Author Version of : Palaeogeography, Palaeoclimatology, Palaeoecology, vol.585; 2022; Article no:
110725

Emiliania huxleyi biometry and calcification response to the Indian Sector of the
Southern Ocean environmental gradients

Shramik M. Patil*, Rahul Mohan'", Suhas S. Shetye?, Vailancy Vaz?, Sahina Gazi', Pallavi P.

Choudhari, Syed A. Jafar®
'ESSO-National Centre for Polar and Ocean Research, MoES, Vasco-da-Gama, Goa, India-403804
*shramikpatil@gmail.com, +91-(832) 2525531, fax- +91-(832) 2520877
National Institute of Oceanography, Dona Paula, Goa, India-403004
3Flat 5-B, Whispering Meadows, Haralur Road, Bangalore- 560 102, India
Author emails:Shramik M. Patil: shramikpatil@gmail.com
Rahul Mohan: rahulmohan@ncpor.res.in
Suhas S. Shetye: suhasshetye@gmail.com
Vailancy Vaz: vailancyvaz29@gmail.com
Sahina Gazi: sahina2gazi@gmail.com
Pallavi P. Choudhari: pallavichoudhari20@gmail.com
Syed A. Jafar: syeda_jafar@yahoo.com

Abstract

An increase in the atmospheric pCO; and temperature is expected to reduce ocean CO3? concentration,
make oceans warmer and alter ocean circulation patterns. This will also affect the production and
biogeographic distribution of marine calcifying organisms including coccolithophores. The lowering
of oceanic COs® is expected to alter the coccolithophore calcification process and promote
malformation of coccoliths, whereas changes in the oceanic temperature and circulation patterns may
shift their biogeographic boundaries. In this study, we have investigated Emiliania huxleyi coccolith
and coccosphere size response to the wide-ranging physico-chemical conditions of the Indian sector
of the Southern Ocean between latitudes 38°S and 58°S during the austral summer of 2010 (January-
February). This study helps to understand the response of E. huxleyi coccolith/coccosphere
morphometry and mass changes to the fluctuating temperature, salinity, COs*, pCO,, and nutrient
values. Our results show that in the Indian sector of the Southern Ocean, E. huxleyi coccoliths are
larger and coccospheres are smaller in the Subtropical Zone (STZ) whereas coccoliths size is smaller
and coccospheres size is larger in the Subantarctic Zone (SAZ), which is due to the decrease in SST,
SSS and increase in nutrient concentrations. In the Indian sector of the Southern Ocean, Emiliania
huxleyi shows north to south morphotype shift from the heavily calcified ‘Group A’ (E. huxleyi
morphotype A) to weakly calcified ‘Group B’ (E. huxleyi morphotypes B/C, C) forms. We demonstrate
that although weakly calcified E. huxleyi morphotypes (morphotypes B/C and C) coccoliths comprise
less mass than that of the E. huxleyi morphotype A coccoliths, due to the large-sized coccospheres and
numerous coccoliths per coccosphere, ‘Group B’ coccospheres precipitate large amount of CaCOs in
the SAZ compared to ‘Group A’ coccospheres located in the STZ. In addition, we documented the
presence of large E. huxleyi overcalcified coccospheres with large sized coccoliths in the southernmost
cold, high pCO., and nutrient-rich waters which show extracellular calcite precipitation. The energy
dispersive spectrometry analysis indicates the presence of a large amount of Mg in the overcalcified
E. huxleyi specimens. We suspect that the Emiliania huxleyi in the colder nutrient-rich waters, with
predicted changes in the carbonate chemistry, may adapt to low pH, high pCO2 conditions through
extracellular Ca and Mg mineralization.
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1. Introduction

The anthropogenic carbon dioxide (CO.) emission since the Industrial Revolution has lowered
the surface ocean pH by ~0.1 units, a process well known as the ocean acidification (Caldeira and
Wickett, 2003). If these CO, emissions continue to occur at the current pace, the ocean pH is expected
to drop by another 0.06-0.32 units by the end of 2100 (IPCC, 2019). This decrease in the ocean pH
will reduce the calcium carbonate (CaCOs3) saturation state by 2.0 units (Kleypas et al., 1999) and
affect the production and calcification of marine calcifying organisms including coccolithophores
(Zondervan et al., 2002; Feely et al., 2004; Engel et al., 2005; Beaufort et al., 2011). Recent ocean-
carbon cycle models indicate that the polar and subpolar ecosystems are the first to be affected by
increasing CO. emissions and are near undersaturation with respect to CaCO3z minerals in the
upcoming decades (Feely et al., 2009). In particular, the colder temperatures and mild alkalinity of the
Southern Ocean make it highly vulnerable to future warming and acidification (Cao and Caldeira,
2008; Shadwick et al., 2015), thereby affecting marine calcifying organisms especially
coccolithophores which are abundant in the Southern Ocean (Balch et al., 2011, 2016; Patil et al.,
2017, 2020).

In general, coccolithophores form a significant component of the marine phytoplankton
community which ranges from the tropical to the high latitude regions (Jordan and Chamberlain, 1997,
Paasche, 2002) and often forms prolific blooms extending hundreds to thousands of kilometers.
Among the known coccolithophores, Emiliania huxleyi is the most abundant and ubiquitous
coccolithophore which often forms blooms in a wide range of environments (i.e. tropical to Polar
Regions and neritic to oceanic waters (Tyrell and Young, 2009; Rigual-Hernandez et al., 2020)) and
comprise larger abundances in the southern high latitude regions (Balch et al., 2011; Rigual-Hernandez
et al., 2020). It is estimated that annually, E. huxleyi blooms cover ~1x10° km? areal extent equivalent
to ~0.28% of the global ocean (Brown and Yoder, 1994; Rigual-Hernandez et al., 2020) with
concentrations reaching up to 108 cells L. In the Southern Ocean, high abundances of E. huxleyi
contribute for the circum-global Great Calcite Belt (GCB) that covers >60% of the Southern Ocean
and is characterized by PIC concentrations ~1umol.L™ compared to the global average of 0.2 umol.L°
! (Balch et al., 2011). Owing to such high abundance, E. huxleyi plays a significant role in the marine
carbon cycle thereby influencing ocean-atmospheric CO, exchange and export of inorganic and
organic carbon to the deeper oceanic depths (Klaas and Archer, 2002). Understanding the importance
of coccolithophores in the global climate, several studies explaining the possible future response of

coccolithophores (and other calcifying organisms) to change in COs?> chemistry, and warming has



been attempted in laboratory-controlled as well as in-situ experiments which could give rise to

inconsistent interpretations.

Most of the laboratory controlled seawater acidification experiments resulted in the reduced
calcification rates in planktonic foraminifera (Bijma et al., 2002), cold-water corals (Fabry et al.,
2009), and pteropods (Manno et al., 2017). However, laboratory-controlled experiments on E. huxleyi
indicate a varying response of coccolithophore calcification, reporting decreased (Riebesell et al.,
2000; Zondervan et al., 2002), increased (lglesias-Rodriguez et al., 2008; Fiorini et al., 2011) or
unchanged (Richier et al., 2011; Jones et al., 2013) calcification with decreasing COs? concentrations.
Multiple factors have been presumed to be responsible for varying calcification response including
differences in the methodology protocols, and strain-specific calcification response to pH change
(Riebesell et al., 2000; Iglesias-Rodriguez et al., 2008; Langer et al., 2009; Lohbeck et al., 2012; Mller
et al., 2015). Though laboratory-controlled experiments provide important information on E. huxleyi
physiological response, they cannot mimic natural environmental settings (e.g., minute changes in the
temperature, salinity, light intensity, stratification, and macro- and micronutrient concentrations)
which usually have crucial control over coccolithophore production, calcification, and spatial
distribution (Perrin et al., 2016; Matson et al., 2016; Feng et al., 2008). Therefore, field experiments
are essential to validate laboratory observations (e.g., Trinantaphyllou et al., 2018) and relate the
laboratory-controlled experiments results to the natural field environment. In-situ coccolith size
measurements in the widely fluctuating environmental conditions (e.g., Southern Ocean) provide a
valuable approach to assess the response of coccolithophore/coccolith size and calcification to the
environmental changes (including changes in nutrients, temperature, salinity, pCO2, and COs*
concentration). The studies on mixed E. huxleyi populations provide a combined response of E. huxleyi
taxa to the vital environmental and oceanographic changes which has benefit over strain specific
laboratory controlled experiments. The field-based observations can be a reliable tool to study the
effect of seasonality on E. huxleyi coccolith/coccosphere size and to document morphometric
differences within the morphotypes in the changing environmental conditions. The
coccolith/coccosphere  size-based information potentially be used to back-calculate the
coccolithophore production in the surface waters, sediment traps, and paleo investigations.

Keeping this in view, we carried out E. huxleyi morphometric measurements in the samples
collected between the Subtropical Zone and the Antarctic Zone of the Indian sector of the Southern
Ocean. We measured several morphometric parameters of E. huxleyi coccoliths and coccospheres to

investigate:



(1) Changes in E. huxleyi morphotypes coccolith and coccosphere size in response to the changing

environmental conditions,

(2) E. huxleyi morphotypes coccolith and coccosphere mass variation and COs? contribution in the
Indian sector of the Southern Ocean, and

(3) The possible response of E. huxleyi morphotypes production and distribution to future COs?%,

physico-chemical and environmental changes.
2. Background
2.1 Oceanographic settings

This study was conducted in the Indian sector of the Southern Ocean between Mauritius and
Antarctica during the austral summer of 2010 (January-February). In the Indian sector of the Southern
Ocean, major oceanic fronts and frontal zones recognized in the poleward direction are, the Agulhas
Retroflection Frontal Zone (ARFZ), the Agulhas Retroflection Front (ARF), the Subtropical Zone
(STZ), the Southern Subtropical Front (SSTF), the Subantarctic Zone (SAZ), the Subantarctic Front
(SAF), the Polar Frontal Zone (PFZ), the Polar Front (PF), the Antarctic Zone (AZ), and the Antarctic
Divergence (AD) (Orsi et al., 1995) (Fig. 1). In the Indian sector of the Southern Ocean, the oceanic
fronts split, merge, fluctuate seasonally, and vary spatially over the topographic features (Anilkumar
et al., 2006). In this region, during the austral summer, elevated biological activity is documented in
the frontal zones with increased upwelling activity. Between the STZ and AZ, chlorophyll-a
concentration ranges between 0.1 mg/m? and 0.64 mg/m?, with the highest values at the SAZ and PFZ
and lowest at the STZ and AZ (Shetye et al., 2015). Whereas, primary productivity values range from
185 mg C m? d* to >900 mg C m? d* (Gandhi et al., 2012), with typically high productivity at the
SSTF (>900 mg C m d) and low productivity at the AZ (~185 mg C m2 d™?).
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Fig 1. Location of the surface water samples used in this study. [Annotations: ARFZ- the Agulhas
Retroflection Frontal Zone; ARF- the Agulhas Retroflection Front; STZ- the Subtropical Zone; SSTF-
the Southern Subtropical Front; SAZ- the Subantarctic Zone; SAF- the Subantarctic Front; PFZ- the
Polar Frontal Zone; PF- the Polar Front; AZ- the Antarctic Zone]. [In the fig. color patterns indicate
monthly averaged sea surface temperature data (January-February 2010) obtained from
giovanni.gsfc.nasa.gov).

2.2 Emiliania huxleyi morphotypes differentiation

In the field-based investigations, different E. huxleyi morphotypes were recognized based on
the visual expression of the degrees of calcification (Mclntyre and Bé, 1967; Young and Westbroek,
1991; Hagino et al., 2011; Patil et al., 2017) which potentially represent genetic varieties (Medlin et
al., 1996). Emiliania huxleyi morphotypes differ in robustness/thickness of the distal shield elements,
central area closure, and thickness of the tube which is interpreted as differences in the degree of calcite
production. With the advances of field investigations in different oceanographic realms, more E.
huxleyi variants were recognized and supported sub-dividing into two groups viz. ‘Group A’ and



‘Group B’ (Mikrotax.org). The ‘Group A’ comprises heavily calcified E. huxleyi morphotypes (viz. E.
huxleyi morphotypes A, A overcalcified, R, and var. corona) which are easily distinguishable based
on their robust distal shield elements, sub-parallel shields, highly variable tube width, and grill in the
central area. On the contrary, ‘Group B’ E. huxleyi morphotypes (viz. E. huxleyi morphotypes B, B/C,
C, and O) are differentiated based on the delicate distal shield elements, a curved distal shield which
often smaller than the proximal shield, narrow tube, and open or closed central area. The sub-division
of ‘Group B’ coccoliths is done mostly based on their size, but the coccolith size can vary
geographically with differing response to the oceanographic settings. The central area in ‘Group B’ E.
huxleyi morphotypes can be open or covered with a thin plate. The open central area occurs in most
size ranges but in the smaller specimens, it is difficult to distinguish whether the central area is covered
by a calcareous structure or organic membrane thus may need further culture-based observations. It is
to be noted that culture-based investigations did not document changes in E. huxleyi morphology from
‘Group A’ to ‘Group B’ and vice versa (Linge Johnsen et al., 2020) eliminating chances of making

morphologically different coccoliths by a single strain (www.mikrotax.org).

2.3 Emiliania huxleyi morphotypes distribution in the Southern Ocean

In the Southern Ocean, E. huxleyi contributes >70% to total coccolithophore production in the
STZ-SAZ and over 90-100% in the PF regions (Saavedra-Pellitero et al., 2014; Patil et al., 2017; 2020).
The E. huxleyi abundance declines south of the PF (Findlay and Giraudeau, 2000; Mohan et al., 2008;
Saavedra-Pellitero et al., 2014; Patil et al., 2017; Rigual Herndndez et al., 2018) but the occasional
occurrence of E. huxleyi coccospheres and coccoliths are often documented in the Southern high
latitudes in lower abundances (Patil et al., 2014; Winter et al., 1999). Overall, E. huxleyi populations
in the Southern Ocean are primarily composed of morphotypes A, A overcalcified, R, B/C, C, O, and
var. corona (E. huxleyi groups A and B) which show differences in the latitudinal distribution patterns
(Malinverno et al., 2015; Patil et al., 2017; Saavedra-Pellitero et al., 2019).

In the Indian and Atlantic sectors of the Southern Ocean, E. huxleyi populations are dominated
by morphotype C followed by morphotype B/C. Together, these two morphotypes comprise >80% of
the total coccolithophore abundance (Cubillos et al., 2007; Saavedra-Pellitero et al., 2014; Patil et al.,
2014, 2017; 2020) and show occurrence as far as the PF region. In the Indian and Atlantic sectors of
the Southern Ocean, heavily calcified E. huxleyi morphotype A is geographically restricted to the
warmer waters and indicates elevated abundances in the STZ and SAZ (Saavedra-Pellitero et al., 2014;
Patil et al., 2017). The overcalcified E. huxleyi morphotype A specimens were rarely documented in
the Atlantic sector (Saavedra-Pellitero et al., 2014) but are not observed in the Indian sector so far
(Mohan et al., 2008; Patil et al., 2013, 2014, 2017; 2020).
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On the contrary, in the Australian sector of the Southern Ocean, south of Tasmania, E. huxleyi
populations are primarily composed of morphotypes A overcalcified, A, and B/C which show
substantial seasonal variations in their absolute and relative abundances (Cook et al., 2011; Cook et
al., 2013; Rigual-Hernandez et al., 2020), however, this region is devoid of weakly calcified E. huxleyi
morphotype C. In the Australian sector of the Southern Ocean, E. huxleyi morphotype A overcalcified
specimens dominate at the north of the SAF and morphotype A dominates between the STF and the
PF; whereas, E. huxleyi morphotype B/C specimens dominate from the SAF to as far as 65°S (Cubillos
et al., 2007; Rigual Hernandez et al., 2018). In the Australian sector, E. huxleyi morphotype B/C

becomes the only morphotype that survives in the AZ waters (Rigual Hernandez et al., 2018).

The recent investigations in the Drake Passage (Saavedra-Pellitero et al., 2019) showed the
presence of heavily calcified ‘Group A’ E. huxleyi morphotypes i.e. E. huxleyi morphotype A and type
R along the Chilean margin, ‘Group B’ E. huxleyi morphotypes i.e. E. huxleyi morphotypes B/C, C,
and O in the SAZ, and E. huxleyi morphotypes B/C and C in the PFZ.

In the West Pacific sector of the Southern Ocean, E. huxleyi morphotype A is present in the
northern SAZ, and type O and B/C dominates up to the PFZ (Malinverno et al., 2015). This study also
documents slight overcalcification in E. huxleyi coccolithophores at few sites. Overall observations in
the Indian, Atlantic, Australian and Pacific sectors of the Southern Ocean indicate a consistent
poleward latitudinal succession from heavily calcified E. huxleyi ‘Group A’ to moderate-weakly

calcified ‘Group B’.

The occurrence of E. huxleyi morphotypes and latitudinal extent of these groups may vary
based on the oceanic regions and environmental and oceanographic settings. The high genomic
variability and consequent physiological adaptation are a primary reason for E. huxleyi ecological
success (Read et al., 2013). However, E. huxleyi clades are well separated as per definitions but are

not always morphologically distinguishable (Read et al., 2013).
3. Materials and methods
3.1 Water sample collection

Thirty-four sea surface water samples were collected onboard ORV Sagar Nidhi between 38°S
and 58°S using a Niskin sampler and transferred into a clean prewashed plastic bottle for biological
and chemical analysis. One to two-liter water was filtered onto 47mm diameter Nucleopore track-
etched membrane filters with 0.8um diameter pore size under low vacuum. Without any chemical
treatment, rinsing, or washing, filter papers were shifted into plastic sterile petri dish, oven/air-dried at

40°C for 24 hours, and kept sealed until Scanning Electron Microscope (SEM) analysis. Surface water



samples collected between 38°S and 58°S during January-February 2010 were chosen based on E.
huxleyi densities from Patil et al. (2020) for this study (Fig. 1). The samples located south of 58°S
consists of low E. huxleyi abundance/devoid of coccolithophores hence were omitted from the analysis.
The details of sampling locations and in-situ environmental parameters are provided in table 1.

3.2 SEM analysis

A rectangular piece of filter paper was cut from each filter, mounted on a double-sided carbon
tape attached on a 1cm diameter aluminum stub, and sputter-coated with platinum using a JEOL JFC-
1600 Auto Fine Coater. At least 125 E. huxleyi coccoliths and 50 E. huxleyi coccospheres per sample
were manually captured at 20000x-25000x and 6000x-7000x magnification respectively using a JEOL
JSM 6360 LV SEM (JEOL Japan). Emiliania huxleyi coccoliths and coccospheres were counted and
classified into various morphotypes and/or morphological groups. At least 25 coccoliths and 10
coccospheres of each E. huxleyi morphotypes were measured in every sample, wherever possible (for
instance, E. huxleyi morphotype A is not documented in the PFZ). The classification of E. huxleyi
morphotypes A, B/C, and C were carried out following definitions of Young et al. (2003),
(Mikrotax.org), and previously published literature from the Southern Ocean (e.g., Cubilos et al., 2007;
Mohan et al., 2008; Boeckel and Baumann, 2008; Malinverno et al., 2015; Saavedra-Pellitero et al.,
2014, 2019). Coccoliths with distal shield irregularly formed, missing central tube, and disconnected

distal shield elements were recognized as malformed and avoided from morphometric measurements.
3.3 Elemental analysis

Energy Dispersive Spectrometry (EDS) was carried out on regular E. huxleyi and overcalcified
E. huxleyi forms to assess their elemental composition. For EDS analysis, real-time images were
captured by Oxford Aztec software, and point analysis per spectrum was carried out using 15KV
accelerating voltage and up to 70,000x magnification. A total of 20 E. huxleyi coccospheres were
analyzed to evaluate Mg and Ca concentrations.

3.4 Coccolith and coccosphere measurements

The coccoliths measurements [viz. Length of the Distal shield (DL), Width of the Distal shield
(DW), Length of the Central area (CL), Width of the Central area (CW), Tube thickness (T), Total
coccolith Area (TA), coccolith Central Area (CA)] (Fig. 2a) and coccosphere measurements [number
of coccoliths per coccosphere (following Boeckel and Baumann, 2008), Area of coccosphere] (Fig.
2b) were carried out using Fiji/lmage) 1.52d software (nannotax.org) and Coccobiom2 macros

(www.tmsoc.org). Corroded/broken coccoliths were avoided for measurement since the morphometric

measurements cannot be accurately determined. Since coccoliths on a coccosphere are not always
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possible to measure without errors, coccoliths belong to a single broken coccosphere (fallen/spread at
one place) were used. To do so, over 5000 fields of views at 3000x magnification were scanned and

images were captured.

Fig. 2. Measurements were carried out on (a) Emiliania huxleyi coccoliths and (b) coccospheres
digitized using Scanning Electron Microscope. [Annotations: DL=length of the distal shield; DW=
width of the distal shield; CL= length of the central area; CW= width of the central area; T= tube
thickness; r=radius; d=diameter]. Area of coccosphere=4mr2,

3.5 Coccolith and coccosphere mass

Emiliania huxleyi morphotypes coccolith mass calculation followed after Young and Ziveri (2000).
The method relies on a systematic relation between length and thickness of the coccolith and the calcite

content of the given coccolith.
Coccolith mass calculation was carried out using a formula,
Coccolith calcite mass (pg) = 2.7x kxI® ... (1)

Where 2.7 is the density of calcite (pg/um?), ks is a shape constant for coccolith morphotypes, and | is
the coccolith distal shield length in microns. Shape factors (ks) for different morphotypes were
obtained from literature estimates and are as follows: E huxleyi type A - 0.02 (Young and Ziveri, 2000;
Poulton et al., 2010; Poulton et al., 2011) E huxleyi type B/C - 0.015 (Poulton et al., 2011; Holligan et
al., 2010 and Charalampopoulou et al., 2016). Emiliania huxleyi type C ksfactor is not available hence
the lowest shape factor value (0.015) available is considered. For length, an average value of ~20-50
coccoliths distal shield length for each morphotypes from this study area (48°E and 57.3°E) is used.



3.6 Environmental data

The Sea Surface Temperature (SST) was recorded using a bucket thermometer (accuracy:
+0.2°C), Sea Surface Salinity (SSS) was computed using conductivity which was measured by Autosal
model No-8400A. Nutrient Analysis [nitrate (NO3), nitrite (NO), phosphate (POa4), and silicate (SiO4)]
was carried out on-board using Shimadzu UV-1800 spectrophotometer following standard protocols
of Grasshoff (1983). pCO, and CO3s? was calculated using TCO> (total CO2) and pH in Total Scale
(pHT). The nutrient data for both the studied transects were published previously by Shetye et al., 2015.
However, in the present study, nutrient data has been added in the figs. 3, 4, and table 1 for reference.

3.7. Statistical analysis

To examine the relationship between E. huxleyi morphometrics and measured environmental
parameters, two different analyses were performed viz. Canonical Correspondence Analysis (CCA),

and correlation analysis.

The CCA performed on the E. huxleyi measurements as well as environmental variables using
Multivariate Statistical Package Program (MVSP) (Kovach, 1998). This analysis helps us to
understand the relationship between E. huxleyi coccolith and coccosphere morphology and in-situ
environmental data. In the CCA plots, the physico-chemical parameters are plotted as arrows which
show the direction of increasing values of environmental variables. The length of arrow is directly
proportional to the importance of the environmental variables, whereas the angle between the
ordination axis and arrow indicates the extent of correlation between them, viz. smaller the angle, the
stronger is the correlation. A perpendicular line drawn from the arrow through coccolithophore species

indicates the relative location of species along with the environmental variable (Palmer, 1993).

The correlation analysis was performed using the Pearson correlation coefficient and values
are included in the text. The correlation chart is provided in annexure 1. In addition, the t-test was
performed on E. huxleyi morphotypes B/C and C tube size to examine if tube size is significantly

different between both morphotypes.

4. Results:

4.1 Variations in environmental parameters

A detailed variation in the environmental parameters in the study region is provided by Shetye
et al. (2015). In general, a decrease in SST and SSS and an increase in nutrients (NOs, NO2, POa, SiOa)
and pCOz concentrations are observed in the poleward direction. The nutrient concentrations and pCO>
are higher at 48°E as compared to 57.30°E. Additionally, figs. 3 and 4 also show a decrease in CO3*

concentrations (282-107 umol/kg) in the cooler high latitude waters.



4.2 E. huxleyi morphotypes composition in the Indian sector of the Southern Ocean

The analysis revealed that E. huxleyi abundances in the Indian sector of the Southern Ocean
(transects at 57.3°E, and 48°E; between 38°S and 60°S) were dominated by E. huxleyi morphotype C,
followed by morphotypes B/C and A. The % abundance compositions of E. huxleyi morphotypes at
57.3°E and 48°E transect were, morphotype A 2.1% and 0.5%, morphotype B/C 19.1% and 17.2%,
and morphotype C 78.1% and 82.1% respectively. The higher abundances of E. huxleyi morphotype
A documented as far as the SAZ (~45°S-53°S), however E. huxleyi morphotypes B/C and C were
documented as far south as 59°S (Patil et al., 2020).

4.3 Emiliania huxleyi size variations

A total of >4250 coccoliths and >1700 E. huxleyi coccospheres were visually identified and
analyzed for morphometric parameters. Overall, the average E. huxleyi coccolith size decreased from
north to south. Emiliania huxleyi coccoliths average length (DL and CL) was larger in the ARFZ and
the STZ and reduced in the SAZ and PFZ. However, a slight increase in DL and CL of morphotype C
coccoliths was documented in the southernmost stations located in the PFZ (Figs. 3-6) (Table. 2).
Average DL of E. huxleyi coccoliths in the study region measured between 2.62 um and 3.27 um. The
DL of E. huxleyi coccoliths at 57.3°E ranged between, morphotype A, 2.76 um and 3.28 pm;
morphotype B/C, 2.96 um and 3.70 um; and morphotype C, 2.44 um and 2.75 um; and at 48°E
coccolith DL varied between, morphotype A, 2.83 um and 3.16 pum; morphotype B/C, 2.93 um and
3.26 pm; and morphotype C, 2.47 um and 2.82 um. The average CL of coccoliths ranged between
1.45 um and 1.04 um. The CL of E. huxleyi coccoliths at 57.3°E ranged between, morphotype A, 1.54
pm and 1.02 pum; morphotype B/C, 1.50 um and 1.16 um; and morphotype C, 1.16 pum and 0.97 um;
and at 48°E coccolith CL varied between, morphotype A, 1.23 um and 1.10 pum; morphotype B/C,
1.31 pm and 1.12 pum; and morphotype C, 1.07 um and 0.96 um (Figs. 3, 4) (Table 2).

Emiliania huxleyi coccospheres with a larger surface area documented in the SAF and are
comprised of numerous coccoliths. On the contrary, coccospheres located at the ARFZ, STZ, and PFZ
were smaller and consist of fewer coccoliths (e.g., Figs. 3, 4). The exception was the southernmost
stations located in the PFZ, where the increase in average coccosphere surface area, DL, and numbers
of coccoliths per coccosphere were documented. In this study, E. huxleyi coccosphere surface area
measured ranged between 17.94 um?® and43.12 um? and the number of coccoliths per coccosphere
counted were 15 to 28. Emiliania huxleyi morphotypes coccosphere surface area at 57.3°E varied
between, morphotype A, 21.14 pm?® and 22.84 um?; morphotype B/C, 21.22 um?® and 33.41 pm?; and
morphotype C, 17.72 um?® and 52.38 umq, and at 48°E it varied between, morphotype A, 20.74 pm?®



and 26.63 um?; morphotype B/C, 16.97 um? and 40.33 um?; and morphotype C, 18.62 um? and 45.30
um?3. The E. huxleyi morphotype A coccospheres consist on average of 12-22 coccoliths; morphotype

B/C consist of 12-24; whereas morphotype C possessed 16-36 coccoliths (Figs. 3, 4).
4.4 Emiliania huxleyi coccolith and coccosphere mass

Average E. huxleyi coccolith mass calculated at 57.3°E was 1.11+0.35 pg (average + stdev)
and at 48°E was 0.7520.17 pg. Emiliania huxleyi morphotypes A, B/C and C coccolith mass at 57.3°E
varied between 1.14 pg and 1.90 pg, 1.05 pg and 2.06 pg, and 0.59 pg and 0.85 pg, respectively;
whereas at 48°E coccolith mass varied between 1.22 pg and 1.70 pg, 1.02 pg and 1.46 pg, and 0.61 pg
and 0.91 pg respectively (Figs. 5, 6).

The coccolith mass and the number of coccoliths per coccosphere were used to calculate the
average mass of coccosphere. The average mass of coccosphere estimated was 21.41+5.8 pg at 57.3°E,
and 16.20+3.20 pg at 48°E. Emiliania huxleyi morphotypes A, B/C and C coccosphere mass at 57.3°E
varied between 18.26 pg and 35.49 pg, 14.42 pg and 34.35 pg, and 9.18 pg and 23.94 pg, respectively;
whereas at 48°E varied between 17.67 pg and 26.08 pg, 16.90 pg and 32.68 pg, and 11.95 pg and 21.79
pg respectively (Figs. 5, 6).

4.5 Emiliania huxleyi coccolith overcalcification

The E. huxleyi morphotypes located in the SAZ and PFZ were weakly calcified; however, the
E. huxleyi coccospheres captured from the stations located in the southern part of the PFZ (56°S-58°S
in the present study) showed an increase in coccolith and coccosphere size. The E. huxleyi
coccospheres documented in these regions showed precipitation of calcite minerals on their tests (Plate
1). The Energy Dispersive Spectrometry (EDS) analysis showed the high amount of magnesium (Mg)
(e.g. weight 4.11%) incorporation in the overcalcified E. huxleyi coccospheres and coccoliths which
was much higher compared to the regular E. huxleyi coccospheres and coccoliths (e.g., weight 0.02%)
(Fig. 7) documented in the STF-SAF regions.

4.6 Emiliania huxleyi tube thickness

Generally, E. huxleyi coccolith tube thickness varied between 0.50 pum and 0.21 pm. The tube
thickness was largest in the E. huxleyi morphotypes A and B/C (0.5 um-0.32 pum) and smaller in the
morphotype C (0.35 um-0.21 pm). A gradual decrease in coccolith tube thickness was documented

from the north towards the south (Fig. 8).



4.7 Statistical analysis

Overall, environmental parameters showed a strong correlation between CO3z%, NOs, POsq,
Si0Og4, SST, SSS and moderate to weak correlation with pCO- and SiO4 (Annexure table 1). Along the
57.3E transect E. huxleyi morphotypes A and B/C DL and CL showed a strong positive correlation
with COs%, SST, and SSS and a strong negative correlation with NOz and POs. The E. huxleyi
morphotype A CL and DL also showed a moderate positive correlation with SiO4 and a moderate
negative correlation with pCO.. The E. huxleyi morphotype A coccolith mass showed a strong positive
correlation with CO3%, pCO,, SiO4, and SST, whereas morphotype B/C coccolith mass showed a
moderate positive correlation with PCO,, SST, and SSS and negative correlation with NO3 and POa.
No significant relationship between E. huxleyi morphotype C DL, CL, and coccolith, coccosphere
mass with environmental parameters was documented. The E. huxleyi morphotype A tube size showed
moderate correlation with SST; whereas, E. huxleyi morphotypes B/C and C tube size showed a strong

positive correlation with CO3?, SST, SSS and strong negative correlation with NO3 and PO.a.

Along the 48°E transect, E. huxleyi morphotype A DL and CL showed strong positive
correlation with CO3z%, SiOa4, SST, and SSS and strong negative correlation with NOs and PO,
however, morphotypes B/C and C showed very weak/no correlation with environmental parameters.
The E. huxleyi morphotype A coccolith mass showed moderate to strong positive correlation with
CO3?%, SiO4, SST, and SSS and moderate to high negative correlation with pCO2, NOs, and POs.
No/very weak correlation was documented between E. huxleyi morphotypes B/C and C coccolith mass
and environmental parameters. The E. huxleyi morphotype A tube size showed a strong positive
correlation with COs?, SiO4, and SST and a strong to moderate negative correlation with pCO2, NOs,
and PO4. A moderate positive relationship was documented between E. huxleyi morphotypes B/C and

C tube size and CO3> and moderate negative correlation with NOz and PO.a.

The CCA stations and E. huxleyi morphometrics biplots were provided separately for each
studied transects. In both transects E. huxleyi morphotype A morphometrics (average no of
coccoliths/sphere; coccolith and coccosphere mass; DL; CL, coccosphere size; and tube size) were
influenced by the elevated SST, SSS, and COs? concentrations, whereas, morphometric measurements
of morphotypes B/C and C were related to high nutrient, and low SST, SSS, CO3? concentrations.

The t-test performed on E. huxleyi morphotypes B/C and C tube thickness showed significant
variation in 57.3°E (P=2.47E-08) and 48°E (P=1.91E-07) transects.



5 Discussion

5.1 Biogeographical distribution of E. huxleyi morphotypes and their carbonate contribution

In the modern Indian sector of the Southern Ocean, E. huxleyi morphotype A occurs frequently
in the warmer STZ (Mohan et al., 2008; Patil et al., 2014, 2017, 2020) and moderate-to-weakly
calcified E. huxleyi morphotypes B/C (Antarctic type, Young et al., 2003; Cubillos et al., 2007), and
C dominate in the SAZ and PFZ (Mohan et al., 2008; Patil et al., 2014, 2017, 2020). Among E. huxleyi
morphotypes, morphotype C represents the most abundant in the Indian Sector of the Southern Ocean
followed by morphotypes B/C and A (Mohan et al., 2008; Patil et al., 2020). All the three E. huxleyi
morphotypes are characterized by different coccolith morphologies, degree of calcification (Young
and Ziveri, 2000; Poulton et al., 2007), and probably belong to the different taxonomic varieties.
However, E. huxleyi morphotypes B/C and C represent similar ecological niches, as they show similar
seasonal distribution (Young et al., 2003; Mohan et al., 2008; Patil et al., 2020; Rigual-Hernandez et
al., 2020) but differ significantly concerning coccolith production, morphologies and mass (Patil et al.,
2020; Rigual-Hernandez et al., 2020) (figs. 5,6). The investigations on E. huxleyi morphotypes
production, biogeographic expanse, calcite production, and response to changes in the Southern Ocean
physico-chemical conditions are thus crucial to evaluate their response to projected environmental

changes and hence impact on biogeochemical cycles (Deepeler et al., 2017).

Overall, all E. huxleyi morphotypes show decreasing coccolith length and mass from the SSTF
to PF which indicate a response to changes in the physico-chemical conditions and oceanographic
settings. Though E. huxleyi morphotypes A and B/C represent different ecological niches (Figs. 9a, b),
a strong and significant correlation is documented between E. huxleyi morphotypes A and B/C
morphometrics, and CO3%, NOs, SST, and SSS in the 48°E and 57.3°E transects (Annexure table 1, 2).
Similarly, E. huxleyi morphotypes A and B/C coccolith mass is correlated with CO3%, pCO,, SST, and
SSS, however, the extent of this correlation was significantly different in both transects (Annexure
table 1, 2). Additionally, our results signify that SiO4 and pCO2 may act as crucial controls in E. huxleyi
morphotype A production, morphometrics, and calcite production (Rigual-Hernandez et al., 2020). On
the other hand, though E. huxleyi morphotype C represents similar biogeographic distribution as E.
huxleyi morphotype B/C it is not well correlated with the environmental gradients, probably due to its
narrow size range compared to E. huxleyi morphotypes B/C and A (figs. 3-4, Table 2). We suggest
that multiple environmental and oceanographic factors may affect each E. huxleyi morphotype
differently resulting in variations in their growth, morphologies, and calcification rates (Figs. 3-6

Annexure tables 1, 2).



In earlier studies, a wide range of environmental parameters (viz. temperature, salinity,
irradiance, CO2, NOgz, POy, etc.) were recognized to influence E. huxleyi morphotypes growth,
calcification rates (Zondervan et al., 2007; Feng et al., 2017). Few studies attributed variation in E.
huxleyi coccolith size to changes in the seawater salinity (e.g., Bollmann and Herrle, 2007; Bollmann
et al., 2009). This study documents smaller E. huxleyi coccospheres in the SSTF and PF containing
larger coccoliths, and larger coccosphere in the SAF containing smaller coccoliths (Figs. 3-5). A strong
correlation between E. huxleyi morphotypes A, B/C, and SSS along the 57.3°E transect, moderate-
weak correlation with morphotype A in the 48°E transect, and no correlation with morphotype C
indicates, the change in E. huxleyi morphotypes morphologies are not controlled by SSS alone
(Annexure tables 1, 2). The SSS may act as the crucial factor for change in coccolith morphologies,
however, the response may vary with morphotypes/strains (Gebuhr et al., 2021). This is probably one
of the reasons for the increase in coccolith and coccosphere size in the southernmost stations. The
larger coccospheres of E. huxleyi morphotypes C and B/C in the SAZ comprising small but numerous
coccoliths are probably caused by sudden increases in nutrients (NOs, PO4) and decreases in SSS and
SST. These large-sized E. huxleyi morphotypes C and B/C coccospheres at the SAZ comprise higher
mass than that of the E. huxleyi morphotype A coccospheres in the STZ (Figs. 5, 6), suggesting weakly
calcified E. huxleyi morphotypes B/C and C can act as larger carbonate contributors to the Indian
Sector of the Southern Ocean sediments compared to E. huxleyi morphotype A. Additionally, this
study documents a good correlation of E. huxleyi morphotypes A and B/C with pCO., although it is
difficult to ascertain effect of latitudinal variation in pCO2 concentration on E. huxleyi morphotype

production and calcification.

The comparison of two different transects (at 48°E and 57.3°E) shows that the average coccolith
mass decreased from 1.11 pg at 57.3°E to 0.75 pg at 48°E. Though it seems to be a small difference, it
is a decrease of 32%. Similarly, coccosphere mass decreased from 57.3°E to 48°E by 24.3%. The
decrease in the coccolith (and hence coccosphere) mass is due to the reduction of COs? ion
concentrations by 18% from 57.3°E to 48°E (e.g., Beaufort et al., 2011). Considering there is no much
latitudinal difference between these two transects and since sampling was carried out in the same
season, our studies indicate E. huxleyi species-specific carbonate contribution may vary massively in
the Southern Ocean within the small geographic regions and obviously between the different Southern
Ocean sectors. The change in carbonate chemistry and coccolithophore physiology (viz. production,
morphology, and calcification) in both transects are linked to changes in ocean circulation and the
influence of eddies. Previous studies showed that the study region is influenced by the Agulhas
Retroflection Current (ARC) (Anilkumar et al., 2014; Jenson et al., 2018). The ARC influences the



SSTF and SAF along the 48°E transect, and the SSTF, SAF, and PF along the 57.3°E transect due to
meandering of the Antarctic Circumpolar Current which is governed by the bottom topography
(Anilkumar et al., 2014). In addition, the mid-oceanic islands probably influenced biological
production along the 57.3°E transect. The frontal shifts, the influence of the ARC, and influence of the
mid-oceanic islands probably responsible for differences in the macro- (e.g., NOs, PO4) and
micronutrient concentrations (e.g., Fe, Mg), CO3s?> concentration along the 57.3°E transect which thus

reflected in E. huxleyi production as well as their morphometric variations.

5.2 Emiliania huxleyi coccoliths preservation and morphotypes recognition in the Southern

Ocean sediments

Though E. huxleyi morphotypes C and B/C comprise elevated abundance (70-98% of relative
abundance) in the surface waters of the Southern Ocean between the STZ and AZ, surface sediments
do not favor E. huxleyi preservation in the SAZ and PFZ (Boeckel et al. (2006). The zooplankton
grazing and mechanical breakage of coccospheres and the effect of acidic food vacuoles of
zooplankton may enhance fragmentation of coccoliths and escalate calcite dissolution (e.g., Mayers et
al., 2019) in the upper few hundred meters of the water column. Though the rapid sink of coccoliths
in the form of marine snow increases sinking rates and readily deposition in the ocean floor (Ziveri et
al., 2007) the deeper seabed/shallow Carbonate Compensation Depth dissolves coccoliths in the lower
water column. The previous studies by Rigual-Hernandez et al. (2020) indicate that the coccoliths in
the sediment traps (located at 1000m, 2000m, and 3800m water depth) are much better preserved,
whereas the poor preservation of E. huxleyi in the seabed is due to several processes which can alter
the preservation and composition such as, supralysocline dissolution process (Milliman et al., 1999),
microbial oxidation of organic matter, etc. However, the coccolith tube is robust and often documented
in the surface sediments (e.g. Rigual-Hernandez et al., 2020, Fig. 3a). We documented significant
differences in the E. huxleyi morphotypes B/C and C coccolith tube size and central area in both the
studied transects (i.e., t-test P=2.47E-8 along the 57.3°E transect; and P=1.91E-7 along the 48°E
transect). We suggest that owing to the large range and significant difference of coccolith tube size
and the central area between morphotypes B/C and C coccoliths, their morphometric studies can be
applied to ocean sediments to separate the E. huxleyi assemblage into morphotypes B/C and C. This
information will be crucial to investigate possible carbonate contribution by E. huxleyi B/C and C
morphotypes in highly corroded/weakly preserved sediments, where visual identification of
morphotypes is not feasible. Though we observed a strong correlation between E. huxleyi morphotypes
B/C and C tube size with COs%, SST, SSS and a strong positive correlation of E. huxleyi morphotype



A tube size with SST, the variation in tube size may be subjected to change in overall length of the

coccolith,
5.3 Coccolithophore overcalcification at the south of the PFZ

Observational studies offer important insights about possible adaptations of coccolithophores
to the increasing CO, and reducing ocean COz> concentration. A general pattern of reduction in
coccolith calcite mass and coccosphere with increasing pCOz has been documented in the living and
fossil assemblages across the world ocean basins (Beaufort et al., 2011). However, E. huxleyi
morphotypes are often found to dominate in the regions of elevated pCO> (e.g. >300 patm for the
present study). For instance, E. huxleyi morphotype A with heavily calcified coccoliths dominate in
the regions of moderate pCO- (e.g., 180-220 patm for the present study) while weakly calcified
morphotypes (morphotypes B/C and C) with lighter coccoliths dominate in high pCO2 waters (i.e.,
250-350 patm for the present study) (Beaufort et al., 2011; Poulton et al., 2011). Beyond this, the
dominance of over-calcified E. huxleyi group A morphotypes were documented in the naturally
acidified upwelling waters of the Chilean upwelling zone (Beaufort et al., 2011) with pCO. values
more than 2-fold higher than present-day levels in the atmosphere (von Dassow et al., 2018). Similarly,
in the Bay of Biscay E. huxleyi morphotype A overcalcified coccospheres were documented during
winter when pCO2 was highest (Smith et al., 2012; Rigual-Hernandez et al., 2020). The probable
explanations are that the heavily calcified forms are especially tolerant to the higher pCO levels (von
Dassow et al., 2018). In this study, large E. huxleyi morphotypes B/C and C coccoliths located in the
cold, low COs%, and high pCO2 concentrations (>350 umol/kg) (Figs. 3-6) show extracellular calcite
mineralization with a high percentage of Mg incorporation indicating secondary calcification may
occur naturally in living E. huxleyi coccolithophores. Similar calcification was seen in E. huxleyi
morphotype B/C coccoliths in the Australian sector of the Southern Ocean at 61°S site located in the
Antarctic Zone (Rigual-Hernandez et al., 2018, Plate 1e-g) which was interpreted as precipitation of
salt over the organic coccolith scaffold that resulted to coccolith dissolution. We hypothesize that the
overcalcification of E. huxleyi coccoliths in the southernmost stations are governed by external calcite
mineralization controlled by polysaccharides extruded along with coccoliths, decreasing temperature,
and high pCO: levels. Emiliania huxleyi living in this stressful environment (e.g. southern high
latitudes) probably releases excess EPS for the cryoprotection which acts as a binder for Ca, Mg ions
on coccospheres. For instance, in the presence of (positive) divalent cations (e.g., Ca®*, Mg®")
polysaccharides can form cation bridges with adjacent polymers having also negative functional
groups (Decho and Gutierrez, 2017) and cause extracellular crystal nucleation. In addition, the EPS

concentration is higher in the high latitude waters during the austral summer period derived from algae



and sea ice bacteria (Underwood et al., 2010) which possibly helps in enhancing excess extracellular
Ca, Mg binding/precipitation. Additionally, we suspect E. huxleyi (irrespective of morphotype, since
all E. huxleyi morphotypes are genetically closely related) possess the ability to cope with decreasing
COs%levels. The weakly calcified E. huxleyi morphotypes C and B/C, similar to the heavily calcified
E. huxleyi morphotypes, can also opt for external mineralization as a protective measure. However,
further investigations are needed to understand if coccolithophore cells can play any role in controlling

extracellular Ca and Mg mineralization on coccospheres.

Similar to the Indian sector (current study) and Australian sector of the Southern Ocean
(Rigual-Hernandez et al., 2018), E. huxleyi overcalcification may be prominent in the other sectors of
the Southern Ocean and also in the upwelling regions where pCO> concentration is high (>350-400
patm). We suggest that apart from the role of polysaccharides, lowering pH, pCO>, and other factors
such as temperature probably play a role in overcalcification/extracellular mineralization. For instance,
recently Nash et al. (2019) have shown high Mg content in the outer rings of coralline algae and have
related it to the rise in ocean temperature. In addition, a recent model study on coccolithophores
predicted that in the future climate change scenario (specifically in lowering oceanic pH),
coccolithophores may adopt a slow-growth strategy and get more heavily calcified, possibly due to

better carbon fixation ability (Irie et al., 2010).

In the previous study, Rigual-Hernandez et al. (2018) documented a gradually decreasing trend
in coccolith length and weight from mid-February to winter with the largest length appearing during
August. This indicates that coccoliths are larger in colder, nutrient-rich waters with low carbonate
concentration [CO3%] and low calcite saturation levels (Qcaicite), implying E. huxleyi may have better
adaptability to changing carbonate chemistry than previously thought. Owing to the better adaptability
of E. huxleyi in wide environmental conditions, they can be better adapted to future COs%, temperature,
and salinity changes (Winter et al., 2014). However, other physical (i.e., seasonal reversal of winds
and currents, upwelling, mixing, seasonal temperature, and salinity variation) and biological factors
(e.g., productivity) may play a crucial role in regulating calcification mechanisms and these factors
can influence ocean pH to a large extent, thus may need rigorous investigation. Previous studies
indicated the threat of ocean acidification on marine calcifiers depositing calcium carbonate minerals
possessing a significant proportion of magnesium ions (ie. magnesium calcite) (Orr et al., 2005;
Roberts et al., 2006; Turley et al., 2007; Kuffner et al., 2008). We suggest that though the addition of
Mg will make the coccolith more soluble but more importantly it will increase the coccolith mineral

hardness. This could be a protective mechanism by the coccoliths to counter grazing. Thus it would be



interesting to see whether coccolithophores in upcoming decades prefers to decrease their solubility or

to increase their coccolith hardness.

6 Conclusions

Our E. huxleyi morphometric measurements indicate changes in the coccolith, coccosphere size,
and mass variation in the Indian sector of the Southern Ocean from the STZ to PFZ. The E. huxleyi
coccospheres located in the SSTF are small in size comprising fewer but larger coccoliths;
whereas, the coccospheres located in the SAZ are large consisting of small but numerous
coccoliths. Our study revealed that ‘Group B’ morphotypes (morphotypes B/C and C) located in
the SAZ, owing to their large surface area and a large number of coccoliths per coccosphere,
contribute a large amount of CaCO3 to the Southern Ocean sediments compared to ‘Group A’
morphotypes located in the STZ. The morphology of coccoliths and carbonate contribution vary
largely within and between the Southern Ocean sectors as feedback of changes in the in-situ
environmental conditions.

The morphometric studies indicate a large difference in E. huxleyi morphotypes B/C and C
coccolith central area which can be useful to distinguish between E. huxleyi morphotypes B/C and
C in the Southern Ocean sediments where coccoliths are highly corroded and morphotypes are not
recognizable.

Emiliania huxleyi coccospheres located in the cold, nutrient-rich PFZ waters are large, heavily
calcified suggesting extracellular Ca mineralization with the presence of a large amount of Mg.
This indicates the possibility of E. huxleyi getting adapted to low pH, high pCO2 conditions
through extracellular calcite mineralization, thus indicating an adaptive mechanism to cope with

changing carbonate chemistry in the future.
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Fig. 3. Latitudinal variation in environmental parameters, E. huxleyi morphotypes coccolith distal
shield and central area length, and average coccosphere surface area and number of coccoliths per
coccosphere at 57.3°E transect. [Annotations: CL= central area length; DL= distal shield length; SST=
sea surface temperature; SSS=sea surface salinity; NO3= nitrate; NO= nitrite; POs= phosphate; SiOs=
silicate; PCO= Partical pressure of CO,; COs%*= Carbonate concentration].
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Fig. 4. Latitudinal variation in environmental parameters , E. huxleyi morphotypes coccolith distal
shield and central area length, and average coccosphere surface area and number of coccoliths per
coccosphere at 48°E transect. [Annotations: CL= central area length; DL= distal shield length; SST=
sea surface temperature; SSS=sea surface salinity; NO3= nitrate; NO= nitrite; POs= phosphate; SiOs=
silicate; PCO= Partical pressure of CO,; COs%*= Carbonate concentration].
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Fig. 5. Emiliania huxleyi coccolith and coccosphere mass (in picogram), and number of coccoliths per

coccosphere documented at 57.3°E transect.
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Fig. 6. Emiliania huxleyi coccolith and coccosphere mass, and number of coccoliths per coccosphere

documented at 48°E transect.
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Fig. 7. Energy dispersive spectrometry analysis of (A) E. huxleyi overcalcified specimens indicating
presence of Mg, and (B) regular coccosphere of E. huxleyi morphotype A.
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Fig. 9(a) CCA biplots showing the correlation between Emiliania huxleyi morphotype morphologies
and environmental factors (arrows) in the 57.3°E transects. The details of codes are given in Table 3.
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Plate. 1. (A) E. huxleyi morphotype A regular coccosphere (40°S, 57.3°E); (B) E. huxleyi morphotype
C coccosphere (46°S, 57.3°E); (C-G) Overcalcified Emiliania huxleyi coccospheres; (H) overcalcified
coccolith proximal shield; (I) Anterior view of overcalcified E. huxleyi coccolith; (J) posterior view
of E. huxleyi overcalcified coccolith. [scale- A-G, 1-J= 2pum; H-1 pm].



Table 1. Sample details, physico-chemical parameters recorded/measured, and the total number of coccoliths and coccospheres used to carry out
morphometric measurements

Number
of Numbers of
Latitude Longitude Collection Temperature coccoliths coccospheres
(°S) (°E) date (°C) Salinity NO3 NO2 PO4 Si0O4 COz> pCO, measured measured
38 57.3  31-01-2010 20 3551 122 0.14 053 477 277 213 143 51
39 57.3  31-01-2010 18 3531 216 0.00 0.13 6.84 270 196 118 54
40 57.3  01-02-2010 175 3533 142 0.16 027 514 282 214 110 52
41 57.3  01-02-2010 165 3543 467 0.18 0.71 533 265 189 120 53
42 57.3  02-02-2010 16 354 173 0.10 0.27 0.69 267 190 122 47
43 57.3  02-02-2010 16 3545 151 0.02 027 4.01 270 195 118 51
44 57.3  03-02-2010 12 3397 1139 0.10 111 270 227 200 106 49
45 57.3  04-02-2010 11 3379 1279 0.12 071 4.14 202 263 126 51
46 57.3  05-02-2010 105 33.82 1666 0.23 120 232 178 335 122 51
47 57.3  05-02-2010 105 3376 13.80 0.27 182 3.58 198 262 106 49
48 57.3  06-02-2010 8 3372 1091 0.12 178 351 170 291 122 51
49 57.3  07-02-2010 7 3369 16.35 0.27 182 3.58 141 290 125 50
50 57.3  07-02-2010 5 3378 1982 035 174 477 145 281 120 51
52 57.3  08-02-2010 45 33.83 2932 0.21 1.74 1455 158 270 122 52
54 57.3  09-02-2010 35 3386 2036 021 200 7.40 169 242 121 56
56 57.3  11-02-2010 25 3335 2099 0.21 151 2051 138 350 118 55
58 57.3  12-02-2010 2 3254 1565 021 218 2283 125 261 119 47
58 49.37  23-02-2010 25 3381 2126 031 280 13.36 115 321 122 50
56 48.31  23-02-2010 25 3254 2005 025 151 1882 110 350 114 50
54 48 24-02-2010 4 33.73 19.07 035 1.74 11.16 119 394 127 52
52 48  25-02-2010 45 3374 1930 0.35 1.29 6.27 134 325 116 48
50 48  26-02-2010 55 3251 17.47 0.18 156 4.08 150 280 119 50

49 48  26-02-2010 55 3226 1914 020 129 414 148 266 124 50



48
47
46
45
44
43
42
41
40
39
38

48

48
47.11
47.54
48

48
48.34
49.36
50.2
50.57
51.21

27-02-2010
27-02-2010
28-02-2010
01-03-2010
01-03-2010
02-03-2010
02-03-2010
03-03-2010
03-03-2020
04-03-2010
04-03-2010

8.5

8.5
8.5
10
13
16
16
18.5

32.33
33.56
33.77
32.45
33.63

32.8
33.57
34.09
34.78

35.1
33.81

18.75
20.18
16.71
18.49
16.68
20.62
17.48
9.28
4.55
2.63
7.39

0.16
0.20
0.12
0.23
0.18
0.29
0.27
0.21
0.12
0.25
0.10

151
1.60
1.25
1.87
2.00
1.25
1.07
1.11
0.93
0.13
0.31

4.08
5.64
3.64
1.69
1.76
5.02
2.38
2.20
2.51
3.51
5.71

137
146
193
139
152
143
156
182
265
241
278

328
293
246
339
323
343
315
308
237
258
227

127
122
124
124
127
119
125
131
121
116
121

49
52
50
50
54
53
62
o1
55
54
50




Table 2. (1) E. huxleyi morphotype definitions adopted in this study and (2) size range of coccoliths and coccospheres measured

Coccolith Coccosphere
collar
E. huxleyi thickne total coccolith
morphotyp Morphological Elem ss/ coccolit  Central S per
e characteristics DL DW CL CW ents length harea area length  width area sphere
2.62- 222- 099- 0.59- 22- 4.59- 0.46- 4.88- 4.63- 17.94-
E. huxleyi 3.27; 2.77; 1.54; 0.98; 32; 0.23- 7.11; 1.19; 7.63; 6.97; 13.12;
(all avg- avg- avg- avg- avg- 0.54; avg- avg- avg- avg- avg- 12-32;
together) 2.86 2.46 115 070 25 avg-0.32 5.55 0.64 6.00 5.65 2748 avg- 21
Heavily calcified | 2.76- 2.41- 1.02- 0.59- 26- 0.32- 0.48- 5.20- 5- 20.74-
E. huxleyi warm water type, | 3.28; 2.75; 1.55; 0.99; 32 0.58; 5.26- 1.20; 5.99; 5.67; 26.63;
morphotype robust distal avg- avg- avg- avg- avg- avg- 7.07; avg- avg- avg- avg- 12-22;
A shield elements 3.05 2.59 127 077 28 0.45 avg-6.21 0.78 5.57 5.38 23.72  avg-16
Delicate, long
sized coccoliths, 30-
central area 3.39- 295 141- 092- 35 7.85- 1.02-
E. huxleyi irregular laths, 4.47; 4.05; 1.82; 1.99; avg- 0.29- 14.22; 2.48;
morphotype central area open | avg- avg- avg- avg- 328 0.59; avg- avg-
B or curved 3.93 3.36 161 116 5 avg-0.42 10.48 1.47
Medium sized
coccoliths,
Delicate distal 293- 251- 1.12- 0.66- 26- 5.82- 0.59- 4.71- 4.67- 16.97-
E. hulxleyi  shield elements, 3.71; 3.22; 1.50; 0.97; 32; 0.25- 9.37; 1.14; 7.63; 7.06; 40.34;
morhotype  central area open | avg- avg- avg- avg- avg- 0.52; avg- avg- avg- avg- avg- 12-24;
B/C or covered 3.13 2.70 124 076 27 avg-0.36 6.66 0.75 6.12 5.71 28.07 avg-18
small sized
coccoliths, Distal
shield elements 2.44-  2.06- 0.96- 0.54- 20- 0.41- 4.85- 4.60- 17.72-
E. huxleyi delicate, central 2.83; 2.47; 1.17; 0.72; 25; 0.21- 3.95- 0.65; 8.17; 8.16; 52.38;
morphotype area open or avg- avg- avg- avg- avg- 0.35; 5.47, avg- avg- avg- avg- 16-36;
C covered 2.57 2.22 1.02 062 22 avg-0.26 avg-4.49 0.50 6.14 5.79 28.89 avg-24




Table 3. CCA codes and description of the codes

CCA code Description
Sp. L. All E. huxleyi coccospheres mean length
Sp.L.A E. huxleyi morphotype A coccosphere length
Sp. L. B/C E. huxleyi morphotype B/C coccosphere length
Sp.L.C E. huxleyi morphotype C coccosphere length
Lith. L. All E. huxleyi coccoliths DL
A DL E. huxleyi morphotype A coccolith DL
BC DL E. huxleyi morphotype B/C coccolith DL
cDL E. huxleyi morphotype C coccolith DL
Cl. L. All E. huxleyi coccoliths CL
ACL E. huxleyi morphotype A coccolith CL
B/C CL E. huxleyi morphotype B/C coccolith CL
CCL E. huxleyi morphotype C coccolith CL
Th. All E. huxleyi tube size
Th. A E. huxleyi morphotype A tube size
Th. B/C E. huxleyi morphotype B/C tube size
Th.C E. huxleyi morphotype C tube size
A. L. mass E. huxleyi morphotype A coccolith mass
A. Sp. mass E. huxleyi morphotype A coccosphere mass
B/C. L. mass E. huxleyi morphotype B/C coccolith mass
B/C. Sp. Mass E. huxleyi morphotype B/C coccosphere mass
C. L. mass E. huxleyi morphotype C coccolith mass
C. Sp. Mass E. huxleyi morphotype C coccosphere mass
Avg. L. mass E. huxleyi coccolith mass
Avg. Sp. Mass E. huxleyi coccosphere mass
Avg. no.L/sp Number of coccoliths on a coccosphere
Avg. no. A L/sp Number of coccoliths on a E. huxleyi morphotype A coccosphere

Number of coccoliths on a E. huxleyi morphotype B/C

Avg. no. B/C L/sp. coccosphere

Avg.

no. C L/sp

Number of coccoliths on a E. huxleyi morphotype C coccosphere




