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PREFACE 

The present study is intended to explore the extant and fossil coccolithophores in the Southern 

Indian Ocean and Southern Ocean. Coccolithophore response to associated prevalent 

environmental conditions affecting their production and preservation during the present and 

immediate past is discussed. Additionally, their application as a proxy to reconstruct 

paleoenvironmental conditions is investigated. The introduction chapter elaborates on the 

importance and significance of the proposed work with respect to coccolithophore 

biogeography, distribution, and ecology in the Southern Ocean and their paleoenvironmental 

applications. Further, a brief introduction of the Southern Indian Ocean and the regional setting 

of this study is described in the Methodology section, followed by a description of the 

procedures followed to obtain and analyze the samples is described. In the next chapter, key 

coccolithophore species recorded in the Southern Indian Ocean, their identification characters, 

and their preference for environmental parameters such as temperature, salinity, nutrients, and 

associated frontal zones are described. Chapter 4 provides a detailed picture of the latitudinal 

distribution of coccolithophore species in the surface waters in association with the oceanic 

fronts of the Southern Indian Ocean. Temperature and nutrients play a vital role in the diversity 

and abundance of coccolithophores. Further, based on similarity indices different 

coccolithophore assemblages were highlighted and differences in the distribution of a few 

species in comparison to other sectors of the Southern Ocean are described. In Chapter 5, the 

distribution pattern, and factors affecting the preservation and carbonate contribution of 

coccolithophores in the surface sediments of the Southern Indian Ocean are discussed. The 

highest abundance and diversity was observed in sediments taken from the STZ and SAZ, 

which is similar to the trends observed in the surface waters. However, mismatches in the 

abundances of a few species were recorded, which may be due to different mechanisms such as 

differential dissolution between species, carbonate saturation of the water column and/or 



 

viii 

 

transport via oceanic currents. Chapter 6 highlights the paleoceanographic changes in the 

Indian sector of the Southern Ocean over the past 41,500 years (41.5 ka BP). This study is 

based on the coccoliths and CaCO3 records from marine sediment core SK200/22a. Reduced 

carbonate burial/preservation in the glacial sediments is recorded owing to the shallowing of 

North Atlantic Deep Waters which is complimented by the size variation in Coccolithus 

pelagicus subsp. braarudii. The coccolith records also captured the changes in the strength of 

the Agulhas Return Current (ARC) through the shifts in the abundance of tropical-subtropical 

coccolithophore assemblages and suggest a glacial enhancement of the ARC transport.  
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1.1. Background and rationale 

The growing concentration of greenhouse gases such as carbon dioxide and methane in the 

atmosphere has raised average temperatures around the world, leading to global warming and a 

rise in ocean acidification (Rost and Riebesell, 2004; IPCC, 2013). Though the earth has 

undergone warming periods in its history (Masson-Delmotte et al., 2013), the current 

anthropogenic-induced unprecedented warming has occurred rapidly. The ocean acts as a 

buffer, absorbing 90% of the excess heat generated by greenhouse gases such as carbon dioxide 

(IPCC, 2019). Furthermore, due to the ever-rising atmospheric concentration of greenhouse 

gases, the world’s oceans are warming at a faster rate than ever and significant changes in 

oceanographic parameters have been reported at higher latitudes (Swart et al., 2018). Since 

2006, an estimated 60%–90% of changes in global ocean heat content associated with global 

warming have occurred in the Southern Ocean (Sallée, 2018). The brunt of these changes can 

be observed in the circumpolar Southern Ocean as it is not bound by land and is a link that 

connects the atmosphere to the ocean depths. The diverse environmental array of the Southern 

Ocean exposes phytoplankton to the environmental factors that regulate their composition, 

distribution, and production (Deppeler and Davidson, 2017). It has also been suggested that this 

will have a major bearing on calcifying organisms such as corals, pteropods, planktonic 

foraminifera, and coccolithophores, affecting their rate of calcification under the circumstances 

of the present and future ocean acidification (Bijma et al., 2002; Langdon and Atkinson, 2005; 

Orr et al., 2005; Bach et al., 2015; Meyer and Riebesell, 2015). These effects will ultimately 

influence assemblage composition, necessitating adaptations to their changing environments, 

which in turn affect nutrient bioavailability and other biogeochemical parameters. 

Simultaneously, phytoplankton themselves influence the climate with their responses to 

environmental changes (Käse and Geuer, 2018). The present study focuses on understanding 
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the biogeographic distribution of coccolithophores, a calcifying group of phytoplankton, in the 

Southern Ocean and their importance in deciphering the paleoceanographic changes. 

1.2. The Southern Ocean  

The Southern Ocean is defined as the southern portions of the Pacific, Atlantic, and 

Indian oceans and their tributary seas surrounding Antarctica. The Antarctic treaty and the 

United States Board on Geographic Names delimit the Southern Ocean from the Antarctic 

coast up to a latitude of 60°S. However, as per the National Ocean and Atmospheric 

Administration, not all the countries agree on the proposed location of the Southern Ocean and 

this is yet to be ratified by the International Hydrographic Organisation. In addition, the 

Southern Ocean is considered as the area from the 70°S up to 40°S as the Southern Ocean 

(Bodas-Salcedo et al., 2014). The Southern Ocean influences the earth’s climate via the storage 

of heat and carbon dioxide (CO2), air-sea exchange of heat and gasses, and ocean circulation. 

The Southern Ocean is documented to have influenced past climate by sequestering CO2 during 

glacial periods and possibly outgassing during the interglacial periods (Sigman and Boyle, 

2000; Choudhury et al., 2022).  

The Southern Ocean is distinct from other oceans in being a large circumpolar body of 

water encircling the Antarctic continent with no meridional boundary (Olbers et al., 2004), 

allowing the Antarctic Circumpolar Current (ACC) to exist (Whitworth, 1983). The ACC flows 

eastward and is driven by westerly winds (Gille, 1994). It plays several key roles in overturning 

circulations—it connects the ocean basins and allows a global circulation pattern that serves as 

a path to transmit climatic signals between the major oceans (Gille, 2002). The Southern Ocean 

is important due to its unique setting, water masses, water circulation patterns, and vital role in 

modulating global climate.  
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 The ACC shifts and splits into the Atlantic and Indian sectors of the Southern Ocean 

and forms different current systems (e.g., Agulhas Return Current, Falkland Current). In the 

Southeast Atlantic, due to the shear interaction with the ACC, Agulhas Current retroflects, 

(with a small part being transported into South Atlantic to form the ‘Agulhas leakage’) and 

forms the Agulhas Return Current (ARC); which exhibits sea surface temperatures (SST) of 

17–19 °C (Holliday and Read 1998). The ARC flows towards the east along the Subtropical 

Front (STF; SST of 11–17 °C) at the surface (Holliday and Read, 1998) and sheds cold and 

warm eddies in the Subtropical Zone, increasing biological productivity (Lutjeharms et al., 

2004).  

The Southern Ocean comprises different oceanic frontal zones such as STZ, 

Subantarctic Zone (SAZ), and Polar Frontal Zone (PFZ). The Subantarctic Zone (SAZ) is 

bound by STF to the north and the Subantarctic Front (SAF), having SST of 6–11°C, to the 

south (Orsi et al., 1995; Anilkumar et al., 2006). The Polar Frontal Zone (PFZ) is restricted by 

SAF to the north and the Antarctic Polar Front; 4–5 °C SST; (Orsi et al., 1995; Anilkumar et 

al., 2006; Sokolov and Rintoul, 2009b) to the south. The PFZ is a high nutrient low chlorophyll 

(HNLC) zone as a consequence of iron limitation (Boyd et al., 2000; Boyd et al., 2007; De 

Baar et al., 2005). 

In addition to the oceanic fronts, the Southern Ocean also comprises various water 

masses such as (1) the Subantarctic Surface Waters (SASW; <34 PSU; ~9 ℃ temperature) 

located at ~43°S; (2) the Antarctic Surface Waters (AASW; <34 PSU; <5 ℃) positioned 

between 44 and56°S; (3) the Antarctic Intermediate Water (AAIW; ~34.42 PSU; ~4.4 ℃); (4) 

the Circumpolar Deep Water (CDW; 34.62–34.73 PSU; 1–2 ℃), (5) the North Atlantic Deep 

Water (NADW; 34.77–34.88 PSU) and (6) the Antarctic Bottom Water (AABW; ~34.66 PSU; 

-0.165℃) (Park et al., 1993; Emery, 2001, Anilkumar et al., 2006). 
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Figure 1. Location of oceanographic fronts in the Southern Ocean (modified after Orsi et al., 1995). APF, 

Antarctic Polar Front; PFZ, Polar Frontal Zone; SAF, Subantarctic Front; SAZ, Subantarctic Zone; STF, 

Subtropical Front; STZ, Subtropical Zone. 

1.3. Coccolithophores and coccoliths 

Coccolithophores are unicellular (2.0–75.0 μm in cell diameter), eukaryotic 

phytoplankton that makes up a significant fraction of oceanic primary producers and 

consequently, are of great interdisciplinary interest. Coccolithophores are characterized by the 
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calcareous plates (coccoliths) that form an extracellular covering around the living cell, termed 

the coccosphere (Winter and Siesser, 1994; Young, 1994). In the geological record, 

coccolithophores appeared in the Late Triassic about ~230 million years ago (Jafar, 1983; 

Bralower, et al., 1991). Today more than 250 coccolithophore species flourish in the global 

oceans, highlighting their presence from coastal to open ocean waters and indicating 

dominance in the subtropical and subpolar regions (Balch et al., 2019). 

 

Figure 2. Coccosphere and schematic representation of the cell structures of coccolithophore, (modified after 

Billard & Inouye, 2004e) 

1.4. Biology of coccolithophores  

Coccolithophores are grouped under the division Haptophyta and class 

Prymnesiophyceae (Edvardsen et al., 2000). They are identified by the organelle similar to the 

flagellar apparatus known as haptonema, present along with a pair of flagella. In most 

coccolithophores species, the haptonema is rudimentary. In contrast to other haptophyte groups, 

where the haptonema plays a role in adhering and predation, in coccolithophores, it appears to 

serve as more of an obstacle-sensing device (Billard and Inouye, 2004). However, certain 

coccolithophores that live in extreme oligotrophic conditions and prolonged darkness show 
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indications of potential mixotrophy and phagotrophy and consist of distinct coiled haptonema 

(Billard and Inouye, 2004). Coccolithophores photosynthesize through pigments such as 

chlorophyll a+c in their paired golden-brown chloroplasts. In certain holococcolithophores of 

Calyptrosphaera spp., species of Prymnesiophytes, and genera like Pavlovphyceae, a solitary 

chloroplast is observed (Billard and Inouye, 2004). According to the hypothesis of 

endosymbiotic evolution, the arrangement of the thylakoids and the absence of a girdle or 

peripheral lamella reflect the secondary origin of coccolithophore chloroplasts (Billard and 

Inouye, 2004) suggesting that the coccolithophores evolved from heterotrophs/mixotrophs to 

autotrophs (DeVargas et al., 2007). Other cell structures and organelles such as cell membranes 

and Golgi bodies form coccoliths (Brownlee and Taylor, 2004). In a single coccosphere (which 

mineralizes during both stages of the life cycle), the type of coccolith is defined by the distinct 

phases of the life cycle. Generally, coccolithophores reproduce asexually by mitotic division 

followed by meiotic division with redistribution of coccoliths to the daughter cells. However, 

many species exhibit complicated life cycles with two stages, viz. ‘haploid phase’ and ‘diploid 

phase’ (Geisen et al., 2002). The haploid phase bearing holococcoliths is made up of only one 

type of numerous crystallites of equal shape and size, whereas the diploid phase bears 

heterococcoliths, which are formed from crystal units of variable shapes and size (Fig. 3) 

(Young et al., 1997). 
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Figure 3. Life cycle of coccolithophore (eg., Calcidiscus leptoporus, modified after Geisen et al., 2002) 

1.5. Ecology and distribution  

Coccolithophores inhabit the photic zone of the ocean where they are influenced by 

light availability, latitude, ocean currents, water masses, nutrients, salinity, temperature, trace 

elements, and vitamins. These are the most abundant calcifying phytoplankton in the world’s 

oceans, with an extremely fast turnover rate (Winter and Siesser, 1994; Bown, 1998) and they 

play a pivotal role in the functioning of marine ecosystems and the biogeochemical cycle (Fig. 

4). Coccolithophores are ubiquitous and generally form an important component of the 

phytoplankton community from the tropics to subpolar waters, (Balch et al., 2007; Poulton et 

al., 2007; Thierstein and Young, 2013). They are prevalent along the Great Calcite Belt (40–

60°S), whereas the region beyond 60°S is dominated by another group of phytoplankton known 

as diatoms (Balch et al., 2016; Nissen et al., 2018). Coccolithophores contribute 17% to the 

annually integrated net primary productivity south of 30°S. Coccolithophore biomass reaches a 

peak north of 50°S during the late austral summer, due to high light levels and the inhibition of 

diatom growth resulting from low silicic acid levels (Nissen et al., 2018). Coccolithophores 
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thrive in stratified, nutrient-poor waters and are also adapted to high irradiance making them 

resistant to photoinhibition (Nanninga and Tyrrell, 1996; Cavender-Bares et al., 2001; Haidar 

and Thierstein, 2001).  

Distinct coccolith types dominate specific oceanic environments and are indicators of 

water mass characteristics (Young, 1994; Flores and Sierro, 2007). For example, placolith 

bearing species dominate upwelling areas and high latitudes, umbelliform-bearing species 

dominate the oligotrophic mid-ocean environment, and floriform species dominate the deep 

photic zone assemblage in the stable water column. Though coccolithophores are generally 

associated with oligotrophic conditions (e.g., McIntyre and Bé, 1967; Winter and Siesser, 1994; 

Ziveri et al., 2004), their productivity is regulated by regional settings such as island masses, 

bottom topography, coastal currents, gyres, eddies, upwelling, and river runoffs (Cachão and 

Moita, 2000; Ziveri et al., 2004). 

Coccolithophore species exhibit latitudinal distribution in accordance with the optimum range 

of tolerance towards varying parameters, particularly temperature ranges and nutrient 

concentrations (Melinte, 2004). The general pattern of coccolithophore distribution in plankton 

and surface sediment of the Southern Ocean has been documented in prior studies, conducted 

in the South Atlantic and Pacific, elucidating latitudinal and poleward temperature limits. 

(Hasle 1969; McIntyre and Bé, 1967; McIntyre et al., 1970; Nishida, 1986; Hiramatsu and De 

Dekker, 1996). In recent years, studies targeting the species-specific distribution of 

coccolithophores along latitudinal gradients in different sectors of the Southern Ocean and 

affinity to frontal systems have been carried out in the Australian sector (Findlay and 

Giraudeau, 2000). The vertical and lateral variations in the coccolithophore community 

structure were documented across the subtropical frontal zone in the South Atlantic Ocean 

(Böeckel and Baumann, 2008), and the Pacific sector of the Southern Ocean. The SAZ close to 

STF was characterized by higher diversity and abundance of coccolithophores relative to the 
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PFZ (Saavedra-Pellitero et al., 2014; Saavedra-Pellitero and Baumann, 2015). Malinverno et al. 

(2015) documented coccolithophore species composition in the surface waters along the fronts 

of the ACC in a North-South transect from New Zealand to the Ross Sea. The distribution and 

preservation of coccolith assemblages in the surface sediment across the Drake Passage were 

studied by Vollmar et al. (2021). Balch et al. (2016) confirmed the presence of 

coccolithophores and associated optical scattering, primarily in the region of subtropical, 

Agulhas, and subantarctic frontal regions in the Atlantic and Indian sectors of the Southern 

Ocean. In the Indian sector of the Southern Ocean, three major zones concerning 

coccolithophore assemblages were recognized. Coccolithophore assemblages of the Agulhas 

Retroflection Frontal Zone (ARFZ) and STZ are characterized by high coccolithophore 

diversity. The SAZ is characterized by low diversity and a high abundance of coccolithophores, 

whereas the PFZ exhibits a monospecific assemblage of E. huxleyi (Mohan et al., 2008; Patil et 

al., 2017). Though temperature plays a crucial role in the distribution of coccolithophores in the 

higher latitudes, at the regional level other factors such as positioning of the fronts, 

nutrient/trophic level, and austral seasons affect the distribution (Baumann et al., 2008; 

Gravalosa et al., 2008).  
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Figure 4. Role of coccolithophores in the biogeochemical cycles. (ACD: Aragonite Compensation Depth; CCD: 

Calcite Compensation Depth) (image modified after Rost and Riebesell, 2004) 

1.6. Coccolith preservation and paleoceanographic implications  

 In the present oceans, coccolithophores are recognized as one of the largest calcium 

carbonate producers, affecting the carbon cycle through the carbonate and biological pumps. 

They are also known to alter the upper ocean alkalinity, and directly affect the CO2 exchange 

between air and sea (Rost and Riebesell, 2004). Through the process of calcification, the 

coccolithophores utilize bicarbonate (HCO3
₋) and calcium ions to form calcium carbonate 

(CaCO3), with the release of CO2 as a byproduct (Fig. 4). However, during photosynthesis, 

coccolithophores convert surface water CO2 to organic matter and a fraction of the fixed CO2 is 

redistributed into the deep ocean and the seafloor (Westbroek et al., 1993; Le Moigne, 2019). 

On the other hand, CaCO3 may function as a “ballast” mineral that increases the sinking speed 
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of coccolith/particulate organic carbon from the surface waters to the deep sea (Armstrong et 

al., 2001). Recent studies indicate that coccolithophore productivity, distribution, and 

calcification are sensitive to ocean acidification and thermal stratification caused by rising 

atmospheric CO2 concentrations (Gattuso et al., 1998; Wolf-Gladrow et al., 1999; Riebesell et 

al., 2000a; Zondervan et al., 2001). Climate-induced changes might initially increase CaCO3 

production and lead to the expansion of the distribution of coccolithophore species to higher 

latitudes. On the other hand, continuously increasing atmospheric CO2 concentrations will 

increase productivity, but impaired calcification may also result in the diminishing of the 

subantarctic coccolithophore population (Krumhardt et al., 2019; Rigual Hernández et al., 

2019). 

Studies on extant coccolithophores in the water column provide evidence of climatic 

and oceanographic alterations based on the abundance, distribution, morphometric variation, 

and physiological adaptations of coccolithophores (Bown, 1998; Mohan et al., 2008). The 

inorganic components of coccolithophores, the coccoliths – constitute the most important 

component of the deep-sea oozes/sediments and preserve the general composition of the 

overlying photic zone communities (McIntyre and Bé, 1967; Okada and Honjo, 1973; 

Baumann et al., 1999; Baumann et al., 2005). Consequently, sediment assemblages provide 

good proxy records of the 1) environmental conditions that control the distribution and 

production of coccolithophores in the surface waters and 2) the dissolution of the calcite 

remains on the seafloor (Roth, 1994). Several studies of Late Quaternary sediments indicate 

fluctuations of frontal positions, variability of current systems (Okada and Wells, 1997; Flores 

et al., 1999), changes in productivity or nutricline and thermocline dynamics (Jordan et al., 

1996; Kinkel et al., 2000; Saavedra-Pellitero et al., 2011). The paleotemperature reconstruction 

using morphometric measurements of Gephyrocapsa spp., relative abundances of different 

Gephyrocapsa spp. (Bollmann, 1997; Bollmann et al 1998), Mg/Ca of bulk coccoliths and 
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unsaturated alkenones (Sikes et al., 1991; Chapman et al., 1996; Mix et al., 2001) have been 

conducted to understand the surface ocean changes. Meer et al. (2007) reconstructed past 

variations in the sea surface salinity (SSS) using alkenones and combined this data with the 

relative past SSS generated using organic walled dinocyst distribution data. Unlike 

paleotemperature, paleosalinity is difficult to reconstruct using geological archives with the 

same accuracy and reliability as temperature (Rohling et al., 1998). The proposed study will 

aim for insights regarding extant coccolithophores in the Southern Indian Ocean to decipher 

how coccolithophores respond based on the local/ prevalent environmental conditions. It is also 

hypothesized that coccolith assemblages in the immediate past reflect the characteristics of the 

overlying surface waters of the Southern Indian Ocean. The reliability of coccolithophores as a 

proxy depends largely on the dissolution and production affected by local environmental 

settings, which alter the preservation of coccoliths in the ocean sediments.  

1.7. Objectives 

1) Ecology and biogeography of extant coccolithophores in the Southern Indian Ocean. 

2) Distribution of coccoliths in the surface sediments of the Southern Indian Ocean: 

biogeography, preservation and carbonate contribution 

3) Reconstruction of paleoenvironmental changes using coccolith assemblages and their 

morphometric variation. 
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Figure 5. Representation of the journey of coccolithophores from living community to fossil record 
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2.1. Study area: Southern Indian Ocean 

To accomplish the objectives mentioned, water samples, surface sediments, and 

downcore samples from the southern Indian Ocean were analysed (Fig. 1). The proposed study 

area consists of unique oceanographic settings and living ecosystems that alter as a response to 

changes in the environment and climate. The Southern Indian Ocean has complex zonal frontal 

systems. The individual branches of these fronts often merge and diverge in response to 

variations in bathymetry (Del Caño Rise and Conrad Rise)and the subantarctic islands such as 

the Crozet Islands, Merion Island, Kerguelen Island, and Prince Edward islands(Pollard and 

Read, 2001; Pollard et al., 2007; Sokolov and Rintoul, 2007, 2009). These fronts extend 

through the water column since the Antarctic circumpolar current (ACC) is a deep-reaching 

barotropic current (Firing et al., 2011). The ACC is driven by Southern Hemispheric westerly 

winds (Rintoul et al., 2001) that flow eastward around Antarctica consisting of fronts 

characterized by different temperatures, Salinity, density, and nutrient concentrations (Table 

1)(Belkin and Gordon, 1996; Lutjeharms, 2006). Different fronts, frontal zones, and oceanic 

water masses can be observed in the west of the Southern Indian Ocean from north to south, 

namely, the Agulhas Front (AF) associated with Agulhas Current; the Agulhas Retroflection 

Frontal Zone (ARFZ); the Agulhas Return Current (ARC) associated with Agulhas 

Retroflection; the Subantarctic Zone (SAZ); the Subantarctic Front (SAF); the Polar Frontal 

Zone (PFZ); the Polar Front (PF); and the Antarctic Zone (AZ) (Orsi et al., 1995).  

 Pollard et al. (2007a, b) specified that the SAF, one of the major branches of the ACC, 

flows anticyclonically around the Del Caño Rise (west of the Crozet Plateau) forming an S-

shaped bend in the front, before turning back eastward and combining with the ARC and the 

STF. This S-bend in the SAF is a permanent feature, controlled by the regional bathymetry 

(Pollard and Read, 2001), and consists of weak circulation fed mainly by the meanders from 

the SAF. Due to weak circulation accumulation of dissolved iron from the Crozet plateau and 
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islands in the PFZ between the north of Crozet Island and SAF leads to the annual 

phytoplankton blooms, which are higher than in the HNLC region, south of Crozet. Thus, the 

sporadic nature of the productivity and distribution of phytoplankton in this region is due to the 

complexity of the fronts (Pollard et al., 2007). 

The vertical water masses in the Southern Indian Ocean consist of Antarctic Bottom 

Water (AABW), North Atlantic Deep Waters (NADW), Circumpolar Deep Water (CDW) and 

the Antarctic Intermediate Water (AAIW), Subantarctic Mode Water (SAMW). The North 

Atlantic Deep Water (NADW), identified by its high salinity, originates in the North Atlantic, 

where the surface waters cool and descend at deeper depths through convection and spread as 

the NADW through thermohaline circulation (Park et al., 1993; Talley, 2013). The NADW 

combines with CDW in the South Atlantic and exits by flowing into the southwest Indian 

Ocean (Mantyla and Reid, 1995; Talley, 2013). In the SAF region, a significant volume of the 

NADW is transformed into the CDW, suggesting that the SAF is the source of CDW (You, 

2000). In the northern Indian Ocean, the CDW layer overturns and enters indigenous 

intermediate waters to form the Indian Deep Water (IDW) flowing toward the Southern Ocean, 

eventually contributing to the formation of the AAIW/ SAMW and the CDW water masses 

(Talley, 2013). Within the ACC, CDW and the AABW largely influence sediment transport 

(Dezileau et al., 2000). 
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Figure 1. Study area, (a) background map of annual mean sea surface temperature derived from World Ocean 

Atlas 2018 (Garcia et al., 2019) and gridded with Ocean Data View V4.7.10 (Schlitzer, 2016), location of water 

samples (profile samples are denoted by black dots, surface samples are denoted by white dots), surface sediments 

(red diamonds), and sediment core SK200/22a (pink square), (b) Latitudinal section (30–60°S) at 40–60°E 

longitude hydrographic section of annual mean salinity (Garcia et al., 2019), and (c) Latitudinal section (30–65°S) 

at 75–90°E longitude hydrographic section of annual mean salinity (Garcia et al., 2019). 
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Table 1. Oceanographic Settings 

Fronts and water 

masses 

Abbreviation Temperature  Salinity  References  

Northern 

Subtropical Front 

NSTF 21–22 °C at 

surface  

~35.5 PSU Belkin and Gordon 

(1996); Holliday and 

Read (1998) 

Agulhas Return 

Front  

ARF 17–19 °C at 

surface; 10 °C 

isotherm from 

300 to 800 m 

35.39–35.54 

PSU at 

surface; 34.90–

35.57 PSU at 

200 m depth 

Holliday and Read 

(1998); Belkin and 

Gordon (1996); 

Sparrow et al. (1996); 

Kostianoy et al. (2004 

Southern 

Subtropical Front 

STF 11–17 °C at 

surface, 10–12 

°C at 

100 m 

34.04–35.35 

PSU at 

surface; 34.6–

35 PSU at 100 

m; 34.42–

34.92 PSU at 

200 m 

Holliday and Read 

(1998); Belkin and 

Gordon (1996); 

Sparrow et al. (1996); 

Kostianoy et al. (2004) 

Subantarctic Front SAF 9–10 °C at 

surface; 4–8.4 

°C at 200 m 

33.85–34.0 

PSU at 

surface; 34.11–

34.40 PSU at 

200 m 

Holliday and Read 

(1998); Belkin and 

Gordon (1996); 

Sparrow et al. (1996); 

Kostianoy et al. (2004); 

Park et al. (1993) 
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Antarctic Polar 

Front  

APF 4–5 °C at the 

surface, northern 

limit of the 2 °C 

isotherm below 

200 m, 2–3 °C at 

the southern 

limit 

33.8–33.9 PSU 

at the surface 

Holliday and Read 

(1998); Belkin and 

Gordon (1996); 

Sparrow et al. (1996); 

Kostianoy et al. (2004) 

Subantarctic 

Surface Waters  

SASW ~9 ℃ (~43
o
S) <34 PSU Park et al., 1993; 

Emery, 2001, 

Anilkumar et al., 

2006).  

Antarctic Surface 

Waters  

AASW <5 
o
C <34 PSU 

Park et al., 1993; 

Emery, 2001, 

Anilkumar et al., 

2006).  

Antarctic 

Intermediate Water  

AAIW ~4.4 
o
C ~34.42 PSU 

Circumpolar Deep 

Water  

CDW 1–2 
o
C 34.62–34.73 

PSU 

North Atlantic Deep 

Water  

NADW 1.5–4.0℃ 34.77–34.88 

PSU 

Antarctic Bottom 

Water  

AABW 0.165 
o
C ~34.66 PSU 
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2.2. Water and sediment sample details and processing 

2.2.1. Water samples 

Water sampling was carried out during the 10th Southern Ocean Expedition (December 

2017–February 2018), between latitude 31°S–66°S and along longitude 57°E–75°E, from 

Mauritius to Prydz Bay and back (Fig. 1, Table 2). The surface and profile water samples (with 

average values of depths: 0 m, 10 m, 30 m, 50 m, 75 m, and 100 m) were collected at one-

degree intervals using the onboard conductivity temperature depth (CTD) rosette with a 24-

bottle capacity. The coccolithophore samples were analysed using a scanning electron 

microscopic (SEM), and physical parameters of seawater such as pH and nutrients, namely, 

nitrate (NO3), nitrite (NO2), phosphate (PO4), and silicate (SiO4) were determined using an 

autoanalyser. The temperature and salinity profiles were obtained using sensors attached to a 

CTD rig.  

For the coccolithophore study, 0.5–2.5 L of water was collected in a prewashed plastic 

bottle and filtered through 0.8 μm pore size Whatman Nuclepore Track-Etched membrane 

filters of 47 mm diameter using Pall (TM) manifold unit at low vacuum. The filter papers with 

the samples were dried and kept in the Millipore sterile Petri dish until further analysis using a 

SEM.  

For scanning electron microscope (SEM) analysis, a 5 mm2 piece of filter paper was 

attached on double-sided carbon tape, which was fixed to a 1 cm diameter aluminium stub and 

sputter coated with platinum. The SEM analysis was conducted using a JEOLJSM 6360LV 

scanning electron microscope using 3–15 kV accelerating voltage and 3,000 × to 20,000 × 

magnification. Around 500–3,000 fields of view were observed and a total of ~400 

coccospheres were counted for each sample. The coccolithophores were identified up to the 

species level following the taxonomic description by Young et al. (2003), the revised 
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classification by Jordan et al. (2004), and the Nannotax3 online guide to the biodiversity and 

taxonomy of coccolithophores (https://www.mikrotax.org/Nannotax3/). To understand the 

factors influencing coccolithophore productivity and distribution, nutrient analysis was carried 

out using a Seal Analytical Model AA3-segmented flow analyser (Seal Analytical, UK). For 

analysis, 60 ml of seawater subsamples were collected from the Niskin bottles and preserved at 

-20 °C until nutrient analysis (nitrate, nitrite, phosphate, silicate). The samples were thawed and 

analysed at room temperature prior to analysis,. The seawater samples were analysed based on 

standard colorimetry principle as described by Grasshoff et al. (1983). Standards were used to 

calibrate the autoanalyser (accepted r ≤0.999 for all calibration curves). Frequent baseline 

checks were carried out using Milli-Q water and drift checks using standards (calibration 

standard) at regular intervals during the sample analysis run. Seawater samples were analysed 

in duplicate. The standard deviation for all nutrients analysed was ±1%.   

Table 2. Water and sediment sample stations 

Water samples  Sediment samples 

Station 

Depth 

(m) 

Latitude 

(°S) 

Longit

ude 

(°E) 

Station 

Depth 

(m) 

Latitude 

(°S) 

Longit

ude 

(°E) 

Surface 50 0 -31.5 57.56 ABP S6 4065 -31.3 47.58 

Surface 4 0 -33.51 58.09 MD94-08BC 3491 -38.86 90.12 

Surface 44 0 -39.17 58.27 Sk 200/17 4022 -39.03 44.97 

Profile 1 0-100 -39.59 57.29 MD97-2102 3440 -39.92 86.01 

Surface 10 0 -40.55 59.02 ABP S4 4065 -40.03 48.44 

Surface 11 0 -42.06 59.57 ABP S3 3635 -40.29 48 

Surface 12 0 -43 60.35 MD94-07BC 2768 -41.71 90.28 

Surface 13 0 -44 61.23 ABP S1 3182 -42.5 40.08 

https://www.mikrotax.org/Nannotax3/
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Surface 14 0 -45.03 62.09 Sk 200/21 3210 -43.15 44.98 

Surface 15 0 -46.04 62.55 Sk20022a 2723 -43.42 45.04 

Profile 21 0-100 -47.3 57.3 MD94-102 3205 -43.5 79.83 

Surface 16 0 -47.02 63.41 MD97-2101G - -43.50 79.84 

Surface 37 0 -48 57.3 MD94-06BC - -44.66 90.06 

Profile 2 0-100 -48 64.28 MD94-109 - -44.67 90.06 

Surface 36 0 -49 57.3 Sk 200/23 1423 -45 45.01 

Surface 17 0 -50 64.37 MD19-3579 

2720-

2760 

-45.43 52.01 

Profile 20 0-100 -51 57.3 MD00-2375G - -45.72 86.75 

Surface 18 0 -51 63.22 MD19-3575 2400 -46.03 44.22 

Surface 22 0 -55.42 69.45 MD19-3577 800 -46.11 49.11 

Profile 19 0-100 -56.59 57.32 SN2 4400 -47 57.3 

Surface 23 0 -56.4 69.06 MD94-04BC  -50.38 90.25 

Profile 4 0-100 -58 70.04 Sk200/27 4377 -49 45.22 

Surface 24 0 -59 70.04 Sk200/33 4185 -55.01 45.01 

Surface 26 0 -61.02 71.08 St 1 - -66.1 57.31 

Profile 18 0-100 -62 57.3 ANT 1 - -69.09 75.53 

Profile 5 0-100 -63 70.19 - - - - 

Profile 17 0-50 -64 57.3 - - - - 

Surface 28 0 -64 70.35 - - - - 

Surface 30 0 -66.15 74.43 - - - - 
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Figure 2. Water sample collection and analysis  

2.2.2. Surface sediments  

Surface sediment samples: 25 core-top samples (Table 2) from the archives of NCPOR 

and the University of Bordeaux collected during various Southern Indian Ocean expeditions 

from 1994–2019 along the latitude 30°S–70°S and longitude 30°E–100°E were used in this 

study. The temporal resolution of most sediment samples is assumed to be of recent age (Anand 

et al., 2019). The physicochemical parameter data has been extracted from the European 

Commission’s Copernicus Marine Environment Monitoring Service. These data were collected 

by SENTINEL-1, a land and ocean services satellite. Average values of the physical parameters 
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(temperature and salinity) for the last 50 years and nutrient parameters (nitrate and phosphate) 

were extracted for each location of the surface sediments using Python. 

2.2.3. Sediment core  

A marine sediment core, SK200/22a, of 7.54 m length was recovered onboard ORV 

Sagar Kanya from north of the Del Caño Rise, just south of SAF (43°42ˈS, 45°04ˈE; 2730 m 

water depth) in the Indian Sector of SO during the 2004 Indian Southern Ocean Expedition 

(Fig. 1a).  

The chronology of the sediment core was determined by Accelerator Mass Spectrometry 

(AMS) 14C dating of handpicked tests of the foraminifera species Globigerina bulloides and 

Neogloboquadrina pachyderma (Manoj et al., 2013; Manoj and Thamban, 2015). The 

radiocarbon ages were corrected and converted to calendar years using CALIB 5.0.2 program 

(Stuiver et al., 2005). Δ-R correction value of 800 years was used for calibration (Bard, 1988). 

The age model for the sedimentary sequence of the piston sediment core SK200/22a has been 

published previously by Manoj et al. (2011, 2013). In the present study, the top 3 m section of 

the core corresponding to 41,500 years before present (41.5 ka BP) was utilized for coccolith 

analysis. 

2.2.4. Sediment sample processing for the coccoliths  

 Permanent slides were prepared from the surface sediments and sediment core. Samples 

from the sediment core were processed at 2 cm intervals. In some sections of the core, the 

interval was increased to 4 cm due to the limitation of the samples. Samples were processed 

following the technique described by Flores and Sierro (1997). This method allows uniform 

distribution of coccoliths on a coverslip. A small quantity of the sediment sample was oven-

dried at 50 °C for 48 hours. Exactly 50 mg of this dried sediment was weighed on a 
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microbalance, transferred into a clean prewashed 15 mL glass tube and 10 mL of buffered 

water was added. The suspension was mixed well and sonicated for 30 seconds to eliminate 

aggregated particles. A total of 100 µL of this well-mixed suspension was then transferred into 

a 60 mm Petri dish containing a coverslip at the bottom and filled with 10 mL gelatin solution 

(pH >8). The water-containing sample in the Petri dish was mixed several times using a 

micropipette to ensure uniform distribution of coccoliths. The Petri dish was left undisturbed on 

a flat surface for 12 hours at 20 °C. The water in the Petri dish was then gently removed by 

placing a lint-free tissue paper strip at the edge of the Petri dish while not disturbing the 

coverslip containing the sample. Once the water was drained, the coverslip containing the 

sample was allowed to air dry and mounted on a glass slide using Canada balsam (refractive 

index 1.5) as a fixative. The slides were observed under Zeiss Axioscope A1 circular polarizing 

microscope at 1,000 × magnification. A minimum of 400 coccoliths in each sample were 

counted. The identification of coccoliths was carried out using Nannotax3 (www.mikrotax.org) 

and previously published literature (Young et al., 2003; Cros and Fortuño, 2002). 
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Figure 3. Steps carried out for sediment sample processing and analysis 
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2.3. Calculation and statistical analysis of coccospheres and coccoliths 

2.3.1. Coccosphere analysis in water samples 

The quantification of the coccospheres was carried out using the following formula: 

No. of coccospheres/L = (F × C)/(V × A) 

Where F is the effective filtration area (mm2), C is the number of specimens counted, V is the 

filtration volume (in L), and A is the investigated filter area (mm2). 

2.3.2. Coccolith analysis in sediment samples 

For absolute abundance, the number of coccoliths per gram of dry sediment was 

estimated using the following formula: 

N = n × (V / Vp) × (Pa / Ao) × 1/W 

Where N is the total number of coccoliths; n is the number of coccoliths counted per field of 

view; V is the volume of water added to the dry sediment; Vp is the volume of suspension 

withdrawn from the micropipette; Pa is the area of the Petri dish; Ao is the area of the field of 

view; W is the weight of the sediment used. 

2.3.3. Canonical correspondence analysis  

Canonical correspondence analysis is a multivariate method to interpret the relationships 

between species assemblages and their environment variables (Ter Braak, and Verdonschot., 

1995). To assess the relationship between coccolithophore distribution and known 

environmental parameters, a CCA was carried out using PAST 4.03.exe software (Hammer et 

al., 2001). It is essentially a constrained reciprocal averaging ordination, a hybrid technique of 

ordination and multiple regression. This ordination analysis offers information on how the 

coccolithophore structure is constrained by the environmental factors in frontal regions, helping 
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to understand the spatial distribution of coccolithophores. The species whose abundance was 

more than 0.5 × 104 coccospheres/L were used for analysis. In the ordination, the importance of 

the explanatory variables is associated with the length of the arrow and the direction of the 

arrow indicates positive and negative correlations (Jasprica et al., 2012, Laskar and Gupta, 

2013). 

2.3.4. Pearson's correlation 

Pearson’s correlation analysis was applied to evaluate interactions between 

coccolithophore abundance and environmental variables. 

2.3.5. Bray–Curtis similarity index  

Similarity between species was calculated using the Bray–Curtis similarity index 

(1957). Bray–Curtis similarity calculation was carried out after square root transformation of 

the original data, an approach recommended by Clarke and Warwick (2001) using Primer (V6), 

and cluster/dendrogram was created. 

2.3.6. Diversity index 

The Shannon–Wiener diversity index (H’) was determined for coccolithophores using 

PRIMER-version 5 (PRIMER-E Limited, UK). 

𝐻′ = − ∑ 𝑝𝑖 ln 𝑝𝑖 

𝑆

𝑖=1

 

Where S is the number of taxa; pi is the proportion of individuals belonging to the ith species. 
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2.4. Coccolith dissolution index (CEX) 

To analyse the effect of carbonate dissolution on the coccolith assemblages, the ratio of 

two abundant species with differential preservation was adapted from Dittert et al. (1999). 

Carbonate dissolution has greater impacts on E. huxleyi, which produces fragile coccoliths, 

than on C. leptoporus which produces robust calcified coccoliths. Thus, the ratio of these two 

species will change with increasing carbonate dissolution. Coccolith Dissolution Index (CEX’) 

was calculated for surface sediment samples and core samples.  

The equation taken from Dittert et al. (1999) is as follows: 

 

E. huxleyi (%)

 

E. huxleyi (%) + C. leptoporus (%) 

 
 

2.5. Coccolith carbonate mass calculation 

The calcite content of the coccoliths was estimated using the equation proposed by 

Young and Ziveri (2000), and lengths of the coccoliths and ks (shape factor) factors were used 

as estimated by Rigual-Hernández et al. (2020) for coccoliths from the subantarctic zone. 

Coccolith calcite (in picograms) = 2.7 × ks × l3 

Where 2.7 is the calcite density, ks is the shape factor, l3 is the length of the coccolith 
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2.6 Coccolithus pelagicus subsp. braarudii morphometry and analysis 

Morphometric changes in Coccolithus pelagicus subsp. braarudii for the past 41.5 Ka 

BP was studied using the sediment core SK200/22a. A total of 120 permanent slides were 

prepared following the method described by Flores and Sierro (1997) (Fig. 3). 

 In each of the 120 samples, morphometric measurements of 60 coccoliths of C. 

pelagicus subsp. braarudii were carried out using an Olympus polarizing microscope (Olympus 

BX51) at 1000 × magnification connected to (Olympus 0733 camera) and CellSens microscope 

imaging software. The morphometric measurements taken included the length of the distal 

shield (DL), width of the distal shield (DW), length of the central area (CL), and width of the 

central area (CW) (Fig. 4). 

 

Figure 4. Morphometric measurements of C. pelagicus subsp. braarudii. DL, Distal shield length; DW, Distal 

shield width; CL, Central length; CW, Central width. 
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3.1. Introduction  

In this chapter, terminology of key coccolithophores those form higher abundance in the water 

and sediment samples is presented. Along with the terminology, their scanning electron 

microscope images and light microscopic images are provided for identification and 

correlation.  

The terminology described in the chapter is followed after “Guidelines for Coccolith and 

Calcareous Nannofossil terminology”, by Young et al. (1997). The additional details on 

coccolithophore terminology is available at the INA website 

(http://ina.tmsoc.org/terminology/index.htm). The identification of living coccolithophores and 

fossil coccoliths is followed after Young et al. (2003), www.mikrotax.org, and previously 

published literature.  

Some essential aspects of coccolithophores with regard to identification are: coccolith structure 

and morphology which are highly variable during diploid or haploid phases of their life cycle. 

During the diploid stage, coccolithophores produce heterococcoliths which are formed of a 

radial array of crystal units, whereas, during their haploid stage of life cycle, they produce 

holococcoliths which are formed of numerous minute euhedral crystallites of <1 micron in the 

diameter. Each heterococcolith can be subdivided into the rim and central areas (Fig. 1a), made 

of a hierarchy of three components: (1) elements- which are superficial discrete units on the 

surface of a coccolith; (2) crystal units- composed of numerous interconnected superficial 

discrete elements; and 3) a segment- which consists of crystal units constituting one radially 

repeated portion of a heterococcolith. Furthermore, based on their discrete shapes, 

heterococcoliths are further divided into three different types, viz. placoliths, muroliths, and 

nannoliths (Fig. 1a).  

http://ina.tmsoc.org/terminology/index.htm
http://www.mikrotax.org/
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* These are commonly occurring shapes of coccoliths and are purely descriptive and hold no taxonomic 

meaning.  

(a) 
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proximal shield 
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tube 
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Emiliania huxleyi 
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Examples 
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(b) 

 

 

Figure 1. (a) Heterococcolith shape types b) heterococcolith structure: Typical V/R Rim structure, superficially 

discrete numerous elements interconnect to form two cycles of crystal units; each radial segment thus consists of a 

V-unit and an R-unit. Example shown is a coccolith of Coccolithus pelagicus 

 

 

V-unit 

Distal shield element 

Lower tube element 

R-unit 

Upper tube element 

Upper and lower proximal shield elements 

Orientation of the calcite C -axis 
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Conventions and abbreviations used  

HOL: Holococcolithophore  

HET: Heterococcolithophore 

BC: Body Coccolith 

CFC: Circum- flagellar coccolith 

XC: Exothecal coccoliths 

Lith: Coccolith  

LM: Light Microscope 

SEM: Scanning Electron Microscope  

STZ: Subtropical Zone  

SAZ: Subantarctic Zone 

PFZ: Polar Frontal Zone  
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3.2. Major heterococcolithophores documented in this study  

3.2.1. Order: Isochrysidales (Pascher 1910) 

Family: Noelaerhabdaceae (Jerkovic 1970 emend. Young & Bown 1997) 

Emiliania huxleyi (Lohmann 1902) Hay & Mohler, in Hay et al. 1967 

 

 

 

 

 

 

 

 

Emiliania huxleyi is a ubiquitous and abundant species, often forms blooms. Coccospheres with 

multiple layers of coccoliths is often documented. Emiliania huxleyi is distinguished into Seven 

morphotypes (A, B, C, B/C, var. corona, type O, R) (Young and Westbroek, 1991, Young et 

al., 2003, Okada and McIntyre, 1977, Hagino et al., (2011), out of which Morhptypes A, B, 

B/C and C are common in the Southern Indian Ocean. 

 

  

Coccoliths 

Coccospheres SEM LM 

Coccospheres Coccolith SEM LM 
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Emiliania huxleyi type A sensu Young & Westbroek, 1991  

Distinguishing features: Elliptical, placolith with robust distal shield elements. Central area 

conjunct, grill, or vacant. 

Liths: Medium sized (2.5–4 µm)   Coccosphere size: 5–8 µm  

Occurrence extent: STZ-PFZ   Latitude: 31.5°S – 48°S 

Abundance in the present study: STZ  Station No: Surface stn 10 

Temperature range: 3.3–20 ℃  Salinity range: 33.5–35.7 psu 
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Emiliania huxleyi type B sensu Young & Westbroek, 1991 

Distinguishing features: Distal shield is curved and smaller than proximal shield; consists of 

narrow tube; central area could be open or with plate or irregular laths; delicate distal shield 

elements 

 Lith: large size (3–5 µm)    Coccosphere size: 6–10 µm 

Occurrence extent: STZ    Latitude: 31.5 °S – 44°S 

Abundance in the present study: STZ  Station No: Surface stn 10 

Temperature range: 15–20 ℃  Salinity range: 34.3–35.7 psu 
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Emiliania huxleyi type B/C sensu Young et al., 2003  

Distinguishing features: Distal shield is curved and consists of narrow tube; central area could 

be open or with plate or irregular laths; delicate distal shield elements; the morphology is like 

type B and C however, liths are intermediate in size, thick collar present. 

Lith: medium in size (3–4 µm)   Coccosphere size: 6–8 µm  

Occurrence extent: STZ-AZ   Latitude: 39.17°S – 58°S 

Abundance in the present study: STZ  Station No: Surface stn 10 

Temperature range: 1.1–20 ℃   Salinity range: 33.5–35.7 psu 
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Emiliania huxleyi type C sensu Young & Westbroek, 1991 

Distinguishing features: distal shield consists of delicate elements; central area is open or 

covered by thin membrane or might have laths like in type B, but smaller in size.  

Lith: small size (2–3 µm)    Coccosphere size: 4–8 µm 

Occurrence extent: STZ-AZ   Latitude: 31.5°S – 58°S 

Abundance in the present study: PFZ  Station No: Profile stn 2 

Temperature range: 0.5–20 ℃  Salinity range: 33.5–35.7 psu 
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Gephyrocapsa muellerae Bréhéret, 1978 

Distinguishing features: Central area small and consists bridge, the bridge is often from long 

axis to low angle. G. muellerae was formerly referred to as G. caribbeanica. 

Lith size: 3–4 µm     Coccosphere size: 5–8 µm 

Occurrence extent: STZ-NSAZ  Latitude: 33.51°S – 45.03°S 

Abundance in the present study: STZ  Station No: Surface stn 10 

Temperature range: 8–20 ℃   Salinity range: 33.7–35.7 psu 

Note: G muellerae has an affinity for cold waters and it occurs in great abundance, even as 

dominant taxon (Winter and Siesser, 1994; Findlay and Giraudeau, 2000; Ziveri et al., 2004) 

  

Coccolith 

Coccosphere SEM 

LM 
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Gephyrocapsa oceanica Kamptner, 1943 

Distinguishing features: wide central area consists of bridge; the bridge is often from low to 

intermediate angle to short axis.  

Lith size: 3.5–6 µm; Coccosphere size: 6–10 µm;  

Number of liths per sphere: 9–35 

Occurrence extent: Recorded only in the sediment samples.  

Note: Gephyrocapsa oceanica is a low-latitude eutrophic species and is a tropical-subtropical 

species (Okada and McIntyre, 1979). This species was found only in sediment samples  
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3.2.2. Order: Coccolithales Schwarz, 1932 

Family: Calcidiscaceae Young & Bown, 1997 

 

Calcidiscus leptoporus subsp. small sensu Young et al., 2003 

Distinguishing features: coccoliths circular to subcircular in shape, distal shield consists of 

complex angular and serrated sutures, 10–12 elements closed central area  

Lith size: 3–5 µm     Coccosphere size: 5–12 µm; 

Occurrence extent: STZ-SAZ   Latitude: 39.17°S – 48°S 

Abundance in the present study: SAZ  Station No: Surface stn 12 

Temperature range: 5–17 ℃   Salinity range: 33.5–35.5 psu 

SEM Coccosphere 

LM Coccolith 
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Calcidiscus leptoporus subsp. leptoporus (Murray & Blackman 1898) Loeblich & Tappan, 

1978 

Distinguishing features: Elliptical, sharp sutures around closed central area 

Lith size: 5–8 µm     Coccosphere size: 10–18 µm; 

Occurrence extent: STZ-NSAZ   Latitude: 31.5°S – 47.02°S 

Abundance in the present study: SAZ  Station No: Surface stn 15 

Temperature range: 5–20 ℃;   Salinity range: 33.5–35.7 psu 

 

  

LM Coccolith 

SEM Coccosphere 
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Umbilicosphaera sibogae (Weber van Bosse 1901) Gaarder, 1970 

Distinguishing features: wide central area; proximal shield unicyclic and larger than distal 

shield 

Lith size: 3–6 µm      

Number of liths per sphere: 40–200  Coccosphere size: 20–30 µm; 

Occurrence extent: STZ    Latitude: 31.5°S – 44°S 

Abundance in the present study: STZ Station No: Surface stn 13 

Temperature range: 10.5–20 ℃   Salinity range: 33.9–35.7 psu 

 

  

 

SEM 
Coccosphere 

Coccolith LM 
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Umbilicosphaera foliosa (Kamptner 1963) Geisen in Sáez et al., 2003 

Distinguishing features: Narrow central area, bicyclic proximal shield larger than distal shield 

Lith size: 4.5–7 µm       

Number of liths per sphere: 10–30   Coccosphere size: 12–13 µm 

Occurrence extent: STZ    Latitude: 39°S  

Abundance in the present study: STZ  Station No: Profile stn 1 

Temperature range: 10.5–20 ℃   Salinity range: 33.9–35.7 psu 

 

 

  

Coccolith 

SEM Coccosphere 
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Umbilicosphaera hulburtiana Gaarder, 1970 

Distinguishing features: Similar to U. foliosa, however, coccoliths are elliptical. 

Lith size: 4–6 µm  

Number of liths per sphere: 14–30   Coccosphere size: 8–10 µm 

Occurrence extent: STZ-SAZ   Latitude: 39.17°S– 45.03°S 

Abundance in the present study: STZ  Station No: Surface stn 44 

Temperature range: 10.5–20 ℃  Salinity range: 33.9–35.7 psu 
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3.2.3. Order: Syracosphaerales Hay, 1977 emend. Young et al., 2003 

Family: Calciosoleniaceae Kamptner, 1927 

 

Calciosolenia brasiliensis (Lohmann, 1919) Young in Young et al., (2003) 

Distinguishing features: Muroliths are rhombic, Central area floored by transverse laths, 

coccosphere without spines. 

Lith size: 5–7 µm  

Number of liths per sphere: 80–190  Coccosphere size: 45–95 µm 

Occurrence extent: STZ    Latitude: 39. 59°S 

Abundance in the present study: STZ  Station No: Profile stn 1 

Temperature range: 10.5–20 ℃   Salinity range: 33.9–35.7 psu 
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Family: Rhabdosphaeraceae Haeckel, 1894 

 

Acanthoica quattrospina Lohmann, 1903 

Distinguishing features: Coccosphere polymorphic body coccoliths sub-circular consists of 

slit between radial cycle elements, low cones are made by lamellar cycle usually polar 

coccoliths are with well-developed long spines. 

Lith size: 1.5–2.5 µm  

Number of liths per sphere: 45–105   Coccosphere size: 6–12 µm 

Occurrence extent: STZ -SAZ    Latitude: 33.51°S– 48°S 

Abundance in the present study: STZ   Station No: Profile stn 1 

Temperatur range: 8–20 ℃    Salinity range: 33.7–35.7 psu  
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Syracosphaera prolongata Gran 1912 ex Lohmann, 1913 

Distinguishing features: Coccosphere shape varies it could be spherical, pyriform or 

spectacularly elongate. XCs - sub-circular muroliths. BCs - small (1.5-2.5 µm), elliptical to 

lenticular, CFCs - spines with bifurcate tips 

Lith size: 1.5–3 µm 

Number of liths per sphere: 40–120  Coccosphere size: 10–70 µm 

Occurrence extent: STZ -SAZ    Latitude: 39.17°S– 45.03°S 

Abundance in the present study: STZ Station No: Profile stn 1 

Temperature range: 8–20 ℃    Salinity range: 33.7–35.7 psu 
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Syracosphaera pulchra Lohmann 

Distinguishing features: BCs lack spines, large (4.5–8 µm); XCs are dome-shaped and with 

central depression, thin radial laths form three concentric cycles in the central area; CFCs – 

consist of robust bifurcate-tipped spine. 

Lith size: 4–8 µm 

Number of liths per sphere: 20–60   Coccosphere size: 15–25 µm 

Occurrence extent: STZ-NSAZ   Latitude: 33.51 °S– 45.03 °S 

Abundance in the present study: STZ  Station No: Surface stn 10 

Temperature range: 8–20 ℃   Salinity range: 33.7–35.7 psu 

 

 

Coccolith LM 

Coccosphere SEM 
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Michaelsarsia elegans Gran, 1912  

Distinguishing features: BCs are well calcified with broad rims with proximal flange; axial 

structure is disjunct and formed of numerous small elements; laths are bipartite. CFCs are small 

and lenticular with low spines. Whorl coccoliths are planoliths with circular central opening 

and asymmetric rim. Link coccoliths (osteoliths) are elongate, symmetrical, and convex sided 

with spoon-shaped ends. 

Lith size: 1.8–2.5 µm  Coccosphere size: 10–20 µm 

Occurrence extent: STZ–SAZ  Latitude: 33.51°S – 45.03°S 

Abundance in the present study: STZ Station No: Profile stn 1 

Temperature range: 8–20 ℃  Salinity range: 33.7–35.7 psu 
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Ophiaster hydroideus (Lohmann 1903) Lohmann, 1913 

Distinguishing features: Appendages are made of strings that are highly modified antapical 

coccoliths, lack whorl coccoliths 

Lith size: 0.8–1.5 µm  

Number of liths per sphere: 50–100  Coccosphere size: 5–7 µm 

Occurrence extent: STZ–SAZ   Latitude: -39.59°S – 47.3°S 

Abundance in the present study: STZ  Station No: Profile stn 1 

Temperature range: 8–16 ℃   Salinity range: 33.7–35.7 psu 
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3.3. Holococolithophores  

 

Helicosphaera HOL catilliferus type 

Distinguishing features: Liths with flat-top lacking perforations which results in the 

rhombohedral array structure; pyramidal boss near centre; rim is high by 5-6 crystallites; on 

proximal side central opening is either small or absent. 

Lith size: 2–3.5 µm;;  

Number of liths per sphere: 50–100   Size of coccosphere: 12–15.5 µm 

Occurrence extent: STZ-NSAZ    Latitude: - 33.51°S – -45.03°S 

Abundance in the present study: STZ   Station No: Profile stn 1 

Temperature range: 8–20 ℃    Salinity range: 33.7–35.7 psu 

Heterococolith LM 

Coccosphere SEM 
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Note: Only coccosphere of holococcolith of this species was observed and single 

heterococcolith was found in plankton sample. However, heterococcoliths were relatively 

abundant in sediment sample  

 

Syracosphaera histrica Kamptner, 1941 HOL 

Distinguishing features: BCs tube is 9 crystallites high, flange is absent; flat distal surface 

flat; tube and distal cover have hexagonal mesh fabric. CFCs are vaulted with flat hexagonal 

mesh plates sloping towards the centre from each end. An irregular area of parallel strings of 

crystallites occurs between these plates. 

Liths ca.: 2 µm long. 

Occurrence extent: STZ    Latitude: - 39.59°S 

Abundance in the present study: STZ  Station No: Profile stn 1 

Temperature range: 10–20 ℃   Salinity range: 34–35.7 psu 
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Calcidiscus leptoporus subsp. leptoporus (Murray & Blackman 1898) Loeblich & Tappan, 

1978 HOL 

Distinguishing features: Liths consist of hexagonal meshwork array made of double layer of 

crystallites, incomplete rim 3 crystallites high.  

Lith size: 1.6–2.4 µm     

Number of liths per sphere: 50–200  Coccosphere size: 8–15 µm 

Occurrence extent: STZ–SAZ   Latitude: - 33.51°S –-47.3°S 

Abundance in the present study: STZ  Station No: Profile stn 21 

Temperature range: 8–20 ℃;   Salinity range: 34–35.7 psu 
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Coccolithus pelagicus subsp. braarudii HOL (Gaarder 1962) Geisen et al., 2002 HOL 

Distinguishing features: Disk consists of single layer of crystallites arranged in radial strings 

Lith size: 2–3 µm     Coccosphere size: 13–20 µm; 

Occurrence extent: SAZ    Latitude: - 47.3°S 

Abundance in the present study: SAZ  Station No: Profile stn 21 

Temperature range: 5–8 ℃    Salinity range: 34–35.7 psu 

 

 

 

 

 

Heterococolith LM 

Coccosphere SEM 
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3.4. Tintinnid tests bearing coccoliths  

 

 

Occurrence extent: SAZ–PFZ 

Note: Tintinnids are microzooplanktons that graze on coccolithophores and while doing so 

incorporate coccoliths into their shells. However, the coccoliths eventually dissolve or sink to 

the seafloor (Tyrrell and Young, 2009). 
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4.1. Background 

The Southern Ocean is a major high nutrient low chlorophyll (HNLC) zone where low 

iron availability limits phytoplankton productivity in nutrient-replenished surface waters (De 

Baar, 1994). The Subtropical Zone (STZ) and sub-Antarctic Zone (SAZ) are nutrient depleted, 

and the productivity is mainly contributed by calcareous organisms like coccolithophores 

(Ragueneau et al., 2000). However, south of 50°S, the Polar Frontal Zone (PFZ) is inhabited by 

a monospecific assemblage of the coccolithophore Emiliania huxleyi, whereas the Antarctic 

zone is devoid of coccolithophores (Mohan et al., 2008; Saavedra-Pellitero et al., 2014; Patil et 

al., 2017). In these two zones, water masses are relatively nutrient-rich and support siliceous 

productivity contributed by diatoms and radiolarians (Balch et al., 2016; Nissen et al., 2018). 

Coccolithophores are single-celled calcifying phytoplankton responsible for forming the 

Great Calcite Belt along the Southern Ocean fronts during the austral summers (Balch et al., 

2016). They play a crucial role in influencing the biological carbon pump by drawing down 

CO2 through photosynthesis. Furthermore, they influence the carbonate pump by the formation 

of calcite plates and their subsequent sinking to depths alters the alkalinity of the upper ocean, 

affecting air/sea exchanges of CO2 (Rost and Riebesell 2004). Pelagic carbonate production, 

primarily contributed by foraminifera and coccolithophores, governs the alkalinity burial from 

the ocean through its impact on carbonate compensation depth (CCD; depth at which no 

carbonate is preserved) thus influencing the deep ocean [CO3
2-] and the atmospheric pCO2 

(Sigman and Boyle, 2000; Rickaby et al., 2007). 

Coccolithophore biogeography and distribution is controlled by the combined effect of 

the physical and biogeochemical environment, which is imprinted on the coccoliths that are 

transported to bottom sediments to become a part of microfossils. The fluctuation of coccolith 

assemblages and abundances in the sediment core is used as a tool to reconstruct 
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paleoenvironmental conditions, such as the position of the oceanic fronts in the Southern Ocean 

(Flores et al., 1999; Findlay and Flores, 2000; Fenner and Di Stefano, 2004; Tangunan et al., 

2021). 

In recent decades in-situ investigations of the latitudinal distribution of coccolithophores in 

relation to the frontal positions and the factors affecting them have been carried out in the 

Atlantic sector (Boeckel and Baumann, 2008), Pacific sector (Gravalosa et al. 2008; Saavedra-

Pellitero et al., 2014) Indian Sector (Mohan et al. 2008; Patil et al., 2017; 2020), Drake Passage 

(Charalampopoulou et al., 2016), and the Southern Ocean (Balch et al., 2016). These studies 

indicate a latitudinal biogeographic distribution of a majority of coccolithophore species 

inhabiting a specific ecological niche, which can vary regionally due to local hydrographic 

changes, terrigenous influences due to islands, nutrient sources, and alkalinity changes. For 

example, the ubiquitous species E. huxleyi is well known for producing large phytoplankton 

blooms at temperate to subpolar latitudes (Holligan et al., 1993; Brown and Yoder, 1994), but 

has never been recorded in comparable numbers in waters at low latitudes such as the Arabian 

Sea (Andruleit et al., 2000; Zeltner, 2000). Gephyrocapsa oceanica, a tropical-subtropical 

species (Okada and McIntyre, 1979; Findlay and Giraudeau 2002) has been recorded in low 

abundance equatorward of the STF in the Australian sector of the Southern Ocean (Findlay and 

Giraudeau 2000). In the Pacific sector of the Southern Ocean, occasional occurrence of G. 

oceanica and G. ericsoni in surface sediment of the SAZ was recorded whereas it was absent in 

plankton samples from this zone. It has been suggested that these species might have lived 

sporadically in the warm waters of SAZ and/or partly drifted into the study area (Saavedra-

Pellitero et al., 2014, Saavedra-Pellitero and Baumann 2015; Vollmar et al., 2021). This 

suggests that variations in the distribution and the ecology of coccolithophore assemblages in 

the surface ocean may also alter the palaeoceanographic signals of coccolith assemblages 

preserved in these locations. These signals can vary from those seen in other regions. Regional 
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studies of extant coccolithophores, and species-specific local ecological affinities, tolerances, 

and seasonal variations are necessary to assess their potential for local paleoenvironmental 

reconstructions. Thus, this study aims to gain a detailed understanding of the latitudinal 

distribution of coccolithophore species along the fronts in the Southern Indian Ocean, factors 

controlling the distribution, diversity, and effects on fossilizing groups of extant 

coccolithophore species.  

4.2. Methodology  

For the study of extant coccolithophores water samples along with associated 

parameters were collected from 31°S–66°S from the Southern Indian Ocean using a CTD 

rosette. Approximately 0.5–2.5 L water was filtered through a 0.8 µm pore size, 47 mm 

diameter membrane filter. The filter papers with the samples were dried and kept in a sterile 

Petri dish for SEM analysis. A 5 mm2 piece of this filter paper was attached to an aluminium 

stub and sputter coated with platinum. In each sample, ~400 coccospheres were counted in the 

range of 500–3000 fields of view. Coccolithophore identification was carried out following 

Young et al. (2003), Jordan et al. (2004), and the Nannotax3 online guide to the biodiversity 

and taxonomy of coccolithophores (https://www.mikrotax.org/Nannotax3/). Further details 

regarding the methodology and study area are contained in Chapter 2. 

4.3. Results  

The spatial distribution of coccolithophores (Fig. 1) and physical and chemical 

parameters, namely, temperature, salinity, pH, chlorophyll a, and nutrients (NO3, NO2, SiO4, 

PO4) (Fig. 2), exhibited zonal patterns in the Southern Indian Ocean.  

 

 

https://www.mikrotax.org/Nannotax3/
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4.3.1. Coccolithophore total abundance and diversity  

Coccolithophores are consistently present from the STZ to the north of the Antarctic Zone, 

ranging between 3–400 × 104 coccospheres/L, and utterly absent in the south of the AZ (Fig.1a, 

c). Coccolithophore absolute abundance (CAA) was highest in the STZ, varying between 3–

400 × 104 coccospheres/L; where the temperature ranged from 11–20 ℃; salinity, 34–35.7 

PSU; pH, 7.8–8.1; NO3, 0.1– 7.1 µm; NO2, 0.035–0.2 µm; SiO4, 0.2–1.4 µm; PO4, 0.1–2 µm. 

Furthermore, in the PFZ, CAA ranged between 5–308 × 104 coccospheres/L, and the 

temperature, 2–5 ℃; salinity, 33.7–33.9 PSU; pH, 7.6–8.0; NO3, 5.1–27.8 µm; NO2, 0.03–0.3 

µm; SiO4, 0.5–16.4 µm, PO4; 1.0–1.9 µm (Fig. 1a, c, and Fig. 2).  

However, in the SAZ the CAA ranged between 5–194 × 104 coccospheres/L; where the 

temperature ranged from 5–9 ℃; salinity, 33.5–33.8 PSU; pH,7.7–8.1; NO3, 3.9–14.1 µm; 

NO2, 0.1–0.2µm; SiO4, 0.1–2.2 µm, PO4; 0.6–1.3 µm. The lowest total coccolithophore 

abundance of 3 × 104 coccospheres/L was recorded in the north of STZ and 2.5 × 104 

coccospheres/L, south of APF (Fig. 1a, c and Fig. 2). 

A total of 55 coccolithophore species and 8 holococcolithophores were recorded from the 

Agulhas Return Front (ARF) to AZ. The diversity index of coccolithophores varied from 0.02–

2. The coccolithophore diversity is highest (2) in STZ at 0–10 m depths (Fig. 1b) and decreases 

towards the south exhibiting a decreasing trend from north to south. The lowest diversity is 

observed in the PFZ (0.02) at depths of 10 m, 50 m, and 75 m (Fig. 1b, d). 
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Figure 1. (a) Total abundance of Coccolithophores (0–100 m depth) along the north-south transect (b) Shannon–

Wiener Diversity index (0–100 m depth) (c) Total abundance of coccolithophores lateral view (d) diversity index 

lateral view.  
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Figure 2. Physicochemical parameters recorded by CTD during the sample collection (a) Temperature (℃), (b) 

Salinity (PSU), (c) pH, (d) Fluorescence (Chlorophyll), (e) Nitrate (µM), (f) Nitrite (µM), (g) Phosphate (µM), (h) 

Silicate (µM)  

(g) 

(e) 

(h) 
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4.3.2. Distribution of coccolithophore species 

The most abundant species in surface and profile samples distributed across the 

Southern Ocean is E. huxleyi (92%) (consisting of four morphotypes E. huxleyi type A, E. 

huxleyi type B, E. huxleyi type B/C, E. huxleyi type C). Apart from E. huxleyi, other species 

were Calcidiscus leptoporus (2%), Umbellosphaeraceae tenuis (2%) Syracosphaera spp. 

(1.4%) Michaelsarsia elegans (1%), Gephyrocapsa muellerae (0.4%), Acanthoica quattrospina 

(0.2%), holococcoliths (0.4%), and other cumulative minor species across the Southern Ocean 

fronts (Table 1 and Table 2).  

4.3.3. Distribution of Emiliania huxleyi morphotypes  

Emiliania huxleyi is the most abundant coccolithophore species and contributed the 

most to the coccolithophore composition from 31.5°S to 59°S throughout the transect. The 

most common morphotype of this species is E. huxleyi type C, which is most abundant in the 

PFZ (0.2–297.2 × 104 coccospheres/L) and the STZ (0–256 × 104 coccospheres/L), whereas 

their abundance is reduced in the SAZ (0–154 × 104 coccospheres/L) and the AZ (0.5–168 × 

104 coccospheres/L). In addition, deformed E. huxleyi was recorded throughout the transect, 

largely consisting of E. huxleyi type C. The highest abundance of this morphotype was 

recorded in the PFZ (0–65.1 × 104 coccospheres/L) followed by AZ (0–9.6 × 104 

coccospheres/L), STZ (0–3.6 × 104 coccospheres/L), and the lowest was recorded in the SAZ 

(0–1.78 × 104 coccospheres/L). 

Similar to E. huxleyi type C, E. huxleyi type B/C is present in all the zones, with the 

maximum abundance recorded in STZ (58 × 104 coccospheres/L) and the PFZ (0–36 × 104 

coccospheres/L). Their abundance was lower in the AZ (0–12.2 × 104 coccospheres/L) and 

lowest in SAZ (0–5.2 × 104 coccospheres/L). Emiliania huxleyi type B was present mainly in 
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STZ (0–4.9 × 104 coccospheres/L) (Fig. 3). This morphotype is absent in the SAZ with 

sporadic occurrence in the south of SAF (0.4 × 104 coccospheres/L).  

Emiliania huxleyi type A is largely restricted to the STZ (0.7–50 × 104 coccospheres/L). 

The occurrence of this species extended south of STF (1.8–4.1 × 104 coccospheres/L), with a 

sporadic presence in PFZ (0.2–4.2 × 104 coccospheres/L) (Fig. 3). The coccospheres of all the 

morphotypes were intact and morphotype A, especially compared to other morphotypes, was 

the most robust.  

4.3.4. Distribution of coccolithophore assemblages other than E. huxleyi across the frontal 

zones  

The coccolithophore assemblages based on their lateral surface and vertical depth 

distribution (0–100 m) are described across the different oceanic zones (Fig. 3). In the STZ, 54 

heterococcolithophores species and 8 holococcolithophore species were recorded with an 

average total abundance of 128 × 104 coccospheres/L. The most common coccolithophore 

species in this zone were Gephyrocapsa muellerae (0–6.8× 104 coccospheres/L); U. tenuis (U. 

tenuis type I, type IIIb, type IV) (0–3.3 × 104 coccospheres/L); M. elegans (0–7.8× 104 

coccospheres/L); C. leptoporus, including both C. leptoporus subsp. leptoporus and C. 

leptoporus subsp. small (0–3.9 × 104 coccospheres/L); K. baumannii (0–12.6 × 104 

coccospheres/L); S. pulchra (0–2.9 × 104 coccospheres/L); A. quattrospina (0–5.5 × 104 

coccospheres/L); and Ophiaster hydroideus (0–6.9 × 104 coccospheres/L). Sporadic occurrence 

of Helicosphaera carteri and Rhabdosphaera clavigera coccoliths was also observed.  

Holococcolithophore abundance in the STZ ranged from 0.1–6.4 × 104 coccospheres/L, 

with S. histrica HOL making up the majority (0–6.4 × 104 coccospheres/L), followed by H. 

carteri HOL catilliferus type (0–2.2 coccospheres/L). Other holococcolithophores observed in 
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this zone were Zygosphaera hellenica, H. carteri HOL perforate, C. leptoporus subsp. 

leptoporus HOL, and C. gracilis.  

In the SAZ, 19 species were recorded, with an average abundance of 88.1 × 104 

coccospheres/L. The most common species were C. leptoporus subsp. small (0–22 × 104 

coccospheres/L), C. leptoporus subsp. leptoporus (0–20.8 × 104 coccospheres/L), S. halldalii 

(0–2.5 × 104 coccospheres/L), and M. elegans (0–4.7 × 104 coccospheres/L). The assemblage in 

the SAZ also included C. leptoporus subsp. leptoporus HOL, Syracosphaera sp. HOL, and C. 

pelagicus subsp. braarudii HOL holococcolithophores. 

In the PFZ, the average total abundance was 125 × 104 coccospheres/L, of which the 

most abundant was E. huxleyi type B/C, C, and deformed E. huxleyi. Other than E. huxleyi, C. 

leptoporus subsp. small, Balaniger virgulosa, and K. baumanii were distributed sporadically in 

the north of the PFZ. The AZ consisted only of E. huxleyi type B/C, C, and deformed with no 

other species present with an average total abundance of 52 × 104 coccospheres/L. 
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Figure 3. Abundance and distribution of major coccolithophore species recorded between surface and 100 m 

water depth along the transect. 
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Table 1. Location of water samples collected and total coccolithophore abundance 

Stations and total abundance 

Station Depth (m) Latitude (°S) Longitude (°E) Coccospheres × 104/L 

Surface 50 0 -31.5 57.56 3 

Surface 4 0 -33.51 58.09 13 

Surface 44 0 -39.17 58.27 86 

Profile 1 0 -39.59 57.29 50 

 10   167 

 30   229 

 50   178 

 75   78 

 100   25 

Surface 10 0 -40.55 59.02 400 

Surface 11 0 -42.06 59.57 115 

Surface 12 0 -43 60.35 92 

Surface 13 0 -44 61.23 191 

Surface 14 0 -45.03 62.09 96 

Surface 15 0 -46.04 62.55 195 

Profile 21 0 -47.3 57.3 62 

 10   31 

 30   80 

 50   92 

 75   79 

 100   5.0 

Surface 16 0 -47.02 63.41 144 

Surface 37 0 -48 57.3 95 

Profile 2 0 -48 64.28 308 
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 10   166 

 30   236 

 50   90 

 75   73 

 100   22 

Surface 36 0 -49 57.3 123 

Surface 17 0 -50 64.37 6 

Profile 20 0 -51 57.3 69 

 10   64 

 30   48 

 50   17 

 75   11 

 100   5 

Surface 18 0 -51 63.22 161 

Surface 22 0 -55.42 69.45 127 

Profile 19 0 -56.59 57.32 113 

 10   254 

 30   228 

 50   216 

 75   231 

 100   277 

Surface 23 0 -56.4 69.06 30 

Profile 4 0 -58 70.04 182 

 10   35 

 30   32 

 50   18 

 75   41 

 100   3 

Surface 24 0 -59 70.04 0 

Surface 26 0 -61.02 71.08 0 
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Profile 18 0 -62 57.3 0 

 10   0 

 30   0 

 50   0 

 75   0 

 100   0 

Profile 5 0 -63 70.19 0 

 10   0 

 30   0 

 50   0 

 75   0 

 100   0 

Profile 17 0 -64 57.3 0 

 10   0 

 30   0 

 50   0 

Surface 28 0 -64 70.35 0 

Surface 30 0 -66.15 74.43 0 

 

4.3.5. Coccolithophore and its relation with the environmental parameters 

To elucidate the relationship between coccolithophore assemblages and environmental 

parameters, canonical correspondence analysis (CCA) (Fig. 4a, b) and Pearson correlation (Fig. 

5, 6) were carried out using Past version 4.03 (Hammer et al., 2001) and RStudio version 4.2 

(RStudio Team, 2020) respectively. 

Based on coccolithophore abundance data, the CCA explained 75.54% and 91.2% of 

the variance within the Surface and Profile sample dataset (cumulative percentage variance of 

species data, first two CCA axes), respectively (Fig. 4).  
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In surface water E. huxleyi type A, B, and B/C, Gephyrocapsa muellerae, 

Umbellosphaeraceae tenuis type II, Umbilicosphaera foliosa, Umbilicosphaera sibogae, 

Umbilicosphaera hulburtiana, Syracosphaera azureaplaneta, Syracosphaera prolongata, 

Syracosphaera anthos, Syracosphaera ossa, Syracosphaera pulchra, Syracosphaera tumularis, 

Syracosphaera bannocki, Syracosphaera histrica, Syracosphaera nana, Syracosphaera 

mediterranea, Oolithotus fragilis, Alisphaera spatula, Alisphaera unicornis, Alisphaera 

biscayensis, Alisphaera ordinate, Acanthoica quattrospina, Michaelsarsia elegans, 

Calciosolenia corsellii, Discosphaera tubifera, Kataspinifera baumanii, Holococcolithophore 

Calcidiscus leptoporus subsp. leptoporus HOL showed affinity towards elevated temperature, 

salinity, pH, and low nutrient (NO2, PO4, NO3, and SiO4) concentrations. However, E. huxleyi 

type C, Ophiaster hydroideus, Calcidiscus leptoporus subsp. leptoporus, Syracosphaera 

noroitica, Algirosphaera cucullata, Algirosphaera robusta, and Holococcolithophore 

Coccolithus pelagicus subsp. braarudii HOL showed affinity towards higher concentrations of 

NO2, PO4, NO3, and SiO4. Whereas, no relation was observed between E. huxleyi deformed, 

Umbellosphaera tenuis type IIIb, type IV, and Syracosphaera molischii III, IV, and the 

environmental parameters.  

In the Profile samples, E. huxleyi morphotype type A and B, C. leptoporus, G. 

muellerae, G. ericsonii, Calcidiscus leptoporus subsp. small, C. leptoporus subsp. leptoporus, 

U. tenuis type II, U. foliosa, U. sibogae, U. hulburtiana, S. ossa, S. anthos, S. tumularis, 

Syracosphaera nodosa, S. molischii, Syracosphaera carolla, S. azureaplaneta, S. histrica, S. 

nana, S. pulchra, Syracosphaera pemmadiscus, S. bannocki, O. hydroideus, M. elegans, 
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Figure 4. Canonical corresponding analysis (CCA) ordination diagram for coccolithophore community structure 

and environmental variables (temperature, salinity, NO2, NO3, PO4, SIO4) (a) surface samples (b) profile samples 

(0–100 m depth). Abbreviations for each group are provided in Table 2. 

A. quattrospina, Acanthoica cidaris, Calciosolenia brasiliensis, Calciosolenia 

subtropicus, C. corsellii, Cyrtosphaera aculeata, D. tubifera, R. xiphos, K. baumanii, and 
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holococcolithophores such as C. leptoporus subsp. leptoporus HOL, S. histrica HOL, H. carteri 

HOL perforate, H. carteri HOL perforate, H. HOL catilliferus type, showed affinity towards 

increased temperature, pH, salinity, and low nutrient conditions. However, E. huxleyi type C, E. 

huxleyi type B/C, and deformed species showed a preference towards PO4 and NO2 

respectively. Balaniger virgulosa showed an affinity towards NO3. Syracosphaera dilatata, 

Syracosphaera halldalii, and Syracosphaera mediterranea did not exhibit any association with 

the parameters. 

 

Figure 5. Correlation matrix diagram (Pearson’s Correlation analysis). Parameters used are environmental 

variables, Coccolithophore absolute abundance (CAA), and diversity. The colored bar indicates blue as positive 

correlations and red as negative correlations. The size of the dots in the diagram indicates the strength of the 

correlation. Correlations with p > 0.05 were left blank. 

Pearson correlation analysis revealed a positive correlation between diversity and 

temperature (r = 0.85, p < 0.001), Salinity (r = 0.78, p < 0.001), and pH (r = 0.56, p < 0.001), 
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respectively. However, total coccolithophore absolute abundance (CAA) showed a weak 

correlation with temperature (r = 0.33, p < 0.01), salinity (r = 0.22, p = 0), and pH (r = 0.25, p < 

0.05). In contrast, an inverse correlation was observed between diversity and nutrients, 

specifically, NO3 (r = −0.06, p < 0.001), N 2 (r = −0.08, p = 0), Si 4 (r = −0.54, p < 0.001), 

and PO4 (r = −0.69, p < 0.001). The CAA exhibited a weak correlation with nutrients N 3 (r = 

−0.22, p = 0), N 2 (r = −0.21, p = 0), Si 4 (r = −0.36, p < 0.01), PO4 (r = −0.23, p < 0.001) 

(Fig. 5). It is evident that most of the species (Fig. 6, 7a, b) are positively correlated to elevated 

temperature, salinity, and pH; and inversely correlated to nutrients. This indicates the 

preference of coccolithophores for high temperatures and low nutrients. Based on the Bray–

Curtis similarity index and heat map between the species (Fig. 7a, b, c), the coccolithophore 

species can be divided into four assemblage groups, namely, the STZ, SAZ, PFZ, and STZ-

PFZ. The STZ-PFZ group shows the formation of a cluster with 25% similarity. The STZ 

group shows the cluster among the species most abundant only in STZ forming 30% similarity, 

SAZ group shows 20% similarity. Besides, E. huxleyi type C shows very low similarity with 

other species, and this species exclusively inhabits the PFZ. 
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Figure 6. Correlation matrix diagram (Pearson’s correlation analysis). Parameters used are environmental 

variables and major coccolithophore species abundance. The colored bar indicates blue as positive correlations and 

red as negative correlations. The size of the dots in the diagram indicates the strength of the correlation. 

Correlations with p > 0.05 were left blank. Abbreviations for each group are provided in Table 2. 

Table 2. Coccolithophore species distribution and abbreviation used in the study 

Species Abbreviation STZ 

STF-

SAZ 

SAF-

PFZ 
APF-AZ 

Emiliania huxleyi A  EhA + - + - 

Emiliania huxleyi B EhB + - + - 

Emiliania huxleyi B/C EhB/C + + + + 

Emiliania huxleyi C EhC + + + + 

Emiliania huxleyi deformed Eh* + + + + 

Gephyrocapsa ericsonii Ge + - - - 
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Gephyrocapsa muellerae Gm + + - - 

Calcidiscus leptoporus small Cls + + + - 

Calcidiscus leptoporus 

subsp. leptoporus 
Cll + + - - 

Oolithotus fragilis Of + + - - 

Umbilicosphaera foliosa 

U 

+ - - - 

Umbilicosphaera sibogae + - - - 

Umbilicosphaera 

hulburtiana 

+ + - - 

Calciosolenia brasiliensis 

C 

+ - - - 

Calciosolenia subtropicus  + - - - 

Calciosolenia corsellii + + - - 

Acanthoica quattrospina Aq + + - - 

Acanthoica cidaris Ac + - - - 

Acanthoica acanthos+ Aa + - - - 

Algirosphaera cucullate 

Al 
- + - - 

Algirosphaera robusta - + - - 

Discosphaera tubifera Dt + + - - 

Rhabdosphaera xiphos Rx + - - - 

Alisphaera spatula 

A 

+ + - - 

Alisphaera unicornis  + + - - 

Alisphaera biscayensis + - - - 

Alisphaera ordinata + - - - 

Alisphaera gaudii - + - - 

Canistrolithus valliformis 

Pol+ 
Cav - 

 

+ 
- - 

Umbellosphaera tenuis type 

II 
UtII + + - - 
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Umbellosphaera tenuis type 

IIIb 
UtIIIb + - - - 

Umbellosphaeraceae tenuis 

type IV 
UtIV + - - - 

Syracosphaera pemmadiscus Sp + - - - 

Syracosphaera dilatata Sd - + - - 

Syracosphaera 

azureaplaneta 
Sa + - - - 

Syracosphaera carolla+ Sc + + - - 

Syracosphaera noroitica Sn - + - - 

Syracosphaera prolongata Spr + + - - 

Syracosphaera histrica Sh + + - - 

Syracosphaera pulchra Spu + + - - 

Syracosphaera halldalii Sha + + - - 

Syracosphaera molischii type 

I 

Sm 

+ - - - 

Syracosphaera molischii type 

III 
+ - - - 

Syracosphaera molischii type 

IV 
+ - - - 

Syracosphaera rotula+ Sr + - - - 

Syracosphaera ossa type I 

So 

+ - - - 

Syracosphaera ossa type II + + - - 

Syracosphaera anthos San + - - - 

Syracosphaera tumularis St + + - - 

Syracosphaera nana Sna + + - - 

Syracosphaera nodosa type 

A+ 
SnA - + - - 

Syracosphaera nodosa Sno + - - - 

Syracosphaera bannocki Sb + + - - 
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Syracosphaera mediterranea  Sme + + - - 

Syracosphaera didyma+ Sdi - + - - 

Syracosphaera sp. ui+ Sui + - - - 

Michaelsarsia elegans Me + + - - 

Ophiaster hydroideus Oh + + - - 

Reticulofenestra parvula Rp + - - - 

Cyrtosphaera aculeata Ca + - - - 

C. cristatus CER rostratus 

type+hoops+ 
Crh + - - - 

Papposphaera sagittifera+ Ps + - - - 

Papposphaera sp. like+ Pa + - - - 

Balaniger virgulosa Bv - - + - 

Kataspinifera baumanii Kb + + + - 

Polycrater sp. ladle like+ P - + - - 

Zygosphaera hellenica Zh + - - - 

Helicosphera carteri HOL 

perforate 
HH 

+ - - - 

Helicosphaera HOL 

catilliferus type 
+ + - - 

Calcidiscus leptoporus 

subsp. leptoporus HOL 
ClH + + - - 

Syracosphera histrica HOL ShH + - - - 

Corisphaera gracilis+  Cg + + - - 

Syracosphaera sp. HOL SH - + - - 

Coccolithus pelagicus spp 

braarudii HOL 
CbH - + - - 

Holoccolith Ui+ Hui + - - - 

Superscripted + in the species column indicates that a species was not included in the CCA and Pearson correlation analysis. 
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4.4. Discussion  

4.4.1. Coccolithophore abundance and diversity in the southern Indian Ocean and 

comparison with other sectors of the Southern Ocean  

The diversity and distribution pattern of coccolithophore species varies across the fronts 

enclosing the different zones. From the STZ to the AZ, coccolithophore diversity decreased 

from a maximum in the STZ (temperature, 15–20 ℃) to a minimum in the northern AZ 

(temperature, 0.4–1.5 ℃) which consisted of a monospecific assemblage of E. huxleyi. In the 

south of the AZ (temperature, −1.6–1 ℃), there is a complete absence of coccolithophores. A 

similar trend was observed in the Southern Indian Ocean (Mohan et al., 2008; Patil et al., 

2017), South Atlantic (Eynaud et al., 1999), and Pacific sector of the Southern Ocean 

(Saavedra-Pellitero et al., 2014; Malinverno et al., 2015). A previous study has suggested that 

coccolithophore production is inhibited at temperatures lower than 2 °C (Findlay and 

Giraudeau, 2000). 

Like in other sectors of the Southern Ocean, along the transect observed in this study, 

coccolithophore abundance and composition were dominated by E. huxleyi (Verbeek, 1989; 

Eynaud et al., 1999; Saavedra-Pellitero et al., 2014; Malinverno et al., 2015). In this study, the 

coccolithophore absolute abundance (CAA) was highest in the surface waters of the STZ (400 

×104 cells/L) and the PFZ (308 × 104 cells/L) from December 2017–February 2018 (early to 

mid-austral summer. Likewise, Mohan et al. (2008) also recorded higher coccolithophore 

abundance in the north of the STF (~450 × 104 cells/L) during January–March 2004 (mid-late 

austral summer), Higher abundance in SAZ during mid-austral summer (742 × 103 

coccospheres/L) and early- to mid-austral summer (2203 × 103 coccospheres/L) was recorded 

and attributed to the elevated abundance of E. huxleyi which is regulated by environmental 

factors such as an increase in nutrients (Patil et al., 2020). Findlay and Giraudeau (2000) 
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recorded the highest abundance in the north of the SAF (~500 × 103 cells/L) and the STF (208 

× 103 cells/L) in January 1994 and February 1995, respectively (from early to mid-austral 

summer).  

In the Pacific sector, higher abundances were found at the STF (552 × 103 cells/L), 

followed by SAF (493 × 103 cells/L), and the PF (312 × 103 cells/L) by Gravalosa et al. (2008) 

in February–April (late austral summer). Malinverno et al. (2015) recorded the highest 

abundance (~137 × 103 cells/L) in the STF and lower values in the SAZ from 1–5th January 

(early austral summer). Saavedra-Pellitero et al. (2014) recorded a higher abundance of 

coccolithophores at 20 m depth (642 × 103 cells/L) close to STF from 27th November 2009–27th 

January 2010 (early austral summer). In the Atlantic sector, Eynaud et al. (1999) recorded the 

highest abundance (493 × 103 cells/L) south of the PF in February (Late austral summer).  

According to these studies, factors affecting the coccolithophore distribution and 

diversity showed a positive correlation between temperature, salinity, and inverse correlation 

with nutrients (Fig. 7c). Higher diversity and abundance were observed under the conditions of 

high temperatures and low nutrient concentrations in the STZ and SAZ. Higher abundance was 

also recorded in the high nutrient zones south of SAZ and PFZ mainly consisting of single 

species E. huxleyi type C. It appears that coccolithophore total abundance was recorded highest 

in STZ in most studies however, Patil et al., (2020) recorded coccolithophore abundance 

highest in SAZ during early to mid-austral summer. One possible explanation of this 

discrepancy could be due to variations in availability of micronutrients as a result of seasonal 

changes in the depth of mixed layer depth in the frontal zones. Deepening of mixed layered 

depth in the winter brings micronutrients into the euphotic zone which are not utilised during 

winter as a result of low light levels (Tagliabue et al., 2014). Additionally, these nutrients help 

in the summer blooms (Prakash et al., 2020).  
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However, in this study, higher temperatures, salinity, pH, moderate concentration of NO2 and 

PO4, and low concentrations of NO3 and SIO4 were responsible for higher abundance and 

diversity in the STZ (Mohan et al., 2008; Patil et al 2017,2020). In the PFZ, low temperatures, 

salinity, pH, high concentrations of NO2 and PO4, and moderate concentrations of NO3 and 

SIO4 were responsible for high abundance and low diversity. In general, the trend of 

coccolithophore density diversity and distribution in the Southern Indian Ocean correlated with 

latitudinal gradients in temperature, salinity, pH, and light levels across the calcite belt (40–

60°S) and anti-correlated with nutrient concentrations and silicate belt (below 60°S) (Paasche, 

2002; Boyd et al., 2010; Charalampopoulou et al., 2011; Balch et al., 2016; Nissen et al., 2018). 

Grazing pressure could be a possible explanation for low coccolithophore abundance in the 

SAZ in this study though zooplankton data was not quantified in this study, the occurrence of 

tintinnids with agglutinated C. leptoporus coccoliths in SAZ and E. huxleyi coccoliths in PFZ 

(Chapter 3, Section 3.4) indicates the possibility of grazing pressure in regulating the 

coccolithophore abundance (Malinverno et al., 2015).  

Temporal variation of coccolithophores is primarily governed by changes in light intensity, 

physicochemical properties, and nutrients. High coccolithophore abundance and diversity 

during early to mid-austral summer was attributed to enriched nutrient conditions, high light 

intensity, moderate temperature, salinity, and reduced silicate concentrations (Patil et al., 2020). 

Decreased coccolithophore diversity and abundance during the late summer was attributed to 

possible uneven nutrient ratios, unavailability of trace elements, and increased heterotrophs 

grazing pressure (Patil et al., 2013). During the mid -to late austral summer, in the Indian sector 

of the Southern Ocean, based on trophic efficiency, grazing pressure on the phytoplankton 

communities was reported (Kerkar et al., 2022) In late summer, grazing rates by 

mesozooplankton exhibited significant impact on phytoplankton primary production in the 

Indian sector of Southern Ocean (Mayzaud et al., 2002). Based on particulate organic carbon, 
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and pigment analysis high grazing exertion on phytoplankton was reported in the eastern 

Weddell Sea during the transition from late autumn to winter (Krell et al., 2005). 

 

Figure 7. (a) Dendrogram produced by cluster analysis based on Bray–Curtis similarity index. (b) Heat map with 

latitude and longitude at the left, blue shade indicates the abundance of the species (×104 coccospheres/L) in the 

respective zones, red shade represents physicochemical parameters (c) general representation of temperature, 

nutrients, calcite, and silicate distribution in the Southern Ocean. 

4.4.2. Factors affecting the coccolithophore species distribution across the frontal zones  

The coccolithophore species distribution and composition suggest that the highest diversity is 

observed in the STZ, whereas the AZ had the lowest diversity and is characterized by the 

monospecific assemblage of coccolithophores. Based on the similarity index and correlation 
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with physicochemical parameters of frontal zones coccolithophores distribution can be 

classified into different assemblages.  

Subtropical Zone assemblage 

The subtropical composition exhibited the maximum coccolithophore diversity between 

ARF and STF, showing affinity to the region with warm, relatively saline, low nutrient, and 

higher alkaline waters. The most abundant species was E. huxleyi, comprising different 

morphotypes viz. E. huxleyi morphotype A,  , C,   C, var. corona, morphotype ‘ ’ (Young et 

al., 2003; Hagino et al., 2011). However, the distribution of morphotypes varies with the frontal 

zones (Okada and Honjo, 1973; Findlay and Giraudeau, 2000; Gravalosa et al., 2008; Mohan et 

al., 2008; Beaufort et al., 2011; Hagino et al., 2011; Henderiks et al., 2012; Saavedra-Pellitero 

et al., 2014; Patil et al., 2017, 2020: Malinverno et al., 2015).  

The E. huxleyi type C and B/C morphotypes were consistently present throughout the transect, 

exhibiting tolerance to a wide range of environmental conditions. These morphotypes were 

most abundant in the STZ and SAZ. Emiliania huxleyi type B and A were also abundant, and 

primarily restricted to STZ and north of SAZ, thriving in warm, high saline, low nutrient 

conditions (Fig 7a, b). This agrees with the findings of previous studies by Hiramatsu and De 

Deckker (1996), Findlay and Giraudeau (2000), Mohan et al. (2008), and Patil et al. (2017, 

2020). Likewise, in the Pacific sector of the Southern Ocean, E. huxleyi type A was observed to 

be restricted to the west and north of the SAZ (Saavedra-Pellitero et al., 2014; Malinverno et 

al., 2015, 2016). While, the deformed E. huxleyi (mostly belonging to type B/C and C) were 

highly abundant in the polar frontal waters (Malinverno et al., 2005; Mohan et al., 2008).  

Gephyrocapsa muellerae was abundant in the STZ and north of the SAZ within a temperature 

range of 8–20 ℃ and was absent beyond 45°S, exhibiting a preference towards low nutrient 

concentrations and elevated temperatures relative to the south of the SAZ and PFZ (Fig. 3, 6). 

Similar observations were made in the Southern Indian Ocean (Patil et al. 2017, 2020) and the 
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Australian sector of the Southern Ocean (Findlay and Giraudeau, 2000). However, low 

abundance at the STF and relatively higher abundance in plankton and surface sediment of 

SAZ and PFZ were recorded in the Pacific sector of the Southern Ocean (Saavedra-Pellitero et 

al., 2014; Saavedra-Pellitero and Baumann, 2015). The studies by Vollmar et al. (2021) 

recorded this species south of the PF as far as 62°S, however, sediment records reflect data 

pertaining to long periods of time as opposed to a single season. This indicates that the species 

prefer cold and nutrient-rich water and is being used as a cold-water proxy for 

palaeoceanographic studies (Winter and Siesser, 1994; Winter et al., 1999; Findlay and Flores, 

2000; Ziveriet al., 2004). The discrepancy in the distribution of this species between the Indian 

sector and other sectors of the Southern Ocean could be a combination of the wider temperature 

tolerance of the species and differences in the regional settings of these studies. 

Calcidiscus leptoporus subsp. leptoporus was abundant in SAZ and rarely present in the 

STZ whereas C. leptoporus subsp. small was abundant in the SAZ and STZ. In previous 

studies, the presence of C. leptoporus was recorded south of the SAF (PFZ) in the Indian sector 

of the Southern Ocean (Mohan et al., 2008) and dominant poleward to the STF (SAZ) in the 

Australian sector of the Southern Ocean (Nishida, 1986; Findlay and Giraudeau, 2000). Further 

Higher abundance of C. leptoporus in the surface sediment of SAZ in the Drake Passage was 

recorded (Vollmar et al., 2021). In the Pacific sector of the Southern Ocean, C. leptoporus 

subsp. leptoporus was abundant in the SAZ and was also recorded in PF regions (Gravalosa et 

al., 2008; Saavedra-Pellitero et al., 2014; Malinverno et al., 2015). The occurrence of C. 

leptoporus/ C. leptoporus subsp. leptoporus in higher abundance south of STF confirms the 

affinity of this species to cooler waters of the Southern Ocean (Nishida, 1986; McIntyre and 

Bé, 1967). However, higher abundance for both subspecies was recorded in the STZ and as far 

south as SAZ (Patil et al., 2017) indicating a preference for warmer waters (Hiramatsu and De 

Deckker, 1996). It should be noted that studies from the Pacific sector of the Southern Ocean 
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lack STZ as the stations covered were only from SAZ to PFZ. However, in this study the 

occurrence of C. leptoporus subsp. small and C. leptoporus subsp. leptoporus was abundant in 

SAZ and showed no clear correlation with any parameter (Fig. 6, 7).  

Syracosphaera spp. was the most diverse genus, and 23 species were recorded in this 

study. S. pulchra was most abundant in the STZ, followed by S. prolongata, S. tumularis, and 

other minor species showing a preference for high temperature, salinity, and low nutrient 

conditions. These findings agree with the results of previous studies in the Southern Indian 

Ocean (Patil et al. (2017, 2020). However, the occurrence of this genus was rare in the Indian 

sector of the Southern Ocean (Mohan et al., 2008). The abundance of Syracosphaera spp. in the 

STZ indicates a preference for warmer waters and low nutrient conditions which is also 

exhibited in the Australian (Findlay and Giraudeau 2000), Pacific (Malinverno et al., 2015; 

Saavedra-Pellitero et al., 2014), and Atlantic sectors of the Southern Ocean (Boeckel and 

Baumann, 2008).  

Other abundant species recorded in the warm waters of STZ were A. quattrospina, U. 

tenuis, M. elegans, O. hydroideus, O. fragilis, G. ericsonii, and D. tubifera. These species were 

low in abundance or not observed in previous studies (Mohan et al., 2008; Patil et al., 2017). 

Umbilicosphaera spp., Calciosolenia spp., Acanthoica spp., and Kataspinifera baumanii were 

some of the other species recorded in the STZ. Apart from these, holococcoliths Syracosphaera 

histrica HOL, Helicosphaera HOL, and Calcidiscus leptoporus subsp. leptoporus HOL were 

abundant in the STZ, indicating a preference for warmer waters. Data collected in this study 

also recorded rare occurrences of R. purvula, C. aculeata, C. cristatus CER rostratus 

type+hoops, Papposphaera sagittifera, and Z. hellenica. 
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Subantarctic Zone assemblage  

The SAZ assemblage was dominated by E. huxleyi type C. Emiliana huxleyi type B/C 

with low abundances of deformed type, however, E. huxleyi type A was restricted to north of 

the SAZ. This agrees with previous studies (Findlay and Giraudeau, 2000; Gravalosa et al., 

2008; Mohan et al., 2008; Charalampopoulou et al., 2011; Patil et al., 2013, 2017; Malinverno 

et al., 2015). Calcidiscus leptoporus subsp. small and C. leptoporus subsp. leptoporus were 

abundant in the SAZ, which agrees with the findings of a study of the Pacific sector (Saavedra-

Pellitero et al., 2014). Mohan et al. (2008) recorded the rare occurrence of these species in the 

south of the SAZ and the PFZ of the Indian sector of the Southern Ocean. On the other hand, 

Patil et al. (2017) did not record these species south of the PFZ. These species have been 

previously described as a tropical species, inhabiting temperature ranges of 20–30 ℃, and 

recorded in colder waters, as low as 6 ℃ (McIntyre et al., 1970). Preference of C. leptoporus 

subsp. leptoporus to cold nutrient-poor waters and C. leptoporus subsp. small to warm nutrient-

rich stratified water was observed in the samples from the north Atlantic (Renaud et al., 2002) 

however in the southern Indian ocean these species showed no clear preference regarding 

temperature or nutrients (Fig. 6, 7). Which indicates other factors are influencing these species. 

Gephyrocapsa muellerae, M. elegans, O. hydroideus, Umbellosphaera sp., 

Algirosphaera sp., Acanthoica sp., D. tubifera, and most members of Syracosphaera spp. were 

present in low abundance and restricted to north of SAZ (Patil et al 2017; Saavedra-Pellitero et 

al. 2014). Syracosphaera pemmadiscus, S. noroitica, S. didyma, and S. nodosa type A occurred 

only in the SAZ. S. dilatata, S. halldalii, and S. mediterranea were abundant and present 

throughout SAZ. The occurrence of Gephyrocapsa oceanica in the southernmost Atlantic and 

Indian Oceans has been recorded in previous studies (Verbeek, 1989; Eynaud et al., 1999; 

Mohan et al., 2008). However, G. oceanica was not observed in this study. Similar 

observations were made by Saavedra-Pellitero (2014) in the Pacific sector of the SO and Patil 
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et al., (2017) in the Indian sector of the SO. A rare occurrence of holococcolithophores 

Calcidiscus leptoporus subsp. leptoporus HOL, C. pelagicus subsp. braarudii HOL was 

recorded in the SAZ zone. In previous studies, C. pelagicus subsp. braarudii was never 

recorded in water samples from the Indian sector of the SO (Mohan et al., 2008; Patil et al., 

2017, 2020). In contrast, in this study, holococcoliths were recorded in the surface samples, 

similar to observations made by Saavedra-Pellitero and Baumann (2015) in the Pacific sector. 

Low abundance in sediment trap studies was observed in the Australian sector of the Southern 

Ocean (Hernández et al., 2019). The occurrence of holococcolithophore C. pelagicus subsp. 

braarudii in the Indian sector of the Southern Ocean indicates that this species generally occurs 

in very low abundance and is scarce in the Southern Ocean, in contrast to the dominance of this 

species in sub-Arctic regions (Andruleit 1997; Baumann et al., 2000). Furthermore, Langer et 

al. (2022) postulated that the heterococcoliths of C. pelagicus subsp. braarudii have a low 

tolerance to light compared to holococcolithophores and are more prevalent in winter and at 

greater depths. 

Polar Frontal Zone and Antarctic Zone assemblages 

The coccolithophore assemblage in this region is primarily dominated by E. huxleyi 

type B/C and E. huxleyi type C, which occur as far as 58°S. Similar observations were recorded 

in other sectors of the Southern Ocean (Findlay and Giraudeau, 2000; Cubillos et al., 2007; 

Gravalosa et al., 2008; Mohan et al., 2008; Charalampopoulou et al., 2011; Patil et al., 2013, 

2017; Malinverno et al., 2015). In this study, sporadic occurrence of E. huxleyi type A was 

observed in the PFZ. Similar observations were made in surface sediments by Saavedra-

Pellitero and Baumann (2015), and Cubillos et al. (2007). In this study, sporadic occurrences of 

C. leptoporus small, K. baumanii, and B. virgulosa were observed, but below temperatures of 

1 ℃, no coccospheres were recorded, which is consistent with observations made by Patil et al. 
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(2017). However, this contradicts a previous study by Winter et al. (2014), which suggests an 

increasing southward expansion of E. huxleyi.  

Malinverno et al. (2016) described how coccolithophores represent most hard-shelled 

phytoplankton in the SAZ and make an important contribution to total fossilizable 

phytoplankton groups throughout the SAZ and PFZ. Though coccolithophores represent one of 

the groups used in palaeoceanographic reconstructions, their efficacy might vary based on their 

differing responses to the physicochemical properties of different sectors of the Southern 

Ocean, as well as the time of sampling. Here it is essential to conduct year-round studies of the 

current coccolithophore composition and the factors affecting this composition in important 

regions of the Southern Ocean, using ship-based sampling or sediment traps. This long-term 

approach might help elucidate the differences in the coccolithophore ecology distribution and 

factors regulating the seasonal variation in composition in different sectors of the Southern 

Ocean.  

4.5. Conclusions 

The distribution and number of coccolithophores along the transect of the Southern 

Indian Ocean varied significantly in different frontal zones  

In total, 54 species of coccolithophore, including 8 holococcolithophores were recorded. 

E. huxleyi was consistently dominant along the transect. Species diversity showed a decreasing 

trend from north to south. 

Higher abundance and diversity were recorded in the STZ, but a highly abundant 

monospecific assemblage of E. huxleyi was observed in the PFZ furthermore AZ was 

completely devoid of coccolithophores. Temperature and nutrient concentration significantly 

regulated the abundance and distribution pattern in the Southern Indian Ocean. 
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The present study essentially agrees with the findings of previous studies in the 

Southern Indian Ocean, however, certain variations are also present, likely due to seasonal 

variation and time of sampling. Though the distribution of coccolithophore is comparable to 

that seen in other sectors of the Southern Ocean certain species such as G. muellerae however 

are abundant in the STZ of the Southern Indian Ocean. However, these species are found 

abundant in the SAZ in different sectors of the Southern Ocean, which could be due to 

differences in oceanographic settings. 

Holoccolithophores of C. pelagicus subsp. braarudii were observed, whereas 

heterococcoliths were absent due to the difference in the temporal and spatial distribution of 

different life cycle phases. 

Calcidiscus leptoporus showed no clear association with any of the parameters recorded 

in this study, suggesting that other factors, such as grazing, might affect their distribution.  

To better understand the difference in the biogeographic distribution of coccolithophore 

species for palaeoceanographic implications it is necessary to conduct year-round observation 

using ship-based sampling or sediment trap studies. 
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Distribution of coccoliths in surface 

sediments of the Southern Indian Ocean: 

Biogeography, preservation, and carbonate 

contribution 
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5.1. Background 

The Southern Indian Ocean consists of unique oceanographic features. Owing to highly 

varied bottom topography, the intensity of fronts varies, fronts merge, split and steer 

(Kostianoy et al., 2004; Sokolov and Rintoul, 2007a, 2009a) in the Crozet (Park et al., 1993) 

and Kerguelen regions (Belkin and Gordon, 1996). The Southern Indian Ocean consists of the 

Agulhas Return Front (ARF) which merges with the Subtropical Front (STF) (Lutjeharms and 

Ansorge, 2001). The frontal system further south consists of the Subantarctic Front (SAF), 

Polar front (PF), and the Antarctic zone (AZ), which consists of the southern ACC front 

(SACCF) and Southern boundary (SB) of the ACC (Sokolov and Rintoul 2009a.).The fronts 

and zones in the Southern Ocean vary in the physicochemical parameter as well as biological 

features (Jasmine et al., 2009). The properties of surface waters of the Southern Ocean such as 

stability of water column, variation in sea ice extent, light availability, temperature, salinity, 

density, and nutrient concentrations (Tsuchiya et al., 1994; Orsi et al., 1995; Belkin and 

Gordon, 1996; Park et al., 2001; Lutjeharms, 2006) play important role in regulating primary 

production and the potential of Southern Ocean to sink CO2 by the means of a biological pump 

and carbonate pump.  

In the modern ocean along with other groups of phytoplankton, coccolithophore plays 

an important role in the climate system via dimethyl sulphide formation, and the carbon cycle. 

Satellite studies revealed that coccolithophores are abundant south of STZ and north of the PF, 

forming the Great Calcite Belt during the austral summer (Balch et al., 2011, 2016). They 

contribute up to 16.5% of the total annual net primary production south of 30°S (Nissen et al., 

2018) and their distribution is controlled by latitudinal zonation and frontal system dynamics 

(McIntyre and Bé, 1967; Findlay and Flores, 2000; Ziveri et al., 2004). Coccolithophores play a 

complicated and vital role in the carbon cycle (Salter et al., 2014). They release CO2 into the 

surface water and atmosphere during calcite plate/coccolith formation (Rost and Riebesell, 



Distribution of coccoliths in surface sediments  

101 
 

2004), which reduces its uptake into the surface ocean. Conversely, organic matter produced 

through photosynthetic activity by coccolithophores enhances carbon sequestration through the 

biological carbon pump (Volk and Hoffert, 1985). However, owing to their high density and 

low dissolution rate, coccoliths act as an effective ballast for organic matter as well as inorganic 

carbon (CaCO3) via marine snow, thereby increasing the sequestration of carbon to the depths 

(Buitenhuis et al., 2001; Boyd and Trull, 2007; Ziveri et al., 2007). Coccolithophores respond 

to the changes in surface water masses by varying in distribution, abundance, 

assemblages/composition, and morphology (McIntyre and Bé, 1967). This information is 

imprinted in the sediment records of coccoliths which form a major part of deep-sea sediment 

accumulating into fossil records and providing paleoenvironmental information.  

In the current climate change scenario, little is known about the coccolithophore 

response to environmental changes (Iglesias-Rodriguez et al., 2008). Few studies have shown a 

southward shift in the coccolithophore species and assemblages (Cubillos et al., 2007; Patil et 

al 2020). A study by Donahue et al. (2019) exhibited taxon-specific and regional variation in 

coccolithophores in response to increased pCO2 and light intensity. Reduced calcification in 

three morphotypes of E. huxleyi from different latitudes under varying ocean acidification 

conditions was observed by Müller et al. (2015, 2017).  

In recent years new information on biogeographic distribution, ecology, and factors 

affecting extant coccolithophores in the different sectors of the Southern Ocean and in the more 

restricted areas has come to light (Boeckel and Baumann, 2008; Gravalosa et al., 2008; Mohan 

et al., 2008; Guerreiro et al., 2013; Malinverno et al., 2015; Saavedra-Pellitero et al., 2014; 

Patil et al., 2017, 2020). Additionally, information and studies on the transformation of living 

coccolithophores to surface sediment assemblages and the factors affecting them are very 

scarce with few exceptions (e.g., Baumann et al., 2000; Andruleit et al., 2004; Boeckel and 

Baumann, 2008), particularly at high latitudes in the Pacific sector (Saavedra-Pellitero and 
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Baumann, 2015; Vollmar et al., 2021), Australian sector (Rigual Hernández et al., 2018), 

Atlantic sector (Boeckel and Baumann, 2004) and Indian sector (Patil, 2015) of the Southern 

Ocean. The sinking assemblage reaches the sea floor in a highly altered state that varies 

significantly from the surface water assemblage (Honjo and Okada, 1974; Steinmetz, 1994; 

Kinkel et al., 2000). The deposition and preservation of coccoliths in the surface sediment is the 

result of organic matter flux to the ocean floor, its respiration and remineralization., transport of 

carbonates via currents, and carbonate chemistry (i.e., pH, alkalinity, partial pressure of CO2, 

dissolved inorganic carbon) of the water masses in the water column and above the sediment 

(Hauck et al., 2012; Pörtner and Farrell, 2008; Doney et al., 2012). These factors alter the 

surface ocean signals recorded by the coccoliths and thus making it challenging to decipher the 

paleoenvironmental signatures using coccolith records (Gerotto et al., 2022). Apart from 

studying ecology, biology, and distribution of living coccolithophores in plankton samples, it is 

essential to also study the taphonomical processes which alter coccolith assemblages during 

their accumulation on the seafloor (Andruleit et al., 2004).  

In this study, the robustness of recent coccolith in the surface sediments in reflecting the 

distribution of the coccolithophore assemblage in the overlying surface ocean is examined. 

Surface sediment assemblages are compared with plankton assemblages to gain information on 

the occurrence of species, their preservation, calcium carbonate contribution, and factors 

affecting their composition and preservation in the Southern Indian ocean.  

5.2. Methodology  

Surface sediment samples used in this study were collected during Indian Southern 

Ocean Expeditions and from the archives of the University of Bordeaux, across the latitude 

30°S–70°S and longitude 30°E–100°E. The physicochemical parameter data has been extracted 

from the European Commission’s Copernicus Marine Environment Monitoring Service. For 
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analysis, samples were processed following the technique described by Flores and Sierro 

(1997). A minimum of 400 coccoliths in each sample were counted and identification of 

coccoliths was carried out using Nannotax3 (www.mikrotax.org) and previous literature 

(Young et al., 2003; Cros and Fortuño, 2002). Further, coccolith absolute abundance, diversity, 

and dissolution index (CEX) were calculated and further statistical analysis was done. For more 

details regarding methodology and study area, refer to Chapter 2. 

5.3. Results  

5.3.1. Changes in the coccolith absolute abundance and diversity across the fronts  

Coccolith distribution patterns displayed latitudinal variation in the surface sediment 

samples taken from the Southern Indian Ocean. A total of 21 coccolithophore species were 

recorded and coccoliths were consistently present from the STZ to the PFZ at varying oceanic 

bottom depths. (Table 1, Fig. 1a). Total coccolith absolute abundance (CAA) was highest in the 

STZ with average values of 11.1 × 109 coccoliths/g of sediment followed by south of SAZ 

where average values were 9.3 × 109 coccoliths/g of sediment. The CAA was relatively low in 

PFZ with an average value of 2.5 × 109 coccoliths/g of sediment, whereas, the samples taken 

south of the PFZ and AZ were devoid of coccoliths.  

Coccolith diversity was highest in the STZ (1–2) and PFZ (0.2–1.9) and lower values 

were recorded in the SAZ (0.4–1.6) (Fig. 1b). Absolute abundance and diversity were highest 

in the STZ however the decreasing trend in diversity did not extend to the PFZ. Coccolith 

absolute abundance and diversity showed a strong positive correlation with temperature (R = 

0.74, P<0.001 and R = 0.65, P<0.001 respectively) and a positive but weak relationship with 

salinity (R = 0.30 and R = 0.40, P<0.05 respectively). Inverse correlation was observed with 

nitrate (R = 0.71, P<0.001 and R = 0.61, P<0.01) and phosphate (R = 0.71, P<0.001 and R = 

0.62, P<0.01) (Fig. 4) 
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Figure 1. a) Total Coccolith absolute abundance b) diversity c) temperature d) salinity e) phosphate (µM) and f) 

nitrate (µM) data extracted from European Commissions Copernicus Marine Environment Monitoring Service 

(https://marine.copernicus.eu/access-data) 

5.3.2. Coccolith species distribution across the frontal zones 

In the surface sediment samples, a total of 21 coccolithophore species were recorded 

(Table 1) of which a ubiquitous species Emiliania huxleyi was the most abundant species in 

most of the samples. The highest abundance of E. huxleyi was recorded in SAZ (1.7–19.5 × 109 
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coccoliths/g of sediment) and STZ (1.7–14.9 × 109 coccoliths/g of sediment) lowest abundance 

was recorded in the north of PFZ (0.4–4.7 × 109 coccoliths/g of sediment) and is completely 

absent in AZ (Fig. 2a).  

A higher abundance of Gephyrocapsa oceanica was recorded in STZ (0.3–4.4 × 109 

coccoliths/g of sediment) followed by SAZ (0.1–0.6 × 109 coccoliths/g of sediment) and PFZ 

(0.04–0.1 × 109 coccoliths/g of sediment). A similar pattern was recorded in Gephyrocapsa 

muellerae highest abundance was recorded in STZ (0.1–1.3 × 109 coccoliths/g of sediment) 

whereas abundance was reduced in SAZ (0–0.4 × 109 coccoliths/g of sediment) and the lowest 

was recorded in PFZ (0–0.03 × 109 coccoliths/g of sediment) Reticulofenestra sp. was present 

in same concentration in STZ and SAZ (0–0.1 × 109 coccoliths/g of sediment) and absent in 

PFZ. (Fig. 2l).  

Calcidiscus leptoporus was the second most abundant species, consisting primarily of 

C. leptoporus subsp. small and C. leptoporus subsp. leptoporus. C. leptoporus subsp. small was 

recorded highest in STZ (0.04–0.8 × 109 coccoliths/g of sediment) and showed a decreasing 

trend towards the south (Fig. 2e). Calcidiscus leptoporus subsp. leptoporus was most abundant 

in the SAZ (1.1–3 × 109 coccoliths/g of sediment), STZ (0–1.7 × 109 coccoliths/g of sediment), 

and PFZ (0–0.3 × 109 coccoliths/g of sediment) (Fig. 2f). Calcidiscus leptoporus subsp. 

quadriperforatus was present but relatively scarce. Coccolithus pelagicus subsp. braarudii was 

present in the STZ, SAZ, and PFZ and ranged between (0.0–0.1 × 109 coccoliths/g of sediment) 

in all three zones (Fig. 2 h).  

The decreasing trend from STZ to PFZ was observed in Umbilicosphaera sp., STZ (0–

0.05 × 109 coccoliths/g of sediment), SAZ (0.01–0.1 × 109 coccoliths/g of sediment), PFZ (0–

0.01 × 109 coccoliths/g of sediment) (Fig. 2i), Helicosphaera carteri STZ (0–0.03 × 109 

coccoliths/g of sediment) SAZ (0.01–0.1 × 109 coccoliths/g of sediment) PFZ (0–0.02 × 109 
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coccoliths/g of sediment) (Fig. 2 d) and Florisphaera profunda, a low photic zone taxa, was 

abundant in STZ (0–5.9 × 109 coccoliths/g of sediment), SAZ (0.02–0.3 × 109 coccoliths/g of 

sediment) and very low abundance in PFZ (0–0.1 × 109 coccoliths/g of sediment) (Fig. 2j). The 

highest abundance of Umbellosphaera sp. was recorded in the STZ (0–0.2 × 109 coccoliths/g of 

sediment) followed by SAZ (0–0.3 × 109 coccoliths/g of sediment), but it was absent in PFZ 

(Fig. 2g). Syracosphaera pulchra showed a similar trend, with the highest abundance in the 

STZ (0–0.2 × 109 coccoliths/g of sediment) followed by SAZ (0–0.3 × 109 coccoliths/g of 

sediment), and it was absent in the PFZ (Fig. 2k). Reticulofenestra sp. was recorded in the north 

of the PFZ (0.3 × 109 coccoliths/g of sediment) with sporadic occurrence in the STZ and SAZ 

(Fig. 2l). Other minor species included Rhabdosphaera clavigera, Ceratolithus cristatus, 

Calciosolenia sp, Pontosphaera sp, Oolithotus sp., and Calciopappus sp.  

Based on coccolith abundance, the axes of the canonical correspondence analysis 

(CCA) explained 85.28% of the variance within the surface sediment dataset (Fig. 3). However, 

most species were close to the centre of the axis, thus presenting a very vague affinity towards 

the parameters. Coccolithus pelagicus subsp. braarudii and Reticulofenestra sp showed affinity 

to NO3 and PO4. Florisphaera profunda showed affinity to temperature and salinity (Fig. 3). 

All the species showed a positive correlation with temperature, a weak positive correlation with 

salinity, and an inverse correlation with NO3 and PO4 (Fig. 4). C. leptoporus subsp. leptoporus, 

Coccolithus pelagicus subsp. braarudii, Reticulofenestra sp. showed very weak correlation 

with parameters (Fig. 4) 
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Figure 2. Abundant species (×109 coccoliths per gram of sediment a) E. huxleyi, b) G. muellerae c) G. oceanica, 

d) H. carteri, e) C. leptoporus subsp. small f) C. leptoporus subsp. leptoporus, g) S. pulchra, h) C. pelagicus 

subsp. braarudii, i) Umbilicosphaera sp, j) F. profunda, k) Umbellosphaera sp. l) Reticulofenestra sp. 
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Figure 3. Canonical corresponding analysis (CCA) ordination diagram for coccolith assemblages and 

environmental variables (temperature, salinity, NO3, PO4) Abbreviations for each group are provided in Table 1. 

 

Figure 4. Correlation matrix diagram (Pearson's Correlation analysis. Parameters used are environmental variables 

Coccolithophore absolute abundance (CAA) and diversity. The color bar indicates blue as positive correlations and 
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red as negative correlations. The size of the dots in the diagram indicates the strength of the correlation. 

Correlations with p>0.05 were left blank.  

 

Table 1. Stations and species recorded in surface sediment samples 

Station Depth 

(m) 

Latitude 

(°S) 

Longitude 

(°E) 

× 109 

coccoliths/

g of 

sediment 

Species Abbre

viation 

STZ SAZ PFZ AZ 

ABP S6 4065 -31.3 47.58 15.7 Emiliania huxleyi Eh + + + - 

MD94-08BC 3491 -38.86 90.12 12.4 Gephyrocapsa 

muellerae 

Gm + + + - 

SK 200/17 4022 -39.03 44.97 19.8 Gephyrocapsa 

oceanica 

Go + + + - 

MD97-2102 3440 -39.92 86.01 13.3 Gephyrocapsa sp. G + + - - 

ABP S4 4065 -40.03 48.44 10.9 

ABP S3 3635 -40.29 48 12.4 Calcidiscus leptoporus 

small 

Cls + + + - 

MD94-07BC 2768 -41.71 90.28 4.7 Calcidiscus leptoporus 

ssp. leptoporus 

ClI + + + - 

ABP S1 3182 -42.5 40.08 4.6 Calcidiscus leptoporus 

large 

ClL + + - - 

SK 200/21 3210 -43.15 44.98 5.4 Coccolithus pelagicus 

ssp. braarudii 

Cpb + + + - 

Sk20022a 2723 -43.42 45.04 8.4 Umbilicosphaera 

sibogae 

U + + + - 

MD94-102 3205 -43.5 79.83 9.5 Umbilicosphaera 

foliosa 

+ + + - 

MD97-

2101G 

- -43.50 79.84 8.1 Helicosphaera carteri Hc + + + - 

MD94-06BC - -44.66 90.06 11.4 Calciosolenia sp. C + + - - 

MD94-109 - -44.67 90.06 6.5 Rhabdosphaera 

clavigera 

Rc + + - - 

SK 200/23 1423 -45 45.01 4.5 Umbellosphaera tenuis Ut + + - - 

MD19-3579 - -45.43 52.01 5.0 Umbellosphaera 

irregularis 

Ur + + - - 

MD00-

2375G 

- -45.72 86.75 7.99 Syracosphaera pulchra Sp + + - - 

MD19-3575 2400 -46.03 44.22 21.1 Syracosphaera spp. S + - - - 

MD19-3577 800 -46.11 49.11 2.0 Reticulofenestra sp. R + + - - 

SN2 4400 -47 57.3 0.98 Florisphaera profunda Fp + + + - 

MD94-04BC - -50.38 90.25 1.07 Ceratolithus cristatus Cc + - - - 

sk200/27 4377 -49 45.22 1.20 Pontosphaera sp.  + - - - 

sk200/33 4185 -55.01 45.01 0       

st 1 - -66.1 57.31 0       

ANT 1 - -69.09 75.53 0       

 

 

 



Distribution of coccoliths in surface sediments  

111 
 

5.3.3. Variation in coccolith dissolution index and coccolith carbonate 

The effect of carbonate dissolution on coccolith assemblage and preservation was 

determined by the ratio of E. huxleyi and C. leptoporus. The coccolith dissolution index (CEX) 

was >0.6 except in a few samples of SAZ and PFZ where the lowest CEX value was 0.4 at 

depths 1423 m and 3485 m respectively (Fig. 5b, Fig. 6a,b). The CEX values in STZ were 

highest, at 0.7–0.9, while in the SAZ and PFZ, CEX ranged between 0.4–0.9 indicating the 

good preservation conditions and low dissolution effect in the southern Indian ocean.  

To estimate coccolith CaCO3 contribution, coccolith mass of abundant species was 

calculated. The highest CaCO3 w% was recorded in STZ (12.0–33.85 w%) followed by SAZ 

(8–29.5 w%) and the lowest was recorded in PFZ (0.8–7.0 w%). C. leptoporus (0.2–21.44 

w%), G. oceanica (0.1–12.46 w%), H. carteri (0–6.73), E. huxleyi (0.1–5.4 w%), U. sibogae 

(0–2.62 w%), C. pelagicus subsp. braarudii (0–5.35 w%) were major contributors to the total 

CaCO3 w% (Fig. 7). 

 

Figure 5. a) Location of surface sediment samples b) Coccolith dissolution index (CEX)  

a b 
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Figure 6. Location of samples in bottom topography, a) Latitudinal (30–60°S) cross-section at 40°E–60°E 

longitude, b) Latitudinal (30°S–60°S) cross-section at 80°E–100°E longitude background map of annual mean 

salinity derived from World Ocean Atlas 2018 (Garcia et al., 2019) and gridded with Ocean Data View software 

(Schlitzer, 2016). Red diamonds indicate STZ samples, yellow diamonds indicate SAZ samples, blue diamonds 

indicate PFZ samples, and purple diamonds indicate AZ samples. 
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Figure 7. Heat map depicting coccolith carbonate content (CaCO3 w% g-1 sediment) of different species in the 

surface sediment samples 

5.4. Discussion 

5.4.1. Coccolith distribution in the surface sediment samples 

Coccolithophore assemblages and distribution in the plankton sample were not mirrored 

in the sediment. Species with delicate coccoliths recorded in the plankton community were 

absent in the surface sediment (e.g., Acanthoica spp., Algirosphaera spp., Alisphaera spp., 

Syracosphaera spp., Michaelsarsia sp., and holoccolithophores). Similar results were obtained 

in the Pacific sector of the Southern Ocean by Saavedra-Pellitero and Baumann (2015).  

Some species e.g., E. huxleyi, G. muellerae, and C. leptoporus were found in both the 

surface sediment and plankton samples. Emiliania huxleyi was the most abundant species 

distributed from STZ to PFZ in surface sediment. However, it is restricted to north of PFZ in 

surface sediment, unlike surface water distribution. In surface waters it is the only species 

present further south in AZ, as seen in Chapter 4 (Fig. 3) and in previous records (Mohan et al., 

2008, Patil et al., 2017). The preservation of E. huxleyi to the south of PFZ and AZ is impacted 

Latitude 1 2 3 4 5 6 7 8 9 10 11 12 Total 

-31.3 1.54 0.37 2.24 10.11 0.00 2.62 1.16 1.29 0.15 0.12 0.77 0.00 20.39 CaCO3w%

-38.87 2.19 0.68 0.90 9.15 0.00 0.42 0.19 3.11 0.21 0.74 0.05 0.21 17.85

-39.03 3.94 0.35 12.46 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 17.04 High

-39.92 2.13 0.93 2.52 6.60 2.58 1.05 0.46 2.59 0.15 0.58 0.13 0.80 20.53

-40.03 1.23 0.09 1.94 10.38 0.00 1.26 0.56 5.18 0.12 0.19 0.32 0.36 21.61 Legends Species

-40.29 1.39 0.06 2.54 15.66 4.12 1.68 0.74 6.73 0.15 0.19 0.30 0.29 33.85 1 E. huxleyi 

-41.72 0.45 1.04 1.53 4.03 5.15 0.17 0.08 0.22 0.01 0.00 0.02 0.06 12.76 2 G.muellerae

-42.5 0.48 0.17 1.18 6.96 0.86 0.44 0.19 1.29 0.03 0.12 0.10 0.00 11.82 3 G.oceanica 

-43.15 0.80 0.06 0.90 5.98 0.00 0.63 0.28 0.26 0.02 0.00 0.12 0.00 9.04 4 C. leptoporus

-43.42 1.94 0.00 0.69 3.27 0.74 0.30 0.13 0.74 0.00 0.00 0.01 0.10 7.92 5  C.pelagicus

-43.5 1.30 0.32 2.12 13.93 0.00 0.52 0.23 0.86 0.18 0.31 0.06 0.36 20.19 6  U. sibogae

-43.50 1.09 0.27 1.65 8.80 0.74 1.05 0.46 2.22 0.13 0.33 0.11 0.15 17.01 7  U.foliosa

-44.67 2.31 0.13 1.94 10.20 0.00 0.42 0.19 1.55 0.09 0.00 0.01 0.07 16.92 8 H. carteri

-44.67 0.92 0.32 0.56 10.55 1.03 0.21 0.09 2.59 0.06 0.28 0.04 0.29 16.94 9 U. tenuis

-45 0.46 0.03 0.53 15.69 0.00 0.09 0.04 0.43 0.00 0.00 0.00 0.00 17.26 10 U. irregularis

-45.44 1.25 0.03 0.12 0.81 0.86 0.00 0.00 0.00 0.00 0.00 0.00 0.00 3.07 11 F. profunda

-45.72 0.85 0.28 1.40 21.44 1.93 0.79 0.35 2.27 0.00 0.00 0.02 0.18 29.50 12 S.pulchra

-46.03 5.14 0.07 1.00 4.98 3.43 0.35 0.15 0.86 0.00 0.00 0.01 0.00 16.01

-46.11 0.50 0.02 0.15 0.16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.82 Low

-47 0.12 0.02 0.36 1.60 0.26 0.05 0.02 0.26 0.00 0.00 0.01 0.00 2.71

-50.38 0.10 0.03 0.15 2.88 0.30 0.04 0.02 0.41 0.00 0.00 0.01 0.00 3.94

-49 0.10 0.02 0.34 1.05 5.35 0.02 0.01 0.15 0.00 0.00 0.01 0.00 7.05

Mass estimations of the coccolith carbonate
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by low productivity, dilution by siliceous groups, and dissolution (Findlay and Giraudeau, 

2000) owing to low calcite saturation (Rigual Hernández et al., 2018).  

In surface sediment samples G. muellerae was abundant in both the STZ and SAZ, 

mimicking the distribution in surface waters (see Chapter 4, Fig. 3 and previous records (Patil 

et al., 2017)) showing affinity to warm and low nutrient waters. However, rare occurrence of 

this species in the north of PFZ was also recorded (Fig. 2b). Similar distribution was observed 

in the Australian sector of the Southern Ocean (Findlay and Giraudeau, 2000). In the sinking 

assemblages of SAZ, this species was recorded as a secondary component of total contributing 

coccolithophores according to sediment trap studies by Rigual Hernández et al. (2020). This 

species was largely recorded in SAZ and PFZ in the surface sediment and plankton samples of 

the Pacific sector of the Southern Ocean (Saavedra-Pellitero and Baumann, 2015; Saavedra-

Pellitero et al., 2019). However, previous studies suggest the affinity of G. muellerae to cold 

nutrient-rich waters (Winter and Siesser, 1994; Winter et al., 1999; Boeckel and Baumann, 

2004; Saavedra-Pellitero et al., 2010). The discrepancy between the results of these studies and 

those from the Indian sector of the Southern Ocean suggests that G. muellerae in the southern 

Indian Ocean might have wider temperature range tolerance and flourish in temperate to 

subtropical waters. Alternatively, this may be due to the difference in regional settings of the 

Indian sector of the Southern Ocean. Further studies are required to elucidate these differences. 

Calcidiscus leptoporus was abundant (0.02–3.2 × 109 coccoliths/g of sediment) in the surface 

sediments and present from the STZ to PFZ. Calcidiscus leptoporus subsp. leptoporus and C. 

leptoporus subsp. small showed higher abundance in the SAZ and STZ, respectively. However, 

in the plankton samples, both subspecies were abundant in the SAZ alone. Patil et al. (2017, 

2020) observed that this species was abundant in the water samples of the Agulhas zone and 

STZ followed by SAZ. However. C. leptoporus/C. leptoporus subsp. leptoporus were recorded 

as abundant south of the STZ and SAZ (Nishida, 1986; McIntyre and Bé, 1967); Australian 
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sector (Findlay and Giraudeau, 2000); Atlantic sector (Boeckel and Baumann, 2008); Indian 

sector (Patil et al., 2017); Pacific sector (Malinverno et al., 2015; Saavedra-Pellitero and 

Baumann, 2015) and in sediment samples taken from the Drake passage (Vollmar et al., 2021). 

Compared to these observations, previous studies from the Indian sector of the Southern Ocean 

recorded rare occurrences of this species in the water sample of SAZ and PFZ (Mohan et al., 

2008). In contrast, C. leptoporus subsp. small has been previously described as a warm water 

species owing to its high abundance in the STZ (Hiramatsu and De Deckker, 1996; McIntyre et 

al., 1970); and restricted to subtropical gyre (Boeckel and Baumann, 2008). In this study, C. 

leptoporus subsp. small showed a positive correlation to temperature and an inverse 

relationship to nutrients. In contrast, C. leptoporus subsp. leptoporus species did not show any 

clear affinity to temperature, salinity, and nutrients (Fig. 2e, f, and Fig. 3, 4). The discrepancies 

in the abundance of different subspecies of C. leptoporus may be due to the factors in the water 

column such as seasonal variations in the subspecies abundances, competition for nutrients, and 

grazing impact (Renaud and Klaas, 2001; Renaud et al., 2002).  

Other minor species were H. carteri, S. pulchra, Umbellosphaera spp. (U. tenuis and U. 

irregularis), and Umbilicosphaera spp. (U. sibogae and U. foliosa). These species were mainly 

restricted to STZ and SAZ. Owing to the preference for warm and oligotrophic subtropical and 

tropical waters (Okada and McIntyre, 1979; Ziveri et al., 1995; Boeckel and Baumann, 2004; 

Mohan et al., 2008). Umbilicosphaera spp. were recorded in STZ and SAZ with higher 

abundance in the open ocean sample compared to samples in proximity to Crozet Island (Fig. 

2i). In plankton data both species are restricted to STZ The rich Syracosphaera spp. diversity 

seen in the plankton sample was not observed in the sediment sample - only a single species, S. 

pulchra, was preserved in open ocean regions (Fig. 2g), showing affinity to high temperature, 

salinity, and low NO3, PO4 concentration (Patil et al., 2020) (Fig. 4). 
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Some species were present exclusively in the surface sediment, namely G. oceanica, C. 

pelagicus, F. profunda, R. clavigera, and Reticulofenestra sp.  

Gephyrocapsa oceanica is a low-latitude, r-selected species with an affinity toward 

elevated nutrient and temperature conditions (Boeckel and Baumann, 2004). However, very 

rare specimens were recorded in conditions below 13 ℃ (McIntyre and  é, 1967; Eynaud et 

al., 1999; Hagino et al., 2005). Low abundance of this species was recorded in the subtropical 

assemblages north of 41°S in the Indian sector of the Southern Ocean (Mohan et al., 2008). 

Though abundant (0.1–4.4× 109 coccoliths/g of sediment) in surface sediment samples, G. 

oceanica was absent in the plankton samples in the present study. A similar discrepancy was 

observed in previous studies conducted in the Southern Indian Ocean (Patil et al., 2017, 2020) 

and in the Pacific sector of the Southern Ocean (Saavedra-Pellitero et al., 2014; Saavedra-

Pellitero and Baumann, 2015). The sporadic distribution of this species in the surface sediments 

of the Pacific sector could be due to the occasional warmer conditions in the SAZ or through 

drifting into the study area as a result of ocean currents (Saavedra-Pellitero and Baumann, 

2015). This may hold true also for its pattern of occurrence in the southern Indian Ocean, 

considering the presence of this species in the surface sediments in the PFZ. 

Reticulofenestra sp. is sporadically distributed in the surface sediments and was not 

recorded in the plankton samples. Vollmar et al. (2021) observed similar distribution in the 

drake passage. However, this species was not recorded in the plankton samples (Mohan et al., 

2008, Patil et al., 2017).  

A decreasing trend of Florisphaera profunda was observed from STZ to PFZ. This 

species is a lower photic zone subtropical-temperate species abundant between 30°N–30°S and 

rarely occurs in high abundance in the higher latitudes (Hernández-Almeida et al., 2019). This 

species occurred sporadically and was absent at latitudes greater than 40°S in plankton samples 
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(Mohan et al., 2008). However, in the present study, atypical abundance was observed in the 

surface sediments of the PFZ. Similar observations were made in plankton samples by Winter 

et al. (1999) and in surface sediment samples by Vollmar et al. (2021) in the Drake Passage. 

Previous reports recorded only a few numbers of this species in the sediment near New Zealand 

and suggested that this specimen might be transported by currents (Saavedra-Pellitero and 

Baumann, 2015).  

The occurrence of warm water species such as G. oceanica, F. profunda, 

Umbellosphaera sp. Umbilicosphaera sp. in the south of the SAZ and the PFZ could be the 

result of physical transport via warm water eddies shed from Agulhas return current as these 

mechanisms transport large amounts of heat, salt, and organisms towards poles (Winter et al., 

1999; Chacko et al., 2014).  

Higher abundances of these species in the eastern transect compared to the western 

transect suggests a strong influence of warm water currents flowing from the eastern part of the 

Southern Ocean, such as the Indonesian throughflow and east Australian current, combined 

with the progressive shallowing of the Agulhas Return Current which loses its strength and 

warmth beyond 60°E (Kostianoy et al., 2004; Lutjeharms, 2006). Similar observations were 

recorded in radiolarian assemblages in the Indian and Pacific sectors of the Southern Ocean 

(Civel-Mazens et al., 2023).  

Coccolithus pelagicus subsp. braarudii, a temperate water species (Ziveri et al., 2004) 

was present from south of the STZ to north of the PFZ in the surface sediment, and only 

holococcoliths in the SAZ were recorded in the plankton sample in the present study. This 

species has not been previously recorded in the surface waters of the southern Indian Ocean 

(Mohan et al., 2008; Patil et al., 2017, 2020) and the Pacific sector of the Southern Ocean 

(Saavedra-Pellitero and Baumann 2015). A possible explanation could be that this species 
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exists in surface water in low abundance, and only in the austral winter. Their presence in the 

surface sediments might be a result of the differential dissolution of individual coccolith taxa. 

Large, heavily calcified, robust coccoliths of C. pelagicus can weigh as much as 150 pg 

whereas those of smaller species such as E. huxleyi weigh 2–5 pg (Giraudeau and Beaufort, 

2007). This stark variation can result in comparatively better preservation of large, heavily 

calcified, coccoliths (Findlay and Giraudeau, 2002; Choudhari et al., 2023).  

  Overall, all coccolithophore species (from the western and eastern transect) decline in 

abundance from the SAZ to the PFZ, and are entirely absent in AZ. This is mainly due to the 

N-S decline in calcite saturation in surface waters and surface sediments south of 45 S are 

below the calcite saturation horizon. STZ and SAZ showed no clear pattern of assemblages and 

most species were abundant in these zones. 

Unlike in the plankton samples, no clear biogeographic distribution of coccolith 

assemblages according to frontal zones was observed in the sediment samples. Possible 

explanations for this are the varying dissolution rates in different coccolithophore species, 

(Boeckel and Baumann, 2004) and varying carbonate saturation of water masses (Samtleben 

and Schröder, 1992), resulting in the preservation of only robust and heavily calcified species.  

5.4.2. Factors responsible for the variation of coccoliths in the surface sediments  

Details regarding factors affecting the distribution and concentration of coccoliths on 

the underlying sediments are relatively scarce. Surface water communities are affected by 

seasonal variations in oceanographic conditions (Andruleit, 1997), and the response of 

coccolithophores to these conditions is observed in the productivity, composition, ploidy, and 

type and morphology of coccoliths. Though coccoliths in the sediment should reflect these 

conditions (Deuser et al., 1990; Baumann et al., 2005) the interaction of factors such as 

selective dissolution and the dilution effect (Howard and Prell, 1994; Baumann et al., 2000; 
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Andruleit et al., 2004), sinking rates (Fischer and  arakaş, 2009), and physical forces alter and 

weaken their use as proxies in paleoenvironmental reconstructions.  

 

Figure 8. Comparison between plankton (×104 coccospheres/L) and surface sediment (×104 coccoliths/g) absolute 

abundance of coccolithophore (triangle), diversity (blue star), temperature (red diamond) a) surface water data b) 

surface sediment data. 

STZ SAZ PFZ AZ 

STZ SAZ PFZ AZ 

a 

b 
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Figure 9. The vertical distribution of the calcite saturation, Ωca. The Global Ocean Data Analysis Project 

(GL DAPv2.2021; Lauvset et al., 2021) dataset was used to compute Ωca using CO2sys.xls (Lewis and Wallace, 

1998). Transect A and B are the closest (to the study region) available samples from the GLODAPv2.2021 dataset.  
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Figure 10. Latitudinal variation in the total coccoliths, Emiliania huxleyi, and coccolith carbonate mass from 

surface sediments of the western (40E–60E longitude) and eastern (80E–100E) transect of the study region.  

In this study, the absolute abundance and diversity of coccoliths in sediment samples 

was compared with that of coccolithophores in plankton samples. In plankton samples, 

diversity of living coccolithophores varied with temperature from the STZ to the AZ (Fig. 8a, 

b). However, the diversity in the surface sediment sample did not show a clear trend from the 

STZ to the AZ indicating that regional factors affect their composition and preservation. 

Coccolithophore and coccolith absolute abundance in water and sediment samples varied from 

high to low concentrations from the STZ to the PFZ A similar trend was recorded in the Pacific 

sector of the Southern Ocean (Saavedra-Pellitero and Baumann, 2015). However, south of PFZ, 

where the living assemblage consisted of only E. huxleyi type C, the surface sediment was 

devoid of coccoliths owing to calcite dissolution that occurs at low temperatures and increased 

pressure (Sulpis et al., 2018) (Fig. 8). Calcite saturation states Ωca in the surface waters of the 
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study region display values >1, which generally indicate waters oversaturated with respect to 

calcite (Feeley et al., 2009). However, the calcite saturation values decrease from STF (Ωca >3) 

to APF (Ωca ~ 2) in surface waters (Fig. 9), which may be responsible for the north-south 

decline in the coccolithophore abundance in the plankton samples. Values lower than calcite 

saturation (Ωca <1) are located below 3200 m at STZ and SAZ, whereas the PFZ and AZ waters 

are calcite undersaturated below 3000 m depth (Fig. 9). The deeper location of the sediment 

samples (below calcite saturation depths; <3000–3200 m) and north-south decline in calcite 

saturation values of the surface waters, together contributed towards the decline in the coccolith 

abundance from STZ to PFZ sediments and absence of coccoliths in AZ sediments (Fig. 9, 10). 

Varying calcium carbonate dissolution rates in deeper waters may alter the taxonomic 

composition of recent planktonic microfossil assemblages in the surface sediment (Thierstein, 

1980). To utilize coccolith assemblages in paleoenvironmental interpretations it is necessary to 

identify the dissolution effect on the coccolith assemblages. Various coccolith dissolution 

indices (CEX) are proposed (Matsuoka and Okada, 1991; Dittert et al., 1999; Boeckel and 

Baumann, 2004). However, in this study, the method prescribed by Dittert et al. (1999), which 

is based on the differential dissolution between larger robust species C. leptoporus and delicate 

small species E. huxleyi, was followed. Most of the samples in STZ, SAZ, and northern PFZ 

showed good preservation (>0.6), while the southern PFZ and AZ displayed values <0.6 

indicating poor coccolith preservation (Fig. 5b). The CEX values lower than 0.6 in the southern 

PFZ and AZ can be attributed to calcite undersaturation (Ωca <1) at greater depths (>3000 m) 

and decreasing values of calcite saturation (Ωca ~2) in PFZ and AZ waters lowering the 

abundance of E. huxleyi significantly and thereby reducing the CEX (Fig. 9). Earlier studies 

from in and around Crozet Island (Smith et al., 2017) have reported reduced dissolution indices 

in the surface sediment samples which may be due to the influence of water masses such as 

Antarctic bottom waters (Fig. 5b, Fig. 6a, b). However, the application of the coccolith 
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dissolution index can give an approximation of the extent of dissolution. To obtain more 

precise results, applying a combination of multiple dissolution proxies, such as Globigerina 

bulloides dissolution index (BDX), foraminiferal fragmentation indices, and carbon rain ratio is 

required (Boeckel and Baumann, 2004). 

Coccolith mass variation in the different species of coccolithophore was estimated. 

Though E. huxleyi makes up the majority of the sinking assemblage in the Southern Ocean, it 

contributed relatively less to coccolith CaCO3. The major contribution and export of CaCO3 

came from less abundant but larger, more heavily calcified species such as G. oceanica, C. 

leptoporus, C. pelagicus, H. carteri, and U. sibogae (Fig. 7). This agrees with the results of 

sediment trap studies in the Australian-New Zealand sector of the Southern Ocean (Boeckel 

and Baumann, 2004; Rigual Hernández et al., 2020). Calcidiscus leptoporus was the major 

contributor to CaCO3 w%, followed by G. oceanica, H carteri, C. pelagicus, and U. sibogae. 

Total coccolith CaCO3 w% showed a high to low trend from the STZ to the PFZ. However, at a 

few stations in the SAZ, lower concentrations were recorded. Total coccolith CaCO3 w% 

follows a north-south trend similar to the calcite saturation states (Fig. 9, 10) indicating that the 

declining calcite saturation values in the surface waters and undersaturated deeper ocean can 

lead to lower coccolith carbonate mass in the PFZ. The CaCO3 w% calculated here does not 

project the total contribution in its entirety as seasonal variations in the morphotypes and 

different degrees of calcification of coccoliths (Poulton et al., 2011) cannot be determined in 

the sediment. Typically, only complete coccoliths are taken into consideration for the 

calculation of coccolith mass and detrital coccoliths are overlooked (Boeckel and Baumann, 

2004). Coccolith mass of individual species also differs based on the method used. For 

example, the mass estimation by morphometric approach shows two-fold higher values than 

with the birefringence approach (Charalampopoulou et al., 2016; Saavedra-Pellitero et al., 

2019, Rigual Hernández et al., 2020).  
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5.4.3. Factors affecting paleoceanographic implications  

The balance between CaCO3 production in supersaturated surface waters and 

dissolution in under-saturated deep water regulates CaCO3 production (Farrell and Prell, 1989). 

Coccolithophore production in surface water and dissolution and dilution in the surface 

sediment of the ocean floor controls the accumulation of coccoliths (Flores et al., 2003). 

Understanding the nature of present and past carbonate chemistry is essential as the 

sedimentary records of coccoliths are applied for paleoenvironmental reconstructions (Barbosa, 

2009; Baumann et al., 2005). However, the interpretation of coccolith fossil records could be 

challenging owing to their ecological and physiological response to the environmental 

conditions during their lifecycle and preservation in the ocean sediments. The coccolithophore 

productivity in the surface waters shows seasonal variations, which is a likely cause for the 

significant differences in species composition between the sampling periods (Friedinger and 

Winter, 1987). Seasonal changes in the position, temperature, and alkalinity of the oceanic 

fronts (e.g., Kostianoy et al., 2004; Bakker et al., 2014; Freeman et al., 2016; Balch et al., 2016; 

Pauthenet et al., 2018), intensity and extent of ocean currents such as the Agulhas current 

(Lutjeharms, 2006; Krug and Tournadre, 2012) which transfers excess equatorial heat to mid 

and high latitudes (Colling, 2001; Imawaki et al., 2013). Recurring eddy formations and 

meandering of water masses and associated plankton activity as a result of the interaction of the 

Antarctic Circumpolar Current with islands and complex dynamics of fronts and bathymetry 

(Durgadoo et al., 2010) play a crucial role in the variation of coccolithophore composition in 

the surface waters. Apart from abiotic factors biological factors such as competition, grazing 

pressure, and viral lysis also alter the coccolithophore composition in the surface waters 

(Nissen et al., 2018). According to Margalef’s mandala, a seasonal succession from diatoms to 

coccolithophores occurs when nutrient levels decrease and light levels increase (Margalef, 

1978). Microzooplankton exert grazing pressure on phytoplankton and control the total 
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phytoplankton biomass and composition (Le Quéré et al., 2016). Major groups like tintinnid 

ciliates and dinoflagellates significantly control pico- and nanophytoplankton stocks in the 

Southern Ocean (Fronemann, 2004; Mayers et al., 2019). 

On one hand, zooplankton grazing impacts coccolithophore assemblage in surface water 

causing variation in the coccolithophore composition due to selective grazing. On the other 

hand, aggregated coccoliths and coccospheres in zooplankton faecal pellets generally aid in the 

rapid transport through the undersaturated waters to the sea floor resulting in good preservation 

(Honjo, 1976; Honjo and Roman, 1978). However, in the upper 500 m, reduced coccolith and 

coccosphere abundance due to consumption and acid gut dissolution, defecation, and 

aggregation, has also been observed (Sherrell et al., 1998; Thomalla et al., 2008). 

In the sediment samples coccolith assemblages are prone to differential dissolution due 

to the varying carbonate saturation state of overlaying bottom water masses (Gottschalk et al., 

2018; González-Dávila et al., 2011), dilution by siliceous phytoplankton like diatoms, and 

various inputs from other sediment components (Boeckel et al., 2006). Erosion and reworked 

sediment also affect the coccolith assemblages (Findlay and Giraudeau, 2002).  

  All these factors influence the diversity pattern and abundance of coccolithophore 

assemblages in the sediment. As the surface sediment coccolith composition is the 

representation of accumulation over time, it is essential to take these factors into consideration 

for the application of the coccolith record in paleoenvironmental reconstruction. To obtain a 

clearer idea of factors regulating coccolithophore abundance and diversity in the southern 

Indian ocean year-round sediment trap studies are required to understand the influence of 

abiotic (such as effects of water masses, seasonal variations, and dissolution) and biotic factors 

(such as grazing pressure, dilution by other groups) on coccolithophore assemblages. 
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5.5 Conclusion 

From 25 surface sediment samples analysed from the southern Indian Ocean, a total of 

21 coccolithophore species were recorded. Total coccolith absolute abundance showed 

decreasing pattern from STZ to PFZ like that in the plankton samples. However, a clear pattern 

in the coccolith assemblage was not observed.  

In the further south in the PFZ and north of the AZ, samples are barren of coccolith as a 

result of dissolution due to the calcite under-saturated bottom water masses.  

Diversity along the frontal zones showed no clear pattern, number of species in surface 

sediment was less compared to plankton samples. Species that form delicate coccoliths 

(Acanthoica spp., Algirosphaera spp., Alisphaera spp., Syracosphaera spp., Michaelsarsia sp.) 

were absent in the surface sediment. However, some species recorded in the surface sediment 

sample (G. oceanica, C. pelagicus subsp. braarudii, F. profunda, R. clavigera, Reticulofenestra 

sp.) were not found in the plankton samples.  

Warm water species such as G. oceanica and F. profunda were found in the PFZ, 

Additionally, abundance of warmer water species was higher in the eastern transect compared 

to the western transect, indicating influence and transport of the species via warm water 

currents such as the Agulhas Return Currents, and the Indonesian throughflow and associated 

eddies. This suggests regional factors affecting the coccolithophore production in surface water 

and accumulation on the sea floor and selective dissolution over time. 

CEX values indicate that coccoliths were well preserved in STZ, SAZ, and northern 

PFZ. However, lower than 0.6 values in the southern PFZ and AZ suggest poor coccolith 

preservation. For precise results on calcite dissolution applying a combination of multiple 

dissolution proxies is required.  
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Total coccolith carbonate mass decreases from the STZ to the PFZ, owing to decreased 

calcite saturation states in the surface and calcite undersaturated (Ωca <1) deeper waters. Less 

abundant, larger species such as C. leptoporus and C. pelagicus subsp. braarudii contributed 

more to coccolith mass than more abundant species such as E. huxleyi. 

To understand the factors affecting the diversity of fossil coccolith assemblages in the surface 

sediments long-term studies involving sediment traps are essential. 
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Chapter 6 

Variations in the Southern Ocean carbonate 

production, preservation, and hydrography 

for the past 41, 500 years: Evidence from 

coccolith and CaCO3 records 
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6.1. Background and rationale 

The elevated levels of carbon dioxide (CO2) in the atmosphere due to anthropogenic 

industrial activities since the beginning of the industrial era have impacted the marine 

ecosystem in diverse ways, including increasing sea surface temperature, decrease in carbonate 

ions [CO3
2-], and surface ocean pH (ocean acidification) (Rost and Riebesell, 2004; IPCC, 

2013). It has been suggested that these changes will have a major bearing on calcifying 

organisms such as corals, pteropods, planktonic foraminifera, and coccolithophores, with 

reductions in their rate of calcification under the future ocean acidification circumstances 

(Bijma et al., 2002; Langdon and Atkinson, 2005; Orr et al., 2005; Bach et al., 2015; Meyer and 

Riebesell, 2015). Due to its low temperature and moderate alkalinity, the Southern Ocean will 

likely become undersaturated with aragonite and calcite by 2040 and 2100, respectively (Cao 

and Caldeira, 2008; McNeil and Matear, 2008; Shadwick et al., 2013). This will lead to the 

dissolution of aragonite and calcite shells, thus making it difficult for calcifiers inhabiting the 

Southern Ocean to biologically precipitate carbonate (Gattuso and Hansson, 2011). Since ocean 

acidification occurs faster in polar oceans, the Southern Ocean is expected to be an early 

indicator of the ocean acidification imprints on the marine ecosystem at the mid and low 

latitudes (Fabry et al., 2009; Krumhardt et al., 2020). 

The Southern Ocean has received much attention in palaeoceanographic research, 

precisely for its role in the reduction of CO2 during glacial periods (Moore et al., 2000; Sigman 

et al., 2010; Martínez-Garcia et al., 2011; Watson et al., 2015). Studies explaining the glacial 

drawdown of atmospheric CO2 invoke a reduction in Southern Ocean surface CO2 driven by 

increased productivity, ocean circulation changes, and global ocean alkalinity (Boyle, 1988; 

Boyle, 1989; Broecker and Peng, 1989). Ocean alkalinity is mainly regulated by a balance 

between carbonate fluxes from river inflow and carbonate removal through burial flux (Boyle, 

1988; Toggweiler, 1999; Rickaby et al., 2010; Sigman et al., 2010; Kobayashi and Oka, 2018; 
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Kobayashi et al., 2021). Carbonate burial flux is determined by carbonate flux reaching the 

deep sea and deep ocean carbonate saturation. During the glacial conditions, the increased 

accumulation of dissolved CO2 led to acidic conditions in the deep ocean, causing the 

dissolution of carbonates. This has led to the imbalance between riverine input and burial 

removal of carbonates (i.e., riverine input exceeds the burial removal of carbonates) and 

resulted in the increase in ocean alkalinity, which partly explains glacial atmospheric CO2 

drawdown (Sigman et al., 2010; Kobayashi et al., 2021).  

Coccolithophores, with the maximum abundance and diversity, are the most significant 

carbonate-producing phytoplankton group in the subantarctic region of the Southern Ocean and 

play a complex role in the carbon cycle (Trull et al., 2018; Rigual Hernandez et al., 2020). They 

are known to decrease surface ocean alkalinity through calcite production and reduce the 

uptake of atmospheric CO2 by the ocean. On the other hand, the organic matter production via 

photosynthesis and its burial in an ocean and the long-term preservation of carbon in the form 

of CaCO3 in coccoliths in the ocean sediments enhance carbon sequestration (Volk and Hoffert, 

1985; Baumann et al., 2005). However, the role of carbonate production, by coccolithophores, 

as a source of pCO2 depends on the ratio of calcification to photosynthesis (Frankignoulle et 

al., 1994; Delille et al., 2005). The response of coccolithophores to the changing environmental 

conditions is recorded by coccolith abundance in the sediment; thus, they serve as a robust 

proxy for paleoceanographic reconstruction (Baumann et al., 1999; Ziveri et al., 2004; Boeckel 

et al., 2006). Through their abundance and distribution, coccolithophores have a substantial role 

in Southern Ocean carbonate chemistry and act as indicators of surface ocean changes.  

In this study, we aim to understand the factors responsible for the coccoliths and CaCO3 

burial in the subantarctic sediments of the Indian sector of the Southern Ocean during the span 

of 41,500 years before the present (41.5 ka BP). Our study also focuses on paleoceanographic 

changes in the Agulhas region and the Agulhas Return Current, recorded by the warmer 
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coccolithophore assemblage from the subtropical South Indian Ocean and present study area. 

To achieve the objectives of the study we used coccolith abundance records, sizes of 

Coccolithus pelagicus subsp. braarudii, coccolith carbonate masses, dissolution and diversity 

indices. 

 

Figure 1. Location of core SK200/22a (white square) and supporting data (black square) shown on a (a) 

background map of annual mean sea surface temperature derived from World Ocean Atlas 2018 (Garcia et al., 

2019) and gridded with  cean Data View software (Schlitzer, 2021), (b) 45◦E longitudinal hydrographic section 

of annual mean salinity (Garcia et al., 2019) and (c) 43.5◦S latitudinal hydrographic section of annual mean 

salinity (Garcia et al., 2019). Positions of the Subtropical front (STF; red line) and Subantarctic front (SAF; blue 

line) is shown after Orsi et al. (1995). The Agulhas Current (AC; yellow line), Agulhas Return Current (ARC; 

black line) is marked based on Graham and De Boer (2013) and Benguela Current (BC; dark green line) is shown 

after Wedepohl et al. (2000). The Antarctic Polar Front (APF; pink line) is located based on Sokolov and Rintoul 

(2009b). The North Atlantic Deep Water (NADW), Circumpolar Deep Water (CDW), Antarctic Intermediate 

Water (AAIW) and Antarctic Bottom Water (AABW) are marked after Emery (2001).  
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6.2. Materials and methods  

A marine sediment core, SK200/22a, 7.54 m long, was recovered onboard ORV Sagar 

 anya from north of the Del Ca˜no Rise, just south of the SAF (43o42′ S, 45o 04′ E; 2730 m 

water depth) in the Indian Sector of Southern Ocean during the Indian Southern Ocean 

Expedition (Fig. 1a). For the present study, only the top 3 m section of the core was utilized. 

Core lithology varied significantly and was comprised of calcareous white to light grey sandy 

silt/clay at the top 115 cm (Thamban et al., 2005; Manoj et al., 2012). A dark greyish band 

dominated by silty-clay was present between depths of 130 and 148 cm. Below this depth, the 

sediments were dominated by light grey clays. The chronology of the sediment core section 

was determined by accelerator mass spectrometry (AMS) 14C dating of handpicked tests of the 

foraminiferal taxa, Globigerina bulloides and Neogloboquadrina pachyderma (Manoj et al., 

2012; Manoj and Thamban, 2015). The age model for the sedimentary sequence of the core has 

been described previously by Manoj and Thamban (2015). The youngest sediment date is 2.764 

ka, and the oldest is 41.5 ka (Manoj and Thamban, 2015; Nair et al., 2015). The sedimentation 

rate varied significantly for the top 3 m section, with values ranging from 8 to 17 cm/kyr during 

the Holocene, 3–10 cm/kyr during the deglacial, and 1–55 cm/kyr during the glacial period. 

The sample resolution ranged from 56 to 112 years/cm during the Holocene, 97–264 years/cm 

during the deglacial, and 18–1000 years/cm during the glacial.  

6.2.1 Sample preparation and identification of coccoliths  

Permanent slides were prepared at every 2 cm interval and at times at 4 cm intervals of 

the sediment cores following the technique described by Flores and Sierro (1997). The slides 

were observed under a polarizing microscope (Axio Scope A1, Zeiss Microscopes) at 1000× 

magnification. A minimum of 400 coccoliths in each sample were counted. The identification 

of coccoliths was carried out according to identification keys on 
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https://www.mikrotax.org/Nannotax3/index.html (Young et al., 2017) and previously published 

literature (Young et al., 2003; Frada et al., 2010). The coccolith absolute abundance (CAA) per 

gram of sediment, Coccolith diversity, Coccolith dissolution index was calculated. further 

coccolith morphometric measurements were also taken using an Olympus polarizing 

microscope (Olympus BX51) at 1000 × magnification connected to (Olympus 0733 camera) 

and CellSens microscope imaging software. Additional details of methodology are provided in 

Chapter 2.  

6.3 Results  

6.3.1. Down core variation of coccolith absolute abundance and diversity  

The coccolith records from the core SK200/22a displayed a distinct glacial-Holocene 

trend for the last 41.5 ka (Fig. 2). A contrasting pattern was observed between coccolith 

diversity and CAA variations from glacial to Holocene (Fig. 2a; b). During glacial periods, 

coccolith diversity was the highest, with a diversity index of approximately 2, whereas the 

CAA was the lowest, with values ranging from 0 to 2 × 109 coccoliths/g of sediments. In 

contrast, the deglacial recorded a gentle drop in the coccolith diversity (2–1.5) and a steady 

increase in the CAA (0–4 × 109 coccoliths/g). This was followed by a rapid decrease in 

coccolith diversity (from 1.5 to 0.5) and an immediate rise in the CAA (from 4 to 12 × 109 

coccoliths/g) during the Holocene.  

6.3.2 Glacial-Holocene changes in abundances of coccolith assemblages  

The coccolith assemblages in the core SK200/22a are comprised of a warm tropical-

subtropical group, a relatively colder Subantarctic Zone (SAZ) group, and species such as E. 

huxleyi with a broader ecological range. The tropical-subtropical assemblage— Florisphaera 

profunda, Gephyrocapsa oceanica, Umbilicosphaera sibogae— (Flores et al., 1999) had 

https://www.mikrotax.org/Nannotax3/index.html
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distinctly higher (10–13%; 0.4–1.8 × 109 coccoliths/g) average abundance during the glacial 

and deglacial periods as compared to the Holocene (Fig. 2d–f), whereas the Holocene recorded 

an average relative abundance of <4% (and absolute abundance of approximately 1 × 109 

coccoliths/g) of tropical-subtropical assemblage. G. oceanica was a dominant species in this 

assemblage with an average relative abundance of 5% compared to F. profunda (average 2.5%) 

and U. sibogae (average 1.3%) for the entire 41.5 ka BP period. Unlike tropical-subtropical 

assemblage, within the SAZ group, species such as Calcidiscus leptoporus and G. muellerae 

(Saavedra-Pellitero et al., 2014) rarely displayed a glacial-Holocene trend, except for the 

species C. pelagicus subsp. braarudii (Fig. 2c; g; h). 
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Figure 2. Coccolith records from Sk200/22a sediment core. (a) Shannon–Wiener diversity index and coccolith 

dissolution index (CEX) (b) Total Coccolith Absolute Abundance (CAA) per gram of sediment and coccolith 

carbonate weight percent, relative abundance (%) and CAA (per gram of sediment) of coccolith assemblages (c) 

C. pelagicus ssp. braarudii, (d) G. oceanica, (e) U. sibogae, (f) F. profunda, (g) C. leptoporus , (h) G. muellerae 

and (i) E. huxleyi. Dark grey, light grey and white band indicate glacial period, deglacial phase, and Holocene 

respectively. 

A highly calcified and large coccolith species, C. pelagicus subsp. braarudii (Rigual 

Hernandez et al., 2020), had the highest occurrences during the glacial period (5–72%; 0–0.24 

× 109 coccoliths/g) and were nearly absent (< 1%; < 0.1 × 109 coccoliths/g) during the 

deglacial and Holocene phases (Fig. 2c). The variation in the relative abundance of G. 
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muellerae generally was higher during the glacial period (0–20%) and more stable during the 

deglacial period (approximately 10%), whereas the Holocene exhibited intermediate variation 

(3–10%) in the abundance of this species (Fig. 2h). The relative abundance of C. leptoporus 

displayed minimal variation between the glacial and deglacial periods, whereas the highest 

variation (5–34%) was recorded during the Holocene (Fig. 2g). E. huxleyi is a species with 

ubiquitous distribution and a broad ecological range in the modern ocean, from low latitudes to 

the southern boundary of the Antarctic Circumpolar Current (Boeckel, 2002; 

Charalampopoulou, 2011; Vollmar et al., 2021), was the dominant species throughout the core 

SK200/ 22a, with relative abundance ranging from 20 to 90% (Fig. 2i). The absolute abundance 

of E. huxleyi varied like the CAA which suggests that this species contributes significantly to 

total coccolith variation in the sediment core (Fig. 2 b, i). In contrast to C. pelagicus subsp. 

braarudii, E. huxleyi is a smaller and weakly calcified coccolith species (Boeckel, 2002; Rigual 

Hernandez et al., 2020) and displayed a trend opposite to that exhibited by C. pelagicus subsp. 

braarudii, with lower abundance during the glacial (20–40%; < 1 × 109 coccoliths/g) than 

during Holocene (60–90%; 2–11 × 109 coccoliths/g).  

6.3.3 Coccolith carbonate mass variation  

The coccolith carbonate mass (%) varied between 0 and 10% from glacial to Holocene 

(Fig. 2b). Major contribution to the coccolith carbonate was by C. leptoporus (~ 60%) and C. 

pelagicus subsp. braarudii (~80%) during the Holocene and glacial period, respectively (Fig. 

3). The contribution of coccoliths to the total carbonate fraction is minimal (<30%) throughout 

the sediment core, with occasionally >30% contribution during the glacial period (Fig. 3a). 

During the glacial period, the highest contribution to total CaCO3 by coccoliths was 49% and 

58% at 32 ka and 30 ka respectively.  
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6.3.4 Changes in Coccolithus pelagicus subsp. braarudii size  

The size parameters viz. distal length (DL), distal width (DW), central length (CL), and 

central width (CW) of the C. pelagicus subsp. braarudii displayed significant glacial-Holocene 

variation for the last 41.5 ka (Fig. 3d-e). During the glacial period, the values of the distal 

parameters of this coccolith species were the lowest (DL ~ 12.5 μm; DW ~ 10.5 μm), whereas 

the last deglaciation and Holocene exhibited the highest values of the DL and DW (DL > 12.5 

μm; DW > 10.5 μm). Similarly, the parameters (CL and CW) of the central part of this species 

showed lower (CL < 5.5 μm; CW < 3.5 μm) and higher (CL > 5.5 μm; CW > 3.5 μm) values 

during the glacial and Holocene, respectively. The only difference between the variation in the 

distal (DL and DW) and central (CL and CW) size parameters of the coccolith is that the distal 

parameters increased at the beginning of the last deglaciation. In contrast, the central area grew 

at the start of the Holocene (Fig. 3). 

 

Figure 3. a) Coccolith contribution to the total CaCO3 content (%), b) Coccolith Carbonate mass (%) of C. 

leptoporus, C. pelagicus subsp. braarudi, and other coccoliths, c) C. pelagicus subsp. braarudi abundance, d) C. 

pelagicus subsp. braarudi distal width and length, e) C. pelagicus subsp. braarudi central width and length and f) 

Schematic changes in the sizes of C. pelagicus subsp. braarudi. The figure on the lower right is the light 
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microscope image of C. pelagicus subsp. braarudi with different size parameter indicated. Dark grey, light grey 

and white band indicate glacial period, deglacial phase, and Holocene respectively. 

6.4 Discussion  

The coccolith records from the Subantarctic Zone (SAZ)/northern Polar Frontal Zone 

(PFZ) core SK200/22a displayed a clear glacial to Holocene variability (Fig. 2). The most 

significant aspect was the increased diversity of the coccoliths accompanied by low CAA 

during the glacial period when the APF was at its northerly position. This was followed by a 

drop in the coccolith diversity as the CAA, characterized by a nearly monospecific assemblage 

dominated by E. huxleyi, rose to higher values during the Holocene subantarctic conditions 

(Fig. 2a). This contrasts with earlier studies (Mohan et al., 2008; Saavedra- Pellitero et al., 

2014; Patil et al., 2017; Rigual Hernandez et al., 2018, 2020) which reported a higher coccolith 

diversity in SAZ and E. huxleyi-monospecific assemblage south of APF. The increased 

coccolith diversity in the glacial sediments could primarily be a consequence of the low relative 

abundance of the E. huxleyi and the high relative abundance of warm tropical-subtropical 

coccolith species (G. oceanica, F. profunda and U. sibogae) during the glacial period as 

compared to the Holocene (Fig. 2d–f; i). The low relative abundance of E. huxleyi in the glacial 

sediments could result from poor CaCO3 preservation due to the dissolution effect (Howard and 

Prell, 1994: Sigman et al., 2010; Gottschalk et al., 2018; Kobayashi et al., 2021). As far as the 

glacial rise in the proportion of tropical-subtropical assemblage is concerned, it could be related 

to the strength of Agulhas Return Current (Civel-Mazens et al., 2021) and will be discussed in 

detail in a later section. The low absolute abundance of E. huxleyi and total coccolith 

concentrations in the glacial sediments could be related to the decreased coccolithophore 

productivity (Quere et al., 2005; Sinha et al., 2010; Rigual Hernandez et al., 2020), dilution by 

biogenic silica in the glacial sediments (Howard and Prell, 1994) and dissolution (Howard and 

Prell, 1994: Sigman et al., 2010; Gottschalk et al., 2018; Kobayashi et al., 2021). In addition, 



Variations in the Southern Ocean carbonate production  

140 
 

the low E. huxleyi and total coccolith concentrations coincide with the enrichment of heavily 

calcified taxa, C. pelagicus subsp. braarudii, in the glacial sediments, which underscores the 

role of dissolution-related changes in the coccolith assemblages.  

  

Figure 4. a) Glacial-Holocene changes in E. huxleyi absolute abundance(coccoliths per gram of sediment), total 

coccolith absolute abundance (CAA) (per gram of sediment) and CaCO3 weight (%) (Manoj and Thamban, 2015) 

at SK200/22a site, (b) Calcium Carbonate weight (%) from SK200/22a (Manoj and Thamban, 2015), RC11–120 

(Kent, 1982; Howard and Prell, 1994), SK200/27 (Manoj and Thamban, 2015) and MD02–2588 (Romero et al., 

2018a, 2018b), (c) Diatom absolute abundance (DAA) (Nair et al., 2015) and biogenic silica (Manoj and 

Thamban, 2015), (d) Total organic carbon (%) (Romero et al., 2018a, 2018b; Manoj and Thamban, 2015) (e) 
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Alkenone (ng/g) (Romero et al., 2018a, 2018b). (f) C. wuellerstofi δ13C (Starr et al., 2020) and water mass source 

indicator εNd (Piotrowski et al., 2008), (g) Atmospheric C 2 from Antarctic EDC ice core (Petit et al., 1999; 

Monnin et al., 2001; Pepin et al., 2001; Raynaud et al., 2005). Dark grey, light grey and white bands indicate 

glacial period, deglacial phase, and Holocene respectively, while the horizontal bands indicate SST for SAF (red 

band) and APF-N (blue band).  

As mentioned in section 4.3, the contribution of coccoliths to the total carbonate 

fraction is minimal (<30%) throughout the sediment core, with occasionally higher than 30% 

contribution during the glacial periods (Fig. 3a). So, throughout the core SK200/22a, 

heterotrophic calcifiers (i.e., foraminifera and pteropods) are major contributors to the total 

CaCO3. The contribution of coccolith to the total carbonate decreases from glacial (average 

30%) to Holocene (average 18%), which could result from the decline in the abundance of 

heavier and larger coccolith species, C. pelagicus subsp. braarudii, from the glacial to 

Holocene period (Fig. 3c). Additionally, the coccolith carbonate do not covary with the CAA in 

the core since different coccolith species contribute to these two parameters. The CAA 

variation is primarily a result of changes in the E. huxleyi population, whereas C. leptoporus 

and C. pelagicus subsp. braarudii mainly make up the coccolith carbonate content (Fig. 3). The 

non-carbonate and non-biogenic opal fractions vary between 20 and 50% and are more likely to 

be representing the silt content in the sediments (Manoj et al., 2012). Here we focus on 

understanding the role of carbonate productivity, preservation, dissolution, and dilution in the 

downcore variation of coccolith abundance, sizes, and CaCO3 concentrations in the Indian 

Sector of the Southern Ocean. We also focus on the glacial-Holocene changes in ARC strength 

based on the abundance of tropical-subtropical coccolith assemblage.  

6.4.1. Glacial-Holocene changes in coccolithophore and carbonate production and 

preservation  

The fate of coccoliths and carbonate content (carbonate burial) in the deep-sea 

sediments are mainly decided by the factors such as dilution by non-carbonate material like 
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diatoms, surface water carbonate productivity (carbonate flux reaching the ocean bottom) and 

dissolution (via changes in carbonate saturation) in the deep waters, water column and pore 

waters (Gottschalk et al., 2018). The low concentration of coccoliths and CaCO3 in the glacial 

sediments of the core site SK200/22a could result from these factors. The sediment trap studies 

from the Subantarctic, Polar Frontal, and Antarctic Zones by Rigual-Hernandez et al. (2015); 

Rigual-Hernandez et al. (2015); Rigual Hernandez et al. (2018, 2020) suggest the decline in the 

coccolith and carbonate export fluxes from SAZ to Antarctic Zone is due to the decrease in 

their production. Likewise, during the glacial period, when the APF was shifted northward 

(Manoj and Thamban, 2015; Nair et al., 2019), the present core site resembled the modern-day 

APF thereby recording lower coccolith and CaCO3 content. The proxies of subantarctic export 

production indicated high diatom export production owing to the increased dust flux and 

northward shift of APF along with nutrient replete southern sourced waters during the glacial 

period (Anderson et al., 2014; Jaccard et al., 2013 Chase et al., 2014; Romero et al., 2015; Fig. 

4). We speculate that increased diatom population in SAZ waters, could have led to the reduced 

coccolithophore biomass through competition for light and nutrients (Quere et al., 2005; Sinha 

et al., 2010; Rigual Hernandez et al., 2020) despite high nutrient stock during glacial times 

(Robinson et al., 2005; Sigman et al., 2010). Additionally, the increase in biogenic silica 

content in the glacial sediments introduces a dilution effect which could be responsible for the 

lower coccolith and CaCO3 concentrations in the glacial sediments compared to the Holocene 

(Howard and Prell, 1994).  

The similarity between the variation of carbonate records from the present study site 

and core sites from the Atlantic sector (Gottschalk et al., 2018) hints toward an association of 

sedimentary carbonate dissolution with the water masses dynamics (AMOC variability) and 

changes in the carbonate saturation state of the bottom waters (Gottschalk et al., 2018). The 

study site is currently bathed by North Atlantic Deep Water (NADW) which has high carbonate 
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ion [CO3
2-] concentration along with a calcite oversaturation state (Ω = 1.4) (Gonzalez-Davila 

et al., 2011). During the peak glacial condition (19–30 kyr) the weaker Atlantic Meridional 

Overturning Circulation possibly led to the shallowing of NADW (Fig. 4f) and occupation of 

the present core site by southern sourced water masses such as Lower Circumpolar Deep 

Waters (CDW) and Antarctic Bottom Waters (AABW) (Fig. 5b). The southern sourced water 

masses with the typical low [CO3
2- ] and undersaturated calcite (Gonzalez-Davila et al., 2011; 

Gottschalk et al., 2018) might have promoted the carbonate dissolution leading to decreased 

carbonate burial at the present core site during the peak glacial (Fig. 5b). In contrast, during the 

Holocene, strengthened AMOC conditions and the presence of carbonate saturated northern 

sourced water (NADW) (Bohm et al., 2015) in Southern Ocean have been posited as an 

explanation for the better preservation of CaCO3, leading to the higher values of carbonate 

weight percentage and coccoliths (CAA) at SAZ (Fig. 5a). Thus, coccolith and CaCO3 records 

reveals a strong association of carbonate burial with AMOC strength via changes in NADW 

flux in Southern Ocean (Howard and Prell, 1994; Rickaby et al., 2010).  

The carbonate saturation state of bottom waters is also affected by the dissolution 

(decomposition) of organic carbon (Corg), which is transferred to the deep ocean through the 

sinking-biological pump (Sigman et al., 2010; Kobayashi et al., 2021). During the peak glacial 

conditions, a stronger biological pump in the SAZ (Fig. 4c–e) resulted in the reduced 

concentration of CO2 and higher alkalinity in the surface waters, which could have partly 

contributed to the glacial drawdown of atmospheric CO2 (Fig. 4g; 5b). But the increased 

decomposition of Corg led to the rise in the concentration of respired CO2 in deep waters. This 

combined with the strong stratification in the glacial Antarctic Zone probably resulted in the 

increased storage of CO2 in the deep Southern Ocean accounting for the reduced carbonate 

saturation of deep ocean and the shoaling of the lysocline (Sigman et al., 2010; Sigman et al., 

2021; Kobayashi et al., 2021). Carbonate undersaturated deep ocean contributed to reduced 
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carbonate burial resulting in lower values of carbonate weight percentages and coccolith 

abundance in the glacial sediments, as evident from our core site. During the peak glacial, the 

decreased burial of CaCO3 in SAZ had far-reaching consequences on ocean alkalinity and 

atmospheric CO2 drawdown. Ocean alkalinity is determined by the balance between riverine 

carbonate input and carbonate burial, where the former increases the ocean alkalinity and the 

latter decreases the alkalinity (Sigman et al., 2010; Kobayashi et al., 2021). Since the carbonate 

burial is the primary mechanism through which the ocean loses alkalinity, the reduction in 

carbonate burial during the glacial period caused excess input of carbonates to the ocean 

through riverine inflow, which led to the rise in ocean alkalinity (Sigman et al., 2010; 

Kobayashi et al., 2021). During the Holocene, a state of equilibrium was reached gradually as 

the increased whole ocean alkalinity relaxed the imbalance between riverine flow and burial 

removal of carbonate. This was achieved by restoring the deep ocean CO3
2- (carbonate 

saturation) and increasing the carbonate burial (a process known as carbonate compensation) 

after a 10,000-year scale of adjustment since LGM, but by that time, the atmospheric pCO2 was 

already reduced (Kobayashi et al., 2021). So, during the glacial period, the stronger biological 

pump reduces the atmospheric pCO2 by 1) decreasing the CO2 concentration in the surface 

ocean and 2) increasing whole ocean alkalinity (Sigman et al., 2010).  

Our observation indicates that the glacial-interglacial changes in the carbonate content 

in the Atlantic (Hodell et al., 2003) and Indian SAZ (Howard and Prell, 1994; Manoj and 

Thamban, 2015) were primarily governed by variation in the deep ocean carbonate saturation 

via changes in AMOC and Corg dissolution. However, not all the SAZ sites of the Southern 

Ocean follow the same ocean processes. The deeper (>4000 m) Atlantic northern SAZ sites, 

such as ODP 1089, recorded high CaCO3 content during the glacial periods (Rickaby et al., 

2010), which was linked to two factors. Firstly, increased coccolithophore and carbonate 

productivity owing to the northward shift of Antarctic divergence (upwelling zone) (Flores et 
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al., 2012). Secondly, better preservation due to the higher alkalinity Weddell Sea water 

(AABW) replacing the lower alkalinity CDW during the glacial periods (Rickaby et al., 2010). 

Likewise, shallow (<1000 m) SAZ site from the southeast Pacific recorded increased fluxes of 

organic carbon, opal, CaCO3, and coccoliths indicating high export production as a result of 

increased supply of nutrients from the northward displacement of ACC (Saavedra-Pellitero et 

al., 2011; Chase et al., 2014). Unlike the site SK200/22a, the southeast Pacific did not record 

the glacial decline in the carbonate content due to respiratory calcite dissolution despite the 

high export production. This might be due to the shallower depth of the Southeast Pacific core 

site, well above the carbonate lysocline depth (~3500 m), that might have promoted better 

carbonate and coccolith preservation (Broecker and Broecker, 1974; Berger et al., 1976). 

The carbonate records in the northern Antarctic zone and APF mainly signal changes in 

carbonate productivity rather than preservation (Howard and Prell, 1994; Manoj and Thamban, 

2015). This is evident in the carbonate records from APF site SK200/27 (>4000 m) (Manoj and 

Thamban, 2015). During the glacial period, despite the influence of high alkaline AABW 

(compared to CDW) (Fig. 1b) (Rickaby et al., 2010), this site recorded low CaCO3 

concentration (Fig. 4) (Manoj and Thamban, 2015). While during the Holocene, the site was 

influenced by the relatively less alkaline lower CDW and recorded higher CaCO3 concentration 

(Fig. 5; 45°E longitudinal transect) (Rickaby et al., 2010). This suggests that the changes in 

carbonate production were the dominant factor, rather than deep ocean carbonate saturation 

changes, that led to the low CaCO3 content despite the glacial increase in ocean alkalinity 

(Sigman et al., 2010; Kobayashi et al., 2021). Similarly, the sites south of present-day APF 

recorded low CaCO3 accumulation combined with low biogenic silica flux during glacial 

periods because of low carbonate and opal productivity (Charles et al., 1991; Howard and Prell, 

1994; Ghadi et al., 2020). Such low productivity is linked to increased winter sea ice (spatially 

and temporally) and a northward shift of the circumpolar upwelling belt (away from the core 
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sites) associated with the northward displacement of Southern Hemisphere Westerlies (Charles 

et al., 1991; Ghadi et al., 2020). The sedimentary CaCO3 and coccolith records in these regions 

are more likely to signal carbonate productivity changes than preservation or deep-water 

carbonate chemistry changes. 

 

Figure 5. Schematic representation of variation in calcium carbonate (CaCO3) preservation at 45◦E longitudinal 

and 43.5◦S latitudinal section. (a) Holocene changes and (b) glacial changes. North Atlantic Deep Waters 

(NADW), Antarctic Bottom Water (AABW) and Circumpolar Deep Water (CDW) were identified based on 

Emery (2001). Glacial AABW, and CDW were marked as per Govin et al. (2009). 

6.4.2 Glacial enrichment of heavily calcified taxa Coccolithus pelagicus subsp. braarudii  

Coccolithus pelagicus is known to produce the largest coccoliths and has the highest 

carbonate mass ranging from 170 to 399 pg (Boeckel, 2002; Rigual Hernandez et al., 2020). 

The extant C. pelagicus has two subspecies, a sub-Arctic species, C. pelagicus subsp. 

pelagicus, with sizes <10 μm, and a larger temperate subspecies, C. pelagicus subsp. braarudii, 

with sizes >10 μm ( aumann et al., 2000; Geisen et al., 2002; Saez et al., 2003; Geisen et al., 

2004). This species is highly abundant in the Northern Atlantic (Ziveri et al., 2004), but it 
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shows very low abundance in the Southern Ocean (Saavedra-Pellitero et al., 2014; Rigual 

Hernandez et al., 2020; Vollmar et al., 2021; Wilks et al., 2021). Despite the very low 

abundance of this species in the present-day Southern Ocean, the glacial sediments of the site 

SK200/22a recorded higher average absolute (approximately 0.1 × 109 coccoliths/g) and 

relative (about 18%) abundances (Fig. 2c; 3). Such glacial rise in the abundance of this species 

was also recorded in the subantarctic region of the Atlantic Sector of the Southern Ocean 

(Flores et al., 2003).  

The rise in the absolute and relative abundance of C. pelagicus subsp. braarudii during 

the glacial period in the Southern Ocean could reflect two possibilities. Firstly, the production 

of this species could have increased relative to other species in the surface waters during the 

glacial period and contributed to their higher abundance in the glacial sediments. Secondly, the 

glacial production of C. pelagicus subsp. braarudii might have been low, like the Holocene. 

Still, the dissolution of relatively smaller but major species like E. huxleyi, G. muellerae, and 

C. leptoporus in the deep waters, water column, and pore waters may have resulted in the 

enrichment of the most heavily calcified species, C. pelagicus subsp. braarudii, in the glacial 

sediments (Fig. 2f–i). The second scenario is likely due to extremely low and scattered C. 

pelagicus subsp. braarudii production in the modern Southern Ocean having no specific 

ecological preference to justify their glacial rise in abundance (Saavedra-Pellitero et al., 2014; 

Rigual Hernandez et al., 2020; Vollmar et al., 2021). Also, given the higher diatom production 

and increased competition for light and nutrients in the glacial SAZ (Anderson et al., 2014; 

Nair et al., 2015), the increase in the production of larger coccolithophore such as C. pelagicus 

subsp. braarudii is very unlikely. This is also evident from the reduced sizes of C. pelagicus 

subsp. braarudii during the glacial periods (Fig. 3d-e). Coccolithophore size is governed by 

factors such as nutrients, light, temperature, and CO3
2- concentration (Beaufort et al., 2011; 

Guiti´an et al., 2020). We speculate that despite the increased surface ocean alkalinity (Sigman 



Variations in the Southern Ocean carbonate production  

148 
 

et al., 2010; Kobayashi et al., 2021) and nutrient replete conditions (Robinson et al., 2005; 

Sigman et al., 2010), the competition for light and nutrients from diatoms might have induced 

unfavorable conditions for C. pelagicus subsp. braarudii leading to their reduced sizes during 

the glacial period. Furthermore, the increased dissolution during the glacial period is also 

supported by low CEX index indicating higher dissolution. During the glacial periods, the low 

carbonate saturation in the deep waters of the SAZ sites (including site SK200/22a) enhances 

CaCO3 dissolution and decreases its burial (Sigman et al., 2010; Gottschalk et al., 2018; 

Kobayashi et al., 2021). This could have affected the large proportion of the coccolith species 

with less impact on C. pelagicus subsp. braarudii.  

Coccolithus pelagicus subsp. braarudii, with its enrichment and high carbonate mass, is 

the highest contributor to the total coccolith carbonate mass (80%) in the glacial sediments 

(Fig. 3). Whereas, in the Holocene sediments, despite the higher abundances of E. huxleyi, the 

major contribution to the total coccolith mass is by C. leptoporus (Fig. 3). This resembles the 

typical SAZ conditions, where greater contribution to the CaCO3 production and export is by 

larger coccolithophore species rather than the more abundant species (Rigual Hernandez et al., 

2020). It can therefore be assumed that the anomalously higher abundance of this robust 

species in Southern Ocean sediment cores is a good indicator of coccolith dissolution.  

6.4.3 Evidence of strengthened Agulhas Return Current during the glacial period  

The core site SK200/22a is close to the Agulhas Return Current (ARC) and has 

recorded the glacial–Holocene changes in the strength of the ARC through the variation in 

tropical–subtropical coccolithophore assemblages. The Agulhas Current (AC), which travels 

southwards and leaks into the South Atlantic, has characteristic tropical-subtropical 

coccolithophore (also known as AC assemblage) comprising of G. oceanica, F. profunda and 

U. sibogae (Flores et al., 1999), like the foraminifera Agulhas leakage fauna (ALF) described 
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in Peeters et al. (2004). In this study, we attempted to understand the glacial-Holocene variation 

in ARC strength and its association with Agulhas Leakage (AL) intensity and surface ocean 

circulation. To understand the changes in ARC strength, we considered the relative abundance 

of AC assemblage (G. oceanica + F. profunda + U. sibogae) from the present study and the 

Indian STF site (site IODP 361/U1475) (Tangunan et al., 2021). However, we refrained from 

using their absolute abundance as ARC proxies because at these sites, the total coccolith 

concentrations in the glacial sediments were likely diluted by high biogenic silica (Romero et 

al., 2015; Manoj and Thamban, 2015; Nair et al., 2015), which is reflected in the low glacial 

absolute abundance of AC assemblage. In addition, the Δ temperature (difference in surface 

and subsurface temperature) record from the Kerguelen Plateau region was used as a proxy for 

ARC strength (Civel-Mazens et al., 2021) (Fig. 6a–c). The ARC records were compared with 

the AL proxies such as ALF and AC assemblage abundance off South Africa (site GeoB 3603–

2) (Peeters et al., 2004; Boeckel, 2002) and AC assemblage records off south-west Africa (site 

GeoB1710–3) (Baumann, 2005) (Fig. 6d–f). Additionally, the AC assemblage records from 

within the main flow of AC (site MD96–2077) (Tangunan et al., 2020) were used to understand 

whether there were any changes in the upstream of AC that could account for the variability in 

the AL and ARC records.  

The overall comparison revealed an increase in the values of ARC records (Fig. 6a–c) 

and lower values of AL proxies (Fig. 6d–f) during the glacial period compared to the Holocene. 

This does support the notion of reduced Agulhas Leakage (due to the northward shift of STF) 

and stronger Agulhas retroflection causing the increased flow of ARC during the glacial period 

(Peeters et al., 2004; Civel-Mazens et al., 2021). The strengthened ARC may have transported 

greater numbers of AC assemblage along its path toward the Indian sector (U 1475 and SK 

200/ 22a), while the reduced AL decreased the transport of this assemblage to the South 

Atlantic sites (GeoB 1710–3; GeoB 3603–2) (Fig. 7b). Contrastingly, during the Holocene, the 
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southward shift of STF combined with broader Agulhas passage may have enhanced Agulhas 

Leakage. This likely led to the increased transport of AC assemblage in the South Atlantic and 

weaker ARC carrying lower numbers of AC assemblage to the Indian sector (Fig. 7a).  

However, as per Simon et al. (2013), the glacial-interglacial changes in ALF at the AL 

corridor may not necessarily be linked to the leakage itself. Instead, these changes partly reflect 

the upstream variation in the hydrography of AC and ALF production, which is controlled by 

the dynamics of the Southwest Indian Ocean sub-gyre (SWIOSG), ARC, and Southern 

Hemisphere Westerly winds. As per this notion, the changes observed in the AC assemblages at 

the AL corridor (GeoB 3603–2; Fig. 6d) may not be linked to leakage. Instead, it may reflect 

the variation in their production upstream of AC. However, the dissimilarity in the variation of 

AC assemblage from the upstream region (MD96–2077) and the AL corridor (Fig. 6e and g) 

may not suggest the same. The reasons for such discrepancies are unclear, and the notion that 

the downstream changes are linked to the upstream conditions of the AC system may be 

debatable. Nevertheless, the strengthened SWIOSG and ARC, along with the increased cross-

frontal mixing along the STF (Simon et al., 2013), can be held accountable for the increased 

proportion of AC assemblage at the site STF and SAZ (U 1475 and SK 200/22a) during the 

glacial period (Fig. 7b).  

So, be it the interplay of hydrological fronts and AL (Peeters et al., 2004; Civel-Mazens 

et al., 2021) or the changes in the dynamics of SWIOSG (Simon et al., 2013), both cases 

recorded a variation in the ARC strength during the glacial-Holocene period. We propose that 

during the glacial period, despite its strengthened transport, the ARC was still located north of 

the core site, SK200/22a, and ARC did not have to be at the core site to transport the tropical–

subtropical coccolith assemblage. Earlier studies (Manoj et al., 2013; Manoj and Thamban, 

2015; Nair et al., 2015, 2019) from the same site could not capture the changes in ARC 

strength, as the proxies (biogenic silica, ice-rafted debris, diatoms, and sea ice) involved were 
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essentially indicative of the process occurring south of the SAF and APF. Our results suggest 

that site SK200/22a captures the oceanographic changes in the subtropical southern Indian 

Ocean (ARC strength) as well as the latitudinal shifts in APF (Manoj and Thamban, 2015; Nair 

et al., 2019). 

 

Figure 6. Multi proxy reconstruction of Agulhas Return Current in Indian Sector. (a) Δ Temperature-Difference 

between SST and subsurface temperature from core MD12–3396CQ (Civel-Mazens et al., 2021), Agulhas Current 

assemblage relative and absolute abundances from (b) present study, (c) Indian STF (core IODP 361/u 1475) 
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(Tangunan et al., 2021), (d) South-west Africa (core GeoB 1710–3) (Baumann, 2005), (e) South of Africa, Cape 

Basin (core GeoB 3603–2) (Boeckel, 2002), (f) Agulhas leakage fauna (ALF) abundance from South of Africa, 

Cape Basin (core GeoB 3603–2) (Peeters et al., 2004), (g) Agulhas Current assemblage relative and absolute 

abundances from south-east Africa (MD96–2077) (Tangunan et al., 2020) and (h) sea surface temperature (◦C) 

(Tangunan et al., 2021). Dark grey, light grey and white bands indicate glacial period, deglacial phase, and 

Holocene respectively. 

6.5. Conclusion  

The down core coccolith records from the site SK200/22a exhibits glacial-Holocene 

variation in coccolith production, dilution of CaCO3 sediments, dissolution related changes in 

coccolith, and the strength of Agulhas Return Current (ARC). The glacial subantarctic zone 

(SAZ) was characterized by low coccolith production owing to the increased competition from 

diatoms for light and nutrients which is reflected in the lower coccolith concentration and 

smaller sizes of coccolith (C. pelagicus subsp. braarudii). Additionally, the high diatom 

production during the glacial periods increased the biogenic silica content in glacial sediments, 

thereby diluting the carbonate sediments and coccolith concentrations. The other vital factors 

that contributed to low coccolith concentration in glacial sediments was the reduced carbonate 

burial (preservation). During the glacial period, the weak Atlantic Meridional Overturning 

Circulation resulted in the replacement of carbonate saturated, North Atlantic Deep Waters by 

the undersaturated southern sourced water masses leading to the reduced carbonate burial at the 

site SK 200/22a. The additional factor that contributed to the glacial reduction in carbonate 

saturation was the increased storage of dissolved CO2 in the deep glacial Southern Ocean. This 

is primarily a result of strong biological pump and associated increase in organic carbon 

respiration in the deep ocean. 
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Figure 7. Schematic representation of Fig. 6. (a) Holocene position of Subtropical Front (STF; orange line), 

Subantarctic Front (SAF; blue line), Antarctic Polar Front-northern branch (APF-N; dark pink line), Agulhas 

leakage (AL; red spirals) and Agulhas Return Current (ARC; red line), (b) Glacial location of STF, SAF, APF-N 

and ARC. The location of fronts and ARC during Holocene and glacial were marked based on Civel-Mazens et al. 

(2021) and the position of Benguela Current (BC; dark green line) during Holocene is according to Wedepohl et 

al. (2000). Orange and purple shaded areas represent the Subantarctic Zone (SAZ) and Polar Frontal Zone (PFZ) 

respectively. White squares indicate location of present study site. Black squares indicate location of sediment 

cores used for supporting data.  

The glacial reduction in the carbonate saturation is well supported by the enrichment of 

larger, heavily calcified, dissolution-resistant species such as C. pelagicus subsp. braarudii in 

the glacial sediments as compared to the Holocene sediments. The pelagic carbonate production 

and degree of deep ocean carbonate saturation govern the coccolith and CaCO3 burial in the 
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subantarctic Southern Ocean sediments. The anomalously high abundance of tropical–

subtropical species or Agulhas Current assemblage (G. oceanica, F. profunda, and U. sibogae) 

in the SAZ during the glacial period, relative to Holocene signifies the stronger transport of the 

Agulhas Return Current. However, further coccolithophore based sediment core studies are 

needed from the upstream region of the AC and along the subtropical front in the south-west 

Indian Sector of the Southern Ocean to delineate the mechanism governing the stronger glacial 

transport of Agulhas Return Current. 
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 This thesis contributes to the existing knowledge of extant coccolithophore distribution, 

ecology in association with oceanic fronts in the Southern Indian Ocean (Chapter 4), 

distribution and factors affecting the preservation in the immediate past utilizing coccoliths data 

from surface sediments (Chapter 5), and their implications in the reconstruction of past 

carbonate production and hydrography of the Southern Indian Ocean with the carbonate and 

coccolith records from sediment core (Chapter 6). 

Coccolithophores are single-celled calcifying phytoplankton and are one of the most 

important primary producers and fossilizing groups. Before utilizing them as proxies in 

paleoenvironmental studies it is necessary to understand the present distribution, ecology, and 

response of coccolithophores to existing environmental conditions and the factors affecting 

them. In this study coccolithophore abundance and diversity varied with the southern ocean 

fronts and showed decreasing diversity from the STZ to the PFZ. However, high abundance in 

the STZ and PFZ, and the assemblage mainly consisted of a single species, Emiliania huxleyi. 

Temperature and nutrients regulate coccolithophore assemblages in the southern Indian ocean. 

Discrepancies in the distribution of some species compared to that in other sectors of the 

Southern Ocean were observed, implying differences arising from the regional settings and 

time of sampling (Chapter 4).  

Further preservation conditions and distribution of coccoliths in the surface sediments 

of the Southern Ocean revealed that coccolith abundance showed a decreasing trend from STZ 

to PFZ and samples south of PFZ and AZ were completely barren of coccoliths. However, 

diversity was highest in the STZ and PFZ unlike in plankton samples. Coccolith assemblages in 

the sediment samples did not clearly represent the coccolithophore assemblages in the surface 

water column. The plausible reasons are the variation in the dissolution of large and robust 

coccoliths and small weakly calcified coccoliths, physical transport of coccoliths via ocean 

currents and associated eddies (Chapter 5). Sediment core data of coccoliths and carbonate for 
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the past 41.5 kyrs further shows the variation in coccolith abundance, dilution of CaCO3 

sediments, changes related to dissolution in coccolith, and the strength of Agulhas return 

current during the glacial-Holocene. Low coccolith abundance and CaCO3 in the SAZ sediment 

during the glacial is attributed to dilution due to increased production and preservation of 

diatom (biogenic silica). Another factor influencing carbonate preservation was the replacement 

of carbonate-saturated North Atlantic deep waters with the undersaturated southern sourced 

water masses. This glacial reduction of carbonate saturation is also observed in the decreased 

size of Coccolithus pelagicus subsp. braarudii compared to the Holocene sediments. Pelagic 

carbonate production and the degree of carbonate saturation in the deep ocean regulate the 

coccolith and CaCO3 burial in the subantarctic Southern Ocean sediments. During the glacial 

period high abundance of warm water species (Gephyrocapsa oceanica, Florisphaera 

profunda, and Umbilicosphaera sibogae) in the SAZ, compared to Holocene signifies the 

stronger transport of the Agulhas return current (Chapter 6). In totality, the multivariate 

statistical analysis identifies that a combination of surface water nutrient availability and 

carbonate chemistry in the surface and bottom waters covarying with temperature are the 

dominant drivers of coccolithophores in the Southern Ocean.  

For better applicability of coccoliths as a proxy it is necessary to consider the effects of 

conditions of surface water and the water column above the sea floor. Further long-term inter- 

and intra-annual studies are required to understand factors affecting coccolithophore 

composition such as environmental parameters, competition, grazing pressure, change in the 

life cycle phases, and their response to the environmental changes at different seasons in the 

southern Indian ocean. Detailed studies on the response of coccolithophores to local and 

regional settings of different sectors of the Southern Ocean are required to better understand the 

variations in these responses.  
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