper arm of the Atlantic 
meridional overturning circulation (AMOC) through the leakage via so-called Agulhas rings. 
Th ese Agulhas rings are meso-scale eddies formed by occlusion at the Agulhas Retrofl ection) 

from the Indian Ocean to the Atlantic off  South Africa (Gordon et al., 1992; Donners and 
Drijfhout, 2004; Van Aken et al., 2004) (Fig. 1.1). Over geological time scales, its variability 
is associated with Southern Hemisphere westerly winds. Th ese winds are related to the latitude 
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Fig. 1.1: Schematic of the greater Agulhas system within the Southern Hemisphere supergyre. Background 
colours show the mean subtropical gyre circulation, depicted by climatological dynamic height integrated 
between the surface and 2,000 dbar. Th e outline of the Southern Hemisphere supergyre is given by 
the grey dashed line, the subtropical front is given by the thick grey line (from: Beal et al., 2011).
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of the oceanic subtropical front (STF), separating the subtropical gyre from the Antarctic 
Circumpolar Current (Fig. 1.1). In short, if the westerlies shift southwards, in a warming 
climate, then the oceanic ‘gateway’ between the African continent and the STF expands and 
leakage from the Indian Ocean to the Atlantic increases (De Ruijter, 1982; Biastoch et al., 
2009). As inferred from paleo-records, a northward shift such as during glacial periods, would 
reduce that leakage (Wefer et al, 1999; Bard and Rickaby, 2009; Rouault et al., 2009,). 

Fluctuations in the strength of Agulhas leakage over the late-Pleistocene have been inferred 
from an assemblage of planktonic foraminifera representative of modern Agulhas waters in 
marine sediment records (Peeters et al., 2004). The reconstructions suggest that less Agulhas 
water was leaking into the South Atlantic during glacial periods, with the STF shifted several 
degrees northwards of its present-day position (Flores et al., 1999).  The leakage started to 
increase during late-glacial conditions, preceding the disappearance of the full glacial ice 
volume (Berger and Wefer, 1996; Flores et al., 1999; Peeters et al., 2004). This leakage 
maximum, during glacial terminations, suggests that Agulhas leakage may have had a role in 
the rapid resumption of interglacial climate, presumably through its influence on the AMOC 
(Knorr and Lohmann, 2003; Peeters et al., 2004; Chiessi et al., 2008). The Agulhas Current 
is fed mainly by recirculating subtropical gyre waters, in addition to waters from the Red and 
Arabian seas, from the Indonesian Throughflow and from the equatorial Indian Ocean via 
Mozambique Channel eddies and the East Madagascar Current (EMC) (Song et al., 2004; 
Beal et al., 2006). 

1.2.2. Water mass properties 
The main water masses contributing to the upper layers in the Mozambique Channel are 
Tropical Surface Water (TSW), Subtropical Surface Water (STSW), and Indonesian 
Throughflow Water (ITFW) (Fig. 1.2). The TSW is a fresh but warm surface water mass, 
formed in the tropics by surface warming and excess precipitation, and is found within or 
north of the South Equatorial Current (SEC; New et al., 2007). Near the western margin the 
SEC bifurcates and continues poleward either east of Madagascar or through the Mozambique 
Channel (e.g. Swallow et al., 1988; Gründlingh et al., 1991). A subsurface salinity maximum 
(STSW) results from high salinity surface waters (Fig. 1.2), produced by excess evaporation, 
which subducts below the fresher TSW (Wyrtki, 1973). The predominant water mass in the 
permanent thermocline is the South Indian Central Water (SICW). Intermediate waters in 
the southwest Indian Ocean are influenced foremost by salty Red Sea Water (RSW) from the 
north and fresh Antarctic Intermediate Water (AAIW) from the south. Identified by a strong 
salinity maximum and oxygen minimum, the RSW spreads over large parts of the Indian 



CHAPTER 1

26

Ocean, however mostly restricted to patches and lenses (Shapiro and Meschanov, 1991). The 
main tongue of RSW follows the African continent southward (Beal et al., 2000), diluting 
on its path as far south as the Agulhas Current (Beal and Bryden, 1999), where it potentially 
contributes to the Agulhas Rings (Lutjeharms and Gordon, 1987; Van Aken et al., 2003; 
Roman and Lutjeharms, 2007). Low salinity AAIW (S<34.5), is transported northwards into 

the Mozambique Channel by the intermediate core of the Mozambique Undercurrent, which 
diminishes further north (de Ruijter et al., 2002). The northward transport of AAIW on 
one hand and eddy-transported RSW southward (Swart et al., 2010) on the other, results in 
a patchy distribution of low and high salinity intermediate waters that produce the varying 
zonal salinity patterns observed in the channel (e.g. de Ruijter et al., 2002; Donohue and 

Fig. 1.2: ϴ-S Diagram of the cross-section of the Mozambique Channel. Grey 
dots: daily average values from moored instruments. Lines: selected CTD profiles 
from the narrows transect, from 2003 (blue), 2005 (green), 2006 (red and pink), 
and 2009 (black). Main water masses are labelled: Sub-Tropical Surface Water 
(STSW), South Indian Central Water (SICW), Red-Sea Water (RSW), Antartic 
Intermediate Water (AAIW), and North Atlantic Deepwater (NADW) (adapted 
from Ullgren et al., 2012).
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Toole, 2003).

1.2.3. Eddies
Ocean eddies and, more generally, mesoscale variability form a crucial component of the ocean 
circulation, including the large-scale and time-mean ocean circulation (Traon and Morrow, 
2001). Eddies can be observed almost everywhere at mid and high latitudes, their energy 
generally exceeding the energy of the mean fl ow by an order of magnitude or more (e.g., 
Wyrtki et al., 1976; Richardson, 1983; Schmitz and Luyten, 1991). In contrast to waves, they 
may transport mass and properties such as heat, salt, and chemical tracers including nutrients, 
salt and chemicals over long distances (Bakun, 2006; Xiu et al., 2011), thereby regulating 
marine species abundances and community composition (Owen, 1981; Sabarros et al., 2009; 
Huggett, 2014; Lamont et al., 2013). Anticyclones have a tendency for southward propagation 
and cyclones for northward propagation (e.g. Iseline and Fuglister, 1948; Fuglister, 1972; 
Morel and McWilliams, 1997; Morrow et al., 2004; Chaigneau et al., 2008). Th ey can also 

feed energy back to the mean fl ow and drive deep circulation (Holland et al., 1982; Lozier, 
1997) although their climate role in terms of heat and salt transport is still not well established. 

Fig. 1.3: Sea-level anomaly (SLA) map of the Mozambique Channel. Anti-cyclonic eddies passing 
through the Mozambique Channel are characterized by positive SLA (red). Th e black line indicate the 
mooring array, which is shown in detail on the right. Th e mooring array with current meters (squares), 
ADCPs (grey triangles; profi ling range demonstrated by stripes), T–S sensors (circles), and sediment 
traps (black triangles).



CHAPTER 1

28

Long-term moorings in the narrows of the Mozambique Channel show that on average five 
large anticyclonic eddies drift southwards through the channel per year, feeding the Agulhas 
Current (Fig. 1.3). These eddies can span a diameter of up to 350 km and can reach the seafloor, 
carrying a mean transport of 17 Sv (Ridderinkhof et al, 2010). Interannual variability is high 
(9 Sv), owing to upstream variations related to the phase of the Indian Ocean Dipole mode, 
an intrinsic mode of coupled climate variability in the tropical Indian Ocean (Ridderinkhof 

et al., 2010). Anti-cyclonic eddies in the MC account for up to 30 - 40% of the observed 
hydrographic variability (Ullgren et al., 2012).These eddies pass through the channel with 
a southward propagation speed of 3-6 km.d-1 before joining the Agulhas Current. An eddy 
passage is associated with vertical movement of isopycnals, which can occasionally exceed 40 
m per day in the upper layer (Ullgren et al., 2012). Eddy features such as temperature and 
altimetry data (e.g. sea level anomalies) can be used to identify the passing of an eddy over 
the sediment trap location. Ultimately, this allows coupling foraminiferal fluxes as well as 
foraminiferal shell geochemistry with hydrographic changes induced by anti-cyclonic eddies.

1.3. Planktonic foraminiferal proxies

The usefulness of planktonic foraminiferal shells as recorders of past-ocean and climate change 
was realized already by Murray (1897). Planktonic foraminifera are an ubiquitous group of 
protists that occupy an extraordinary position amongst the marine plankton as they are perhaps 
the most important producer of ocean carbonate, at an average of 3 Gt CaCO3 globally per 
year (Schiebel, 2002). After planktonic foraminifera reproduce or die, their shells sink to the 
seafloor, where they accumulate in the sediment to form the so called “globigerina oozes” 
(Berger and Vincent, 1981). Since the early Cambrian, from approximately 541 million years 
(Ma) ago, calcifying foraminifera have inhabited the oceans (e.g. Pawslowski et al., 2003). 
Planktonic foraminifera, though, did not evolve until the Jurassic about 180 Ma ago (e.g. 
Cifelli, 1969). Our modern fauna originated more recently and can be traced back to an early 
Miocene adaptive radiation, from “globigerine” survivors of an extinct fauna at the Eocene/
Oligocene boundary (Cifelli 1969; Kucera and Schönfeld, 2007; Aze et al. 2011).

Because of their excellent fossil record, the shells of planktonic foraminifera are widely applied 
in micropaleontological and oceanographic studies for reconstructing ocean surface properties 
during past climate change (e.g. Kucera & Schonfeld, 2007). Among the target properties 
are sea-surface temperature (e.g. Kucera et al., 2005), upwelling intensity (e.g. Conan and 
Brummer, 2000), and primary productivity (e.g. Ivanova et al., 2003). These properties are 
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reflected in the changing species composition of the shells, and their stable oxygen/carbon 
isotopes and element/calcium ratios. All provide powerful proxies for paleoceanographic 
reconstruction owing to the high productivity of shells and the high preservation potential in 
ocean sediments (e.g. Emiliani, 1955; Shackleton, 1974; Fischer and Wefer, 1999). However, 
for an accurate and reliable interpretation of species distributions, isotopic and elemental 
signatures from the fossil record, a detailed knowledge of the behaviour of modern species and 
associated environmental variables are needed to validate proxy application. This comprises 
the identification and quantification of the factors controlling the incorporation of stable 
isotopes and trace/minor element incorporation in a given species, considering its geographic 
and seasonal distribution as well as its calcification depth.

1.3.1. Stable isotopes
Following the pioneering works of Urey (1947) and Emiliani (1955), the calcite shells of 
foraminifera have been commonly used to reconstruct seawater temperatures from the stable 
oxygen isotope composition of their carbonate. However, next to temperature the oxygen 
isotope composition of foraminiferal calcite is also determined by another external factor, 
i.e. the oxygen isotope composition of the seawater itself that changes by evaporation and 
precipitation, and eventually to global ice volume on the time scales of climate change (Epstein 
et al., 1953; Shackleton et al., 1974; Bemis et al., 1998). In addition to external factors, 
isotope composition is affected by internal, physiological factors that introduce the so-called 
“vital effects” as offsets from the equilibrium calcification at a fixed temperature and isotope 
composition of the sea water (e.g. Urey et al., 1951; Shackelton et al., 1974; Lončarić et al., 
2006; Conan, 2006). Vital effects are even stronger for the carbon stable isotopes in the same 
calcite shells, as incorporation is strongly impacted by symbiont activity (Spero and Williams, 
1988, 1989; Spero, 1992; Spero and Lea, 1993). Later culturing experiments by Spero et al. 
(1997) also revealed strong effects related to the carbonate ion concentration of the seawater. 

1.3.2. Element composition
In comparison to inorganic precipitates, foraminiferal calcite is two orders of magnitude lower 
in Mg2+ compared to Ca2+ (Bentov and Erez et al., 2006). The ratio of conservative elements 
(e.g. Mg, Sr, B, Li, U) to Ca is more or less constant in seawater given their long oceanic 
residence times. Any variations of these element/Ca ratios in foraminiferal shells found in 
modern samples must reflect physical and/or biological controls onto the calcification process. 
The compositional relationship between shell calcite and seawater is expressed by an empirical 

partition coefficient D, which is defined by: 

[Te]/[Ca](foram calcite)=D × [Te]/Ca2+
seawater
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where the bracket term indicates the ambient concentration ratios of the trace element (TE) 
to Ca in calcite and seawater (Morse and Bender, 1990; Mucci and Morse, 1990). If D is less 
than one, than the trace element is preferentially discriminated from the incorporation into the 
foraminiferal calcite, with a D greater that one, trace elements are preferentially concentrated 
in the foraminiferal calcite. 
Several studies have demonstrated an increase in Mg/Ca in planktonic foraminiferal shells 
with increased temperature, and culturing experiments have confirmed that this temperature 
relationship is exponential (Nürnberg et al., 1996; Mashiotta et al., 1999; Lea et al., 1999, 
Hönisch et al., 2013) according to:

Mg/Ca = B × eAT

where T is the ambient temperature, B is a species-specific pre-exponential constant and A is 
the exponential constant, which reflects temperature sensitivity. Since these first innovative 
studies, many (including species-specific) calibrations have been proposed (e.g. Elderfield and 
Ganssen, 2000; Lea, 2000; Dekens et al., 2002; Anand et al., 2003; McKenna and Prell, 2004; 
McConnell and Thunell, 2005; Cléroux et al., 2008; Chiessi et al., 2008; Regenberg et al., 
2009; Fallet et al., 2010; Groeneveld and Chiessi, 2011). 

1.3.3. Analytical approaches
There is particular interest in combining Mg/Ca temperatures with δ18O measurements 
on the same shell material, in order to determine paleo-seawater δ18O, isolated from the 
temperature-dependent fractionation during shell precipitation (Mashiotta et al., 1999; Lea 
et al., 1999; Elderfield and Ganssen, 2000). In this way, paleo-salinity (and seawater density) 
can be estimated from relationships between seawater δ18O, temperature and salinity. For 
such purposes a detailed analysis of the compositional variation within a population of shells 
is necessary to understand which factors impact calcification of individual foraminifera (e.g. 
varying temperatures in different seasons and years). In recent years technical innovation, 
e.g. Laser Ablation Induced Coupled Plasma Mass Spectrometry (LA-ICP-MS), has further 
improved high-resolution analysis and allowed for very small amounts of calcite to be analysed 
(Reichart et al., 2003) for trace metal composition. With this technical improvement very 
small amounts of foraminiferal calcite can be analysed chamber-by-chamber for its trace 
metal composition. Recent approaches with this technique include intra-shell trace element 
distribution (e.g. Eggins et al., 2003, 2004; Hathorne et al. 2003, 2009; Sadekov et al., 2005), 
to identify diagenetic imprints (Pena et al., 2005, 2008; Van Raden et al., 2011; Bolton and 
Marr, 2013) and tracing of water masses (Marr et al., 2013).
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Foraminifera are commonly measured in groups of specimens to ease instrumental performance 
(detection limit) and minimise specimen-to-specimen variability (seasonality). Pooling 
specimens yields climate conditions from the average composition of species populations in 
the sample. In the early 1980’s instrumentation became available to analyse single shells for 
isotopes and constrain shell size related effects associated with different life-stages (Duplessy et 
al., 1981; Killingley et al., 1981). Besides the effects of ontogeny, depth habitat and symbionts 
on calcification (collectively termed vital effects, e.g., Berger et al., 1978; Oppo and Fairbanks, 
1989; Wefer and Berger, 1991; Rohling and Cooke, 1999), single specimen analysis should 
resolve short-scale oceanographic variability that is related to seasonality or climate excursions 
such as El Niño events (Billups and Spero, 1996; Koutava et al., 2006; Leduc et al., 2009; 
Ganssen et al., 2011).

1.4. Biomineralization in planktonic foraminifera

According to multi-gene evidence, the phylum Foraminifera is part of the eukaryotic 
supergroup Rhizaria, which comprises amoeboid and skeleton-building protists. One 
of the most prominent and utilized feature of planktonic foraminifera is the construction 
of calcite (CaCO3) shells around their cell. The multi-chambered shell consist of either a 
monolamellar or bilamellar wall of calcite, which is secreted onto a primary organic membrane 
(e.g. Hemleben et al., 1989). The shell wall contains integrated pores, calcitic spines and 
outgrowths like pustules. Throughout their ontogeny, planktonic foraminifera grow chamber 
by chamber accompanied by conspicuous morphological changes (Brummer et al. 1987) until 
they reach their adult size. The addition of chambers during their life cycle follows a tightly 
controlled calcification mechanism (Erez, 2003, De Nooijer et al., 2009, 2014). The process 
of calcification starts with the vacuolisation of seawater into the cell (Erez, 2003). In the cell´s 
interior, Ca2+

seawater is concentrated in a Ca2+ pool, regulated via trans-membrane transport or 
ion-specific pumps (De Nooijer et al., 2009, 2014). Divalent cations, such as Mg2+ and Sr2+, 
may be transported through the same mechanisms and thus be added to the Ca-pool (Fig. 
1.4). Via internal regulation of the pH, inorganic carbon is concentrated.  The elevation of pH 
values causes higher carbonate ion (CO3

2-) concentration (De Nooijer et al., 2009; Glas et al., 
2012). The concentration of Ca2+ and DIC from seawater produces a supersaturated solution 
at the calcification site, reducing crystal inhibitors such as Mg2+ or PO4

2-, that occur naturally 
in seawater. Precipitation of CaCO3 takes place when both these pools combine. 
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The nucleation of foraminiferal calcite involves organic templates, which are located in the 
so called Primary Organic Sheet (POS). With the onset of the formation of a new chamber, 
higher cytoplasmic activity is observed (Bé, 1979), leading to the formation of a dense 
pseudopodial network that transports vacuoles, mitochondria and organic particles to a 
defined zone, outlining the new chamber. Moreover, nucleation and the following crystal 
growth are also conditioned by the physio-chemical environment at the site of calcification. 
These conditions are sparsely known in benthic foraminifera (e.g. Erez, 2003; Bentov and 
Erez, 2005) and have yet only been modelled for planktonic foraminifera (Zeebe et al., 1999; 
Zeebe and Sanyal, 2002). Kunioka et al. (2006) measured elevated Mg2+ concentrations 
around the POS in Pulleniatina obliquiloculata. This might indicate that the calcifying fluid 
composition is different during the first stage of chamber formation, possibly linked to a 
different calcification rate or process of ion concentration (Mg2+ vs. Ca2+). Proceeding from 
the initial crystal nucleation, calcification takes place on both sides of the POS. Layer by layer, 
CaCO3 is precipitated on top of pre-existing calcite each time new chamber is added to the 

shell (Reiss, 1957, 1960; Bé and Hemleben, 1970; Erez, 2003). Hence, the term “lamellar” or 
ontogenetic calcite (Erez, 2003) is used to refer to the primary and secondary layers of calcite. 
Laboratory observations show that the first stages of calcification, producing a thin-walled 
chamber, occur within 1-3 hours (Spero, 1988), while the thickening of the chamber walls 
proceeds subsequently for the next 24 to 48 hours until a new chamber is formed. Whether the 
timing of the start of chamber formation and the thickening of previously formed chambers 
are coinciding, or whether chamber wall thickening is a continuous process, still remain 

seawater

Mg2+

H+

DIC

Ca2+

DIC

DIC
Ca2+

Protective
envelope

Calcite

Cytoplasm

Site of calci�cation

Primary Organic Sheet

Ca2+

Fig. 1.4: Calcificaton mechanisms in foraminifera summarized in a schematic illustration. Shown 
are Ca2+ transport, active Mg2+ -removal and the contribution of potential internal reservoirs (figure 
adapted from: De Noojer et al., 2014)
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questions to be answered. After forming the primary wall, features such as spines and pustules 
develop as the chamber wall thickens by lamellar calcification (Hemleben et al., 1975). Lastly 
during ontogeny (Brummer et al., 1986, 1987), various species also form supplementary 
layers of calcite that cover the whole shell (crust, cortex or gametogenic calcite). Gametogenic 
and crust calcite are exclusive to planktonic foraminifera (De Nooijer et al., 2014) and added 
after the last chamber has formed, just prior to meiotic division and gametogenesis (e.g. Bé, 
1980). Calcite crusts, and in some planktonic species a cortex, are also formed during the 
terminal stage of foraminiferal life (Bé and Ericson, 1963; Bé and Lott, 1964; Bé, 1965; Bé 
and Hemleben, 1970; Olsson, 1976). This crust calcite is markedly different from lamellar or 
gametogenic calcite. Not just morphologically, but also in its element and isotope composition, 
which has been linked to changes in depth habitat at different environmental conditions (e.g. 
temperature and/or salinity). 

The shell may serve to protect the cell, but for the functioning of cellular processes, exchange 
with the environment is indispensable. Via openings such as the aperture, the cell can extrude 
its rhizopodia via the aperture to the outside of the shell and uptake of oxygen as well as 
food takes place (Schiebel and Hemleben, 2005). Macroperforate species (e.g. N. dutertrei, P. 
obliquiloculata and G. scitula) are observed to possess pore plates, continuous with the POS, 
and separates the cytoplasm form the outside medium (Hemleben et al., 1977) (Fig. 1.4). 
In symbiont-barren species, diffusion of gasses between cytoplasma and environment could 
be realized via enhancing permeability of the pore plates (De Nooijer et al., 2014). From a 
biomineralization perspective, the various forms of calcite that are precipitated by foraminifera 
suggest that multiple physiological processes are involved in shell calcification. 

1.5. Ecology of planktonic foraminifera

Our ability to read the information stored in planktonic foraminiferal shells depends on 
understanding their ecology. Planktonic foraminifera are exclusively marine protists that 
occur abundantly in the world’s oceans. Currently 46 species of planktonic foraminifera 
are recognised in three major groups (Parker, 1962), each characterised by a particular 
shell morphology (Hemleben et al.,1989), genetic fingerprint (Darling et al., 2006, 2009; 
Aurahs et al., 2011) and shell geochemistry (Anand et al., 2003). Despite specific differences 
in environmental requirements, modern species fall into five major assemblages (Fig. 1.5), 
i.e. polar, subpolar, transitional, subtropical and tropical (e.g. Bé and Tolderlund, 1971; Bé, 
1977). These can be found in each ocean and appear to be related to overall temperature (Fig. 
1.5; Kucera, 2007). Seasonal changes in shell production are extreme in the high latitude 
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Fig. 1.5: Planktonic foraminiferal provinces in the modern ocean. The distribution of the provinces (Bé 
et al., 1977; Vincent & Berger, 1981) follows sea-surface temperature gradients, reflecting the strong 
relationship between SST and species abundances. The abundance plots are based on surface-sediment 
data from the Atlantic Ocean (Kucera et al., 2005), averaged at 1°C intervals (figure adapted from: 
Kucera, 2007)
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species where productivity is be restricted to a few weeks in the year (Bé and Wefer, 1990; 
Fischer and Wefer, 1999) or the summer only (Jonkers et al., 2014), as opposed to continuous 
production at lower latitudes. Despite the small seasonal changes in tropical temperatures 
and overall productivity, clear seasonal successions appear in summer and winter species (e.g. 
Tolderlund and Bé, 1971; Fairbanks and Wiebe, 1980; Reynolds and Thunell 1985; Sautter 
and Thunell, 1989; Ortitz and Mix, 1992; Mothadi et al., 1999; Chapman, 2010). Moreover, 
these species have different depth habitats, i.e. will calcify at different temperatures, and also 
be intermittently affected by vertical mixing and eddy transport.

1.5.1. Life cycle and feeding. 
Planktonic foraminifera are characterized by a complex life cycle that includes vertical migration 
during their life span of several weeks to up to one year (e.g. Emiliani, 1971; Hemleben, 
1985; Hemleben et al., 1989). However, little is known about the exact depth habitat, where 
juveniles first calcify or where shell growth terminates, or to what extent depth habitats change 
seasonally. Sparse field studies show that calcification does not exclusively occur at a single 
depth as often thought, but rather at various depths in the water column. Furthermore, 
foraminifera may modify their habitat depth in response to changing hydrographic conditions 
and food supply (e.g. Fairbanks et al., 1982; Field, 2004). The vertical range in calcification 
depth of many species is wide and may vary both regionally and seasonally.

Planktonic foraminifera follow various feeding strategies (herbivorous, carnivorous or 
omnivorous). Rhizopodia extrude to the outside of the shell, secrete adhesive substances 
holding captured prey, and transport tissue particles via rhizopodial streaming into the 
shell, where digestion takes place in vacuoles (Hemleben et al., 1989). This allows spinose 
planktonic foraminifera to prey on motile zooplankton larger than themselves (Caron et al. 
2012). Although planktonic foraminifera appear generally heterotrophic, some species also 
host algal symbionts, providing energy from photosynthesis in exchange for metabolites and 
a stable microenvironment inside the calcite shell (e.g. Faber et al., 1988). If a species is 
associated with symbionts like G. ruber, its distribution in the water column is restricted to 
the euphotic zone during day time, since its symbionts depend on light. The abundance of 
symbiont-barren species changes strongly with depth, with the deepest and rarest ones living 
as deep as 1500-2000 m water depth (e.g. Ortiz et al., 1996; Hull et al., 2011). Understanding 
the vertical distribution patterns of different species and their ecological requirements allows 
for fingerprinting the vertical structure of the water column by using specific differences in 
geochemical proxies.
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1.5.2 Seasonality
Besides a well-defined spatial distribution, planktonic foraminiferal species show a clear 
temporal (seasonal) phasing. Highest abundances occur during optimum conditions defined 
by specific temperature, feeding strategy, and light availability for species with autotrophic 
symbionts (e.g. Bé, 1960; Parker, 1960; Cifelli, 1962; Tolderlund and Bé, 1971; Fairbanks 
and Wiebe, 1980; Deuser and Ross, 1989; Field, 2004). Such optimum conditions may exist 
locally and for only a short period of the year, yet dominate annual shell productivity and 
export in a given hydrographic regime. Consequently, the shells which are found in time-
averaged sediments are skewed towards the hydrographic and biological conditions during the 
most productive times of the year for a particular species. Using plankton nets, stratified tows 
and sediment trapping  differences in the spatial and temporal distribution of foraminifera 
have been studied over the last decades (e.g. Schindler et al., 1969; Thunell et al., 1983; Wiebe 
et al., 1985; Deuser et al., 1987; Sautter and Thunell,1991; Thunell and Sauter , 1992; Curry 
et al., 1992; Ravelo and Fairbanks, 1992; Schiebel et al., 1996; Peeters et al., 1999; Lončarić 
et al., 2006; Wejnert et al., 2010; Fallet et al., 2011, 2012; Salmon et al., 2015).

1.5.3. Species description

Globigerinoides ruber (d’Orbigny, 1939)

Globigerinus ruber is a shallow, surface mixed layer dwelling spinose species, which hosts 
dinoflagellate symbionts (Hemleben et al., 1989). Its shallow sub-surface habitat is confirmed 
by a series of stratified net samples (Deuser et al., 1981; Lonçaric et al., 2006; Peeters and 
Brummer et al., 2002). Hence, it is often used to reconstruct past sea surface temperature 
(e.g. Hemleben et al., 1989; Fischer and Wefer, 1999). There are two moieties of this species, 
occurring as two differently coloured shells (white and pink), which also bear isotopically 
distinct signatures (Deuser and Ross, 1989; Robbins and Healy-Williams, 1991). However, 
in the Indo-Pacific regions only the white type occurs, since the extinction of the pink type 
during the late Pleistocene (~120kyr, Thompson et al., 1979). It has a wide temperature 
tolerance between 16 and 31°C, with peak occurrences at an optimum between 21 and 29°C 
(Bé and Tolderlund, 1971; Hemleben et al., 1989; Richey et al., 2012).

Neogloboquadrina dutertrei (d’Orbigny, 1939)

Neogloboquadrina dutertrei is a non-spinose species, which is spread across subtropical to 
tropical waters. It inhabits the mixed layer and has been found to prefer de deep chlorophyll 
maxima, during parts of its ontogeny (Fairbanks and Wiebe, 1980; Fairbanks et al., 1980, 
1982; Ravelo et al., 1990; Brock et al., 1992; Ravelo and Fairbanks, 1992). This species has 
also been descripted to occur in higher abundances at the continental margins associated 
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with upwelling (Imbrie and Kipp, 1971; Bé, 1977). N. dutertrei is found in waters with 
temperatures between 9 and 30°C. Highest abundances are found between 16 and 24°C (Bé 
and Tolderlund, 1971; Hilbrecht, 1997; Farmer et al., 2007). The habitat depth of N. dutertrei 
ranges between 0-150 m (e.g. Fairbanks et al., 1982; Peeters and Brummer, 2002; Kiefer et al., 
2006, Farmer et al., 2007; Fallet et al., 2011)

Pulleniatina obliquiloculata (Parker and Jones, 1860)

Pulleniatina obliquiloculata is a non-spinose and symbiont-barren planktonic foraminiferal 
species. The species is generally known to inhabit tropical to subtropical water masses during 
winter (Bé and Tolderlund, 1971; Deuser et al., 1981), and was also shown to depict the winter 
season in a study by Ganssen and Sarnthein (1983) off northwest Africa. These observations 
are confirmed by a study of Wilke et al. (2009), which showed a restricted seasonal distribution 
of P. obliquiloculata, linked to the winter bloom.  A stratified net study of Wilke et al. (2009) 
found that the habitat of this species ranges from the surface down to approximately 180 m. 
The bulk shell geochemical composition P. obliquiloculata indicates calcification at the base of 
the upper thermocline, around 100 m depth (Cléroux et al., 2007; Farmer et al., 2007; Steph 
et al., 2009). 

Globorotalia scitula (Brady, 1882)

Globorotalia scitula is generally classified as a polar to sub-polar species (e.g. Thunell, 1978; Bé 
and Tolderlund, 1971). However, its wide geographical distribution in the North Atlantic, the 
Mediterranean Sea, the Panama Basin, the Indian Ocean, the central equatorial Pacific Ocean, 
the Sea of Okhotsk, and the Eastern Pacific Ocean (Baumfalk et al., 1987; Bé and Hutson, 
1977; Belyaeva and Burmistrova, 1998; Hendy and Kennett, 2000; Marchant et al., 1998; 
Schiebel et al., 1995, Thunell and Reynolds, 1984; Watkins et al., 1996) suggests that G. 
scitula cannot be considered as an exclusively polar and sub-polar species. The habitat depth of 
G. scitula, which ranges between the surface and 1000 m (e.g. Bé, 1977; Schiebel et al., 1995; 
Ortiz et al., 1996), records environmental variables in the thermocline and intermediate water 
masses (Ortiz et al., 1996; Itou et al., 2001; Chiessi et al., 2007; Cléroux et al., 2007, 2008).


