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Abstract The Pliocene epoch emerges as a pivotal juncture in Earth's climatic evolution, characterized by
pronounced warmth and elevated atmospheric carbon dioxide compared to contemporary levels. While the
broader climatic context of the Pliocene has garnered attention, there remains an outstanding gap in detailed
paleoclimate reconstructions of the early Pliocene, a new potential target for data‐model intercomparison.
Addressing this, we investigate the drivers of the early Pliocene “Biogenic Bloom” and implications for nutrient
dynamics and climate. By analyzing high‐resolution biotic assemblage and geochemical records from the
Agulhas Plateau, southwestern Indian Ocean (International Ocean Discovery Program, IODP Site U1475), we
aim to elucidate the forcing and feedback mechanisms driving the early Pliocene marine ecosystems. We
identify a distinct shift in coccolithophore assemblages at ∼4.6 million years ago, characterized by a notable
change in dominance between the larger and smaller Reticulofenestra and high abundances of
Noelaerhabdaceae < 5 µm. Our findings confirm the adaptive strategies of coccolithophore communities to
prevailing environmental conditions, underscoring their evolutionary resilience by producing smaller coccoliths
while increasing their abundances in a nutrient‐replete ocean. Surface water dynamics, particularly the
subtropical front migration and expansion of Southern Ocean waters, in combination with the southern African
monsoon variability, emerge as key drivers of phytoplankton productivity during the early Pliocene. We posit
that a weakened biological carbon pump, due to increased phytoplankton production driven by intense ocean
circulation and mixing during the early Pliocene, served as a potential precursor to the subsequent middle
Pliocene abrupt climate extremes.

1. Introduction
The Pliocene epoch (5.33–2.58 Ma) is a critical period in Earth's climate evolution. It records a significant
transition from warm and stable conditions to the colder and highly variable Pleistocene climate (Filippelli &
Flores, 2009; Lisiecki & Raymo, 2005). During this epoch, global temperatures were approximately 3°C warmer
than present‐day averages (Bartoli et al., 2011), with reduced ocean zonal temperatures (Fedorov et al., 2013), and
a significantly expanded tropical warm pool (Brierley et al., 2009). Moreover, atmospheric carbon dioxide
(pCO2) levels ranged between 50 and 125 ppmv higher than the pre‐industrial concentrations (∼400 ppmv)
(Bartoli et al., 2011; Dowsett et al., 2013), with sea levels higher by ∼25 m than today (Dutton et al., 2015). Such
pronounced near‐modern climatic conditions, driven by ocean‐atmosphere dynamics, gateway changes, and
tectonic evolution (e.g., Brierley & Fedorov, 2016; Karas et al., 2017), render the Pliocene a crucial analogue for
understanding current and impending climatic trajectories (Salzmann et al., 2011).

The early Pliocene (Zanclean stage; 5.3 to 3.6 Ma) is a particularly notable interval because it covers the later part
of the globally documented late Miocene to early Pliocene “Biogenic Bloom” (∼9–3.5Ma; Farrell et al., 1995), as
well as the Early Pliocene Climatic Optimum (EPCO; 4.4 to 4.0 Ma). The term “biogenic bloom” is used here to
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represent broadly a sustained increase in biogenic export production and sedimentation (e.g., Dickens &
Owen, 1999; Diester‐Haass et al., 2005) and does not necessarily imply modern ecosystem dynamics. During the
early Pliocene, a biogenic bloom was recorded across various locations in major ocean basins, including both
upwelling and oligotrophic regions away from convergence zones (e.g., Dickens & Owen, 1999; Diester‐Haass
et al., 2005; Karatsolis et al., 2022; Lyle et al., 2019). Evidence for high phytoplankton production during this
interval has been mainly linked to the accumulation rates of carbonate and biogenic silica in sediments (e.g.,
Dickens & Owen, 1999). These widespread phytoplankton blooms not only signify increased primary produc-
tivity but also have the potential to influence global carbon cycling dynamics.

Nutrient dynamics, particularly enhanced nutrient delivery, is central to initiating biogenic bloom events (Fili-
ppelli, 1997). For instance, the onset of the late Miocene to early Pliocene biogenic bloom has been attributed to
various mechanisms affecting nutrient delivery into a particular region. Continental weathering from the uplift of
the Himalayas and the intensification of the late Miocene Indian and Asian monsoons, along with associated
upwelling events, have enhanced the nutrient supply to the Indian and Atlantic Oceans (e.g., Filippelli, 1997;
Hermoyian & Owen, 2001), as well as to the marginal seas such as the South China Sea (L. Zhang et al., 2009).
Changes in ocean‐atmosphere dynamics, characterized by a shift of nutrients from oligotrophic regions toward
divergence zones (Dickens & Owen, 1999), have also led to a significant redistribution of nutrients within ocean
basins. In tropical regions, such as in the Indian and eastern Pacific Oceans, the biogenic bloom event has been
linked to other factors, such as sea‐level fluctuations (Diester‐Haass et al., 2004), deep‐water circulation inten-
sification (Molnar et al., 2010), variations in trade wind patterns (Filippelli, 1997), and changes in upwelling
intensities (e.g., Dickens & Owen, 1999; Diester‐Haass et al., 2005). Understanding the timing and causal
mechanisms of biogenic blooms is therefore of paramount importance as it may have primed the Earth's climate
system and potentially paved the way for subsequent extreme warming intervals of the Pliocene (e.g., the mid‐
Pliocene Warm Period, mPWP).

The Indian‐Atlantic Ocean Gateway (I‐AOG) emerges as a critical focal point for understanding the complexities
of the Pliocene climatic regime, as the interconnections between ocean water masses at both low and high‐latitude
regions are vital components of the Earth's climate system (Figure 1). Integral to this system is the Agulhas
Current, the largest surface western boundary current in the Southern Hemisphere, which facilitates the transfer of
approximately 70 Sverdrup of warm and saline surface waters from the Indian and Pacific Oceans to the Atlantic
(Beal et al., 2011). This transfer, via the Agulhas Leakage, exerts significant influence on the Atlantic Meridional
Overturning Circulation and climate of the North Atlantic on various timescales (Biastoch et al., 2009). Notably,
the warm and saline Agulhas Current dominates the Indian sector of the Southern Ocean, where it interacts with
the cold and fresh Southern Ocean water (Lutjeharms, 1996). Surface ocean nutrients in the I‐AOG are primarily
supplied by the northward advection and lateral mixing of the nutrient‐rich southern‐sourced Subantarctic Surface
Water (SASW; Sigman et al., 1999), which in the past was closely associated with the subtropical front (STF)
migration and/or the variability of the Southern Hemisphere westerlies (De Boer et al., 2013; Kohfeld
et al., 2013). Paleoceanographic evidence, particularly from the Pleistocene and recent glacial stages, suggests
that the changing position of the STF over glacial‐interglacial cycles impacted surface ocean dynamics and drove
nutrient availability and export production in the region (De Boer et al., 2013; Orsi et al., 1995). However,
compared to the Pleistocene (e.g., Cartagena‐Sierra et al., 2021; Romero et al., 2015; Tangunan et al., 2021),
studies on the Pliocene migration of the STF in the I‐AOG region are limited.

Past climatic and oceanographic variability in high latitude regions, such as the I‐AOG can be evaluated by
quantifying phytoplankton community changes (i.e., coccolithophores; coccoliths), comprising up to 20% of the
phytoplankton carbon pool in pelagic regions (Poulton et al., 2007) and forming extensive blooms in modern
higher latitudes (Balch et al., 2007). It has been shown that modern coccolithophores are sensitive to changes in
sea surface temperature (SST), salinity, and nutrient supply across all latitudes (e.g., Winter et al., 1994). For
example, in the Southern Ocean, the Polar Front separates the “Great Calcite Belt” dominated by coccolitho-
phores to its north (Balch et al., 2016), and the “Circumpolar Silica Belt” established by diatoms to its south
(Tréguer, 2002). The abundances and dynamics of these two phytoplankton groups in the Southern Ocean are
essential for determining ecosystem responses to a changing marine environment, especially over timescales of
enhanced biological production and extreme climatic conditions.

Coccolithophores constitute the foundation of the oceanic food chain and are unique because of their dual role in
the global carbon cycle (e.g., Hay, 2004; Rost & Riebesell, 2004). This group affects the biological carbon pump
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(BCP) by influencing both the soft‐tissue pump (STP, via photosynthesis) and the calcium carbonate counter
pump (CCP, via calcification) (Hay, 2004). The relationship between water mass properties (e.g., temperature,
salinity, stratification) and phytoplankton communities controls the efficiency of the BCP (Villa et al., 2014). The
reconstruction of biological production and calcification patterns associated with BCP efficiency in subtropical
regions has primarily focused on more recent timescales such as the Pleistocene and the latest interglacial period
(e.g., Brandon et al., 2022; Duchamp‐Alphonse et al., 2018). The availability of new International Ocean Dis-
covery Program (IODP) sites extending back through the Pliocene now offers an unprecedented opportunity to
explore the early Pliocene warmth in the I‐AOG and its implications for ocean circulation, nutrient cycling, and
climate dynamics.

Drilling at IODP Site U1475 (Agulhas Plateau; 41°25.61′S; 25°15.64′E; water depth of 2,669 m) located in the
Indian sector of the Southern Ocean (Figure 1) recovered a continuous carbonate‐rich succession spanning the last
7 Ma (Hall et al., 2017b). This allows unsurpassed resolution covering the whole Pliocene epoch, offering an
opportunity to investigate the early Pliocene biogenic bloom event. Here, we present high‐resolution biotic
assemblage and morphometric records, combined with bulk calcium carbonate and biogenic silica, and elemental

Figure 1. Key atmospheric and oceanographic features over South Africa and adjacent oceans, showingmodern sea surface temperature (SST), surface and bottomwater
currents, and location of the investigated region (red star) and nearby sites mentioned in text (black circles). (a) SST averaged for December 2020 to February 2021 and
prevailing winds during austral summer. (b) SST averaged for June–August 2021 and prevailing winds during austral winter. The zone of intertropical convergence is
marked as a shaded band. The Southern Ocean frontal systems are also indicated: subtropical front, subantarctic front, and polar front showing northward migration
during austral winter. (c) schematic north‐south transect of the subtropical South Atlantic with the distribution of water masses. SST maps were generated with the
Giovanni online data system developed and maintained by the NASA GES DISC (Acker & Leptoukh, 2007). Prevailing winds were drawn after Dickson et al. (2010).
The cross‐section image was redrawn and modified from Hodell and Venz (1992).
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geochemistry records, to determine both the forcing and feedback mechanisms of the early Pliocene marine
ecosystems. Our study provides comprehensive insights into the potential significant impacts of the interplay
between biotic communities, carbon cycling dynamics, and global climatic shifts during the early Pliocene.

2. Regional Oceanographic Setting
IODP Site U1475, situated on the southwestern Agulhas Plateau, lies at a critical juncture between the Indian,
Southern, and Atlantic Oceans (Figure 1; Hall et al., 2017b). The Agulhas Plateau is bathed by the southward
propagating North Atlantic Deep Water and the northward flowing southern‐sourced Antarctic Intermediate
Water and Antarctic Bottom Water (Figure 1c; Reid, 2005). This site is influenced significantly by the Agulhas
Current system, which forms a crucial part of the meridional overturning circulation and acts as a primary
pathway for transporting water from the Indian and Pacific Oceans to the Atlantic Ocean (Lutjeharms, 2006). The
upper ocean hydrographic conditions over the Agulhas Plateau are primarily influenced by the interaction be-
tween the ARC, which carries warm and salty subtropical Indian Ocean surface waters via the Agulhas Current
(Figures 1a and 1b), and the cold, fresh SASW south of the STF (Figure 1c; Lutjeharms, 2006). Seasonal SSTs at
the site range from 11 to 17°C and salinities from 35.1 to 35.4 (Holliday & Read, 1998). During austral summer,
the southward shift of the Inter Tropical Convergence Zone creates a north‐south pressure gradient, intensifying
moisture flux over southern Africa and bringing heavy rains through the southern African monsoon, a component
of the Southern Hemisphere monsoon system (Clark et al., 2003; Xulu et al., 2020). This seasonal shift, influenced
by the southern African monsoon alters hydrographic conditions by increasing precipitation and river discharge,
reducing salinity, and enhancing stratification (Ma et al., 2021; Schott et al., 2009). The biological response to
these oceanographic conditions is marked by seasonal variations in phytoplankton distribution, with coccoli-
thophores showing high concentrations between the STF and the Subantarctic Front during austral summer,
shifting up to∼10° latitude northward during austral winter. Diatoms concentrate in the Subantarctic Zone during
summer and disperse further north, up to ∼30°S, as their abundance decreases in winter (Gregg & Rous-
seaux, 2014; Patil et al., 2017).

3. Materials and Methods
3.1. Site U1475

IODP Site U1475 was recovered from the southwestern flank of the Agulhas Plateau (Figure 1; Hall et al., 2017b).
The drilled sediments are part of a contourite drift (Gruetzner et al., 2019), characterized by pale brown and olive
gray to light gray coccolith‐rich foraminifera ooze (Unit I, 0–4.75 m cored depth below seafloor method A, CSF‐
A) and light greenish gray to light gray nannofossil ooze (Unit II, 4.75–277.22 m CSF‐A) (Hall et al., 2017b). Site
U1475 represents a∼256‐m‐long continuous sequence of late Miocene to late Pleistocene sediments. Samples for
this study were taken with a mean sampling resolution of ∼10 kyr from the early Pliocene section (4.95–3.30 Ma)
of the stratigraphic splice. A total of 162 samples were analyzed for complete coccolith assemblage composition,
with 17 of these samples further analyzed for morphometry. Initial shipboard investigation showed relatively
good preservation of coccolith species, especially the placolith‐bearing taxa belonging to the Noelaerhabdaceae
family. Shipboard analysis also recorded frequent occurrences of reworked Eocene to middle Miocene species
like Chiasmolithus spp., Cyclicargolithus abisectus, Cyclicargolithus floridanus, Dictyococcites bisecta, Retic-
ulofenestra umbilica, Discoaster spp., and Isthmolithus recurvus.

3.2. Chronology of Site U1475

The initial Site U1475 chronology was based upon the shipboard age model established using combined
biostratigraphy (calcareous nannofossils, planktic foraminifera, diatoms) and magnetostratigraphy (Hall
et al., 2017b). The shipboard age model was refined by aligning the shipboard physical properties records
(Gruetzner et al., 2019) to the global benthic foraminifera (Lisiecki & Raymo, 2005) and probabilistic (Ahn
et al., 2017) stacks (Table S1 and Figure S1 in Supporting Information S1). While the generated age model is
considered robust, the absence of high‐resolution benthic isotope stratigraphy for this interval does not permit a
detailed analysis of individual glacial‐interglacial episodes, and conclusions have been considered with this
limitation in mind.
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3.3. Coccolith Taxonomy, Abundance, and Preservation

Slides for coccolith analysis were prepared following the standard random settling technique (Flores &
Sierro, 1997). Counting was performed using a Nikon Eclipse 80i petrographic microscope under transmitted
light in cross‐polarized and phase‐contrast, at 1,000x magnification. Species taxonomic identification was based
on the electronic guide to biodiversity and taxonomy of coccolithophores (Nannotax 3; http://www.mikrotax.org/
Nannotax3/). In this study, we grouped the Reticulofenestra species into four size classes: Group A = <3 μm and
Group B= 3–5 μm (herein referred to as smaller Reticulofenestra), and Group C= 5–7 μm and Group D=>7 μm
(herein referred to as larger Reticulofenestra). Coccolithus pelagicus morphotypes C. pelagicus pelagicus
(<10 μm; herein referred to as C. pelagicus) and C. pelagicus braarudii (>10 μm; herein referred to as C.
braarudii) are based on descriptions in Parente et al. (2004). We did not identify the larger C. pelagicus mor-
photype (C. pelagicus azorinus, >13 μm) in the samples. Further description of the Reticulofenestra taxonomic
concept and ecological preferences can be found in Text S1 in Supporting Information S1.

Abundances were determined by counting at least 400 coccoliths per sample in various fields of view (FOV).
Reworked species were counted but disregarded from the total abundance counts. An additional 10 to 20 FOV
were counted to document less abundant coccolith taxa. The counts were then converted to absolute numbers
(coccolith abundance, CA; coccoliths g− 1 dry sediment) and the coccolith accumulation rates (CARs) were
calculated by multiplying CA with the estimated sedimentation rate and the shipboard dry bulk density (DBD;
Flores & Sierro, 1997). After counting, the entire slide was scanned to detect index taxa to refine biostratigraphy
and confirm biostratigraphic boundaries. Coccolith preservation in each sample was assessed qualitatively while
counting, using preservation criteria based on the degree of dissolution, fragmentation, and overgrowth (Hall
et al., 2017a). Despite some evidence of reworking, coccolith specimens are generally of good to excellent
preservation.

3.4. Morphometric Measurements

Seventeen slides were analyzed for morphometric parameters, such as the lengths of the major and minor axes,
mass, and volume of the Reticulofenestra coccolith calcite using the C‐calcita software. Reticulofenestra coc-
coliths appear fully visible when circularly polarized light is used, as they are formed by r‐unit calcite crystals
(radially oriented c‐axis) without appreciable v‐unit elements (vertically oriented c‐axis) (Young et al., 2004).
About 50 to 60 FOV photographs were taken using Nikon DS‐Fil 8‐bit color digital camera installed on the Nikon
Eclipse LV100 polarizing microscope equipped with circular polarization (camera resolution scale = 1 pixel per
0.035 μm). Individual calcite particles (coccoliths) between 2 and 12 μm were automatically selected using the C‐
calcita software (Fuertes et al., 2014). From the generated output images, a minimum of 100 Reticulofenestra
coccoliths for the size classes ≤5 μm (Groups A and B) and 50 for the size classes ≥5 μm (Groups C and D) per
sample were selected manually after visual evaluation. All morphometric parameters are reported as averages.

The size‐normalized thickness of Reticulofenestra coccoliths was calculated using the equation from O'Dea
et al. (2014), which relates coccolith mass to changes in calcification. The formula incorporates mean coccolith
length, individual coccolith length, and the regression slope between coccolith length and thickness. Coccolith
carbonate mass accumulation rates (MAR) were derived by combining coccolith mass with sedimentation rate
and DBD. The k value, indicating coccolith shape change and calcification intensity, was determined by dividing
mass by the product of 2.7 (calcite density in pg/μm³) and the cube of length. To assess the relationship between
calcification and photosynthesis, the particulate inorganic to organic carbon (PIC/POC) ratio was calculated
based on Jin et al. (2018). This ratio reflects the cell size‐adjusted calcite content of coccolithophores. Details on
these methodologies can be found in Text S2 in Supporting Information S1.

3.5. Bulk Calcium Carbonate

Calcium carbonate weight percent (CaCO3 wt. %) at Site U1475 was analyzed on 249 samples. All samples were
oven‐dried for at least 24 hr at 50°C before grinding and then dried in the oven for another 24 hr. CaCO3 was
estimated using a UIC Inc. model 5011 CO2 coulometer. Dried powdered sediment (10–18 mg) was weighed on a
microbalance and allowed to react with 2 M HCl. The resulting CO2 was titrated, and the endpoint was deter-
mined by a photodetector. The escaped CO2 was assumed to be entirely from dissolved CaCO3. The total
inorganic carbon output was given in mg C, and the following equation was used to calculate CaCO3 wt. %:
CaCO3 wt. % = TIC (μg C) × 8.33/sample mass (μg C). A replicate was run after every five sample
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measurements, and a standard (100% CaCO3) was run after every 10 measurements to check for instrument drift.
Calcium carbonate MARs were calculated by multiplying CaCO3 wt. % with the estimated sedimentation rate and
the shipboard DBD.

3.6. Bulk Biogenic Silica

Biogenic silica weight percent (BSi wt. %) was analyzed on 74 samples using a modified version of the Mortlock
and Froelich (1989) method. Samples were freeze‐dried and weighed (∼55 mg) for further processing. To expose
the opal surface and remove organics and carbonate from the samples, sediments are processed using 30%
hydrogen peroxide and 1‐M hydrochloric acid. With the organics and carbonates removed, the samples were
introduced to a weak base (sodium carbonate 10%) and placed in an 80°C oven for 5 hr to break down the opal.
Samples were then processed to determine opal percentage using a modified molybdate‐blue spectrophotometer.
Each sample run was processed with standards that ranged from 0 to 50 ppm in 5 ppm intervals.

3.7. X‐Ray Fluorescence Measurement

The ∼256‐m‐long stratigraphic splice from 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. Before
scanning, all core sections were scraped to clean the split core surface and covered with 4 μm–thick Ultralene
plastic film (SPEX Centriprep, Inc.). X‐ray fluorescence (XRF) data were collected every 3 cm downcore in three
separate runs using generator settings of 10 kV/0.25 mA (no filter), 30 kV/1.25 mA (Pd‐filter) and 50 kV/1.5 mA
(Cu‐filter), respectively. With the 10 kV 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. In this study, only ratios of Al,
Ca, Sr, and K are reported.

We used ln Fe/Ca and ln [(Al + K)/Ca] ratios as proxies to study terrigenous flux and monsoon dynamics
(Gebregiorgis et al., 2020). The Fe/Ca ratio is based on the assumption that iron (Fe) in marine sediments is
directly associated with terrigenous materials transported to the ocean by rivers and/or wind, while variations in
calcium (Ca) levels indicate changes in the production of CaCO3 by marine plankton (Caley et al., 2018).
Similarly, the ln [(Al + K)/Ca] (Auer et al., 2019) ratio is sensitive to changes in terrestrial input versus marine
productivity. Aluminum (Al) and potassium (K) are primarily found in terrestrial sediments, indicating the influx
of material from land. During intensified monsoon or precipitation activity, terrestrial material (Fe, Al, K)
transported to the ocean increases, raising the ratio, while marine productivity signals (Ca) may be relatively
diluted (e.g., Auer et al., 2019; Clift et al., 2022; Gebregiorgis et al., 2020). Therefore, higher Fe/Ca and (Al+K)/
Ca ratios indicate increased terrestrial fluxes due to intensified monsoon activity, whereas lower values suggest
reduced terrestrial input and weaker monsoon periods.

3.8. Cyclostratigraphy

The time series data for bulk CaCO3, Florisphaera profunda stratification index, and XRF elemental ratios were
pre‐processed by linearly interpolating the values to achieve equally spaced time intervals of 5.03 kyr for CaCO3,
8.52 kyr for the F. profunda index, and 0.29 kyr for the elemental ratios. All the interpolated data series were
detrended by removing 35% of the data to eliminate the long‐term trend (Cleveland, 1979) by rLOESS (robust
locally estimated scatterplot smoothing) smooth curve. The rLOESS method was used to fit a smooth curve to the
data, which helps in identifying and removing these long‐term trends, thus allowing for a more accurate analysis
of the underlying patterns and short‐term fluctuations in the data sets. All cyclostratigraphic and spectral analyses
of the detrended data were performed using the Acycle software package (Li et al., 2019), a comprehensive tool
for time series analysis and cyclostratigraphy that supports various statistical and visualization techniques. The
dominant cyclicities and their statistical significance were analyzed using the multitaper method power spectral
analysis (Thomson, 1982), which employs multiple orthogonal tapers to improve spectral estimates and minimize
spectral leakage, providing a high‐resolution view of frequency components in the data. Additionally, a robust red
noise modeling procedure (Mann & Lees, 1996) was employed to distinguish true cyclic signals from background
noise by fitting the observed spectrum to a red noise model, thus enhancing the detection of significant spectral
peaks above the noise background. Peaks exceeding the 95% confidence level in the spectral analysis were cross‐
referenced with astronomical frequencies derived from the La2004 solution (Laskar et al., 2011). We then applied
Fast Fourier transform (Kodama & Hinnov, 2014) to the data series to determine the evolution of orbital
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frequencies through geologic time. A sliding‐window of 200 kyr was applied to CaCO3, 350 kyr to Fe/Ca, and
400 kyr to F. profunda index and ln [(Al + K)/Ca)].

4. Results
4.1. Biological Proxies: Coccolithophore Assemblage and Morphometry

Coccolithophore assemblages at Site U1475 consist of a mixture of tropical and subtropical taxa, with 25
identified species and species groups. Generally, the assemblages are dominated by species belonging to the
genus Reticulofenestrawith different size‐defined morphotypes (<3 μm to >7 μm). All the Reticulofenestra sizes
together comprise relative abundances between 40% and 90% of the total assemblages, and therefore reflect the
main patterns of the total coccoliths (Figures 2a and 2b). Total coccolith absolute abundances range from
6.4 × 108 to 9.7 × 109 coccoliths g− 1 dry sediment (Figure 2d), with Reticulofenestra abundances varying be-
tween 2.3 × 108 and 6.8 × 109.

During the early Pliocene, Reticulofenestra at Site U1475 features distinct variability in size classes (please refer
to size classification described in Section 3.3), showing a general three‐step shift between larger and smaller
species (Figures 2a and 2b). In particular, the largest size class, Group D (>7 μm), shows the highest abundance
from 4.95 to 4.6 Ma, decreases from 4.6 to 4.2 Ma, and almost completely disappears and replaced by the smaller
size classes, Groups A (<3 μm) and B (3–5 μm) from 4.2 to 3.3 Ma. This stepwise change is also observed in the
abundances of other coccolithophore taxa (e.g., C. pelagicus, C. braarudii, F. profunda; Figures 2e and 2f). We,
therefore, subdivide the results based on these three time intervals, with the EPCO being discussed separately due
to its distinct character.

4.1.1. Interval 4.95 to 4.6 Ma (I)

The interval between 4.95 and 4.6 Ma records the lowest abundances of smaller Noelaerhabdaceae species
(<5 μm) (30%–65%), which are composed of Reticulofenestra and all species of Gephyrocapsa (Figure 2c).
Alternatively, the larger Reticulofenestra registers the highest abundances (up to 44%; Figure 2b), with a
concomitant increase in C. braarudii abundance (Figure 2f). A distinct peak in the abundance of the cooler water
taxon C. pelagicus is recorded at ∼4.8 Ma (27%), coinciding with low F. profunda abundance (Figure 2e), and a
slight increase in Noelaerhabdaceae < 5 µm (Figure 2c).

4.1.2. Interval 4.6 to 4.4 Ma (II)

This interval is characterized by a pronounced shift from larger to smaller Reticulofenestra starting at 4.6 Ma
(Figure 2a). F. profunda abundances show three distinct low intervals from 4.6 to 4.4 Ma (Figure 2e). This is
accompanied by increases in both C. braarudii and C. pelagicus, and consistent high abundances of Noe-
laerhabdaceae <5 µm until 4.45 Ma (66%–91%). A steep reduction in Noelaerhabdaceae <5 µm is recorded from
4.45 to 4.4 Ma (Figure 2c).

4.1.3. Interval 4.4 to 4.0 Ma (III; Early Pliocene Climatic Optimum)

The onset of the EPCO at 4.4 Ma indicates recovery of the Noelaerhabdaceae < 5 µm (Figure 2c) and a drop in F.
profunda abundances (Figure 2e). Noelaerhabdaceae <5 µm and C. pelagicus spp. (Figure 2f) abundances exhibit
weak variability and remain stable throughout this period, with a notable decline in Noelaerhabdaceae <5 µm at
4.2 Ma.

4.1.4. Interval 4.0 to 3.3 Ma (IV)

After a sharp drop at the end of the EPCO, Noelaerhabdaceae <5 µm registers an increase in abundances from
4.0 Ma, with low variability until 3.3 Ma (58%–82%; Figure 2c). C. pelagicus spp. abundances remain low
between 4.0 and 3.6Ma (3%–8%; Figure 2f). From 3.6Ma, increased abundances ofC. pelagicus are recorded (up
to 8.9%), along with increases in Noelaerhabdaceae <5 µm (61%–73%) and a reduction in F. profunda (3%–10%;
Figure 2e).
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4.1.5. Reticulofenestra Morphometry

Reticulofenestra analyzed for morphometric characteristics focused on four size groups: A (<3 μm), B (3–5 μm),
C (5–7 μm), and D (>7 μm). The examined specimens have lengths ranging from 2 to 11.9 μm, with average
lengths per sample between 3.2 and 7.2 μm (Figure 3). The morphometric records also reflect the stepwise trend
observed in the overall coccolithophore abundances. Coccoliths are larger and heavier from 4.95 to 4.6 Ma (4.3–
7.2 μm length; 54–143 pg mass) and are smaller and lighter from 4.6 to 3.3 Ma (3.2–5.2 μm length; 23–106 pg
mass) (Figures 3b–3d). There is a strong correlation between length and mass (r = 0.88) throughout the studied

Figure 2. Site U1475 biological proxies reflecting early Pliocene ocean conditions in the Indian sector of the Southern Ocean.
(a) Size distribution of Reticulofenestra coccoliths (A = <3 µm, B= 3–5 μm, C = 5–7 μm,D = >7 µm), (b) Reticulofenestra
coccolith size fractions, (c) Noelaerhabdaceae <5 µm, (d) Total coccolith absolute abundance, (e) Florisphaera profunda,
(f) Coccolithus pelagicus (Coccolithus pelagicus<10 µm, Coccolithus braarudii >10 µm, total C. pelagicus spp. dotted dark
gray), (g) Biogenic silica wt. %. Significant paleoceanographic events are indicated: Central American Seaway shoaling
(Bell et al., 2015), monsoon intensification (Y. G. Zhang et al., 2009), high productivity warm intervals in East Antarctica
(Cook et al., 2013), transition from humid to arid conditions (Christensen et al., 2017), and the later part of the late Miocene
to early Pliocene biogenic bloom event (gray bar). Intervals I to IV (green dotted line and text) refer to the intervals discussed
in the text.
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interval (Figure 3k) while mass and thickness have a lower correlation (r = 0.43) (Figure 3j). From 3.6 Ma, an
interval dominated by smaller Reticulofenestra, it appears that thickness is not significantly correlated with either
length or mass. A stronger correlation between mass and thickness (r = 0.70) (Figure 3h) and mass and length
(r = 0.70) (Figure 3i) exists in Reticulofenestra ≤5 μm. Size‐normalized coccolith thickness ranges between 0.15
and 0.34 μm (Figure 3e). Thickness shows a generally increasing pattern from 4.95 to 3.3 Ma with a k value of
0.02–0.05 (Figure 3f) and a PIC/POC ratio of 0.63–1.60 pg (Figure 3g).

Figure 3. Reticulofenestra coccolith morphometric parameters and relative abundances at Site U1475. (a) Size distribution of
Reticulofenestra coccoliths (A = <3 µm, B = 3–5 μm, C = 5–7 μm, D = >7 µm), averages of (b) coccolith carbonate mass
(black line), (c) coccolith mass accumulation rate (MAR; g/cm2/kyr; gray area), (d) coccolith length, (e) coccolith thickness,
(f) k value (shape factor), (g) ratio between particulate inorganic and organic carbon (PIC/POC), h–k. relationship between
the average coccolith carbonate mass and (h) Thickness and (i) length of Reticulofenestra ≤5 μm, (j) Thickness, and
(k) length of all Reticulofenestra size classes. Significant paleoceanographic events are indicated: Central American Seaway
shoaling (Bell et al., 2015), monsoon intensification (Y. G. Zhang et al., 2009), high productivity warm intervals in East
Antarctica (Cook et al., 2013), transition from humid to arid conditions (Christensen et al., 2017), and the later part of the late
Miocene to early Pliocene biogenic bloom event (gray bar). Intervals I to IV (green dotted line and text) refer to the intervals
discussed in the text.
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4.2. Geochemical Proxies

4.2.1. Bulk Calcium Carbonate

Overall CaCO3 content exhibits a decreasing trend, with weight percentages ranging between 87.6% and 65.8%
(Figure 4e). The biogenic bloom interval (4.95–3.5 Ma) is characterized by high CaCO3 content, followed by
lower values from 3.5Ma onwards. Notable reductions in CaCO3 content are observed from 4.8 to 4.65 Ma, 4.6 to
4.4 Ma (Interval II), 4.35 to 4.2 Ma, and 4.15 to 4.0 Ma. CaCO3 content remains relatively constant throughout
Interval IV, then declines from 3.5 to 3.3 Ma.

4.2.2. Biogenic Silica

The three‐step shift observed in coccolithophore assemblages is also evident in the biogenic silica content
(Figures 2g and 4c). Biogenic silica is generally low, but slight increases are recorded from 4.95 to 4.6 Ma.
Interval II (4.6–4.4 Ma) is characterized by three distinct peaks (up to 3%), which coincide with decreases in F.

Figure 4. Site U1475 biogeochemical proxies reflecting early Pliocene ocean conditions and the global carbon cycle. (a) Ratio
between particulate inorganic and organic carbon (PIC/POC), (b) Δ δ13C between planktic and benthic foraminifera
(Globigerinoides bulloides ‐ Cibicidoides wuellerstorfi; ODP Site 114–704) (Hodell & Venz, 1992), biogenic silica (c) wt. %
and (d) mass accumulation rate (MAR), biogenic CaCO3 (e) wt. % (raw data: pink circles, three‐point running average to
highlight the general trend: solid pink line) and (f)MAR, total coccolith (g) absolute abundance and (h) coccolith accumulation
rates. Significant paleoceanographic events are indicated: Central American Seaway shoaling (Bell et al., 2015), monsoon
intensification (Y. G. Zhang et al., 2009), high productivity warm intervals in East Antarctica (Cook et al., 2013), transition
from humid to arid conditions (Christensen et al., 2017), and the later part of the lateMiocene to early Pliocene biogenic bloom
event (gray bar). Intervals I to IV (green dotted line and text) refer to the intervals discussed in the text.
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profunda abundance and CaCO3 content (Figures 2e and 4e). A steep decline from 3% to 1.5% in biogenic silica
content occurred at 4.4 Ma and remained relatively low, but with variable peaks until 3.5 Ma, and increasing
toward 3.3 Ma.

4.2.3. XRF‐Based Proxies

Fe/Ca ratios are highly variable, displaying a cyclical pattern (Figure 5f). The ln [(Al + K)/Ca)] values
demonstrate similar long‐term trend with Fe/Ca ratios and opposite with CaCO3 content throughout the record
(Figures 5a, 5b, and 5e).

5. Discussion
5.1. Phytoplankton Adaptive Strategies During the Early Pliocene Biogenic Bloom

Paleoclimatic reconstructions underscore the relatively warmer‐than‐present temperature of several intervals
during the Cenozoic (e.g., Zachos et al., 2001). Notable among these climatic events are the Paleocene‐Eocene

Figure 5. Marine and terrestrial proxy records at Site U1475. (a, e) ln [(Al + K)/Ca)] (X‐ray fluorescence (XRF) counts,
darker blue solid line is the 19‐point running average to highlight long‐term trend), (b) CaCO3 wt. %, (c) 21st December
insolation (austral summer) at 41˚S (Laskar et al., 2011), (d) eccentricity and obliquity records (Laskar et al., 2011), (f) ln
[Fe/Ca)] (XRF counts, black solid line is the 19‐point running average to highlight long‐term trend), (g) Δ δ13C between
planktic and benthic foraminifera (Globigerinoides bulloides ‐ Cibicidoides wuellerstorfi; ODP Site 114–704) (Hodell &
Venz, 1992). Significant paleoceanographic events are indicated: Central American Seaway shoaling (Bell et al., 2015),
monsoon intensification (Y. G. Zhang et al., 2009), high productivity warm intervals in East Antarctica (Cook et al., 2013),
transition from humid to arid conditions (Christensen et al., 2017), and the later part of the late Miocene to early Pliocene
biogenic bloom event (gray bar). Intervals I to IV (green dotted line and text) refer to the intervals discussed in the text.
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Thermal Maximum, Miocene Climatic Optimum, and Pliocene warm events (early Pliocene, mid‐PlioceneWarm
Period). The elevated temperatures during these periods and altered oceanic circulation patterns set the backdrop
for a series of biotic responses, leading to the emergence of the so‐called biogenic blooms (e.g., Farrell
et al., 1995; Karatsolis et al., 2022). These biogenic bloom events, identifiable in geologic records by high
accumulation rates of carbonate and biogenic silica (Dickens & Owen, 1999), are characterized by pronounced
ecological and climatic shifts in different ocean basins, contributing to alterations in marine biogeochemistry,
carbon sequestration, and global climate dynamics.

Around 4.6 Ma, coccolithophore communities in the subtropical Indian Ocean show distinct shifts in assemblage
composition and abundance (Figure 2) and morphological characteristics (Figure 3). The observed shift in
abundances from larger to smaller Reticulofenestra species (Figures 2a and 2b) and Noelaerhabdaceae <5 µm
(Figure 2c) reflects the adaptive strategy of this group to environmental change. During this interval, the
Reticulofenestra communities show prominent morphological adaptations, encompassing changes in cell size and
coccolith morphology (Young, 1990). The adaptive strategies employed by coccolithophores, particularly within
the Reticulofenestra group, offer insights into biological responses to prevailing environmental constraints, such
as nutrient availability, SST, and light penetration (Haidar & Thierstein, 2001). In low‐latitude regions, a shift in
dominance between Reticulofenestra to small Gephyrocapsa species around 4.42 Ma suggests a shift in
ecological preferences (Karatsolis et al., 2022). This change was attributed to species adaptation to warm,
stratified conditions, with small Gephyrocapsa potentially outcompeting small Reticulofenestra in tropical en-
vironments. However, the oceanographic conditions at the subtropical Site U1475 may not have favored the
proliferation of gephyrocapsids, prompting reticulofenestrids to develop alternative adaptation strategies.

Previous studies have shown that reducing cell volume while increasing abundance is the adaptive mechanism of
Reticulofenestra to thrive in carbon‐limited conditions (Young, 1990). During warm periods of the early Pliocene,
reducing cell volume was one of the adapting mechanisms of the Reticulofenestra group in the subtropical Indian
Ocean, similar to what was observed for the Gephyrocapsa group in the North Atlantic and western Mediter-
ranean Sea during the Mid‐Bruhnes interval (González‐Lanchas et al., 2023). This response was documented
during significant paleoclimatic transitions, including the Eocene‐Oligocene transition, marked by a substantial
decrease in CO2 levels from >1,000 to <500 ppm (Henderiks & Pagani, 2008). This adaptive trajectory, favoring
smaller species such as the smaller size Noelaerhabdaceae with optimized resource acquisition capacities,
occurred across all ocean basins over the middle Miocene to Pleistocene epochs, with the transition from a warm
and high CO2 to cold and low CO2 conditions (Bolton et al., 2016; Hannisdal et al., 2012). The smaller size cells
with the higher surface‐to‐volume ratio have a greater efficiency for resources acquisition relative to cost, fa-
voring the smaller species in carbon‐limited oceans during periods of high pCO2 levels (Bolton et al., 2016).
Moreover, warmer, productive environments witnessed significant diversification in coccolith morphogenesis,
reflecting variations in coccolith size, thickness, and ornamentation (e.g., Bolton et al., 2016; González‐Lanchas
et al., 2023; Guitián et al., 2022). Such morphological adaptations facilitated optimized nutrient acquisition and
light utilization, thereby conferring competitive advantages within nutrient‐rich environments (Brand, 2006;
Margalef, 1978).

5.2. The Southern Ocean and the Subtropical Indian Ocean Surface Water Dynamics

The dynamics of surface waters in the Southern Ocean and subtropical Indian Ocean are profoundly influenced by
the migration of the STF, a critical boundary separating distinct oceanic regimes: the colder, fresher, nutrient‐rich
Southern Ocean waters from the south, and the warmer, saltier Agulhas Current waters from the north (Lutje-
harms, 2006). Changes in surface water productivity at Site U1475 show a direct response of both calcareous
(Flores et al., 1999; Tangunan et al., 2021) and siliceous phytoplankton groups to the STF migration and the
Agulhas Current water characteristics (Flores et al., 1999; Romero et al., 2015; Tangunan et al., 2021).

The period between 4.95 and 4.6 Ma exhibited warmer and more stable surface waters (Jatiningrum &
Sato, 2017), as evidenced by the high abundances of the larger Reticulofenestra (Figures 2a and 2b) and
diminished numbers of Noelaerhabdaceae species <5 μm (Figure 2c). Around 4.85 Ma, there was a notable surge
in the abundance of the cooler water C. pelagicus, suggesting either the expansion of the cold SASW or nutrient
enrichment at the site (Figure 2f). The concurrent increase in Noelaerhabdaceae <5 µm points toward nutrient
enrichment due to local upwelling or lateral advection of nutrients from the north (Flores et al., 1999), especially
since biogenic silica levels at the site remained low (Figure 2g). This signifies that nutrient availability rather than
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temperature changes from the entrance of cooler Southern Ocean waters, was the driving force. A strong strat-
ification occurred from 4.85 to 4.8 Ma as evidenced by peak abundances in F. profunda, a species known for its
affinity to the lower photic layer characterized by limited sunlight (Ahagon et al., 1993; Farida et al., 2012),
accompanied by a decline in the upper photic zone group Noelaerhabdaceae <5 µm. This interval also registers
two of the highest peaks in total coccolith absolute abundances, primarily comprising Gephyrocapsa, Retic-
ulofenestra, and F. profunda, indicative of a prevailing tropical environment influenced by the Agulhas Current
(Flores et al., 1999). Additionally, the abundance of C. braarudii from ∼4.95 to 4.6 Ma indicates nutrient con-
ditions ranging from mesotrophic to eutrophic (Figure 2f) (Narciso et al., 2006).

A shift indicative of eutrophic conditions and/or enhanced upper ocean mixing is evident after 4.6 Ma, marked by
a transition to smaller Reticulofenestra, continuing until 3.3 Ma. The increase in biogenic silica from 4.6 to 4.4Ma
(Figure 2g), along with increased abundances of Noelaerhabdaceae species <5 μm corroborates the eutrophic
nature of the surface waters (Figure 2c). In contrast, the decline in F. profunda abundances suggests more
vigorous water column mixing (Figure 2e). The opposite trend between the total coccoliths (Figure 2d) and
biogenic silica from 4.6 to 4.4 Ma suggests that the availability of dissolved silica in the water column favored the
abundance of diatoms that may have outcompeted the coccolithophores (e.g., Choudhari et al., 2023). This is
supported by a reduction in carbonate content, particularly at 4.4 Ma, coinciding with the highest peak in biogenic
silica (Figures 4c and 4e), an occurrence documented during Pleistocene glacial periods in the Agulhas Plateau,
where carbonates are diluted by high biogenic silica (Romero et al., 2015). During this period, biogenic silica
production in the I‐AOG, close to the STF, has been associated with the transport of silica‐rich intermediate
waters from high latitudes to the Agulhas Plateau (Romero et al., 2015). We, therefore, posit that the shift in the
dominant phytoplankton group during this interval resulted from the northward expansion of the cold and
nutrient‐rich SASW. There is a notable increase in the Subantarctic zone biological export production when the
STF moves northward, indicative of enhanced nutrient utilization (Martínez‐García et al., 2014), alongside
elevated fluxes of biogenic detrital components, signifying an increase in the carbon export to the deep ocean
(Kohfeld et al., 2005). Following this interpretation, it is plausible that the STF migrated northward between 4.6
and 4.4 Ma, facilitating mixing between the SASW and the Agulhas Current, thereby resulting in increased
abundances of smaller Reticulofenestra, Noelaerhabdaceae <5 µm, and diatoms. Concurrently, the timing is
coincident with the shoaling of the Central American Seaway (Bell et al., 2015), which is likely associated with
the restructuring of global nutrient reservoirs, suggesting potential teleconnections between the Pacific and the
subtropical Indian Ocean basins during the early Pliocene.

By 4.4 Ma, a decline in biogenic silica marked the onset of the EPCO, indicating the persistent influence of the
warm Agulhas Current until 3.6 Ma. The STF is likely positioned further south throughout this interval, with
coccolithophores as the main contributors to oceanic primary production. While pulses of increased C. pelagicus
and biogenic silica are recorded during this time, these levels remain significantly low compared to the previous
interval (Figures 2f and 2g). From 3.6 Ma, evidence of surface water cooling is recorded in both biogenic silica
andC. pelagicus, indicating the mixing of the Agulhas Current waters with SASW at Site U1475, a pattern similar
to conditions observed between 4.6 and 4.3 Ma. Additionally, the consistently low abundances of F. profunda
during this period further suggest the mixing of the upper water column (Figure 2e). Surface water nutrient
enrichment, due to increased influence from the Southern Ocean during this interval, increased the abundances of
small Noelaerhabdaceae (Figure 2c).

5.3. Progressive Intensification of the Southern African Monsoon From ~4.5 Ma

Detrital clay mineral components of marine sediments reflect continental weathering and erosion, serving as
proxies for variations in African, Asian, and South American monsoons (e.g., Colin et al., 2014; Harris &
Mix, 2002; Tian et al., 2011). At Site U1475, elemental ratios ln [(Al + K)/Ca] reflect changes in terrestrial input
(Figure 5e), similar to observations at Site U1463 located off northwest Australia (Auer et al., 2019), and are used
here to infer changes in the intensity of the southern African monsoon. Increased terrestrial input corresponds to
heightened precipitation, as stronger monsoon activity leads to more intense rainfall, which in turn enhances
weathering and erosion on the continent.

Comparing precipitation variability with both carbonate and total coccolith absolute abundance records reveals a
robust inverse correlation between ln [(Al + K)/Ca] and bulk CaCO3 (R = − 0.70; Figure 5a, Figure S2 in
Supporting Information S1) and a weaker negative correlation with total coccolith CARs (R= − 0.31; Figure S2 in

Paleoceanography and Paleoclimatology 10.1029/2024PA004927

TANGUNAN ET AL. 13 of 21



Supporting Information S1). This suggests that terrigenous sediment supply predominantly controls surface water
carbonate production and its consequent deposition and preservation at the site. However, it is important to
consider the potential influence of dilution or concentration effects, where fluctuations in carbonate productivity
may affect the concentration of terrestrial sediments. Despite similarities in long‐term trend between ln [(Al+K)/
Ca] and ln Fe/Ca (Figures 5e and 5f), poor correlation is recorded (R = 0.20; Figure S2 in Supporting Infor-
mation S1) at the Agulhas Plateau suggesting that these elemental ratios are influenced by different processes or
sources in this region at shorter timescales (Caley et al., 2018).

Sediment materials at the Agulhas Plateau consist of nannofossil ooze, alternating between foraminifer‐bearing or
foraminifer‐rich nannofossil ooze and nannofossil ooze with fine sand (foraminifer, quartz, and occasionally
diatoms) (Hall et al., 2017b). This would suggest that planktic organisms such as coccolithophores are the main
contributors to carbonate production at U1475. However, the poor correlation between total coccolith abundance
and bulk CaCO3 (R = 0.24; Figure S2 in Supporting Information S1), suggests other sources of CaCO3 in the
water column and the seafloor, such as planktic foraminifer and pteropods (Bramlette, 1958) or carbonates that
are eroded (Alonso‐Garcia et al., 2024) and transported from the South African shelf by the Agulhas Current.

The latest Miocene biogenic bloom is characterized by an enhanced delivery of dissolved nutrients into the oceans
(Dickens & Owen, 1999), coinciding with the onset of Indian monsoons between 7 and 6 Ma (Molnar
et al., 2010). During the early Pliocene, southern African monsoon intensification at Site U1475 is evidenced by
increase in detrital input, which is primarily composed of terrigenous components originating from the African
continent (Caley et al., 2018). This detrital input serves as a proxy for the terrestrial material washed into the
ocean through increased runoff during periods of heightened monsoon activity. As a result of this increased
terrigenous input, there is a subsequent reduction in carbonate deposition at the site. However, it is crucial to
consider the potential influence of changes in the transport regime, such as the strengthening of the Agulhas
Current or variations in bottomwater flow. Given that Site U1475 is located on a drift site (Gruetzner et al., 2019),
these changes in ocean dynamics could affect the transportation and distribution of terrigenous material, ulti-
mately impacting the observed detrital input and its relationship with monsoon intensity.

Periods of intensified monsoon activity can result in enhanced rainfall over the South African region (e.g., Taylor
et al., 2021) leading to increased runoff and freshwater input into the surrounding ocean. Records of ln [(Al+ K)/
Ca] and ln (Fe/Ca) ratios suggest a weaker monsoon intensity from 4.95 to ∼4.5 Ma, followed by a subsequent
intensification from ∼4.5 to 4.2 Ma at the beginning of the EPCO, continuing until 3.3 Ma. The ln (Fe/Ca) ratio
shows heightened terrestrial input around 4.5 Ma, corresponding to the intensification of the southern African
monsoon (Figure 5f). This period of increased precipitation is further supported by the ln [(Al + K)/Ca] ratio
(Auer et al., 2019), which peaks around 4.5 Ma, reflecting stronger monsoon activity (Figure 5e). The overall
increase in ln [(Al + K/Ca)] and ln (Fe/Ca) is supported by an increase in Noelaerhabdaceae and a decline in F.
profunda suggesting a long‐term increase in regional precipitation. Notably, this intensification onset of the
southern African monsoon precedes the recorded strengthening of the Asian monsoon at 4.2 Ma (Y. G. Zhang
et al., 2009), highlighting potential hemispheric climate linkages and the need to understand their relative con-
tributions to global climate dynamics. Orbital forcing, as indicated by eccentricity and obliquity cycles, aligns
with these climatic variations, particularly from 4.5 to 3.9 Ma. Peaks in summer insolation at the location (41°S)
around 4.2, 3.8, and 3.4 Ma also correlate with increased monsoon intensity and precipitation, indicating the
influence of solar radiation on regional climate (Figures 5c and 5d).

In the Benguela upwelling region, the southern African monsoon significantly influences the strength of the
southeast trade winds, which facilitate water column mixing and subsequently enhance productivity during the
biogenic bloom (Diester‐Haass et al., 2005). These prevailing wind systems, including the trade winds and
westerlies, have shifted in the past and are forecasted to move poleward (Tim et al., 2019). Such shifts could
impact the Agulhas Current system and directly alter precipitation patterns in the southern African region (Tim
et al., 2023).

Strong precipitation can lead to enhanced chemical weathering (Filippelli, 1997; Tian et al., 2011), resulting in
increased terrestrial input to the oceans and subsequently boosting nutrient delivery (L. Zhang et al., 2009),
potentially fueling the increased production of carbonate and siliceous organisms from ∼4.5 to 3.3 Ma. However,
the availability of dissolved silica in the water column may have favored the proliferation of diatoms over the
Agulhas Plateau, potentially outcompeting coccolithophores. During this period, the decline in the recorded total
coccolith abundance at the site resulted from decreased coccolithophore productivity is likely due to competition,
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dilution by biogenic silica (Romero et al., 2015), dilution by freshwater due to increased precipitation, and
dissolution (Gottschalk et al., 2018).

The evolution of spectral characteristics of the Site U1475 proxies identifies the main astronomical drivers
controlling the southern African monsoon. The ln[(Al + K)/Ca] ratio, representing terrestrial precipitation,
follows a pattern with initial long‐period cycles at ∼400 kyr transitioning to shorter cycles of precession
(23.8 kyr) and semi‐precession (16.6 kyr) (Figure 6c). Similarly, the spectral power density plot of Fe/Ca
identifies prominent periodicities at 100, 23.8, and 19.2 kyr (Figure 6d). This response of terrestrial records to
precession indicates that local insolation forcing (Figures 5c, 6c, and 6d) controlled the strengths of atmospheric
circulation and precipitation in the Indian sector of the Southern Ocean. A cross‐spectral analysis between
precession and terrestrial precipitation record between 4.95 and 4.5 Ma revealed a lag of approximately 3–5 kyr
between precession maxima and precipitation maxima, suggesting a delayed climatic response to insolation
changes (Figure S3 in Supporting Information S1). This lag points to the complexity of Earth's climate system,
where internal feedback and ocean‐atmosphere interactions might contribute to the temporal offset. Around
4.5 Ma and 3.9 Ma, all four proxies exhibit notable shifts in power frequency, marked by transitions from longer
to shorter periodicities. These shifts, visible in the spectral power plots, highlight a change in the dominant
climatic forces affecting the Agulhas Plateau. Starting around 4.95 Ma, F. profunda, an indicator of water column
stratification, shows dominant long eccentricity cycles (∼400 kyr), indicating stable, long‐period stratification
dynamics (Figure 6a). Shorter eccentricity cycles (∼100 kyr) occurred afterwards, suggesting increased vari-
ability in stratification. Concurrently, CaCO3, reflecting changes in productivity and carbonate preservation,
displays significant peaks at ∼100 kyr, with additional shorter cycles, indicating a shift towards more frequent
climatic fluctuations (Figure 6b). This reflects a complex interplay between Earth's orbital parameters and
regional climatic conditions, influencing stratification, carbonate dynamics, and terrestrial precipitation, culmi-
nating in increased climatic variability by 3.3 Ma.

5.4. Implications for the Carbonate Pump and Global Climate

The interplay between variability in surface and deep ocean currents and biological assemblages holds significant
implications for global biogeochemical cycles and, consequently, overarching climate dynamics. Atmospheric
CO2 is considered an essential driver of coccolithophore evolution during the Cenozoic (Bolton et al., 2016;
Henderiks & Pagani, 2008). These organisms are integral to the carbonate pump, a mechanism fundamental for
modulating pCO2 concentrations by facilitating the export of carbonates from the surface ocean to the deep sea,
and the effect of change in carbon ballasting on the BCP efficiency (Klaas & Archer, 2002). The significance of
the BCP in the global climate system can be attributed, in large part, to the net flux of CO2 into or out of the
atmosphere (Sigman & Boyle, 2000), which is controlled by primary production in the surface. In response to
fluctuating CO2 regimes, it is postulated that coccolithophores evolved sophisticated Carbon Concentrating
Mechanisms to augment their photosynthetic efficiency, particularly within nutrient‐rich environments (Rost &
Riebesell, 2004). Previous studies suggested that these mechanisms facilitated an accelerated rate of CO2 fixation,
thereby promoting cellular growth and reproductive success during this period (e.g., Badger, 2021; Rost &
Riebesell, 2004).

Within the mesotrophic subtropical region of the Southern Ocean, where coccolithophores are in high concen-
trations, biological productivity is a key component of the ocean's carbon pump (Flores et al., 1999). Carbon
dioxide exchange between the ocean and atmosphere in the Southern Ocean is exceptionally high, where deep
waters enriched in respired CO2 and nutrients are brought to the surface by vertical mixing (e.g., upwelling)
(Arrigo et al., 1999), promoting high rates of phytoplankton productivity in the photic layer (Jaccard et al., 2013).
Increased rates in vertical mixing shown by lower Δ δ13C (Globigerinoides bulloides ‐ Cibicidoides wuellerstorfi)
from ODP 704 in the South Atlantic (Hodell & Venz, 1992) during the early Pliocene (Figure 4b) are coincident
with high abundances of the upper photic zone group Noelaerhabdaceae (mostly Reticulofenestra) with affinity
for meso‐to eutrophic conditions, and high abundances of biogenic silica at Site U1475 (Figures 2a, 2d, and 2g),
suggesting that ocean circulation changes directly modulate surface water production at the Agulhas Plateau. This
is similar to the Pleistocene coccolith record within the Agulhas region, which was influenced by a strong vertical
mixing (Flores et al., 1999).

From 4 Ma, CaCO3 and coccolith records indicate a switch in primary producers, with diatoms outcompeting
coccolithophores. This further implies that the inferred change in productivity reflects the phytoplankton response
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Figure 6. Power spectral density (left panels) and wavelet power spectra (right panels) for various marine and terrestrial proxies at Site U1475 during the early Pliocene,
showing shifts in dominant periodicities and their evolution over time. (a) Florisphaera profunda as an indicator of water column stratification, (b) Bulk calcium
carbonate wt. %, (c) ln [(Al+K)/Ca] as a proxy for terrestrial precipitation, (d) Fe/Ca as a proxy for detrital input. Each left panel displays significant periodicities in the
power spectrum, indicated by the black, blue, and red lines corresponding to the Robust AR1 1 median, 95%, and 99% significance levels, respectively. Right panels
show the wavelet power spectra, with color intensity representing power strength and significant periodicities outlined by the dashed lines. Notable shifts in power
frequency are highlighted, indicating changes in climatic and oceanographic conditions over time.
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to nutrient enrichment via ocean circulation and nutrient supply both from deeper waters and from lateral
advection of nutrients from the south of the study area. While intensified vertical mixing enhances phytoplankton
proliferation, it compromises the efficacy of the BCP. By elevating nutrient concentrations with the surface
waters, mixing promotes phytoplankton blooms but attenuates the efficiency of the BCP in sequestering pCO2.
This is corroborated by carbonate content at Site U1475, showing a diminishing trend, with shifts during the
EPCO (4.4 Ma) and at 3.6 Ma (Figure 4d), coinciding with changes in Southern Ocean ventilation but showing an
opposite trend (Figure 4b). This intensified ocean circulation and mixing, particularly between 4.0 and 3.5 Ma
(Hodell & Venz, 1992; Hodell & Warnke, 1991), led to increased phytoplankton production, disrupting the ef-
ficiency of the BCP (e.g., Duchamp‐Alphonse et al., 2018; Villa et al., 2014). As phytoplankton proliferated, they
absorbed more CO2 from the atmosphere (via photosynthesis), but the subsequent sinking of organic matter to the
deep ocean was slowed down by enhanced mixing, preventing efficient sequestration of carbon in the deep ocean.
This disruption in the BCP resulted in reduced carbon storage in the deep ocean, potentially contributing to
elevated pCO2 levels and acting as a precursor to the subsequent prolonged warmth of the MPWP.

6. Conclusions
Our study provides insights into the early Pliocene “biogenic bloom” in the southwestern Indian Ocean,
emphasizing the combined influence of both the Southern Ocean and the southern African monsoon variability in
driving changes in BCP. Phytoplankton adaptive strategies, particularly within the Reticulofenestra group, reveal
responses to changing environmental conditions, including cell size and morphological alterations. Surface water
dynamics, influenced by the STF migration, the Agulhas Current, and the SASW, modulate phytoplankton
productivity and community structure, with transitions to cooler, nutrient‐enriched conditions coinciding with
shifts in phytoplankton assemblage composition.

The progressive intensification of the southern African monsoon from ∼4.5 Ma, evidenced by increased
terrigenous input, precedes the strengthening of the Asian monsoon estimated at ∼4.2 Ma, and highlights the
complex interplay between regional climate systems. These findings have implications for global biogeochemical
cycles, particularly the efficacy of the global carbonate pump, and underscore the sensitivity of marine eco-
systems to environmental changes. Therefore, investigating the Indian sector of the Southern Ocean is crucial as
future changes in the Agulhas Current system could impact precipitation patterns across southern Africa. Un-
derstanding the dynamics of the Agulhas Current system and the Southern Ocean is essential for predicting and
adapting to potential shifts in regional and global climate patterns in the coming decades.

Data Availability Statement
This research used samples provided by the IODP. All new data sets are archived on Zenodo. Calcareous nan-
nofossil assemblage relative abundances and coccolith morphometry are available as Tangunan, Flores, and
LeVay (2024), https://doi.org/10.5281/zenodo.14291181 and Tangunan, Flores, and Fuertes (2024), https://doi.
org/10.5281/zenodo.14291319, respectively. The sediment elemental XRF data set is available as Hall
et al. (2024), https://doi.org/10.5281/zenodo.14291349. The bulk calcium carbonate record is available as
LeVay (2024), https://doi.org/10.5281/zenodo.14291394. The biogenic silica data set is available as Coe-
nen (2024), https://doi.org/10.5281/zenodo.14341433.
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