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Strong glacial-interglacial variability in upper ocean
hydrodynamics, biogeochemistry, and productivity
in the southern Indian Ocean
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In the southern Indian Ocean, the position of the subtropical front - the boundary between
colder, fresher waters to the south and warmer, saltier waters to the north - has a strong
influence on the upper ocean hydrodynamics and biogeochemistry. Here we analyse a
sedimentary record from the Agulhas Plateau, located close to the modern position of the
subtropical front and use alkenones and coccolith assemblages to reconstruct oceanographic
conditions over the past 300,000 years. We identify a strong glacial-interglacial variability in
sea surface temperature and productivity associated with subtropical front migration over the
Agulhas Plateau, as well as shorter-term high frequency variability aligned with variations in
high latitude insolation. Alkenone and coccolith abundances, in combination with diatom and
organic carbon records indicate high glacial export productivity. We conclude that the bio-
logical pump was more efficient and strengthened during glacial periods, which could partly
account for the reported reduction in atmospheric carbon dioxide concentrations.
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climate. It interconnects the Atlantic, Pacific and Indian
Ocean basins, and is therefore important for transmitting
climate signals from one region to another!. Among the char-
acteristic features of the Southern Ocean sector of the Indian
Ocean are the distinct ocean fronts and associated water masses

The Southern Ocean plays a fundamental role in global

(Fig. 1a)?, the dynamics of which have been suggested to impact
global climate variability over multiple timescales®3. These
frontal boundaries are considered key players in marine ecosys-
tem of subpolar areas, where the uptake of large quantities of
atmospheric carbon dioxide (pCO,) takes place, and therefore
impacts both the biological and carbonate pumps*. In the
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Fig. 1 Modern-day oceanography at Site U1475 during austral summer (December-January-February, DJF) and austral winter (June-July-August, JJA)
from 2013 to 2015. a Sea surface temperature (SST, °C) showing the study site (yellow star) and other core locations mentioned in the text (white circles),
together with the Southern Ocean and the southern Indian Ocean fronts: Subtropical Front (STF), Subantarctic Front (SAF) and Polar Front (PF)274, and
the schematic representation of the average surface ocean circulation (Agulhas Current, AC; Agulhas Return Current, ARC; Agulhas Leakage, AL)7>.

b Chlorophyll-a concentrations (mg m—3). ¢ Coccolithophores (mg m=3). d Diatoms (mg m—3). Data, maps and visualisations were generated using the
Giovanni online data system (https://giovanni.gsfc.nasa.gov/giovanni/) developed and maintained by the National Aeronautics and Space Administration
Goddard Earth Sciences Data and Information Services Center (NASA GES DISC)30. The SST and chlorophyll data are derived from Moderate Resolution
Imaging Spectroradiometer on the Aqua satellite (MODIS-Aqua) provided to Giovanni by the Ocean Biology Distributed Active Archive Center (OB.
DAAC). The coccolithophore and diatom data are from the NASA Ocean Biogeochemical Model (NOBM)76.
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Southern Ocean, where CO, exchange between the ocean and
atmosphere is especially high, deep waters enriched in respired
CO, and nutrients are brought to the surface by vertical mixing
(e.g. wind-driven upwelling)>®, promoting high rates of phyto-
plankton productivity in the photic layer’. However, it is thought
that the efficiency of CO, outgassing from the ocean to the
atmosphere through the biological pump is controlled by ambient
physico-chemical properties of the water column® and the
abundances of different phytoplankton groups in the upper
ocean®?. Thus, these areas are crucial locations for determining
the link between upper ocean biogeochemistry and the climatic
factors that drive changes in phytoplankton abundance and
production, and its consequent effect on the biological and car-
bonate pumps.

Coccolithophores—unicellular haptophyte algae—are unique
among other marine phytoplankton groups because of their
ability to utilise carbon for both photosynthesis (biological pump)
and calcification (coccolith production, carbonate pump), and
hence are critical components of the global carbon cycling!®.
These organisms are the dominant calcifying phytoplankton of
the modern oceans, contributing up to ~10% of the global phy-
toplankton biomass!!, and have been estimated to produce up to
~80% of marine pelagic carbonate!2. Coccolithophores are con-
sidered the only calcifying phytoplankton in the Southern
Ocean!3, with distribution that is primarily controlled by latitu-
dinal ocean temperature zonation and frontal system dynamics!4.
Because of their sensitivity to variations in nutrient availability
and light intensity, as well as to temperature and salinity, coc-
colithophores are valuable indicators of past oceanographic
conditions. Moreover, coccolithophores provide independent
proxies for paleoceanographic reconstructions from both organic
(alkenones) and inorganic (coccoliths) fossil records!®. Cs;..,
alkenones are organic biomolecules synthesised by certain groups
of coccolithophores (e.g. Emiliania huxleyi and Gephyrocapsa
oceanica), the abundance of which are important proxies for
estimating past sea surface temperature (SST, UL;) and export
productivity!®17. In the southern Indian Ocean, an increase in
C;7.3.» alkenone abundances during the late Pleistocene has been
linked to an increase in export productivity as a consequence of
the northward subtropical front (STF) migration during glacial
periods!8.

The STF, currently positioned between 39 and 41°S, is con-
sidered a major biogeochemical divide separating the colder and
fresher nutrient-rich waters of the Southern Ocean from the
warmer and saltier waters of the Agulhas Current (AC) that
return to the subtropical Indian Ocean as the Agulhas return
current (ARC)!?. The ARC represents the strong current along
the STF (also called the subtropical convergence) located south of
the African continent?0. It was previously thought that the ARC is
closely associated with the Southern Ocean STF, however a more
recent study reveals that the STF water mass boundary in the
Indian Ocean constitutes a zonally unique and independent
frontal characteristics?!. The authors recognised the existence of a
single dynamical STF (DSTEF), delineating the southern water
mass boundary of the subtropical gyre circulation in the southern
Indian Ocean. The DSTF is characterised by strong SST and sea
surface gradients with no significant seasonal cycle?!.

During recent glacial stages of the late Pleistocene, palaeocea-
nographic evidence from various proxies suggested that the STF
migrated north of its modern position in the Southern Ocean
sector of the Indian Ocean!$2223, and has been proposed to
impact upper ocean hydrodynamics and drive local nutrient
availability and regional export production?. The equatorward
movement of the STF during glacial periods has been confirmed
by SST reconstructions using Mg/Ca in planktic foraminifera
from the western flank of the Agulhas Bank (MD96-2080)%4, and

Ug paleothermometry based on the unsaturation ratio of Cs;.3,
alkenones in sediment cores from the Natal Valley (MD96-
2077)!8 and the southern Agulhas Plateau (MD02-2588)%°.
During extreme glacial marine isotope stages (MIS) 12 and 10, the
Natal Valley record suggests a ~6 °C SST cooling accompanied by
maximum peaks in export productivity, and a potential north-
ward STF shift of up to 7° latitude!8. Fluctuations in upper ocean
productivity at this locality indicate a direct response of both
calcareous and siliceous phytoplankton groups to the STF
migration!82>26. A similar observation has been noted at the
Agulhas Plateau, where maximum alkenone concentrations and
diatom productivity coincided during glacial stages 10, 8 and 62°.
Additional evidence of elevated upper ocean productivity in
response to the northward STF migration has been recorded in
benthic foraminifera record in another core from the southern
Agulhas Plateau (MD02-2589), which the authors linked to the
overall flux and variability of organic carbon supply to the
seafloor?’. The increased delivery of organic matter has been
interpreted to be related to the expansion of the Subantarctic
Zone (SAZ), with the northward STF migration and its con-
vergence with the Subantarctic Front (SAF)?”. This is in accor-
dance with a study showing highest chlorophyll-a concentrations
at the modern positions of the STF and SAF* The regional
hydrodynamic setting during intervals of an expanded SAZ may
have resulted in a more intense local upwelling and subsequent
vertical advection of nutrients to the surface.

Despite the numerous studies on the southern Indian Ocean
linking STF migration to variations in primary productivity,
understanding remains limited regarding how biotic communities
have responded to changes in water column biogeochemistry
(nutrients, productivity) and hydrodynamic characteristics (SST,
stratification) with varying STF position over glacial-interglacial
cycles. Here we focus on coccolithophore communities in the
southern Indian Ocean and utilise both their organic and inor-
ganic remains to track STF migration and its consequent effect on
biogeochemistry and hydrodynamics, and ultimately determine
the climatic impacts of these changes at the Agulhas Plateau over
the last 300 kyr. We present new high-resolution organic bio-
marker (Cs;3_, alkenones) and full coccolith assemblage records
from the International Ocean Discovery Programme (IODP) Site
U1475 at the Agulhas Plateau.

Modern oceanographic setting. Site Ul475 (41°25.61'S; 25°
15.64'E, 2669 m water depth) was drilled on the southwestern
flank of the Agulhas Plateau in the Southern Ocean sector of the
Indian Ocean (Fig. 1)?8. Upper ocean hydrographic conditions
over the Agulhas Plateau are primarily governed by the interplay
between the ARC, representing the retroflected warm and salty
subtropical Indian Ocean surface waters transported by the AC,
and the cold and fresh Subantarctic surface waters (SASW)
occurring toward the south of the STF°. Seasonal SSTs vary from
11 to 17 °C (Fig. 1a) and sea surface salinities range between 35.1
and 35.4%%. A zonal band of elevated surface chlorophyll-a con-
centrations (0.5-0.8 mg m—3) during austral summer has been
detected by satellite remote sensing, reaching peak concentrations
(1.25 mg m~3) in the SAZ, at the maximum confluence between
the STF and SAF (Fig. 1b)?>. Coccolithophores and diatoms
account for the high chlorophyll-a concentrations within the
SAZ, forming the boundary between the northern coccolitho-
phore and southern diatom occurrences as observed in the
satellite-derived imagery by the National Aeronautics and Space
Administration (NASA) (Fig. 1c, d)3°. The satellite images show
high coccolithophore concentrations between STF and SAF
during austral summer, whereas increased numbers are recorded
up to ~10° latitude further north during austral winter. By
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Fig. 2 Global and regional temperature records. a LRO4 8'80 benthic foraminifera stack (green line)””. b MD02-2588 Ué; sea surface temperature (SST,
red line)2>, ¢ Site U1475 U§§ SST (blue line is the calculated five-point running average of the raw data (white circles) to highlight long-term trend). d
Vostok ice core air temperature (black line)’8. e MD02-2588 ice-rafted debris (IRD, grey bars)23. Light blue bars are glacial intervals (marine isotope

stages, MIS)77. Yellow bars are glacial terminations (T)77.79.80,

contrast, diatoms concentrate at the SAZ during austral summer,
while abundances decrease and the communities are dispersed
further north, up to ~30°S during austral winter. The satellite
observations can be confirmed in modern coccolithophore
assemblages, with increased abundances and diversity at the
subtropical region and highest abundances largely dominated by
E. huxleyi at the SAZ during austral summer3!. On the other
hand, surface sediments associated with the AC showed higher
diversity and dominance of coccolithophore species E. huxleyi, G.
oceanica, Calcidiscus leptoporus and Umbilicosphaera sibogae?®.
Presently, nutrients in the region are sourced from the northward
advection and lateral mixing of nutrient-rich SASW32, linked to
frontal migration and/or the variability of the southern hemi-
sphere (SH) westerlies3334,

Results and Discussion

Sea surface temperature variability over the last 300 kyr. At Site
U1475, changes in UL-derived SST show a cyclic pattern that is
synchronised with glacial-interglacial modulation, having mean
SSTs between 16.7 and 22.3°C during interglacial intervals
(modern seasonal SST =14 to 17°C30) and between 15.8 and
21.9°C during glacial periods (Fig. 2c). These variations exhibit
larger amplitude between MIS 8 to 6, prior to Termination II
(TI), and smaller shifts in SST values, after TII, from MIS 5
toward the present. Early cooling occurred at the glacial incep-
tions and coldest conditions are recorded before glacial maxima,

with an early warming through the terminations (Fig. 2c). The
early SST increase over the southern Agulhas Plateau relative to
the Antarctic air temperature record (Vostok ice core) during the
last 350 kyr3> has been also recorded at MD02-2588, a core
located ~50 km southeast of our study area (Fig. 2b, d)2°. Much
cooler conditions during glacial stages occurred prior to TII,
reaching highest temperature during the termination, and rela-
tively constant SSTs for the rest of the studied interval. This
cooling of the upper ocean may have been driven by the north-
ward migration of the frontal systems, specifically the STF that lie
to the south of the Agulhas Plateau, and is thus associated to the
extent of the Antarctic ice sheet. This is supported by the good
correspondence between 880 and U%,— based SSTs of MD02-
2588 and the deuterium (8D) record of the European Project for
Ice Coring in Antarctica (EPICA) Antarctic ice core??, suggesting
that the variations in surface and intermediate waters over the
Agulhas Plateau are more likely linked to the glacial-interglacial
climate oscillations in the SH rather than in the northern hemi-
sphere (NH; Fig. 2a) during the last 300 kyr.

Main alkenone synthesisers at the Agulhas Plateau. A total of
28 species and groups of coccolithophores were identified at
Site U1475, comprising a mixture of taxa typical of tropical to
subtropical environments (Supplementary Fig. 1). The assem-
blage is dominated by E. huxleyi (up to 62% of the assemblage;
4300 x 107 cm~2 kyr—1), Gephyrocapsa ericsonii (up to 55%;
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8400 x 107 cm—2 kyr~1), and Florisphaera profunda (up to 52%;
3900 x 107 cm~2 kyr—1). These are followed by Gephyrocapsa
caribbeanica (up to 44%; 6700x 107 cm~2 kyr—!) and G.
muellerae (up to 29%; 2900 x 107 cm—2 kyr—!), which alto-
gether accounts for 58 to 93% of the total assemblage. Com-
parison between E. huxleyi and Gephyrocapsa species (G.
oceanica, G. muellerae, G. ericsonii, G. caribbeanica) and con-
centrations and fluxes of C;;.;3., alkenones, displays individual
distribution patterns among the species (Fig. 3). These results
suggest that alkenones are potentially synthesised by different
coccolithophore taxa over the last 300 kyr.

Prior to the first occurrence (FO) of E. huxleyi (~270 kyr;
Fig. 3a)3%, G. oceanica and G. caribbeanica appear to be the major
alkenone producers (Fig. 3d, f), with minor contribution from
other species of the Noelaerhabdaceae family (e.g. small
Reticulofenestra) (Fig. 3g and Supplementary Fig. 1a). In modern
deep-sea sediments, E. huxleyi is known as the main source of
alkenone production!®3” and taxa that are morphologically
related to E. huxleyi are considered potential biosynthesisers3.
While it has been suggested that the FO of E. huxleyi in the
geologic record is between 290 and 250 kyr3°, alkenones have
been recorded in sedimentary archives throughout the Palacogene
and Neogene3$3°, and even in Cretaceous sediments*). Our
results show coherency between alkenone concentrations and G.
oceanica and G. caribbeanica during MIS 8, characterised by
elevated alkenone concentrations (Fig. 3h) that are matched by
high species abundances and fluxes (Fig. 3d, f). Lipids of species
belonging to the genus Gephyrocapsa have been found to contain
similar series of long-chain alkenones and other associated
compounds as E. huxleyi, and are thus suggested as likely
contributors to the alkenone record in deep-sea sediments prior
to the FO of E. huxleyi3841,

E. huxleyi started to register increased abundances during MIS
6, accompanied by an increase in G. muellerae and alkenone
concentrations (Fig. 3a, e, f). After a decline in abundance
immediately before and after TII, E. huxleyi dominates alkenone
contribution at Site U1475 from the beginning of MIS 4 toward
the present day (Fig. 3a). The shorter glacial intervals, stages 4
and 2 show a slight coincident increase in alkenones with
contributions from E. huxleyi, G. muellerae and G. caribbeanica.
After MIS 4, an abundance shift between E. huxleyi and G.
ericsonii is observed, with G. ericsonii almost completely
disappearing from the record (Fig. 3a, b). During this time, E.
huxleyi, G. muellerae, and all the other Gephyrocapsa species are
the likely alkenone synthesisers.

An interesting feature of the interglacial stages at the Agulhas
Plateau over the last 300 kyr is the extremely low alkenone
concentrations. Both MIS 7 and 5 register reduced alkenone
concentrations, enhanced abundances of G. ericsonii and reduced
abundances of all the other species (Fig. 3). The mismatch between
the alkenones and the much smaller gephyrocapsid (G. ericsonii)
suggests that alkenone production may not only be influenced by
species abundance but by cell size as well. Without the
contribution from larger Gephyrocapsa (G. caribbeanica, G.
muellerae, G. oceanica), alkenone production is significantly lower
during interglacial periods at the study site, despite the high
numbers of G. ericsonii. The overall abundance pattern of G.
ericsonii closely resembles that of F. profunda, an extant deep-
dwelling species with an unknown alkenone production
capability*? (Fig. 3b, c). However given the phylogenetic link of
G. ericsonii to E. huxleyi*344, it is unlikely that G. ericsonii is not
producing alkenones just like F. profunda. This is also contrary to
what is known about the Gephyrocapsa group being considered
alkenone producers, although most of the previous studies only
refer to G. oceanica alone’®** or lump them altogether as
Gephyrocapsa spp. Rather we speculate that G. ericsonii, given its

smaller cell size, synthesises significantly smaller amounts of
alkenones compared to other larger alkenone-producing cocco-
lithophores. To our knowledge, there is no study yet directly
linking coccolithophore cell size to alkenone production, although
carbon isotopic fractionation from alkenones is thought to be
strongly influenced by cell size*>. The high abundances of G.
ericsonii during interglacial periods can also be explained by the
opportunistic nature of small placolith-bearing coccolithophores*®,
which would still bloom despite warmer upper ocean conditions.
We therefore suggest that factors such as coccolithophore cell size,
species-specific production of alkenones per coccolithophore cell
under varying ecological upper ocean conditions (e.g. nutrient
availability and light intensity), possible contribution from other
haptophytes (e.g. Isochrysis), and differences in dissolution and
preservation potential between alkenone and coccolith calcite may
have been at play?’+8,

Glacial-interglacial variability in Cs;.5., alkenones: production
or preservation signal? Alkenone concentration in sediments is a
function of both the abundance of alkenone-producing phyto-
plankton in the upper water column and the preservation of
organic matter, the latter being dependent on fluxes and redox
conditions in the depositional environment®’. In high latitude
oceans where productivity is controlled by siliceous organisms,
such as our study site at the Agulhas Plateau, remineralization of
exported organic matter before reaching the seafloor is high®°,
and alkenone degradation during settling cannot be completely
ruled out*S. Here we found good correlation between Cs;.3.
alkenone concentrations and Csy.3, mass accumulation rates
(MARs), suggesting that the observed variability in alkenone
records reflect changes in upper ocean productivity rather than
preservation changes due to varying sedimentation rates at the
investigated site (Fig. 3h).

To further assess whether the alkenone signals at Site U1475
represent true records of production over the Agulhas Plateau, we
compared our alkenone data with the total organic carbon (TOC)
at MD02-2588 (Fig. 3i). Alkenone concentrations and fluxes are
found to be significantly higher (or lower) during glacial (or
interglacial) intervals, displaying similar pattern with TOC. The
analogous trend between Cs;.3 , alkenones and TOC burial fluxes
observed in modern and fossil records indicates that the Cs;.5.,
alkenone record represents not only coccolithophore productiv-
ity, but of total phytoplankton production, as what has been also
reported in other ocean basins*34°. This is emphasised by the
coincidence between alkenone (Site U1475), coccolith (Site
U1475) and siliceous (MD02-2588)2° records at the Agulhas
Plateau (Fig. 4c, e-g). In fact, at Site U1475, coccolithophores
appear to significantly contribute to both glacial and interglacial
phytoplankton productions, whereas diatoms only dominate
during glacial intervals, with a distinct shift in dominance
between the two groups beginning at TII (Fig. 4f-g). This
correspondence between calcareous and siliceous productivity
and Cj.3., alkenones provides additional robust evidence of good
preservation and that the observed glacial-interglacial productiv-
ity pattern is not skewed by post deposition diagenesis; rather
productivity is driven by physical factors like atmospheric and
oceanographic processes discussed in the succeeding sections.

Productivity drivers over the Agulhas Plateau. Local nutrient
supply and export productivity in the southern Indian Ocean are
inferred to be driven by the migrating Southern Ocean fronts,
specifically the STF, over the last 900 kyr ©8-18:252651 Within this
region, repeated equatorward STF shifts between 4° (ref. °1) and
7° (ref. 18) latitudes occurred during glacial periods. Site U1475 is
located in close proximity to the present-day position of the STF
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and is thus well-positioned to track its meridional migration, and
the subsequent impacts on water column properties over glacial-
interglacial timescales. Our Cs;.;., alkenone concentrations and
net primary productivity (Npp)®2 records show that enhanced
productivity occurred during glacial stages 8, 6 and 2, with
minima coincident with each termination (Fig. 4c, d). Pro-
ductivity at Site U1475 reconstructed from alkenones and coc-
coliths is at a minimum during terminations and SST rises before
the glacial maximum, indicating that the STF likely moves
southward before the interglacial intervals.

At Site U1475, Cj7.5_, alkenone concentrations vary from 16 to
1315ngg~!, with highest values recorded during MIS 8 and 6
(Fig. 3h), coinciding with a more intense water column mixing as
observed from the F. profunda index (Fig. 4a). The northward
STF shift, evidenced by decreasing SST (Fig. 2b, c), likely
promoted productivity by increasing nutrient input in the photic
layer via: (1) vertical mixing, bringing cold nutrient-rich waters
from the mixed layer to the surface and (2) lateral advection,
expanding the pool of nutrients of the SASW to the Agulhas
Plateau, with the latter thought to be the primary control of
nutrient supply in modern Southern Ocean32. The equatorward

expansion of the SASW is supported by ice-rafted debris (IRD)
record of MD02-2588, showing greater IRD deposition during
lower SSTs (Fig. 2e)>3°3. With the expansion of SASW during
glacial episodes as a consequence of a more northerly STF, a
weaker upper ocean stratification and higher nutrient concentra-
tions occurred at Site U1475, which has been corroborated by
earlier studies in the southern Indian Ocean?22>26. This high
productivity conditions during glacials led to the increased
concentrations of coccolithophore taxa adapted to colder and/or
high nutrient environments (e.g. E. huxleyi, G. muellerae, G.
caribbeanica, G. oceanica) (Supplementary Fig. 1).

During interglacial stages, when the STF is at its southerly
position, reduced concentrations of Cs;.3_, alkenones are recorded,
starting from MIS 7 (Fig. 4c). From MIS 5 to 1, alkenone
concentrations maintain a relatively constant level with a slight
increase during MIS 3, and having a maximum of only about half
of the highest recorded glacial concentrations (606 ng g~!) found
in MIS 8 and 6. Reduced alkenone production observed during
interglacials should parallel lower total coccolithophore produc-
tivity. However this is contrary to the high primary productivity
during the interglacial periods in our record, calculated from the
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relative abundance of the lower photic zone (LPZ) species F.
profunda (Npp; Fig. 4d). During interglacials, the STF is located
further south, and previous studies show that nutrient supply is
lower, suggesting a reduction in the influence of SASW and
greater influence of the Indian Ocean surface waters transported
by the ARC. The southward shift of the STF would have also
reduced vertical mixing, thus enhancing water column stratifica-
tion that is typical of the subtropical waters. This stronger
stratification resulted in increased abundance of F. profunda. As
previously pointed out, despite the differences in depth habitat, G.
ericsonii (upper photic zone, UPZ) appears to have a similar
pattern with F. profunda (LPZ) throughout the record, i.e. having
distinct peaks during interglacials (Fig. 3b, c). This indicates that
while there is an enhancement of stratification during interglacial
intervals, there is still a steady supply of nutrients available in the
surface waters at Site U1475. These factors, together with SST,
influenced the abundance of G. ericsonii and F. profunda in the
photic layer. Furthermore, the two aforementioned species are

typical of the tropical Indian Ocean waters, which further support
the lesser influence of SASW and greater influence of the AC
during interglacial episodes?®. Nevertheless, the increase in
abundances of F. profunda and G. ericsonii cannot be simply
explained by an enrichment of nutrients in the water column,
since other species with an affinity for high nutrient setting did not
respond to the enrichment nor have a notable impact on the
alkenone production, which is an indicator of high productivity.
Our results therefore add alternative support on the proposed
ecological preference and temperature sensitivity of F. profunda in
higher latitudes, above 30°N and 30°S°2.

In addition to the distinct long-term glacial-interglacial cycles
observed in the investigated site, our coccolithophore productiv-
ity record shows notable shorter-term variability at higher
frequencies, which cannot be attributed to the long-term frontal
migration (Fig. 5 and Supplementary Figs. 2, 3). Here we have
compared our record to the NH (65°N), SH (65°S) and local (40°
S) maximum summer insolation intensities (Fig. 5a, h, i)°4. Being
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Fig. 5 Paleoceanographic records at the Agulhas Plateau (Site U1475 and MD02-2588) plotted against regional and high latitude summer insolation.
a Maximum summer insolation at the northern hemisphere (NH, 65°N, blue)>4. b Upper photic zone (UPZ) flora (black). ¢ MD02-2588 total diatoms
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g Florisphaera profunda index (black). h Maximum summer insolation at Site U1475 (40°S, orange)®4. i maximum summer insolation at the southern
hemisphere (SH, 65°S, green)>4. The coloured arrows represent coincidence between our records and summer insolation maxima in the NH (blue) and SH
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photosynthetic, coccolithophores respond to both light and
temperature changes in the water column, therefore changes in
insolation intensity could affect their seasonal behaviour.
Insolation intensity is a consequence of the combined variabilities
in Earth’s orbital parameters (eccentricity, obliquity and
precession)>4, and directly influences the amount of light and
temperature conditions in the upper ocean. Comparison between
the timing of productivity peaks to insolation maxima reveals that
at Site U1475, coccolithophore communities are responding more
to the local (40°S) and SH summer insolation. In particular, the
UPZ coccolithophore community shows distinct peaks during
insolation maxima (Fig. 5b), indicating that the upper water
column conditions over the Agulhas Plateau is influenced by
insolation intensity in high latitudes, specifically the SH, driving
seasonal variability in the upper ocean biotic communities.

Reconstructed productivity records from both geochemistry
(Cs7.3., alkenone abundances and MARs) and independent
coccolith data also reveal dominant periodicities (significant at
95% confidence interval, CI) related to the 100-kyr eccentricity
(Supplementary Figs. 2 and 3). Weaker spectral peaks at 41- and
23-kyr periodicities are recorded for alkenones and primary
productivity, corresponding to obliquity and precession, respec-
tively. A total absence of obliquity signal is found in the record of
total coccolith abundance as well as on the assemblage-derived
productivity (Npp), and water column stratification proxies (F.
profunda index) (Supplementary Fig. 2a, ¢, d). Peaks in the
alkenone record show a strong positive response to SH insolation
throughout the record (Fig. 5e), with highest productivity during
periods of SH insolation maxima. Moreover, primary productiv-
ity (Fig. 5f) and water column stratification (Fig. 5g) also display a
positive response to enhanced summer insolation in the SH over
the past 300 kyr. Comparing our coccolith data to the published
diatom productivity record at the Agulhas Plateau reveals that
diatoms are responding more to orbital and sub-orbital variability
although showing weaker power at the 41-kyr frequency
(Supplementary Fig. 2b). Coccolithophores and diatoms display
modest peaks at sub-precession (19 kyr) and precession (23 kyr)
(Supplementary Fig. 2a, b), with abundances that appear to be
controlled by the SH insolation maxima.

Significance of Termination II at Site U1475. Termination II
(MIS 6/5 transition) at the studied site represents a major shift in
both SST and productivity records at a regional scale (Figs. 2-5).
It is characterised by the boundary between two long-term cli-
mate cycles at a global scale®. Previous studies at a nearby
location (MD02-2588) showed that U3K7/ SST at the Agulhas Pla-
teau reached its maximum temperature (~22°C) for the entire
300 kyr interval during TII (Fig. 2b)2°. Our data indicates that TII
marks the limit from a stratified water column to a progressive
and continuous water column mixing, as seen from the F. pro-
funda index (Fig. 4a). Reconstructed primary productivity is also
markedly affected by this transition and shifted from an in-phase
pattern with glacial-interglacial variability (high during MIS 8
and MIS 6) to a total lack of congruence to glacial-interglacial
cycles after TII (Fig. 4c, d). Moreover, diatoms show much higher
concentrations after TII (MIS 4 and 2) (Fig. 4g)?> when the UPZ
coccolithophore species started to continuously decline (Fig. 4f).
TII also represents a prominent change in the orbital periodicities
of several palaeoenvironmental proxies (Supplementary Figs. 2
and 3). Productivity proxies (i.e. Cs;3, alkenones, coccoliths)
show marked eccentricity frequencies (100 kyrs) preceding TII,
but the cyclicity in the data either disappeared or attenuated after
this period. In addition, the Ca/Fe ratio (Fig. 4b), a proxy asso-
ciated with marine carbonate production versus fluvial input in
many circum-African margins®®>7 and South African marine

basins®3, is only sensitive to obliquity cycle after TII (Supple-
mentary Fig. 3¢).

TII marks a step-change in water column conditions and
forcing, from an eccentricity-dominated signal to a stronger
obliquity influence over Site U1475. We therefore suggest that an
increase in the interaction between the warm and salty ARC with
the cold SASW occurred during TII. Obliquity is the dominant
forcing in the greater AC system® and after TII the STF was
positioned further north?2. Sediment core MD02-2588, located
~50km eastward at the same latitude also suggests that the
northward migration of the STF preceded and probably forced
strengthened the AC and ARC based on an abrupt increase in
Globigerina bulloides and other planktic foraminifera during MIS
4 and 2, suggesting high productivity events®®, When compared
to the entire sedimentary sequence recovered at Site U1475, the
TII boundary is associated with the only lithogenic variation
recognised for the last 5.3 Myr, and represents a change from
light greenish or pale grey to white-grey nannofossil ooze (Unit II
4.75-277.22 m CSF-A) to a of pale brown, light greenish or olive-
grey, and white-grey nannofossil-rich foraminifer ooze (Unit I
0-4.75 m CSF-A)?8. This shift during TTI has major implications
for the surface water conditions over the Agulhas Plateau because
increased recirculation of the tropical AC waters would transmit
tropical signal to the southern Indian Ocean and the Pacific
Ocean. We suggest that this can be linked to the recognised NH
signature in regions of the subtropical convergence, such as our
study site at the Agulhas Plateau®!.

Implications for the southern Indian Ocean biological pump.
The role of coccolithophores in marine carbon cycle as a dominant
calcifying phytoplankton, varies greatly from that of other primary
producers (e.g. diatoms) in the upper ocean, with coccolithophores
being able to alter both the biological (photosynthesis) and carbo-
nate (calcification) pumps. This global carbon pump is significantly
influenced by the efficiency of the two dominant phytoplankton
groups in the Southern Ocean by contributing to CO, release via
calcification (by coccolithophores) and CO, uptake via photo-
synthesis (by coccolithophores and diatoms)*°. The combination of
coccolithophore and diatom primary production signals therefore
strongly reflects the relative strength and efficiency of biogenic
carbon export to the deep ocean (biological pump)!?, especially in
high latitude regions dominated by siliceous productivity, such as
Site U1475 at the Agulhas Plateau.

Here we show that the high glacial export productivity over the
Agulhas Plateau indicated by coccolith abundances and Cs;;.,
alkenones, tied to published records of diatoms and TOC
provides new evidence of a more efficient and strengthened
biological pump in the Southern Ocean sector of the Indian
Ocean during glacial periods. This is consistent with the pattern
seen in the southern Indian Ocean records showing a global
decline of pCO, during glacials>°, which the authors linked to the
increased efficiency of Southern Ocean biological pump®?
stimulated by increased deposition of dust into the Southern
Ocean®. It is thought that the dust-induced Fe fertilisation
during glacials drove Si uptake by diatoms resulting in high
production over the Agulhas Plateau®?>. Similarly, coccolitho-
phores show positive response to the upper water column
enrichment during the glacials (Fig. 4d—f). The consistent decline
in the coccolith record beginning at TII in the southern Indian
Ocean, and the observed shift from a coccolithophore-dominated
to a diatom-dominated phytoplankton community could thus
indicate a more efficient release of CO, to the atmosphere
(carbonate pump).

Although our understanding of the ocean—atmosphere CO,
exchange and its link to the global climate system remains a
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major challenge, a number of studies already showed that
phytoplankton communities in the Southern Ocean plays a key
role in these processes. Thus further studies exploring past biotic
responses in the Southern Ocean is necessary in order to obtain a
clearer picture of the role of phytoplankton on the global carbon
cycle and its consequent impact on pCO, variability.

Methods

Sampling strategy. For this study, we used the upper ~8 m of the ~290 m stra-
tigraphic splice at Site U1475, representing the last 300 kyr. We focus on the
interval from the FO of E. huxleyi (~270 kyr in the Indian Ocean)3° in order to
minimise species evolutionary bias, since older interval comprises a different
assemblage composition. Sampling interval was selected using the shipboard age
model estimated from combined biostratigraphy and magnetostratigraphy?8. Cores
in the splice were sampled every 4 and 8 cm intervals, targeting a time resolution of

~1.5 and ~3 kyr for micropaleontological and biomarker analyses, respectively. A
total of 201 samples were analysed for full coccolith assemblage composition and
141 samples for alkenone concentrations and SST.

X-ray fluorescence (XRF) core scanning. The ~256-m-long splice at Site U1475
was scanned using a third generation Avaatech Core Scanner with a Canberra X-
PIPS SDD, Model SXD 15C-150-500 150 eV resolution X-ray detector at the XRF
Core Scanning Facility, IODP Gulf Coast Repository, College Station, Texas, USA.
All core sections were scraped to clean the split core surface and covered with 4 pum
—thick Ultralene plastic film (SPEX Centriprep, Inc.) prior to scanning. Data were
collected every 3 cm down-core in three separate runs using generator settings of
10kV/0.25 mA (no filter), 30 kV/1.25 mA (Pd-filter) and 50 kV/1.5 mA (Cu-filter),
respectively. With the 10kV setting, elements in the range from Al to Fe are

detected, while at 30 kV, elements Rb, Sr and Zr are best resolved. Ba was measured
with the 50 kV setting. For this study, we have only used the Ca and Fe data.
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Age model construction. The studied interval is anchored upon the FO of E.
huxleyi at 270 ka3¢ using the shipboard biostratigraphic results. The shipboard age
model was refined by aligning records of sediment reflectance (a*, L*), and XRF
Ca/Fe ratio from Site U1475 to the respective records from the nearby core MD02-
2588 (n = 18 tie points) (Fig. 6). The robustness of this alignment was then con-
firmed by comparing the Site U1475 sediment colour (blue band) to the MD02-
2588 benthic §'80 curve? (Fig. 6¢, d). The published MD02-2588 age model® was
then applied to the equivalent interval of Site U1475. This age model, consisting of
radiocarbon dates and tie points between benthic foraminiferal §'80 to the EPICA
Dome C temperature record®® on the EDC3 chronology®, yields an average
sedimentation rate of 2.67 cm kyr~!, ranging from 1 to 6.7 cm kyr~!, comparable
to the average sedimentation rate at MD02-2588 (3.40 cm kyr—!)3, and the initial
shipboard estimate at Site U1475 (2.8 cm kyr—1)28,

The FO of E. huxleyi was noted at 687.7 cm, and is placed at 273 kyr (Fig. 3a).
Other significant biostratigraphic events recorded are the crossover dominance
between G. ericsonii and G. caribbeanica, which is synchronous with the E. huxleyi
FO (Fig. 3b, f), and between G. ericsonii and E. huxleyi at 160.5 cm at 72 kyr
(Fig. 3a, b). The FO of E. huxleyi is a well-documented event among ocean basins
dated between 290 and 250 kyr®®, with the species becoming significantly abundant
during MIS 5 from 85 to 73 kyr at low latitudes, and during MIS 4 at high
latitudes36:6°.

Molecular biomarker and sea surface temperature. To examine productivity
and determine SSTs, alkenones were extracted from freeze-dried, homogenised
sediment samples (an average of 11 g dry weight) using an Accelerated Solvent
Extractor (Dionex ASE 350). A solvent mixture of 9:1 (v:v) dichloromethane
(DCM): methanol (MeOH) was used to obtain an initial total lipid extract (TLE).
The TLE was then separated into apolar, neutral, polar fractions with alumina
oxide (Al,O3) column chromatography, using 9:1 hexane/DCM (v:v), 1:1 hexane/
DCM (v:v) and 1:1 DCM/MeOH (v:v) as eluents, respectively. Cs;.5_, alkenones
were calculated using total concentrations of Cs;,, and Cj;.5 ketones per unit dry
weight of sediment, determined by referencing the ketone peak areas to the added
internal reference standard 5a-Androstane (Sigma-Aldrich). Samples were identi-
fied and quantified using a Thermo Scientific Trace 1310 GC-FID coupled to an
ISQ MS system. The Trace 1310 GC was equipped with a Rtx-5 column (60 m x
0.25 mm x 0.25 um) using a temperature programme that started at 70 °C (1 min
hold), then a temperature ramp of 20 °C per minute to 130 °C, followed by 4 °C per
minute ramp to 320 °C, where it was held for 20 min.

Cs7.3.2 MARs were calculated using Eq. (1). The dry bulk density (DBD) data
was derived from shipboard measurements of gamma ray attenuation, which has
been cleaned and corrected®’.

MARs = C;;,;_,alkenone x sedimentation ratex DBD (1)
The unsaturation index U, was calculated using Eq. (2)%8:
Caza
Ciza + Cyps

Subsequently, SSTs were determined using the core top calibration following
Eq. (3)V, which spans the temperature range of 0 to 27 °C and has a calibration
error of 1.5 °C. Reproducibility based on replicate analysis of samples is +0.04 °C.

K _
Uy =

@

U} = 0.033(SST) + 0.044 €]

Micropaleontological analysis. Samples were prepared for coccolithophore
(coccolith) assemblage analysis following the combined dilution-filtering
technique® and analysed under a Zeiss DSM940A scanning electron microscope at
3000X magnification. At least 500 specimens were identified and counted on
measured transects for each sample. Species identification was based upon the
electronic guide to biodiversity and taxonomy of coccolithophores (Nannotax 3;
https://www.mikrotax.org/Nannotax3/). Coccolith counts (CC) are expressed as
number of coccoliths per gram of sediments (number g sed.™1), calculated using
Eq. (4), where F = effective filtration area (mm?2), C = number of counted cocco-
liths, S = split factor, A = investigated filter area (mm?) and W = weight of sample
(g)-

CC = (FxCxS)/(Ax W) (4)

The CCs were then converted to coccolith accumulation rates (CARs) following
Eq. (5). The DBD values used for calculating alkenone fluxes (MARs) were also
applied in the calculation of CARs.

CARs = NCx sedimentation rate x DBD (5)

Species diversity (Shannon index; H) was calculated using the palaeontological
statistics software (PAST)”C. The ratio between the deep-dwelling species F. profunda
and shallow-dwelling taxa E. huxleyi and G. ericsonii'l was used to monitor past
variations in nutricline depths and water column stratification at the Agulhas Plateau.
Here we modified the F. profunda index formula’! and calculated the abundance of
the LPZ taxon F. profunda against all UPZ species (E. huxleyi, gephyrocapsids,
reticulofenestrids) to minimise species evolutionary bias on the stratification index (6).
Low values of F. profunda index suggest a mixed water column (shallow nutricline)

while values closer to 1 indicate a stratified water column (deep nutricline).

LPZ
. i = 6
F.profunda index 17+ UPZ (6)
Past primary productivity expressed in grams of carbon (g C m~2 yr~!) was

calculated using the Npp equation calibrated using F. profunda global data®? (7):
log10(Npp) = 3.11 — 0.01*%F.profunda 7)

Time series analysis. In order to detect astronomical and orbital periodicities
within the past productivity and oceanographic records, a continuous wavelet
transform was performed using a Mortlet wavelet’? in PAST version 3.25. Prior to
the analysis, the unevenly-spaced data was interpolated based on the average
resolution of each dataset: 1 kyr for Ca/Fe ratios; 1.5 kyr for the coccolith
assemblage; 2 kyr for SST and alkenones; and 3.5 kyr for diatoms. To test the
significance of the spectrum peaks against the red-noise background, we performed
spectral analysis for unevenly-spaced data using the REDFITX software’>. The
REDFIT package allows analysis of an unevenly-spaced dataset without inter-
polating the raw data to generate an evenly-spaced time series.

Data availability
All data related to this article is archived in the PANGAEA database: https://doi.pangaea.
de/10.1594/PANGAEA.912467.
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