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The Subantarctic Zone of the Southern Ocean plays a disproportionally large role
on the Earth system. Model projections predict rapid environmental change in
the coming decades, including ocean acidification, warming, and changes in
nutrient supply which pose a serious risk for marine ecosystems. Yet despite the
importance of the Subantarctic Zone, annual and inter-annual time series are
extremely rare, leading to important uncertainties about the current state of its
ecosystems and hindering predictions of future response to climate change.
Moreover, as the longest observational time series available are only a few
decades long, it remains unknown whether marine pelagic ecosystems have
already responded to ongoing environmental change during the industrial era.
Here, we take advantage of multiple sampling efforts — monitoring of surface
layer water properties together with sediment trap, seafloor sediment and
sediment core sampling — to reconstruct the modern and pre-industrial state
of the keystone calcifying phytoplankton Calcidiscus leptoporus, central to the
global marine carbonate cycle. Morphometric measurements reveal that
modern C. leptoporus coccoliths are 15% lighter and 25% smaller than those
preserved in the underlying Holocene-aged sediments. The cumulative effect of
multiple environmental factors appears responsible for the coccolith size
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variations since the Last Deglaciation, with warming and ocean acidification
most likely playing a predominant role during the industrial era. Notably,
extrapolation of our results suggests a future reduction in cell and coccolith
size which will have a negative impact on the efficiency of the biological pump
in the Southern Ocean through a reduction of carbonate ballasting. Lastly, our
results tentatively suggest that C. leptoporus coccolith size could be used as a
palaeo-proxy for growth rate. Future culture experiments will be needed to test

this hypothesis.

KEYWORDS

Southern Ocean, coccolithophores, Calcidiscus leptoporus, ocean acidification,
environmental change, sediment trap experiment, industrial era, Holocene

1 Introduction

Coccolithophores, the most prolific group of marine calcifying
phytoplankton, play an important, yet complex role in the global
carbon cycle and climate system (Milliman, 1993; Honjo et al,
2008). On the one hand, they represent a key component of the
biological pump taking up CO, via photosynthesis, and then
subsequent transport to depth of a fraction of the produced
organic carbon (Ziveri et al., 2007; Balch, 2018). Moreover, their
dense calcite platelets (termed coccoliths) may even accelerate the
sinking of other organic matter via ballasting (e.g. (e.g. Armstrong
et al., 2002; Ziveri et al., 2007; Armstrong et al., 2009). On the other
hand, the precipitation of carbonate coccolith calcite counteracts
the oceanic sequestration of atmospheric CO, by elevating the
aqueous CO, by ~0.6 mole per mole of biogenic carbonate
precipitated (Frankignoulle and Gattuso, 1993; Frankignoulle
et al., 1994), the so called carbonate counter pump. Additional
potential impact on climate comes from the their role in the
generation of sulphur species and their possible role in cloud
formation (Jackson and Gabric, 2022). Therefore, changes in the
distribution, abundance and/or composition of coccolithophore
communities in the global ocean could have profound impacts on
the ocean carbon cycle with feedbacks to climate. This study looks
at how environmental changes from the Late Deglaciation to the
modern have impacted on Calcidiscus leptoporus, one of the most
important calcium carbonate vectors to the ocean interior on the
Subantarctic Zone (SAZ), and how this may help to predict the
future response of this biogeochemical important species to
ongoing environmental change in the Southern Ocean.

The Southern Ocean also plays a significant role in the uptake of
CO, due to the moderate alkalinity of its surface waters and to the
increased solubility of CO, at low temperatures, making it
particularly susceptible to ocean acidification (Orr et al, 2005;
Fabry et al, 2009). Models predict that Southern Ocean waters
(south of 60°S) will become undersaturated with respect to
aragonite as early as 2030, while calcite undersaturation (the most
stable polymorph of calcium carbonate) is expected to begin by the
year 2095 (McNeil and Matear, 2008). Since these carbonate
saturation thresholds will be crossed sooner in high latitude
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systems than at lower latitudes, Southern Ocean ecosystems have
been proposed as bellwethers for prospective impacts of ocean
acidification on marine systems at mid- and low latitudes (Fabry
etal., 2009). The bulk of evidence suggests that the capacity of many
calcifying marine organism to build their shells will be impaired by
enhanced oceanic uptake of anthropogenic CO, (a process known
as ocean acidification) with potentially profound consequences for
the global carbon cycle (Caldeira and Wickett, 2003; Orr et al., 2005;
Portner et al., 2005; Raven et al., 2005). Coccolithophores are no
exception to this trend. Laboratory and mesocosm experiments
have demonstrated that ongoing ocean acidification will most likely
result in an overall decrease of calcification and the cellular PIC/
POC ratios in two of the most abundant coccolithophore species:
Emiliania huxleyi and Gephyrocapsa oceanica (Meyer and Riebesell,
2015). However, the response to ocean acidification is species- and
strain-specific, both in E. huxleyi and C. leptoporus (Langer et al.,
2006; Langer et al., 2009; Fiorini et al., 2011; Langer et al., 2011;
Langer et al, 2011; Diner et al, 2015). However, despite this
variability a general trend can be identified, both in E. huxleyi
and in C. leptoporus (Diner et al., 2015; Meyer and Riebesell, 2015).
When considering the range of seawater carbonate chemistry
relevant to the discussion of ocean acidification it is clear that C.
leptoporus is also negatively impacted by acidification (Langer and
Bode, 2011; Diner et al, 2015). Notably, despite the obvious
importance of these less abundant coccolithophore species, such
as C. leptoporus, as carbonate vectors to the deep ocean, many
uncertainties regarding their possible response to ongoing
environmental change in the Southern Ocean remain. A major
reason for these uncertainties is the fact that our knowledge about
the susceptibility of coccolithophores to ocean acidification is
largely based on laboratory studies. Field studies are a necessary
and complementary line of research that needs to be explored in
order to better predict the fate of coccolithophores under
climate change.

The subantarctic region is a globally important region for the
productivity of coccolithophores, termed the Great Calcite Belt
(Balch et al,, 2011; Rosengard et al., 2015). Although more recent
observations have found important spatial differences in
coccolithophore productivity across sectors of across the SAZ
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(Trull et al.,, 2018). Southern Ocean coccolithophore communities
are largely dominated by the cosmopolitan species Emiliania
huxleyi. However, owing to the small size of E. huxleyi
coccospheres and coccoliths, bigger species (such as Calcidiscus
leptoporus and Helicosphaera carteri) account for a larger fraction of
the calcium carbonate production and export to the deep ocean
(Young and Ziveri, 2000; Baumann et al., 2004; Daniels et al., 2016;
Rigual-Hernandez et al., 2020c). Notably, despite the obvious
importance of these less abundant coccolithophore species as
carbonate vectors to the deep ocean, it is unclear how they will
respond to ongoing environmental change.

Comparison of materials collected from sediment traps
(representative of the industrial era) and seafloor sediments
(representative of pre-industrial times) have been used to evaluate
the response of key calcifying microplankton to recent
environmental change (e.g. Jonkers et al, 2019; Béjard et al,
2023). Moy et al. (2009) demonstrated that modern populations
of the planktonic foraminifera Globigerina bulloides are about 30-
35% lighter than those from the pre-industrial era in the SAZ and
attributed this change to a physiological response of G. bulloides to
ongoing human-induced ocean acidification. In contrast, a similar
study looking at the morphometrics of E. huxleyi coccoliths from
pre-industrial and modern sediment traps tentatively suggested that
this species has not experienced substantial changes in their degree
of calcification (Rigual-Hernandez et al., 2020a). However, E.
huxleyi is known to have eco-physiological features different from
other coccolithophore species (Walker et al., 2018). Thus, it is of
critical importance to assess how important carbonate vectors to the
ocean interior, such as C. leptoporus, are responding and will
respond to natural and anthropogenic driven environmental
changes in the Southern Ocean.

This study aims to shed light on these issues by estimating
coccolith morphometric parameters of subantarctic C. leptoporus
populations from the southwest Pacific sector of the Southern
Ocean. The study used samples from two sediment traps, a set of
Holocene-aged samples retrieved from the underlying sediments
(dated between 0.6 to 8 kyr) and a sediment core covering part of
the Deglaciation (from ~ 14 kyr) and the Holocene from the
Subantarctic Zone. Comparison of the data sets with key
environmental factors allowed (1) the reconstruction of coccolith
morphometric variations throughout the Holocene and the industrial
era and (2) identification of key environmental factors controlling C.
leptoporus coccolith morphogenesis. Results of this study provides the
first field-based assessment of the impact of ongoing environmental
change on the biogeochemically important species C. leptoporus.

2 Material and methods
2.1 Samples
2.1.1 Sediment traps
Samples were used from two sediment traps from the

Subantarctic SW Pacific - Southern Ocean Time Series (SOTS) -
South of Tasmania, and SubAntarctic Mooring (SAM) - Southeast
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of New Zealand. SOTS station (Trull et al.,, 2010; Shadwick et al.,
2022) is located at 46° 56’ S and 142° 15’ E on the abyssal plain south
of Tasmania and can be considered representative of a large swath
of the of the central SubAntarctic Zone (SAZ) (Trull et al., 2001;
Rigual-Hernandez et al., 2020b). The SOTS observatory is equipped
with a sediment trap at 1000 m depth as well as instruments
measuring multiple physical, chemical and biological parameters
of both the atmosphere and the mixed layer (e.g. Eriksen et al., 2018;
Shadwick et al., 2022). SAM was deployed in subantarctic waters at
46° 40’ S and 178° 30’ E between 2000 and 2012 with a sediment
trap at 1500 m and although it has a series of instruments
measuring oceanographic parameters at depth it has no
information for surface waters (Nodder et al., 2016).

Here we present C. leptoporus data covering one annual cycle
for both sites. For the SOTS site samples were retrieved between
August 2011 and July 2012 with a resolution of 16 days (21 samples
covering a total 336 days) at 1000 m depth. For the SAM moored
sediment trap, samples were retrieved between November 2011 and
October 2012 with a resolution of ~8 days (25 samples covering a
total of 191 days). Gaps over the collection interval were quasi-
evenly distributed throughout the time series.

2.1.2 Seafloor sediments

A total of 23 sea floor sediment samples from the subtropical
and subantarctic zones south of Tasmania (Indian Ocean) and
southeast of Aotearoa New Zealand (Southwest Pacific Ocean) were
processed and analyzed for C. leptoporus coccolith morphometric
characterization. Sample collection devices include gravity corers
(topmost sample) and multicorers (Table 1). Eighteen out of the 23
samples were retrieved from settings above the calcite saturation
horizon located at ~3200-3400 m (Moy et al,, 2009; Bostock
et al., 2011).

Radiocarbon ages obtained on planktonic foraminifera for a
subset of the samples were available from previous studies. The sea
floor sediments south of Tasmania were dated between 3 and 7 kyrs
BP: AMS 14C dates for GC04 at a depth of 5-8 cm is 3160 yr BP,
GC17 at 0-2 cm is 4440 yr BP and GCl14 at 5-7 cm is 7373 yr BP
(Connell and Sikes, 1997; Moy et al., 2009). Sediment samples from
southeast New Zealand were dated between 0.6 and 8 kyr BP: AMS
14C dates for the top centimetre for F150 is 609 + 50 yr BP, S631 is
1502 + 35 yr BP, J484 is 4120 + 25 yr BP, J1049 is 6760 + 35 yr BP
and 8044 + 35 yr BP (Prebble et al,, 2013; Cortese and Prebble,
2015). It is worth noting that that it is possible the top section of the
piston and gravity cores may have experienced some degree of
stretching or loss of material during the recovery of the cores, which
is consistent with the age of thousands of years suggested by some of
the core tops. Based on all the above, it can be concluded that the
bulk of the coccolith assemblages from the seafloor sediment
samples of both sectors of the SAZ where produced during the
Holocene under pre-industrial CO, levels of roughly 260-280 ppmv
(Petit et al., 1999).

2.1.3 Sediment core Y16

A 3-m-long Kasten core Y16 (50° 3543 S, 169° 45.33’ E;
Figure 1) was collected from the Campbell Plateau at 600 m
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TABLE 1 Station identification code, sector, zonal system, latitude, longitude, water depth and sampling device for all the seafloor sediment and
sediment core samples analyzed in this study.

Station ID Sector Zonal system Latitude Longitude Water depth (m) Sampling device
GCo1 Indian STZ -44.17 144.18 4262 Gravity core
GCo04 Indian STZ -44.10 144.25 2980 Gravity core
GCo05 Indian STZ -44.07 145.42 2334 Gravity core
GC13 Indian STZ -46.17 144.27 4452 Gravity core
GC14 Indian STZ -46.45 145.24 3360 Gravity core
GC15 Indian STZ -46.65 145.42 3260 Gravity core
GC16 Indian STZ -46.80 145.25 3523 Gravity core
GC17 Indian SAZ -47.75 145.82 3001 Gravity core
GC20 Indian SAZ -48.65 146.43 3300 Gravity core
GC21 Indian SAZ -49.00 145.99 4132 Gravity core
GC28 Indian STZ -46.06 147.38 3065 Gravity core
GC31 Indian STZ -44.55 149.06 3402 Gravity core
GC35 Indian STZ -45.73 146.53 2720 Gravity core

MD972107 Indian SAZ -47.71 145.78 2950 Gravity core
J1049 Pacific SAZ -44.50 178.73 1339 Gravity core
S631 Pacific SAZ -45.33 172.11 1329 Dredge, pipe
H562 Pacific SAZ -45.87 175.49 1777 Grab
H555 Pacific SAZ -45.92 178.98 2738 Gravity core
F150 Pacific SAZ -49.47 174.47 501 Trawl, Agassiz medium with sediment sampler,
TAN1107/09 Pacific SAZ -46.60 178.54 2778 Muticorer
J484 Pacific SAZ -50.58 168.99 575 Grab
Y16 Pacific SAZ -50.59 169.76 600 Kasten core

water depth and archived at the National Institute of Water and
Atmospheric Research (NIWA) (Carter et al., 2002; Neil et al.,
2004). A total of 16 samples were subsampled at 5 cm intervals of
the top 76 cm of the Y16 core covering the last 47 kyrs. The age
model was taken from Neil et al. (2004), with chronological
constraints from oxygen isotopes and radiocarbon dates on
planktic foraminifera Globorotalia inflata.

2.2 Calcareous nanoplankton sample
preparation and analysis

Sediment trap, sediment grab and sediment core samples were
prepared for coccolithophore analyses following the methodology
outlined by Rigual-Hernandez et al. (2020b). A total of 21 and 25
sediment trap samples were processed for the SOTS and SAM sites,
respectively. For the SOTS site, a two times 1/40™ aliquots were
dedicated to pH determination and phytoplankton analysis. The pH
of all samples ranged between 8.43 to 8.68, thereby guaranteeing an
optimum calcite preservation. For the SAM samples, a 1/25th split
was used for calcareous nannoplankton analysis. Initial analyses
using a volume of 1000 to 5000 pl of the raw sample was mounted
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on a glass slide after Flores and Sierro (1997) for all samples. This
was used to estimate coccosphere fluxes and coccolith
morphometric analyses. Since marine ‘snow’ aggregates present in
sediment trap samples can introduce biases in coccolith flux
estimations (Bairbakhish et al., 1999), a method for the non-
destructive disintegration of aggregates was followed for the
preparation of the second glass slide (see Rigual-Hernandez et al.,
2020b for more details).

Qualitative and quantitative analyses on all the sediment trap
samples were performed using a Nikon Eclipse LV100 POL light
microscope equipped with circular polarization at 1000x
magnification. The taxonomic concepts of Young et al. (2003)
and the Nannotax website (Young et al, 2022) were used for
coccolith species identification. A minimum of 300 coccoliths per
sample was counted. These data have already been published in
Rigual-Hernandez et al. (2020c) and are used here to estimate
annual-flux weighted averages of C. leptoporus.

Since the size ranges of C. leptoporus morphotypes can exceed
or be less than those proposed in the literature (e.g. Malinverno
et al., 2015), analysis of the fine structure of their coccoliths using
SEM microscopy is essential to guarantee a correct morphotype
identification. Therefore, a Carl Zeiss EVO HD25 Scanning
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Bathymetric map showing the location of the Southern Ocean Time Series (SOTS) observatory (yellow triangle), Subantarctic Mooring (SAM) (yellow
triangle), seafloor sediment samples (grey circles) and sediment core Y16 (red diamond). STZ, Subtropical Zone; SAZ, Subantarctic Zone; PFZ, Polar
Frontal Zone; STF, Subtropical Front; SAF, Subantarctic Front. 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 (2022).

Electron Microscope (SEM) was used on all samples to identify and
classify C. leptoporus morphotypes. Samples were mounted on
round glass cover slips following the same settling technique
explained above, then the cover slips were mounted on
aluminium stubs and coated with gold. Calcidiscus leptoporus
exhibits a high intraspecific genetic variability, which is reflected
in the morphology of its coccoliths (Saez et al., 2003; Young et al.,
2022). Currently, three C. leptoporus morphotypes are recognized
based on the size and fine structure of their coccoliths: the small
form or subspecies small (coccolith diameter <5 um); the
Intermediate type or subspecies leptoporus (5-8 pm); and the
large form or subspecies quadriperforatus (7-9 pm) (Young
et al., 2022).

Calcidiscus leptoporus coccolith counts were used to estimate
coccolith fluxes by applying the following the formula:

Nx-A xVxS$
dxT

where “F” is the daily coccolith flux (coccoliths m?2d"), “N” the
number of coccolith counted in a given sample, “A” the total area of

F=

a Petri dish, “n” the number of fields of view analyzed, “a” the area
of a field of view, “V” the dilution volume, “S” the split of original
sediment trap cup analyzed, “d” the number of days of collection
and “T” the aperture area of the sediment trap.

2.3 Coccolith mass and size measurements

Morphometric parameters of C. leptoporus coccoliths were
estimated using a birefringence method that relies on the
systematic relationship between the thickness of a calcite particle
and the interference colour produced under polarized light
(Beaufort, 2005; Beaufort et al., 2014; Fuertes et al., 2014). An
apical rhabdolith of the genus Acanthoica collected by a sediment
trap at the SOTS site was used for calibration. A calibration image of
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the same rhabdolith was taken at the beginning of each imaging
session and the microscope and camera settings were kept constant
throughout each session. Then, C. leptoporus coccoliths were
selected and images cropped with Photoshop software. Lastly, all
digital images were processed with C-Calcita software (Fuertes
et al, 2014) that estimated coccolith maximum diameter, area,
volume and weight. Coccolith thickness was estimated by dividing
volume by area. To evaluate the variability across imaging sessions,
the same C. leptoporus coccolith (hereinafter referred to as the
“calibration coccolith”) was imaged after every calibration (Rigual-
Hernandez et al.,, 2020b). The standard deviation of the calibration
coccolith indicate a calibration error of +2% and +3% for coccolith
mass and length, respectively. Since the birefringence-based method
used in this study employs grey scale images to estimate coccolith
thickness, it can be only applicable to coccoliths thinner than 1.55
pm (Bolton et al,, 2016). As maximum thickness of all measured C.
leptoporus was lower than 0.74 pm, this threshold does not
represent a limitation in our analysis.

2.4 Statistical analyses

2.4.1 Seasonal environmental controls on
coccolith morphometrics at SOTS

Canonical Correspondence Analysis (CCA; ter Braak and
Verdonschot, 1995) was used to identify the main environmental
controls on C. leptoporus morphometrics at the SOTS site
(Figure 2). For this analysis, we focussed on the two most widely
used coccolith morphometric parameters measured in the
literature: mass and area (directly related with coccolith
diameter). The inclusion of more coccolith morphometric
parameters, such as coccolith thickness, was found to largely
influence the relationships between the morphometrics and the
environmental parameters and yielded unrealistic results. The CCA
was not possible for the SAM site due to the lack of accompanying
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deployed at 1000 m between August 2011 to July 2012 and on the SAM sediment trap deployed at 1500 m between November 2009 to November 2010.

in situ environmental data sets. Details on the sensor measurements
for each environmental variable can be found in Rigual-Hernandez
et al. (2020Db).

As many environmental parameters display substantial
covariability throughout the annual cycle, we followed the next
procedure to identify the model with the minimum number of
environmental variables that explained the maximum inertia (i.e.
the amount of variation explained by the environmental variables)
being statistically significant (Hastie and Pregibon, 1992; Venables
et al,, 2002). Therefore, a full model containing all the environmental
parameters, i.e. Photosynthetically Active Radiation (PAR), water
temperature, salinity, phosphate, Total Oxidised Nitrogen (TNOx),
silicate, total CO, (TCO,), Qcalcite and pH, was calculated first.
Then, the correlations between all environmental parameters were
evaluated and confirmed that several variables exhibited high
correlations with each other. The variance inflation factor analysis
(VIF) collinearity statistic was also estimated to evaluate the
covariability of the environmental parameters and yielded the
following results: 48.49 for NOx, 20.47 for Phosphate, 90.21 for
Silicate, 8.22 for Salinity, 10.77 for Temperature, 14.71 for PAR, 35.02
for TCO,, 59.89 for Calcite and 34.98 for pH. As all these values were
greater than 5, which is the threshold above which the model is
considered to have collinearity (Gareth et al, 2013), we used a
stepwise variable selection based on the Akaike information
criterion approach. After we obtained the model with the
minimum AIC: Mass + Area ~ Phosphate + Silicate + Temperature
+ PAR + TCO,, we noticed that the variable TCO, displayed a high
VIF in the model (3.06 for Phosphate, 12.64 for Silicate, 4.68 for
Temperature, 1.33 for PAR, 16.99 for TCO,). Based on the high VIF
and its high correlation with Silicate concentration (r=0.95), TCO,)
was removed it from the model. Thus, the final model was Mass +
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Area ~ Phosphate + Silicate + Temperature + PAR (with ~ symbol
meaning that mass and area were modelled as a function of the four
environmental variables). Please note that this model did not longer
exhibit collinearity issues (2.30 for Phosphate, 1.79 for Silicate, 2.94
for Temperature and 1.30 for PAR). Therefore, this was the model
finally used to evaluate the influence of environmental variability on
C. leptoporus coccolith morphometrics.

2.4.2 Correlation analyses

To investigate the possible relationship between C. leptoporus
coccolith morphometric parameters and the magnitude of coccolith
fluxes (used as a proxy for coccolith growth, see section 4.3 for more
details) measured at the SOTS and SAM sediment traps, Spearman and
Pearson correlations were calculated and plotted in Figure 3. Moreover,
the relationship between coccolith mass, area, thickness and coccolith
fluxes was also investigated through the calculation of two correlation
matrices that can be found in Supplementary Figure 1.

2.4.3 Comparison between sediment trap and
seafloor sediment coccolith assemblages

Coccolith assemblages from the uppermost layers of the seabed
sediments represent an integrated assemblage of the past hundreds
to thousands of years, thereby providing a robust baseline of the
coccolithophore assemblages during the pre-industrial state of the
ocean. Similarly, annual sediment trap records can be used to
provide a picture of the current state of modern coccolithophore
assemblages. However, to be able to compare the coccolith
morphometric parameters measured in the surface sediment
assemblages with those measured by the traps it is necessary to
eliminate the effect of seasonality in the sediment trap records. This
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can be accomplished by estimating a flux-weighted average of the
coccolith morphometric parameters measured in the sediment
traps. The flux-weighted values allow direct comparison with the
surface sediment assemblages, assuming that seasonality in
coccolithophore fluxes have remained similar to modern
conditions over the time span represented by each Holocene-aged
seafloor sample (e.g. King and Howard, 2005). To evaluate the
possible morphometric variations of C. leptoporus coccoliths during
the industrial era (prior ca. 1750; Pachauri et al., 2014), the
sediment trap and Holocene-aged sediment assemblages were
compared using the weighted Kolmogorov-Smirnov test
(Monahan, 2011). The Kolmogorov-Smirnov tests consists of a
two-sample distribution-free test designed to identify possible
deviations from the null hypothesis that the distributions of the
two compared data sets are identical. If the p value is smaller than
0.05 then the hypothesis is rejected, i.e., the distributions of a given
morphometric parameter in the two populations compared are
significantly different.

2.4.4 Environmental controls on coccolith
morphometrics from the late deglaciation
to modern

To explore the possible response of C. leptoporus to
environmental variability on millennial time scales, a CCA
following the same procedure explained in section 2.4.1 was
performed. For the coccolith morphometric data, an average
between the annual-flux weighted coccolith morphometrics of the
SAM and SOTS traps was used to represent the modern C.
leptoporus populations in the subantarctic zone, while samples
from core Y16 were used to represent coccolith morphometric
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variations throughout the Deglaciation and Holocene in the SAZ.
The following suite of environmental variables relevant for
coccolithophore physiology were used in the analysis: annual
insolation, alkenone-derived SSTs, iron concentration,
atmospheric CO, concentration and surface-water pCO,.
Alkenone-derived SSTs from core MD97-2120 were obtained
from Pahnke and Sachs (2006) (modern SSTs obtained from the
summer months for the same location), annual solar insolation for
the 47°S latitude from Laskar et al. (2004), iron concentration from
core SO136GC-38 after Durand et al. (2017) (iron concentration for
modern conditions was derived from the most recent sample of the
sediment core dated in 1.7 kyr), atmospheric CO, concentration
from the Antarctic ice core composite by Bereiter et al. (2015)
(modern value from SOTS site after Shadwick et al. (2015)), and
surface-water pCO, from core MD97-2106 (Dai et al., 2022) and
Shadwick et al. (2015) (for the most recent sample). As the ages of
proxy measurements did not coincide with that of the Y16 samples,
the values of the environmental parameters for the analyzed
samples of Y16 core were calculated through linear interpolation.
A full model containing all the environmental parameters was
calculated: Mass + Area ~ SST + atm.CO, + pCO, + Fe_conc +
Insolation. Then, a correlation matrix between all parameters was
estimated. As some of the variables exhibited high correlations, the
VIF of the environmental variables was calculated and yielded the
following results: 2.18 for SST, 526.56 for atm.CO,, 429.64 for
pCO,, 18.72 for Fe_conc and 44.82 for insolation. As some of the
coefficients were greater than 5 (i.e. the threshold above which
multicollinearity is considered high), the double stepwise method
was applied to obtain models that decrease the AIC of the complete
initial model. The model with the minimum AIC was Mass + Area
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~ atm.CO2 + pCO2 + Fe_conc + Insolation. However, as some of
the variables still exhibited high VIFs (516.43 for atm.CO,, 425.56
for pCO,, 17.65 for Fe_conc and 40.54 for insolation), the
parameter with the highest value (ie. atm.CO,) was removed
from the model. Thus, the resulting model was Mass + Area ~
pCO2 + Fe_conc + Insolation. As this model did not longer
exhibited collinearity for any of the environmental parameters
(with VIF values of 2.52 for pCO,, 2.49 for Fe_conc and 2.25 for
insolation), it is the one we used in our interpretations.

3 Results
3.1 Calcidiscus leptoporus morphotypes

All samples were analyzed under the SEM for C. leptoporus
morphotype identification. A total of 98 and 146 coccoliths were
identified to morphotype level for the SOTS and SAM sediment
trap records. In both records, 97% of the C. leptoporus coccoliths
identified belong to the Intermediate form while 3% corresponded
with the Small type. For the seafloor sediment samples a total of 193
and 86 were analyzed for the Australian and New Zealand sectors of
the Subantarctic Zone, respectively. The Intermediate form largely
dominated the seafloor sediment assemblages, accounting for 98%
and 100% of the identified coccoliths, respectively. Lastly, analysis
of 255 coccoliths from the Y16 sediment core indicates that
dominance of the intermediate form also held true during the last
~14 Kyrs (100% of all the coccoliths analyzed). Morphotype
identification was not possible for samples older than ~14 Kyrs
due to the stark decrease in C. leptoporus abundance in the deepest
section of the sediment core.

3.2 Seasonal variations in C. leptoporus
morphometrics at the SOTS and SAM sites

A total of 481 and 628 C. leptoporus coccoliths were analyzed
morphometrically for the SOTS and SAM sediment-trap samples,
respectively. The seasonal morphological variations of C. leptoporus
were roughly similar at the SOTS and SAM sites, although the
seasonal amplitude of the changes were more pronounced at the
SOTS site (Figure 2). Coccolith mass, area and thickness were
highest in winter and/or early spring at both SOTS and SAM sites.
The main morphometric parameters exhibited a decrease towards
autumn at SOTS, while the same parameters remained relatively
stable during summer and autumn at the SAM site.

The annual flux-weighted average of coccolith mass, area and
thickness at SOTS were 16.7 = 7.4 pg (average + standard
deviation), 14.3 + 5.5 um? and 0.42 + 0.05 um, respectively. These
values were similar, although slightly higher, than those
documented at the SAM site with 14.8 + 6.8 pg, 12.1 4.9 um®
and 0.45 + 0.04 um, respectively. It is important to note that the
average size of the C. leptoporus coccoliths measured in the traps in
the current study (diameter of 4.41 + 0.83 um for the SOTS site and
4.11 + 0.82 um for the SAM site; average + standard deviation) are
lower than that previously reported for this species using data from
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the two stations in Rigual-Hernandez et al. (2020c) (6.39 + 1.49
um). Two factors likely account for these different results. Firstly, in
the present study, C. leptoporus coccoliths were measured for all
samples covering a full annual cycle for both sediment traps sites,
and then all morphometric data were flux weighted. In contrast, in
the previous study (Rigual-Hernandez et al., 2020c) C. leptoporus
coccoliths were measured from seven samples selected from two
different sediment trap depths at the SOTS site (1000 and 2000 m)
and one depth at the SAM site (1500 m), and values were not flux
weighted. It is possible that the morphometrics of the C. leptoporus
coccoliths collected in these selected samples were not
representative of the average annual C. leptoporus coccoliths
sinking in the SAZ. Secondly, the visual coccolith selection
procedure used in Rigual-Hernandez et al. (2020c¢), after initial
automated selection by the C-Calcita software, may have under-
represented small coccoliths, because these tended to have organic
debris attached more often than the larger ones. Given these
considerations, the morphometric data produced in the current
study should be taken as a baseline for the modern state of C.
leptoporus coccolith assemblages, while the morphometric values of
the C. leptoporus coccoliths in Rigual-Hernandez et al. (2020c)
should be viewed as an upper estimate of the morphometric
parameters of the coccoliths of C. leptoporus populations dwelling
in the SAZ.

Calcidiscus leptoporus coccolith fluxes were significantly correlated
with coccolith mass (Spearman rho = 0.40, p value < 0.01; Figure 3A)
and area (Spearman rho = 0.39, p value < 0.01; Figure 3B) but
uncorrelated with coccolith thickness (Spearman rho = 0.17,
p value > 0.01; data not plotted in Figure 3).

The results of the CCA in the SOTS sediment trap record
suggest that photosynthetically active radiation (PAR), water
temperature in the surface layer and silicate concentration are the
main predictors of C. leptoporus coccolith morphometrics
(Figure 4). The CCA results also indicate a secondary
contribution of phosphate concentration on coccolith
morphometrics. The first axis accounted for most of the inertia
(99.6%) and was positively related with phosphate and temperature
and negatively with PAR and silicate. Both coccolith mass and area
are related with high silicate concentration and PAR and with low
phosphate concentration and temperature (Figure 4).

3.3 Sediment trap and seafloor sediment
comparison

The coccolith mass, area and thickness for the sediment traps and
Holocene sediments are summarized in Figure 5. A total of 370 C.
leptoporus coccoliths were analyzed from the seafloor sediment
samples. Since part of the seabed sediment samples retrieved in the
subtropical zone displayed important differences with those of the
subantarctic zone (Figure 5), these samples were excluded for the
comparison with the SOTS and SAM sediment traps (both deployed
in the SAZ). Moreover, correlation analysis revealed that a significant
correlation between of morphometric parameters and depth exists
(Supplementary Figure 2), implying that larger and heavier C.
leptoporus coccoliths are found in the deepest seabed samples most
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Canonical Correspondence Analysis (CCA) after model selection
showing the relation between the temporal changes in coccolith
morphometrics of C. leptoporus from different cups (i.e. each
sediment trap sample) throughout the year (2011-2012) at 1000 m
depth at SOTS and environmental factors measured in situ at SOTS
(blue arrows) during the same interval after variable selection (see
Rigual-Hernandez et al., 2020b for further details) with Akaike
information criterion (AIC). Arrows indicate the direction and relative
importance (arrow lengths) of each environmental parameter on
each axis. PAR, photosynthetically active radiation.

likely due to selective dissolution of the weakest (lightest) forms.
When samples retrieved beneath the calcite saturation horizon
(minimum depth at 3200 and 2800 in the Australian and New
Zealand sector of the SAZ, respectively; Bostock et al, 2011) are
excluded, the correlations between morphometric parameters and
depth become non-significant, suggesting that the coccoliths from
samples above the calcite saturation horizon were unbiased by calcite
dissolution (Supplementary Figure 2). Consequently, only seabed
samples collected above the calcite saturation horizon were
considered for the comparison with the modern (sediment trap)
C. leptoporus assemblages.

The results of the Kolmogorov-Smirnov test indicate that
modern subantarctic C. leptoporus coccoliths collected by the
traps are 12% lighter and 24% smaller (in terms of coccolith mass
and area, respectively) than those preserved in the Holocene-aged
sea-floor samples (Figures 6A, B). Coccolith thickness, however,
shows an opposite trend with coccoliths intercepted by the traps
exhibiting 16% thicker coccoliths (i.e. calcification per surface area
of the coccolith) than those preserved in the sedimentary record
(Figure 6C). Therefore, the increase in coccolith thickness is not
sufficient to compensate the coccolith mass loss between the pre-
industrial and modern eras.
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3.4 Environmental controls on coccolith
morphometrics throughout the late
deglaciation and the Holocene in the
Subantarctic Zone

The abundance of C. leptoporus coccoliths was very low before
the Late Deglaciation (i.e. before ~14 kyr) (Supplementary
Figure 4), therefore the morphometric characterization of C.
leptoporus coccoliths was only possible for the most recent nine
samples of Y16 sediment core. Coccolith area displayed a slight
decrease from the late Deglaciation towards the early Holocene and
then, it exhibited a gradual decrease towards the present
(Figure 7B). Coccoliths mass displayed relatively stable values
until the mid-Holocene, when an increase in coccolith mass is
observed between 7 and 6 kyr, then the values decreased steadily
towards the present (Figure 7B). Coccolith thickness decreased
from the late Deglaciation until ca. 8 kyr and then increased
gradually towards the present with a peak between 5.6 to 4.6 kyr.

The CCA results (Figure 8) indicate that changes in insolation,
pCO, variations and changes in iron concentration from the
deglaciation until present (Figure 7A) accounted for 100% of the
total inertia in the dataset. Both insolation and pCO, were the main
predictors of coccolith area and mass changes, while iron input
played a secondary role (Figure 8). The first axis explained most of
the inertia (92%) and was mostly positively related with insolation
and negatively with pCO,. The second axis explained 8% of the
variability and was mostly related with iron concentration
(Figure 8). High values of coccolith area and mass were positively
related with high insolation and negatively with dissolved CO,,
while iron input, although secondary, was positively related with
coccolith mass and negatively with coccolith area.

4 Discussion

4.1 Seasonal environmental controls on C.
leptoporus coccolith morphometrics

The high-resolution monitoring of water column properties at
the SOTS observatory (Trull et al, 2010; Eriksen et al, 2018;
Shadwick et al., 2022) allows us to assess which environmental
parameters represent the main controls on C. leptoporus coccolith
morphometrics on seasonal timescales. As the growth rate of C.
leptoporus in culture has been estimated as ca. 0.5 divisions d
(Renaud et al,, 2002; Langer et al, 2012) and the sediment trap
sampling resolution varied between 16 and 8 days, the delay of C.
leptoporus response to environmental variations in the surface layer
is considered negligible in our study. Our analysis indicates that
many environmental parameters known to influence coccolith
morphometrics (e.g. temperature, seawater carbonate chemistry,
nutrients, salinity, among others) exhibit considerable covariation
throughout the annual cycle, thereby hampering the identification
of the main predictors. The use of the Akaike criterion (see
methods) allowed us to reduce the number of possible predictors
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determining coccolith morphometrics to three: nutrient
concentrations, PAR and temperature (Figure 4).

The CCA results suggests that macronutrients have contrasting
roles in the controls of coccolith morphometrics. On the one hand,
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the weak relationship of C. leptoporus coccolith morphometrics
with phosphate and lack of relationship with nitrate (Figure 4)
suggest that these two macronutrients play a negligible to minor
role in the controls of C. leptoporus coccolith dimensions. These
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of the SOTS and SAM sediment traps together (representative of modern populations) and subantarctic seafloor sediment samples above 3200 m

grouped together (representative of mid- to late Holocene assemblages).
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results are not surprising since laboratory evidence indicates that
phosphate and nitrate concentrations do not influence coccolith
morphology in C. leptoporus (Langer et al., 2012) and also because
phosphate and nitrate levels never reach limiting concentrations in
the subantarctic surface waters south of Tasmania (Supplementary
Figure 3). On the other hand, the CCA analysis reveals that seasonal
changes in silicate concentration are positively related with both
coccolith mass and area (Figure 4). Durak et al. (2016)
demonstrated that silicate is an essential nutrient for coccolith
formation for a group of coccolithophores species, that includes
C. leptoporus, characterized by the presence of diatom-like silicon
transporters (SITs). The subantarctic waters south of Tasmania are
characterized by low silicate concentrations year-round (<4 to 5
pwmol I'%; Rintoul and Trull, 2001; Fripiat et al., 2011) and typically
reach limiting concentrations (thought to be ~1 uM (Paasche, 1973)
or possibly considerably higher in Southern Ocean species (Frank
et al., 2000)) after a diatom bloom takes place at the onset of the
productive period (Dugdale et al,, 1995; Lannuzel et al, 2011;
Rigual-Hernandez et al., 2015; Eriksen et al., 2018). In situ
nutrient measurements at SOTS during our sampling interval,
indicate that silicate concentration dropped below 2 uM in early
December (Supplementary Figure 3) and remained below this
threshold until July. It is during this interval of low silicate
concentration when the lightest and smallest coccoliths are
observed (Figure 2). This correlation might point to an effect of
low Si concentration on coccolith mass in C. leptoporus. However,
experimental studies analyzing the effect of low Si concentration on
coccolith formation are rare and focus on coccolith malformations
rather than size. The few data available suggest that Si
concentrations need to be as low as 0.2 uM to affect coccolith
morphology (Langer et al., 2021). Another possibility is that the
silicate in our correlations is acting as a proxy for dissolved iron,
which is also seasonally depleted in subantarctic waters (Sedwick
et al, 1999; Frank et al, 2000; Boyd et al, 2001). The results
presented here clearly warrant further studies analyzing the effect of
different Si concentrations on coccolith size or mass.

The identified positive relation of PAR with coccolith mass and
area on seasonal scale appears logical as calcification is a light
dependant-process (Paasche, 2002; Zondervan, 2007, and
references therein) and because light is a limiting factor for
phytoplankton growth in the SAZ as a result of deep summer
mixed layers (70-100 m; Rintoul and Trull, 2001) and cloudiness
(Bishop and Rossow, 1991). The few available laboratory data on
the effect of temperature on C. leptoporus coccoliths morphometrics
indicates that some strains of C. leptoporus might be sensitive to low
light levels reducing their diameter up to ~0.7 um (Quinn et al.,
2003). However, it should be noted that Quinn et al. (2003)
documented different responses across the strains analyzed, with
some of them being unaffected by low-light stress. Moreover,
several studies have documented that calcification in the model
coccolithophore species E. huxleyi decreases at low irradiances
(Paasche, 1999; Zondervan et al., 2002) most likely as a result of a
lower amount of calcite deposited in each coccolith and the lower
number of coccoliths produced per cell (Paasche, 1999). Based on
all the above, light availability could account for at least part of the
seasonal coccolith area variations documented in the traps.
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Water temperature is identified as an important environmental
predictor in coccolith morphometrics by our CAA analysis. This
possibility is likely since Sea Surface Temperature (SST) has been
suggested to play an important role in the biogeographical and
seasonal distribution of C. leptoporus morphotypes, yet conflicting
results have been reported (Knappertsbusch et al., 1997; Renaud
et al,, 2002; Saez et al., 2003). The overwhelming dominance of the
intermediate morphotype (i.e. C. leptoporus ssp. leptoporus) in the
SAZ traps and sediments is consistent with previous onboard
observations in the study region (Malinverno et al., 2015;
Saavedra-Pellitero and Baumann, 2015) and suggest a successful
adaptation of this morphotype to the cold and nitrate and
phosphate-rich waters of the subantarctic Southern Ocean.
Laboratory culture experiments by Quinn et al. (2003)
demonstrated that cold water temperatures can induce a diameter
reduction of up to 0.5 pm on monoclonal cultures of the
Intermediate morphotype. As both minimum and maximum
annual coccolith area values are observed in winter (Figure 2), the
relationship of water temperature with coccolith area is not clear at
SOTS. However, it should be noted that the seasonal variability in
water temperature at SOTS is tiny (~3°C) and substantially smaller
than that used in Quinn et al.’s experiment (~12°C). Therefore, it is
likely that the opposite relationship with temperature in our study
and larger variability on coccolith diameter (~1.2 um) is not driven
by temperature change.

Moreover, it is worth noting that TCO, changes could have also
influenced coccolith morphometrics on a seasonal time scale even
though this parameter was excluded from the final CCA model
owing to its high correlation with silicate concentration (r=0.95; n =
21). Changes in seawater carbonate chemistry are widely known to
influence coccolithophore calcification (e.g. Langer et al., 2006;
Beaufort et al.,, 2011; Meier et al., 2014). Interestingly, and similar
to previous results of E. huxleyi coccoliths in our study sites (Rigual-
Hernandez et al., 2020b), larger and heavier C. leptoporus coccoliths
were recorded at times of peak annual TCO, (Supplementary
Figure 3).

Based on all the above, it can be concluded that variations in
silicate concentration and light are the most likely seasonal controls
on coccolith morphometrics (mass and area) in the modern
subantarctic zone although the influence of other environmental
parameters, such as TCO,, cannot be ruled out.

4.2 Evolution of Calcidiscus leptoporus
coccolith morphometrics from the late
deglaciation to the modern

Comparison of the C. leptoporus coccoliths intercepted by the
traps with those from the seafloor sediments indicate that the
modern subantarctic C. leptoporus populations produce about
15% lighter and 25% smaller coccoliths (in terms of coccolith
mass and area, respectively) than those of the preindustrial
Holocene. Coccolith thickness is the single morphometric
parameter that displays higher values in the sediment trap (ie.
modern) assemblages, being about 15% thicker than the
assemblages preserved in the seafloor sediments. Three
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mechanisms, operating alone or in combination, could be
responsible for the observed morphometric variations of C.
leptoporus coccoliths throughout the late Holocene in both sectors
of the SAZ: calcite dissolution, a dominance shift in the assemblage
and/or a physiological response of the dominant morphotype to an
environmental change. Disentangling the potential effects of each of
these factors is an essential prerequisite for a meaningful
interpretation of the observed morphometric variations
throughout the Holocene until present.

1) Calcite dissolution in the water column and/or sea floor
could induce changes in the coccolith morphology of C. leptoporus
assemblages preserved in the sedimentary record. For example,
partial dissolution of the coccoliths could reduce the mean mass and
diameter of the original C. leptoporus assemblages (Jin et al., 2019;
Rigual-Hernandez et al., 2020a), whereas selective dissolution of the
smallest and/or lightest coccoliths could cause the opposite effect.
As mentioned above, previous research at SOTS indicate that
coccoliths (Rigual-Hernandez et al., 2020b) and planktonic
foraminifera shells (Moy et al., 2009) experience negligible
changes during their transit between meso- and bathypelagic
depths, thereby ruling out the possibility of dissolution during
their transit throughout the water column. Secondly, all the
seafloor sediment samples used in our analysis were retrieved
above the calcite saturation horizon. Lastly, SEM observations of
all sediment samples shows a good preservation for most of the C.
leptoporus coccoliths indicating the calcite dissolution did not have
an important impact on the seafloor assemblages. Based on these
lines of evidence, it can be concluded that calcite dissolution played
a negligible role in the observed coccolith morphometric variations
between seabed and sediment trap data sets.

2) A shift in the abundance of the dominant morphotype could
lead to a change in the average of a given coccolith morphometric
parameter, e.g. an increase in the relative abundance of larger
morphotypes would result in an increase in the average area of
the population. However, observation of all samples under the SEM
indicates that the C. leptoporus assemblages preserved in the trap
and sedimentary records are nearly completely composed of the
sub-species leptoporus (intermediate morphotype). This
observation is in agreement with previous research of modern
plankton assemblages (Malinverno et al., 2015; Saavedra-Pellitero
and Baumann, 2015) and renders the possibility of an “ecologically”
driven change (Bach et al., 2012) in coccolith morphology unlikely.

3) A change in one or several environmental parameters could
induce a response of the dominant C. leptoporus strain or
morphotype, thereby driving a “physiologically” driven change in
the average of a given coccolith morphometric parameter. Since
calcite dissolution and a shift in the dominant C. leptoporus
morphotype can be disregarded as possible factors of such a
change, next the possible influence of key environmental factors
that could have induced a “physiologically” driven change in the
subantarctic C. leptoporus assemblages is discussed.

Our CCA analysis (Figure 8) identifies variations in surface-
water CO, partial pressure (pCO,) from the Late Deglaciation to the
modern to be significantly and negatively correlated with coccolith
area (Figure 8). The increasing atmospheric CO, levels and
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resulting reduction in seawater carbonate ion concentration and
ocean pH (Feely et al,, 2004; Doney et al, 2009) are known to
impact coccolithophore growth rate, photosynthesis, calcification
and morphology (Riebesell et al., 2000; Langer et al., 2009; Langer
and Bode, 2011; Lefebvre et al., 2012; Bach et al., 2013; Schliiter
et al., 2014b; Miiller et al., 2015). However, CO, perturbation
experiments on C. leptoporus by Langer et al. (2006) showed that
cellular inorganic carbon content displays a nonlinear relationship
with CO, concentrations: PIC cellular content increased steadily
from ~100 patm to ~350 patm, and then decreased at CO, values
>470 patm. Based on these laboratory observations, an increase in
coccolith size (i.e. area) and mass, which are directly related to PIC
cellular content (Langer et al., 2006), should be expected between
preindustrial Holocene CO, levels of roughly 240 ppmv to present
~400 ppmv instead of diminishing as shown by our results.
However, the response of natural C. leptoporus populations may
be different than that observed in monoclonal cultures due to the
larger genetic variability within natural populations, longer
timescales and the interplay between multiple stressors which
may offset or amplify the effects of single drivers (Reusch and
Boyd, 2013; Collins et al., 2014; Feng et al.,, 2017). Lastly, it is
important to note that the CCA results are markedly influenced by
the most recent sample (Figure 8), that exhibit substantially higher
pCO, values (between 80-130 patm) than the pre-industrial
samples. Therefore, our data provides no clear evidence that
ocean carbonate chemistry alone has an appreciable contributory
role to overall variation in coccolith size and area throughout the
last 14 kyrs but may represent an important control on C. leptoporus
physiology during the industrial era.

Moreover, the CCA results also indicate that changes in
insolation at 47°S latitude are positively related with variations of
coccolith area and mass (Figure 8). As light limitation is known to
represent an important control on phytoplankton productivity in the
SAZ (Deppeler and Davidson, 2017), it is likely that changes in
insolation alone and/or in combination with changes of mixed layer
depths (largely determined by insolation changes) could have
induced a physiological response on C. leptoporus. However, it
could be argued that the insolation variation from the late
Holocene (~4 Wm™) until present is too small to be directly
responsible for the rapid and pronounced reduction in coccolith
mass and area observed between preindustrial and industrial
datasets (Figure 6). Lastly, the CCA also suggests a secondary
contribution of iron concentration in the controls of coccolith
morphometrics (Figure 8). Iron transported into the SAZ as
mineral dust is known to play an important role in
coccolithophore physiology (e.g. Balch, 2018, and references
therein). However, its opposite effect on coccolith mass and
limited variability explained by the second CCA axis (mostly
related with iron concentration) suggests that the influence of iron
could be an artifact result of the limited sample size of the study.
Therefore, our results suggest that insolation could represent a
possible modulating factor —direct or indirect— of the physiology
of subantarctic C. leptoporus populations from the Late Deglaciation
and most of the Holocene but its role during the Late Holocene to
the modern is less clear.
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It should be acknowledged that the effect of other factors aside
from the ones identified in our analysis could have also exerted and
important role in the observed coccolith morphometric variability.
This is due to three reasons. Firstly, it is possible that important
environmental parameters, not considered in our study owing to
the lack of data availability (e.g. nutrient concentrations), may have
played an important role in coccolith morphometrics on millennial
time scales. Secondly, it is likely that the observed variations in
coccolith area and mass are the result of an additive, antagonistic or
synergistic effect of multiple drivers (e.g. De Bodt et al,, 2010; Feng
et al, 2018; Beusen et al., 2022), not captured by our analysis.
Thirdly, the number of samples available for the analysis is low, and
therefore existing relationships with environmental parameters
might not be identified. For example, changes in SSTs show a
medium correlation with coccolith area (0.4). It is possible that a
larger sample size might have yielded additional information not
drawn from the present study. Therefore, although ruled out by the
Akaike criterion water temperature variations (i.e. SST) could have
contributed to the observed coccolith morphometric changes since
the late Deglaciation, as it represents a critical control on
coccolithophore growth rates (Buitenhuis et al., 2008) and species
distribution in the Southern Ocean (Findlay and Giraudeau, 2000;
Charalampopoulou et al., 2016; Patil et al., 2017; Rigual-Hernandez
et al., 2020¢; among others). Moreover, long-term incubations of
subantarctic polyclonal E. huxleyi populations suggest that this
species will decrease its cellular volume and PIC production by
the year 2100 due to the synergistic or additive effect of warming
and pH decrease (Armstrong and Law, 2023 (in press)). Given that
coccolith volume has been documented to be strongly correlated to
cell volume in E. huxleyi (Miiller et al., 2021), the decrease in C.
leptoporus coccolith mass (which equals to coccolith volume
multiplied by the density of calcite; Young and Ziveri, 2000)
during the Late Holocene and/or industrial era could be
interpreted as a reduction in cell volume. Interestingly, cell size
reduction is a common response of coccolithophores and other
phytoplankton to combined warming and decreased pH (Atkinson
et al., 2003; Finkel et al., 2009; De Bodst et al., 2010; Schliiter et al.,
2014a). As subantarctic waters are experiencing rapid warming
(~0.3°C increase per decade since 1992; Auger et al., 2021) and
acidification (McNeil and Matear, 2008), our results suggest that the
combined effect of changes in these parameters since the onset of
the industrial era could potentially account for a substantial part, if
not all, of the differences between pre-industrial and industrial
data sets.

Extrapolation of our results suggests that if the significant
reduction in C. leptoporus coccolith size (i.e. area) and mass
during the Holocene to the modern will continue in the future, it
will result in a reduction of the ballasting capacity of this species and
consequently the efficiency of the organic carbon export in the SAZ.
Moreover, as primary production consumed by microzooplankton
is known to be negatively correlated with cell size (Chen and Liu,
2010), the reduction in cell size of C. leptoporus will most likely
facilitate microzooplankton grazing of this species. An increase in
grazing could, however, exert opposing effects on the efficiency of
the biological pump. On the one hand, enhanced micrograzing
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could imply a more efficient biological pump in the SAZ, as the
efficient repackaging of carbon for deep transport by the
zooplankton community has been hypothesized to account for
the greater relative POC content of the particles sinking in the
SAZ compared to other Southern Ocean zonal systems further
south (Trull et al., 2001; Ebersbach et al., 2011). On the other hand,
an increase of microzooplankton grazing rates may facilitate
organic carbon remineralization in the upper water column,
thereby diminishing the carbon export associated with
coccolithophores. Future mesocosm studies examining the effects
of coccolith size on ballasting efficiency of faecal pellets and algal
aggregation will be needed to determine the impact of shifts in
dominant coccolithophore size classes on the marine carbon cycle.

4.3 Possible application of coccolith
morphometry as palaeo-proxy for
growth rate

The significant correlation between fluxes of C. leptoporus
coccoliths and their mass and area in our time-series sediment
trap records (Spearman r = 0.40 and r = 0.39, respectively; N = 46,
p value < 0.01; Figure 3) indicates that heavier and larger coccoliths
are produced at times of enhanced coccolith fluxes. This
observation is consistent with results from the subpolar North
Atlantic station NABE-48, located in SubArctic waters (48°N;
Broerse et al, 2000; Renaud et al, 2002), where C. leptoporus
coccolith fluxes exhibit a positive significant correlation with
coccolith diameter (Spearman correlation coefficient (r) of 0.62,
N = 24, p value < 0.01). In the following we will compare this field-
data correlation with experimentally derived correlations.
Experimental data suggest a positive correlation between
calcification related physiological rates, i.e. calcite production,
coccolith production, and growth rate (Langer et al., 2006; Langer
and Bode, 2011; Diner et al., 2015).

There are, moreover, studies that seem to support a relationship
between coccolith mass, area and production/growth rate. In
carbonate chemistry manipulation experiments the percentage of
coccoliths that are unusually small (either due to incompleteness or
malformations) is negatively correlated with growth rate/calcite
production (Langer et al., 2006; Langer and Bode, 2011). Whether
these experimental correlations are applicable to field data is not
clear because firstly, neither coccolith size nor coccolith production
was measured. Secondly, all physiological changes were induced by
sizable changes in carbonate chemistry which might not be
representative of the field situation discussed here. Thirdly, it
remains unknown whether rate changes induced by
environmental parameters other than carbonate chemistry would
have the same effect. Despite these caveats we propose to apply the
experimental positive correlation between coccolith size and growth
rate to fleld data. We therefore tentatively propose coccolith size
(i.e. area) as proxy for growth rate/coccolith production. Taken
together with the positive correlation between coccolith size and
flux (see above) we can furthermore infer a positive correlation
between growth rate and flux. Note that this inference is based on

frontiersin.org


https://doi.org/10.3389/fmars.2023.1159884
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rigual-Hernandez et al.

the correlations observed in field and experimental data only. It
does not describe the complexities that co-determine flux, e.g.
grazing, dissolution and so on.

If the relationship between C. leptoporus area with growth rate
identified on the seasonal scale (Figure 3) would hold true for the
fossil record, the gradual decrease in coccolith area throughout the
Holocene in sediment core Y16 (Figure 7B) could be taken as
indicative of a reduction of C. leptoporus growth rates. However, it
is important to note that, C. leptoporus coccolith accumulation rate
in sediment core Y16 (Supplementary Figure 4) is not significantly
correlated (p-value > 0.05) with coccolith area or mass (Spearman r
correlation of -0.05 and -0.25, respectively; N = 9), implying that
different factors other than growth rate may be equally or more
influential in regulating coccolith morphogenesis on millennial time
scales in the SAZ. However, it is also possible that the low
sedimentation rates over the Campbell Plateau (1.5 to 3 cm/kyr
in interglacials and 0.5 to 2.5 cm/kyr in glacials; Carter et al., 2002)
combined with post-depositional effects, such as downcore
variations in nannofossil concentrations by opal dilution
(Bradtmiller et al., 2009), and/or sediment focusing or winnowing
associated with the strong currents of the ACC (Panitz et al., 2015)
could have altered the C. leptoporus production signal preserved in
the sedimentary record (i.e. the coccolith accumulation rate).
Moreover, temperature is a critical factor controlling the
latitudinal distribution of coccolithophores in the Southern Ocean
(Findlay and Giraudeau, 2000; Charalampopoulou et al., 2016;
among others; Patil et al., 2017; Rigual-Hernandez et al., 2020c),
and therefore it also possible that the lower SSTs during the
deglaciation (Figure 7A and Pahnke and Sachs, 2006)) played a
major role in C. leptoporus productivity during the deglaciation
thereby overprinting the effect of other environmental parameters
on growth rate. Therefore, the possible application of coccolith area
as a palaeo-proxy for C. leptoporus growth rate remains at the first
phase of the typical “scientific maturation process” for a new proxy
as proposed by Elderfield (2002), in which limited evidence suggests
its great potential (Chase et al., 2018). Future culture experiments
tailored to determine the physiological and environmental controls
(such as light, temperature and nutrient availability) on C.
leptoporus coccolith production will be needed to validate this
proxy and to identify its limitations.

5 Conclusions

The combination of multiple sampling efforts together with
detailed taxonomic and morphometric analyses, permitted to
reconstruct coccolith morphometry of the keystone
coccolithophore species Calcidiscus leptoporus from seasonal to
millennial time scales in the Subantarctic Southern Ocean. Our
results demonstrate that subantarctic C. leptoporus populations
have been dominated by a single morphotype — type
Intermediate — since, at least, the last 14 kyrs in the Subantarctic
Southern Ocean. Therefore, the identified coccolith morphometric
variations at different timescales in the SAZ must have been driven
by a physiological response of C. leptoporus to environmental
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change. Comparison of high-resolution sensor data with full
annual collection of coccolith fluxes by a sediment trap, suggests
that variations in silicate concentration and light availability
represent the most likely controls on coccolith size on seasonal
time scales. Moreover, comparison of modern coccolith
measurements obtained from sediment-trap annual records with
those from a compilation of subantarctic seafloor assemblages,
revealed that modern C. leptoporus populations are about 15%
lighter and 25% smaller than their pre-industrial counterparts. The
limited number of proxies available to reconstruct the complexity of
the environmental conditions from the Late Deglaciation to the
modern, together with the reduced number of samples with enough
C. leptoporus coccoliths for morphometric characterization,
prevented reaching conclusive evidence on the main controls of
coccolith morphometrics on millennial time scales. However, the
interpretation of our results in light of the literature suggests that
the cumulative effect of multiple parameters — most likely
temperature, ocean acidification and insolation — is controlling
C. leptoporus coccolith size variations in the subantarctic Southern
Ocean from the Late Deglaciation to the modern. Moreover, our
data suggests that the influence of each of these parameters has
varied through time, with warming and ocean acidification most
likely playing a preponderant role during the industrial era. Lastly,
our analysis also indicates that changes in iron supply into SAZ did
not represent an important factor controlling coccolith
morphometrics throughout the last 14 kyr.

Extrapolation of our results suggests that a future decrease in
coccolith size of C. leptoporus will have a negative impact on the
efficiency of the biological pump in the SAZ through a reduction of
carbonate ballasting. However, the consequences in
microzooplankton grazing and related changes in the biological
pump are less clear. Lastly, the significant correlation between C.
leptoporus fluxes and coccolith area in sediment trap records from
subpolar regions combined with an experimental, positive
correlation between coccolith size and growth rate tentatively
suggest that coccolith area could be used as a proxy for C.
leptoporus growth rate. Future laboratory and field experiments
will be needed to assess this proxy.
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coccolith morphometrics (mass, area and thickness) and C. leptoporus
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Non-significant correlations (p values > 0.05; N = 46 samples) are
crossed out.

SUPPLEMENTARY FIGURE 2
Correlation between coccolith mass and depth including (A) and excluding
samples below the calcite saturation horizon (~3200 m) (B)

SUPPLEMENTARY FIGURE 3

Environmental parameters measured at the SOTS site: water temperature,
photosynthetically available radiation (PAR), salinity, phosphate
concentration, total oxidised nitrogen concentration (TOxN: nitrate plus
nitrite), and silicate concentration and carbonate system parameters (pH,
Total CO, and calcite saturation state).

SUPPLEMENTARY FIGURE 4

Downcore profiles of total nannofossil accumulation rate (NAR) (A), relative
abundance of C. leptoporus (B), and C. leptoporus NAR (C) in sediment core
Y16. Total NAR is considered to be an estimate of coccolithophore
paleoproductivity (e.g. Baumann et al., 2004; Gonzalez-Lanchas et al.,
2020) and was calculated after Flores and Sierro (1997).
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