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The Southern Ocean is warming faster than the average global ocean and is particularly vulnerable to
ocean acidification due to its low temperatures and moderate alkalinity. Coccolithophores are the most
productive calcifying phytoplankton and an important component of Southern Ocean ecosystems.
Laboratory observations on the most abundant coccolithophore, Emiliania huxleyi, suggest that this
species is susceptible to variations in seawater carbonate chemistry, with consequent impacts in the
carbon cycle. Whether anthropogenic environmental change during the industrial era has modified
coccolithophore populations in the Southern Ocean, however, remains uncertain. This study analysed the
coccolithophore assemblage composition and morphometric parameters of E. huxleyi coccoliths of a suite
of Holocene-aged sediment samples from south of Tasmania. The analysis suggests that dissolution
diminished the mass and length of E. huxleyi coccoliths in the sediments, but the thickness of the
coccoliths was decoupled from dissolution allowing direct comparison of samples with different degree
of preservation. The latitudinal distribution pattern of coccolith thickness mirrors the latitudinal
environmental gradient in the surface layer, highlighting the importance of the geographic distribution of
E. huxleyi morphotypes on the control of coccolith morphometrics. Additionally, comparison of the E.
huxleyi coccolith assemblages in the sediments with those of annual subantarctic sediment trap records
found that modern E. huxleyi coccoliths are ~2% thinner than those from the pre-industrial era. The subtle
variation in coccolith thickness contrasts sharply with earlier work that documented a pronounced
reduction in shell calcification and consequent shell-weight decrease of ~30-35% on the planktonic
foraminifera Globigerina bulloides induced by ocean acidification. Results of this study underscore the
varying sensitivity of different marine calcifying plankton groups to ongoing environmental change.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Emiliania huxleyi (Lohmann) Hay and Mohler is the most
abundant and ubiquitous calcareous phytoplankton species and
the only coccolithophore that regularly forms blooms in a wide
range of environments, from polar to tropical systems and from
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http://dx.doi.org/10.1016/j.ancene.2020.100254

neritic to oceanic waters (Brown and Yoder, 1994; Tyrrell and
Young, 2009). These blooms annually cover an areal extent of
approximately 1.0 x 10% km? equivalent to 0.28% of the global
ocean (Brown and Yoder, 1994) and reach cell concentrations up to
108 cell per litre (Berge, 1962), thereby playing an important role in
the marine carbon cycle (Westbroek et al., 1989). The underlying
reason for the ecological success of E. huxleyi is due to its extensive
genomic variability and consequent physiological adaptation
repertoires (Read et al., 2013). Indeed, the high intraspecific
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genetic divergence strongly suggests that E. huxleyi most likely
represents a species complex, i.e. clades that are well separated
according to most species definitions but are not always
morphologically distinguishable (Read et al., 2013).

Carbon dioxide (CO,) emissions from anthropogenic sources
have been altering the physical and chemical properties of the
oceans beyond their natural state since the onset of the industrial
era (Pachauri et al, 2014). In addition to increased warming,
shallowing of mixed layers and changes in nutrient supply,
enhanced oceanic uptake of anthropogenic CO, is lowering surface
water pH and carbonate ion concentration, a process known as
ocean acidification (Caldeira and Wickett, 2003). Ocean-carbon
cycle models project that polar and subpolar ecosystems will be
the first regions to become undersaturated with respect to calcium
carbonate minerals in the coming decades (Orr et al., 2005; Feely
etal,, 2009). In particular, the mild alkalinity and low temperatures
of the surface waters of the Southern Ocean, makes this region
particularly vulnerable to ocean acidification (Cao and Caldeira,
2008; Fabry et al., 2009a; Shadwick et al., 2015).

Increased seawater acidification in laboratory experiments
often results in reduced calcification rates in many calcified marine
organisms, including planktonic foraminifera (Bijma et al., 2002),
pteropods (Bednarsek et al., 2014; Manno et al., 2017), cold-water
corals (Fabry et al.,, 2009b) and coccolithophorids (Meyer and
Riebesell, 2015). Seawater carbonate chemistry manipulation
experiments with E. huxleyi strains have come to different
conclusions, with some studies pointing to enhanced calcification
rates and net primary production at elevated partial pressure of
CO, (pCO,) (e.g. Iglesias-Rodriguez et al., 2008), while others
reported opposing effects (Riebesell et al., 2000). Reconciliation of
these apparently conflicting findings is likely the result of the
differing sensitivity to ocean acidification of the E. huxleyi strains
employed in each study (Langer et al., 2009), including the
possibility of contrasting positive responses to increased CO,
availability versus negative responses to acidification (Bach et al.,
2015). This notion is supported by Miiller et al. (2015), who
observed differing responses of three selected E. huxleyi strains
isolated from the Southern Ocean to changing seawater carbonate
chemistry. While laboratory experiments provide invaluable
information of the physiological response of E. huxleyi, they also
pose important limitations. The short duration of most laboratory
manipulations preclude evolutionary adaptation to changing
conditions (Langer et al., 2006; Schliiter et al., 2014), while the
use of single isolated E. huxleyi strains eliminates the possibility of
dominance shifts in the assemblage. These limitations introduce
important uncertainties when extrapolating laboratory results to
the natural field environment. It is, therefore, critical to perform
field experiments (e.g. Triantaphyllou et al., 2018) to confirm or
disprove the laboratory observations.

Comparison of sediment trap records with microplankton
assemblages preserved in sea-floor sediments provides a valuable
approach to assess the impact of climate change on plankton
communities since the pre-industrial era (e.g. Jonkers et al., 2019).
Moored time-series sediment traps are a reliable tool to recon-
struct the seasonal cycles of specific plankton groups, including
coccolithophores (e.g. Broerse et al., 2000b; Ziveri et al., 2000;
Triantaphyllou et al., 2010, among others). Importantly, sediment
trap records provide a resource to integrate annual coccolith fluxes
and can be used to eliminate the effects of seasonality, therefore
providing an important advantage versus plankton tows. These
characteristics make annual sediment trap records a robust proxy
for determining the state of modern coccolithophore communities.
Similarly, coccolith assemblages from the uppermost layers of the
sea-floor sediments represents an integrated assemblage of the
past hundreds to thousands of years and therefore provides a
baseline of the natural state of coccolithophore communities

before substantial human influences on the global environment.
Together, the comparison of annual coccolith flux records with the
assemblages preserved in the surface sediments provide a
powerful means to assess changes in coccolithophore communi-
ties in response to ongoing environmental change.

The present study was partly prompted by earlier results from a
field experiment comparing the weight of the planktonic
foraminifera species Globigerina bulloides collected by sediment
traps with those from the Holocene-aged sediments in the
Australian sector of the Subantarctic Zone (Moy et al., 2009).
Results from the latter study showed that modern G. bulloides
populations are about 30-35% lighter than those in the Holocene
sediments suggesting that ocean acidification could have caused a
thinning of their shells. Following this approach, here we compare
the annual coccolith assemblages of the key-stone species
E. huxleyi collected by sediment traps deployed in the subantarctic
surface waters south of Tasmania from an earlier study (Rigual-
Hernandez et al., 2020a) with an suite of Holocene-aged sediments
samples retrieved in the same region. We characterized the
coccolithophore assemblages in the sediment samples and
determined the mass, length, and degree of calcification of
E. huxleyi coccoliths, in order to answer the following research
questions: (1) How do the seafloor sediments south of Tasmania
preserve the record of the coccolith assemblages living during the
pre-industrial era?; (2) Which and how natural and/or anthropo-
genic alterations to the marine environment, if any, have induced a
change in the subantarctic E huxleyi populations since the pre-
industrial Holocene?; (3) How do any observed changes differ from
those previously documented in planktonic foraminifera, the other
major pelagic calcifiers in the Southern Ocean?

1.1. Oceanographic setting

The physical and chemical characteristics of the surface waters
south of Tasmania exhibit pronounced latitudinal changes that
occur as a series of steps or oceanographic fronts from north to
south (Fig. 1). The Subtropical Front is characterized by a
pronounced sea surface temperature gradient of approximately
4 °Cthat occurs in less than 0.5° of latitude (Rintoul et al., 1997) and
represents the boundary between the subtropical gyres to the
north and the Subantarctic Zone waters to the south. The
Subantarctic Zone displays surface water pCO, well below
atmospheric equilibrium, therefore acting as a large net sink for
atmospheric CO, (~1 Gt C yr'!'; Metzl et al,, 1999; Lenton et al.,
2013).

North of the Subtropical Front, the Zeehan current (an
extension of the Leeuwin current) flows down the Tasmanian
west coast (Ridgway, 2007). Along the east coast of Tasmania, an
extension of the East Australian Current flows southward. Most of
the East Australian Current extension that reaches south of
Tasmania, is directed northwest as part of the Flinders Current,
while the remaining flows poleward forming eddies (van Sebille
et al., 2012; Pardo et al., 2019). South of the Subtropical Front, the
general circulation is governed by the Antarctic Circumpolar
Current that flows eastward connecting each of the major ocean
basins (Rintoul et al., 2001). As a result of the different properties of
the surface waters, the Subtropical and Subantarctic Zones exhibit
different phytoplankton compositions (Odate and Fukuchi, 1995;
Kopczynska et al., 2001; Eriksen et al., 2018).

The solubility of calcium carbonate minerals increases at lower
seawater temperature and higher pressures, and thus their
solubility increases with depth in the water column. Calcium
carbonate preservation is largely controlled by changes in the

carbonate ion concentration ([CO%’]) throughout the water
column. The lysocline or saturation horizon is defined as the
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Fig. 1. Bathymetric map showing the location of Southern Ocean Time Series (SOTS) observatory sediment traps (yellow triangle) and Holocene core-top samples in the
Subtropical Zone (black circles) and Subantarctic Zone (black diamonds) used in this study. Abbreviation: ACC - Antarctic Circumpolar Current. Oceanic fronts after Orsi et al.
(1995). Ocean Data View software (Schlitzer, 2018) was used to generate this figure. Bathymetric data from General Bathymetric Chart of the Oceans (2020) (doi:10.5285/

a29c5465-b138-234d-e053-6c86abc040b9).

depth in the water column where undersaturation ({) = 1) with
respect to a given CaCOs; phase (aragonite or calcite) occurs,
therefore resulting in a pronounced increase in the rate of CaCO3
dissolution of that phase. In the subantarctic waters south of
Tasmania, the calcite saturation horizon occurs at ~3400 m (Moy
et al., 2009; Bostock et al., 2011).

1.2. Distribution of Emiliania huxleyi morphotypes in the Southern
Ocean

Based on the dimensions and fine structure of its coccoliths,
E. huxleyi can be divided into different morphotypes. However,
their precise delimitation can be difficult in some cases due to their
overlapping features and size ranges (Young et al., 2003; Cook
et al.,, 2011; Hagino et al., 2011). In the Southern Ocean, E. huxleyi
largely dominates coccolithophore populations, displaying maxi-
mum abundances in the Subantarctic Zone and a general decline in
its numbers moving poleward (Findlay and Giraudeau, 2000;
Saavedra-Pellitero et al., 2014; Patil et al., 2017; Rigual Hernandez
et al.,, 2018). E. huxleyi populations in the waters south of Tasmania
are primarily composed of three morphotypes: A overcalcified (A
o/c), A and B/C (Cubillos et al., 2007; Cook et al., 2011; Cook et al.,
2013), each of which is characterized by distinct coccolith
structure and mass, photosynthetic pigment composition and
differing responses to seawater carbonate chemistry variations
(Cook et al., 2011; Cook et al., 2013; Krueger-Hadfield et al., 2014;
Miiller et al., 2015). These three morphotypes display important
differences in their latitudinal distribution in the Australian sector
of the Southern Ocean (Cubillos et al., 2007). The heavily-calcified
type A o/c dominates E. huxleyi populations north of 48 °S (i.e.

approximately the position of the Subantarctic Front), while the
typical morphotype A extends roughly from the Subtropical Front
to the Polar Front (~from 44 to 55 °S). Morphotype B/C displays the
most southward distribution dominating from 48 to 65 °S and
becoming the only morphotype found in Antarctic Zone waters
(Cubillos et al., 2007; Rigual Hernandez et al., 2018). The light and
delicate type B/C coccoliths are produced by the E. huxleyi var.
aurorae ecotype, a Southern Ocean specialist with physiological
adaptations that enable growth at cold temperatures (~4 °C) and
low-light conditions (Cook et al., 2011).

2. Material and methods
2.1. The SOTS observatory

The Southern Ocean Time Series (SOTS) observatory is located
at 46° 56" S and 142° 15’ E (Fig. 1) and can be considered
representative of a large swath of the Indian and Pacific sectors of
the Subantarctic Zone (~90 to 140 °E; Trull et al., 2010). The SOTS
facility consists of a set of three moorings platforms dedicated to
measuring a range of physical, chemical, and biological processes,
and the collection of ocean particles (Trull et al., 2010; Eriksen
et al.,, 2018).

Rigual-Herndndez et al. (2020a) analysed the seasonal variabil-
ity of E. huxleyi coccolith assemblages collected by three vertically-
moored sediment traps deployed from November 2009 to
November 2010, to determine the seasonal variations of coccolith
size and mass. Here, we take advantage of this study to obtain an
approximation of the modern coccolithophore assemblages
dwelling in the Subantarctic Zone. The potential source area (also
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termed “statistical funnel”; Siegel et al., 1990; Siegel and Deuser,
1997) for the particles intercepted by a given sediment trap
increases with depth. Therefore, to obtain the most robust
representative of the modern conditions of Subantarctic Zone
the three vertically-moored sediment trap records are represented
as one composite sample (see section 2.6).

2.2. Holocene sediment samples

The sediment samples were retrieved from sediments under-
lying the subtropical and subantarctic waters south of Tasmania
during the Australian Geological Survey Organisation Cruise 147
and IMAGES IlI cruise (Fig. 1 and Table 1). Most of the samples were
collected from the South Tasman Rise, a large submarine plateau
(approximately 500 km long) lying at depths ranging from 1000 to
4000 m. The majority of the samples were collected from locations
above the top of the calcite saturation horizon and consequently
expected to have good coccolith preservation. Based on the dated
cores, sedimentation rates through the Holocene in the study area
were low, with values ranging between 2-5 cm ky'. The dated
sediment samples suggest that the surface layer range between 3
to 7 kyrs BP (AMS 'C dates for GC04 at a depth of 5-8 cm is 3160 yr
BP, GC14 at 5-7 cm is 7373 yr BP (Connell and Sikes, 1997) and GC17
at 0-2 cm is 4440 yr BP (Moy et al., 2009)) therefore containing
coccolithophore assemblages sedimented during the pre-industri-
al Holocene era.

2.3. Sample processing for calcareous nannoplankton analysis

Samples for calcareous nannoplankton analysis were pre-
pared following a method adapted from Flores and Sierro
(1997). Approximately 50 mg of dry sediment were suspended
in a solution of sodium carbonate and sodium hydrogen
carbonate (pH 8) with ammonia (2%). The samples were subject
to gentle mechanical disaggregation on a rotating carousel for
24 hours (Stoll and Ziveri, 2002). Between 0.2 and 2 ml of sample
were extracted with a micropipette and dropped onto a petri
dish filled with buffered water and with a cover slip in its
bottom. After settling 12 hours, the excess of water was removed
using filter-paper strips. Then the cover slip was left to dry and
mounted on a glass slide with Canada balsam. Coccoliths were
identified to species level using a Nikon Eclipse 80i polarised
light microscope at 1000x magnification. A minimum of 300
coccoliths were identified to the lowest taxonomic level
possible. Only in GC18 sample, that contained extremely low
coccolith abundance this target was not met, with only 45
coccoliths identified. Then, coccolith relative and absolute
abundances were estimated.

Table 1

A Carl Zeiss EVO HD25 Scanning Electron Microscope (SEM) was
used to identify and classify about 100 E. huxleyi coccoliths per
sample into morphotypes. Round glass cover slips were prepared
following Flores and Sierro (1997), mounted on aluminium stubs
and coated with gold. E. huxleyi morphotypes were identified
following the same criteria as Rigual-Hernandez et al. (2020a)
which in turn is based on Young et al. (2003) and Hagino et al.
(2005) with slight modifications adapted for Southern Ocean
populations. Coccolithophore assemblage composition of most of
the sediment samples analysed here had been previously
characterized by Findlay and Giraudeau (2002). However, in order
to be consistent and make the results comparable with the
sediment trap results all the samples were recounted.

2.4. The Calcidiscus leptoporus - Emiliania huxleyi Dissolution
Index (CEX)

Modern coccolith sinking assemblages in the subantarctic
waters south of Tasmania are dominated by E. huxleyi (> 80% of the
annual sinking assemblage) followed by Calcidiscus leptoporus
(~10%) (Rigual-Hernandez et al., 2020b). Although the coccoliths
of these two species are placoliths, i.e. they are composed of a
proximal and distal shield connected by a central column, they
represent the two ends of the coccolith dissolution spectrum.
While E. huxleyi produces fragile coccoliths with delicate T-shaped
elements that make them particularly vulnerable to dissolution,
and C. leptoporus producing heavily calcified shields highly
resistant to dissolution. Since E. huxleyi and C. leptoporus have
relatively similar ecological affinities, changes in this ratio could be
potentially used as indicator of the intensity of dissolution in the
sediments (e.g. Dittert et al., 1999; Boeckel and Baumann, 2004). If
it is assumed that the proportion of these two species has
remained similar through the Holocene until present, the
C. leptoporus — E. huxleyi Dissolution Index (CEX) (Dittert et al.,
1999) could be used to assess dissolution in the sediments.
Previously, a ratio of 0.6 has been proposed as the critical boundary
below which substantial carbonate dissolution occurs (Dittert
et al., 1999; Boeckel and Baumann, 2004). The CEX index is
calculated as follows:

CEX = %E. huxleyi / (%E. huxleyi+ %C. leptoporus)

2.5. Coccolith mass and size measurements

A minimum of 100 Emiliania huxleyi coccoliths were analysed in
all samples with exception of GC16 and GC18 where 90 and 65
coccoliths were measured, respectively. A total of 1128 fields of
view (FOV) were photographed using a Nikon Eclipse LV100 POL

Summary of zonal system, latitude, longitude and water column depth of the sediment samples. STZ — Subtropical Zone, SAZ - Subantarctic Zone.

Core ID Zonal system Longitude ('E) Latitude ('S) Water column depth (m)
GCo1 STZ 144.18 4417 4262
GCo4 STZ 144.25 44.10 2980
GCO05 STZ 145.42 44.07 2334
GC13 STZ 144.27 46.17 4452
GC14 STZ 145.24 46.45 3360
GC15 STZ 145.42 46.65 3260
GC16 STZ 145.25 46.80 3523
GC17 SAZ 145.82 47.75 3001
GC18 SAZ 145.07 48.09 4368
GC20 SAZ 146.43 48.65 3300
GC21 SAZ 145.99 49.00 4132
GC28 STZ 147.38 46.06 3065
GC31 STZ 149.06 44.55 3402
GC35 STZ 146.53 45,73 2720
MD972107 SAZ 145.78 47.71 2950
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microscope equipped with circular polarisation and a Nikon DS-Fil
8-bit colour digital camera. C-Calcita software (Fuertes et al., 2014)
extracted images of all particles between 1 and 8 wm from each
FOV photograph. Then, the output files of single E. huxleyi
coccoliths were visually selected. E. huxleyi coccoliths were
differentiated from Gephyrocapsa species - the other members
of Noélaerhabdaceae family present in the Subantarctic Zone with
relatively similar coccolith dimensions- on the basis of the
presence or absence of a conjunct bridge. Even when this bridge
is missing, Gephyrocapsa coccoliths often display two conspicuous
highly calcified thickenings that correspond with the base of the
bridge allowing identification of members of this genus. Coccolith
mass and length measurements on the output images of E. huxleyi
coccoliths were performed automatically by C-Calcita software.
Further details of the calibration and image analysis protocol can
be found in Rigual-Hernandez et al. (2020a).

The proportions between different morphometric parameters
of a coccolith of a given species typically vary with size (i.e.
allometric growth; Young and Ziveri, 2000). In particular, coccolith
thickness has been documented to increase in proportion to its size
(O’Dea et al., 2014). Therefore, in order to compare coccolith
thickness across datasets beyond this relationship we calculated
the size-normalized coccolith thickness, hereinafter SN thickness
after O’'Dea et al. (2014) and Bolton et al. (2016) using the following
formula:

SN thickness = CT + [(ML — DSL)x S]

where the first term, CT, is the coccolith thickness of coccolith A in
sample X and the correction for size is given by the second term, in
which ML is the mean coccolith length of all the samples analysed
together (i.e. sediment trap plus sediment samples), DSL (distal
shield length) is the length of E. huxleyi coccolith A in sample X, and
S is the slope of the regression line between coccolith length
(x axis) and thickness (y axis) in sample X.

2.6. Statistical Analyses

As the variables coccolith mass, DSL and SN thickness have a
weighted composition, the weighted Kolmogorov-Smirnov test
(Monahan, 2011) was performed instead of the classical test
(Darling, 1957) to assess the difference in E. huxleyi coccolith
mass, DSL and SN thickness between modern (Sediment trap) and
pre-industrial (Holocene sediments) datasets. Since the sediment
traps were deployed in the Subantarctic Zone, we also performed a
second comparison with Subantarctic Zone seabed samples only -
i.e. excluding all the sediment samples retrieved from the
Subtropical Zone. The Kolmogorov-Smirnov comparison consists
of a two-sample distribution-free test designed to identify
possible deviations from the initial hypothesis that the distribu-
tions of the two compared populations are identical. If the p value
is small, i.e. 0.05 or less, it can be concluded that the distributions
of the two populations compared are significantly different.

The modern subantarctic assemblage, termed “sediment trap
composite sample” was derived by integrating the coccolith flux
time series collected during a year (from August 2011 until July
2012) from three vertically moored sediment traps placed at 1000,
2000 and 3800 m at the SOTS site from a previous study (Rigual-
Hernandez et al., 2020a). Since the relative abundance of E. huxleyi
morphotypes display substantial latitudinal variations across the
subtropical and subantarctic waters south of Tasmania (Findlay
and Giraudeau, 2000; Cubillos et al., 2007) and each of these
morphotypes are characterized by coccoliths with different degree
of calcification and size ranges, we ran two different comparisons
between the “sediment trap composite sample” and sediments:
one with the whole sediment sample dataset - hereinafter termed

“sea-bed sediment group” - dataset and one with the subantarctic
sediment samples only, hereinafter termed “subantarctic sediment
group”.

Additionally, the Pearson's correlation (Pearson, 1907) used to
assess the degree of association between E. huxleyi morphometric
parameters, CEX, latitude and water column depth of the seafloor
samples.

3. Results
3.1. Coccolith assemblage composition and CEX index

With the exception of GC13, GC14, GC16 and GC18, the
calcareous nannofossil assemblages were largely dominated by
E. huxleyi that accounted for between 60 and 84% of the
assemblage, followed by C. leptoporus (1-23%) and Gephyrocapsa
group (including G. muellerae, G. oceanica, Gephyrocapsa spp.
< 3 wm and Gephyrocapsa spp. > 3 m; 4-28%) (Supplementary
Table 1). GC13, GC14, GC16 and GC18 are among the samples
retrieved from deepest locations and exhibit more pronounced
signs of dissolution. These samples were dominated or co-
dominated by the heavily calcified C. leptoporus (7-42%) and
Coccolithus pelagicus (8-42%).

CEX values in most sediment samples were above 0.6 (Dittert
etal., 1999; see also section 2.6), suggesting that post-depositional
dissolution processes had not altered the composition of the
coccolith assemblages. Only in samples GC13, GC16 and GC18 CEX
was equal or below the 0.6 threshold, indicating that carbonate
dissolution could have compromised the imprint of some taxa. CEX
exhibited a significant correlation with water column depth
(r = -0.66, p < 0.01, n = 15) (Fig. 2) highlighting the intimate
relationship between depth and calcite dissolution (Milliman,
1975). Note that the slightly different r coefficients between CEX
and depth shown in Figs. 2 and 5 are due to the different number of
samples used in each correlation.

3.2. Morphotype composition of E. huxleyi assemblages

Overall, SEM analyses on the Holocene sediment samples
revealed that most of the E. huxleyi coccoliths were affected by
dissolution. The total or partial loss of their T-elements and central
area elements (e.g. Fig. 3a) precluded the identification to
morphotype level of about 85% (average value) of the E. huxleyi
coccoliths found in the sediment samples (Fig. 4 and Supplemen-
tary Table 2). GCO5 and GC04 exhibited the best preservation with
49 and 37 % of the E. huxleyi coccoliths identifiable to morphotype
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Fig. 2. Regression plot between the CEX index (Calcidiscus leptoporus — Emiliania
huxleyi Dissolution Index) and water column depth of the sediment samples.
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Fig. 3. Scanning Electron Microscope photographs showcasing the two ends of the preservation spectrum of E. huxleyi coccoliths in the sediments south of Tasmania: highly
dissolved coccoliths (red arrows) (a) and well-preserved coccolith (type A) (b). Scale bars: a =2 pm; b =1 pm.
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Fig. 4. Relative abundance of E. huxleyi morphotype in (a) the Holocene sediments south of Tasmania in latitudinal order from north (left) to right (south) and (b) in the
subantarctic SOTS sediment traps (composite sample grouping the three sediment traps). B/C and C morphotypes grouped together under B/C.

level. These two samples correspond to the northernmost locations
of data set and displayed the highest concentrations of type A (29
and 22% for GCO5 and GC04, respectively) and among the highest
for type A o/c (13 and 15%) of the total coccoliths counted, in all
samples (Fig. 4). In contrast the poorest preservation was observed
in the subantarctic - and second deepest sample (depth 4368 m) -
GC18, that was almost barren for E. huxleyi coccoliths. Very poor
coccolith preservation was also documented in the samples
located in GC13, GC14, GC15 and GC16 located in the western
flank of the South Tasman Rise where > 98% of the E. huxleyi
coccoliths were unidentifiable (Fig. 4). The poor preservation of the
E. huxleyi coccoliths in the sediments contrasts with their good
conservation in the SOTS sediment trap samples, where all
coccoliths found in distal shield view were identifiable (Rigual-
Hernandez et al., 2020a).

3.3. Coccolith mass, length, and thickness distributions in the
sediments south of Tasmania

A total of 1794 E. huxleyi coccoliths from the Holocene
sediments south of Tasmania were visually identified and analysed
for morphometric parameters. An average of 128 coccoliths per
sample were analysed, ranging from 65 in sample GC20 to 189 in
GCO04. Average coccolith mass in the sediments is 2.65 & 1.20 pg

(average + standard deviation). Peak values are observed in the
subtropical samples GC35 and GC15 (3.34 + 1.50 and 3.29 +
1.49 pg) collected from the northern flank of the South Tasman Rise
and minima in the nearby, but deeper (3523 m), GC16 site (2.16 +
1.23 pg) depth) and in GC21 (2.35 4 0.95 pg), located the southern
flank of the South Tasman Rise. The spatial distribution of coccolith
mass in the sediments south of Tasmania was similar to that of DSL
(Fig. 6 a and b), exhibiting a strong and significant correlation
between both parameters (r = 0.86; Fig. 5). Unlike coccolith mass
and DSL, SN thickness exhibits a clear latitudinal gradient with
maximum values observed in the subtropical samples GC31, GCO1
and GC35 and minima in the subantarctic samples GC17 and
MD972107 (Fig. 6¢). SN thickness was not correlated with either
coccolith mass or DSL (r = 0.36 and -0.13, respectively), but was
significantly negatively correlated with latitude (°S) (r = -0.61;
Fig. 5).

3.4. Coccolith morphometrics: sediment trap versus Holocene
sediment E. huxleyi assemblages

Annual flux-weighted coccolith mass, DSL and SN coccolith
thickness for the sediment trap composite sample are 2.76 pg, 2.82
wm and 0.192 pm, respectively. Comparison of the coccolith mass
distributions between datasets initially suggests that modern
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Fig. 5. Pearson correlation matrix for mean morphometric parameters of E. huxleyi
coccoliths (mass, DSL and SN thickness), the dissolution index CEX, water column
depth and latitude of the Holocene-aged sediment samples south of Tasmania. Non-
significant correlations (p values > 0.05) are crossed out. N = 14 samples (no
coccolith morphometric data for GC18).

E. huxleyi coccolith assemblages (i.e. those from the composite
sediment trap sample) display a higher calcite content than their
counterparts retrieved from the seafloor, both when all sediment
samples are considered together, and when only subantarctic
sediment samples are compared (Fig. 7a and b). For DSL
distributions, the results of the Kolmogorov-Smirnov test yielded
similar results to those for coccolith mass, with DSL of the
sediment trap assemblages being greater than that of all the sea-
floor sediment samples (i.e. the sea-bed sediment group) and the
subantarctic samples (Fig. 7c and d). Interestingly, the SN coccolith
thickness comparison indicates that Holocene E. huxleyi popula-
tions were more calcified than modern ones (Fig. 7e). This
statement holds true when we narrow the comparison to the
subantarctic sediment group (Fig. 7f).

Subtropical Zone

100
80
60
40 I:
3
20 2
0
O I ~ «— 1B O M < L © M~
O O O M MO N ™ «~~ v v« O v
O O OO OO O OO0 OO <« O
OO OO0 OO0 O N
a -

Subantarctic Zone

4. Discussion

4.1. Factors influencing the preservation and composition of coccolith
sinking assemblages

The complex interaction of several physical, chemical and
biological processes can alter the original coccolithophore assem-
blage since its initial production in the surface ocean until its
eventual preservation in the sediments. Grazing by zooplankton is
the first factor influencing the original coccolithophore assemblage
produced in the surface layer and can have opposing effects on
coccolith preservation. On the one hand, mechanical breakage of
coccospheres and/or the effect of acidic food vacuoles (3-5 pH) of
some zooplankton species may result in fragmentation of
coccoliths and/or rapid calcite dissolution (e.g. Broerse et al.,
2000a; Mayers et al., 2019). On the other hand, formation of faecal
and algal aggregates can reduce the contact of the coccoliths with
the environment and effectively increase their sinking rates,
thereby facilitating their rapid transit through the water column
and deposition on the seafloor (Ziveri et al., 2007). In the study
area, Pearce et al. (2011) estimated that microzooplankton exerts a
strong top-down control by removing about 80% of primary
production during the austral summer, while Ebersbach et al.
(2011) documented that the bulk of the particles sinking out of the
mixed layer during summer occurs in the form of faecal aggregates.
SEM observations indicate that the preservation of E. huxleyi
coccoliths collected by the traps is excellent indicating that
negligible dissolution occurs in the transit of the coccolithophores
throughout the water column (Rigual-Herndndez et al., 2020a).
Taken together, all the above-mentioned studies suggest that
grazing pressure in the subantarctic waters facilitates the rapid
transit of coccoliths from the surface to the sea floor thereby
optimizing their preservation. The good preservation of the
coccoliths in the traps is consistent with Moy et al. (2009) who
reported minimal dissolution of planktonic foraminifera Globiger-
ina bulloides tests captured by sediment traps in the study region.

Once at the seabed, the accumulated coccoliths are exposed to
several processes that can alter the preservation and composition
of the original assemblage. Firstly, bioturbation can result in the
mixing of sediment layers introducing a blurring effect on the
information preserved in the sediment record (Boudreau, 1998).
The AMS 'C dates (section 2.2) confirm that all the samples
analysed here are Holocene (Connell and Sikes, 1997; Findlay and
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Fig. 6. Distribution of E. huxleyi coccolith mass (a), DSL (Distal Shield Length) (b) and SN thickness (c) in the seafloor Holocene sediments south of Tasmania. Black points
identify location of sampling points. Ocean Data View software (Schlitzer, 2018) was used to generate this figure.
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Giraudeau, 2002; Moy et al., 2009). Secondly, carbonate dissolu-
tion is generally considered the most important factor altering the
original coccolith assemblage. SEM observations indicate that most
of the E. huxleyi coccoliths in all the sediment samples analysed
have experienced a variable degree of dissolution and fragmenta-
tion of their elements and shields that precluded the identification
to morphotype-level of a substantial number of coccoliths (Figs. 3
and 4). It is likely that supralysocline dissolution processes
(Milliman et al. (1999) related to the guts and faeces of epipelagic
grazers, and microbial oxidation of organic matter facilitated post
depositional dissolution of the sea-floor samples.

4.2. Biogeographical distribution patterns of Emiliania huxleyi
coccoliths

The modern Subtropical and Subantarctic Zone waters host
different proportions of E. huxleyi morphotypes, with type A and A
o/c occurring more frequently in the Subtropical Zone, while the

subantarctic waters are dominated by morphotype B/C, endemic to
the Southern Ocean (Cubillos et al, 2007). Notably, these
morphotypes display important differences in their degree of
calcification, with morphotype A and A o/c exhibiting substantially
more calcified coccoliths than the weakly calcified type as reflected
in their different coccolith shape factors (ks = 0.04, 0.02 and 0.015
for type A o/c, A and B/C, respectively; Young and Ziveri, 2000;
Poulton et al., 2011). Therefore, we initially expected the E. huxleyi
coccolith mass distributions in the sea floor to mirror the
latitudinal gradient in the surface layer, displaying maximum
coccolith mass in the northern stations and minima south of the
Subtropical Front. The lack of a clear decreasing north-south
gradient in both mass and length (Fig. 6a and b) is interpreted as
resulting from substantial post depositional dissolution processes
on the seafloor. This idea is supported by the significant
correlations of coccolith mass and DSL with CEX (Fig. 5) suggesting
that dissolution most likely altered these two parameters. In
contrast, the SN thickness displays a clear latitudinal pattern
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consistent with the distribution of morphotypes in the surface
layer (Fig. 6) and is not correlated with the dissolution index CEX
(Fig. 5). These observations suggest that the SN thickness is
decoupled from coccolith preservation (O'Dea et al, 2014).
Comparison of SN thickness distributions indicates that subtropi-
cal E. huxleyi coccoliths are 10% thicker than those preserved in the
subantarctic sediments. We speculate that the variations in
coccolith thickness along the latitudinal environmental gradient
are intimately related to changes in the proportions of E. huxleyi
morphotypes. Indeed, if we focus on the subtropical sample with
the best preservation, i.e. sample GCO5, the contribution of type A
and type A o/c together accounts for ~40% of the assemblage
(Fig.4). And it is important to note that this value should be viewed
as an underestimation because about half of the E. huxleyi
coccoliths in sample GCO5 were unidentifiable to morphotype
level. Indeed, the contribution of type A and type A o/c together
would increase up to 85% if the unidentified E. huxleyi coccoliths
are not considered. Although the poor preservation of the E. huxleyi
coccoliths in the subantarctic samples precludes estimation of
morphotype proportions, previous research in the nearby New
Zealand Subantarctic Zone indicates that type B/C is, by far the
dominant morphotype in the surface sediments (Saavedra-
Pellitero and Baumann, 2015). Taken together, all the above
observations support the notion that changes in coccolith
thickness along the north-to-south environmental gradient south
of Tasmania are controlled by the morphotype composition of
E. huxleyi populations.

4.3. Comparison of modern and pre-industrial Holocene Emiliania
huxleyi assemblages

Given the substantial variability in morphotype composition of
E. huxleyi assemblages between the subtropical and subantarctic
waters south of Tasmania (Findlay and Giraudeau, 2000; Cubillos
et al,, 2007; Rigual-Hernandez et al., 2020a), we focus on the
comparison of the SOTS sediment traps with the subantarctic
sediment samples (Fig. 7b, d and f) to assess the changes of
E. huxleyi populations in the subantarctic region since the pre-
industrial era.

Since the coccolithophore populations captured by the SOTS
sediment traps and those from the subantarctic Holocene-aged
sediment samples display CEX values above 0.7, it can be inferred
that a negligible to low number of E. huxleyi coccoliths had been
completely removed from these samples. In other words, the
results suggest that the bulk of E. huxleyi coccoliths that reached
the seafloor in the Subantarctic Zone are still present in the
sediments, thereby discarding the possibility that differential
dissolution removed the most weakly calcified E. huxleyi coccoliths
from the seafloor. However, this does not imply that E. huxleyi
coccoliths were unaltered by dissolution. In fact, the SEM
observations clearly indicate that most of the E. huxleyi coccoliths
in the sediments experienced a variable degree of CaCOs loss that
resulted in a reduction of both coccolith mass and DSL. In contrast,
the results of this study (see section 4.2), along with previous
research (O’Dea et al., 2014), indicate that SN thickness is
unaffected by dissolution, this parameter can be used to compare
to sediment trap and seafloor coccolith assemblages on an equal
footing.

Comparison of the distributions of SN thickness indicates that
modern E. huxleyi coccoliths are less calcified than Holocene ones
from the subantarctic sediments (Fig. 7f). It is important to note
that although this difference is significant (at p-value < 0.05), it is
small with modern E. huxleyi coccoliths being 2% thinner than pre-
industrial Holocene ones. Next, we examine the most probable
environmental factors that could have driven this change between
the Holocene and present.

Several lines of evidence strongly suggest that temperature is a
critical factor controlling the biogeographical distribution of
E. huxleyi morphotypes in the Southern Ocean (Cubillos et al.,
2007; Charalampopoulou et al., 2016; Rigual Hernandez et al.,
2018; Saavedra-Pellitero et al., 2019). In particular, unpublished
results from Hallegraeff et al. (see Rigual-Hernandez et al., 2020a
for more information) have showed that Southern Ocean B/C
strains are able to grow at 4,10 and 17 °C, while types Aand Ao/cdo
not survive at 4 °C. Since the weakly calcified type B/C dominates
the coccolithophore populations in the Subantarctic Zone, any
substantial variation in water temperatures could potentially
induce a change in the proportions of morphotypes, thereby
driving a change in the average size and weight of the E. huxleyi
populations (Bach et al., 2012). Sea surface temperature recon-
structions based on alkenones of core GC17 (Fig. 1), indicate that
surface temperatures in the Subantarctic Zone has decreased
approximately 2.5 °C since the early Holocene (Sikes et al., 2009).
Therefore, it is plausible that the warmer conditions during the
early to mid Holocene (Sikes et al., 2009) favoured the develop-
ment of E. huxleyi strains with affinity for higher SSTs, such as type
A and A o/c (Cubillos et al., 2007; Cook et al., 2011), thereby
explaining the thicker coccoliths recorded in the Holocene
sediments. Moreover, seawater carbonate chemistry manipulation
experiments with Southern Ocean E. huxleyi strains (correspond-
ing to morphotypes B/C, A and A o/c) showed differing physiologi-
cal responses to projected pCO, levels (Miiller et al., 2015). In
particular, type B/C was shown to be the most sensitive of the three
morphotypes to high pCO,, almost ceasing calcification at pCO,
levels above 1000 patm. However, it is important to note that
response of type B/C to increased pCO, was not linear, as it
displayed an increase of up ~20% on its growth rates from pre-
industrial pCO, concentrations (~250 patm) to present industrial
levels (~400 patm) before reducing its growth rates at further
higher pCO, concentrations. In turn, growth rates of type A strains
remained constant between Holocene and industrial pCO, levels.
Thus, it is possible that seawater carbonate chemistry changes in
subantarctic waters induced by enhanced pCO, levels during the
industrial era would have favoured the growth of B/C populations,
thereby resulting in an overall ecologically-driven decrease in the
calcification of subantarctic populations, as suggested by the
results.

5. Conclusions

Comparison of the morphotype composition and morphomet-
ric parameters of E. huxleyi coccolith preserved in the Holocene-
aged sediments south of Tasmania with assemblages from annual
sediment-trap time series records permit answers to the research
questions posed in this paper:

1- Results indicate that, whereas post depositional processes
diminished the mass and distal shield length of E. huxleyi
coccoliths preserved in the Holocene-aged sediments, the size
normalized coccolith thickness is retained allowing comparison of
modern and pre-industrial E. huxleyi assemblages using this
variable.

2- Modern E. huxleyi populations in the Subantarctic
Zone produce coccoliths about 2% thinner than those from the
pre-industrial Holocene. This result suggests that ongoing
anthropogenic-driven environmental change in the Subantarctic
Zone has induced only minor changes in the composition or
physiological response of E. huxleyi populations. The production of
subtly thicker coccoliths during the pre-industrial Holocene
attributable to the warmer conditions and/or lower pCO,
levels could have possibly favoured the growth of E. huxleyi
morphotypes other than the currently dominant, and weakly
calcified, type B/C.
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3- The limited variation in coccolith calcification of E. huxleyi
since the pre-industrial era contrasts sharply with the 30-35%
reduction in shell weight of the dominant class of calcifying
zooplankton, foraminifera, as observed for the species Globigerina
bulloides (Moy et al., 2009). Ocean acidification has been
documented to have an overall negative effect on the calcification
of both species (Meyer and Riebesell, 2015; Davis et al., 2017).
However, the results of this study suggest that there are important
differences in the sensitivity of both groups to the pCO, increase
since the onset of the industrial revolution (i.e. from ~250 to ~400
patm) with E. huxleyi subantarctic strains being more resilient
than G. bulloides.

Understanding the response of coccolithophores to environ-
mental change is important to enable robust predictions of the
impacts on higher trophic levels, and to carbon cycling on regional
and global scales. While the results presented here indicate that
critical ocean acidification thresholds for E. huxleyi calcification
have not been reached, it is expected that they will be crossed in
the coming decades (Miiller et al., 2015 ). Moreover, recent research
has provided evidence that less abundant but larger subantarctic
coccolithophore species (such as Calcidiscus leptoporus) account for
a greater fraction of CaCO3 export to the deep sea than E. huxleyi
(Rigual-Hernandez et al., 2020b). Therefore, it is of critical
importance to maintain continuous sampling programs in key
Southern Ocean locations and extend the monitoring to other
ecologically important species to better evaluate the response of
marine ecosystems to predicted environmental change.
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