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ABSTRACT

The Paleocene-Eocene Thermal Maximum (PETM; ~56 million years ago) serves as an
important analogue to the effects of rapid climate warming and carbon cycle perturbations. The key
component to the global carbon cycle is the marine biological carbon pump (i.e., export production).
The efficiency of which is dependent on the balance between the rate of organic carbon production
and remineralization. Sustained surface ocean warming is expected to disrupt export production by
reduced vertical mixing (stratification) and increasing rates of organic matter remineralization.
Consequently, the flux of organic carbon through the water column is expected to decline, reducing
the ocean’s capacity to efficiently sequester carbon and altering the structure of upper ocean
ecosystems (e.g., depth stratification). Assessing changes in the efficiency of the biological carbon
pump, and ocean and ecosystem structure over warming periods such as the PETM is of great
importance given current global warming concerns.

Here, | present novel high-resolution size-specific stable carbon and oxygen isotope records of
planktic foraminifera from the South Atlantic (ODPS Site 1263, Walvis Ridge), spanning the PETM. Data
from photosymbiont-bearing surface-dwelling (Acarinina and Morozovella) and asymbiotic
thermocline-dwelling (Subbotina) planktic foraminifera is generated for the reconstruction of changes
in the efficiency of the marine biological carbon pump across the PETM by evaluating surface-to-
thermocline and size-dependent carbon and oxygen isotopic gradients.

The data reveal a decrease in the surface-to-thermocline §3C- and §*0-gradients during the
CIE, suggesting a reduced efficiency of the biological carbon pump due to the shallower and more
efficient remineralization of organic matter in the surface ocean. These findings support the hypothesis
that PETM warming invoked a temperature-dependent increase in metabolic activity and
remineralization rates in the mixed layer, which along with the effects of increased stratification
resulted in decreased rates of export production in the open ocean. These findings are further
supported by comparison of the §'3C- and 6®0-size covariance prior to and during the PETM, which
reveals a possible inhabitance of shallower depths by Subbotina and narrow mixed-layer depth habitat
for Acarinina and Morozovella, consistent with a shallower and more intense remineralization and
reduced rated of food supply to the twilight zone.

This thesis offers new insights into the importance and resilience of photosymbiont
associations in symbiont-bearing planktic foraminifera to PETM warming and environmental
perturbations, contrasting the opposing theory of symbiont bleaching or loss during the PETM at ODP
1263. Instead, it is proposed that twilight zone-dwelling taxa are subjected to high stress due to
deoxygenation, reduced nutrient supply, and changing upper ocean ecosystem structure during
extreme warming episodes such as the PETM, to which future adaptability is hard to predict. The rate
of modern climate change exceeds that of the PETM by an order of magnitude, potentially leading to
drastic changes in carbon pump efficiency and biological activity far beyond the scope of PETM
perturbations.
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CHAPTER 1: INTRODUCTION

The ocean plays a fundamental role in maintaining life and regulating Earth’s climate, as it acts
as a primary reservoir for absorbing and storing heat and sequesters over a third of anthropogenic
carbon from the atmosphere (Gruber et al., 2019), thereby mitigating surface warming. This absorption
of carbon dioxide in the marine environment is manifested as a reduction in pH (i.e., ocean
acidification), and has led to an increase in oxygen depletion in various coastal and upwelling regions
(zhang et al., 2010). The ocean's biological carbon pump (BCP) transfers carbon from the surface ocean
to the deep ocean, at a mean global carbon export rate of 10.2 Pg C yr ! (Nowicki et al., 2022). The past
few decades, the sequestration flux of carbon has been increasing along continental margins due to
increased eutrophication (Bindoff et al., 2019). However, modern carbon emissions have warmed and
stratified the oceans at an unprecedented rate and by the end of the 21 century the, the open ocean
is likely to significantly reduce its carbon sequestration, especially under the high-emissions RCP8.5
scenario, which forecasts a 9-16 % decrease in the global carbon settling flux (Bindoff et al., 2019). The
confidence surrounding these projections are restricted by model uncertainties stemming from the

complexity of the biological carbon pump.

It is important that we understand how sustained warming and extreme carbon emissions will
affect the ocean’s capacity to sequester atmospheric carbon, and how resilient ecosystem structures
will be in the face of ongoing anthropogenic warming. By examining past warming intervals from the
geological record, we can observe the ecological and environmental effects of global warming and

elucidate its repercussions on short- and long-term timescales.

This research will focus on one such paleoclimate analog, the Paleocene-Eocene Thermal
Maximum, and use microfossil evidence from both deep and shallow-marine environments to compile
a high-resolution record of foraminiferal ecological response to global warming, in order to infer the

efficiency response of the marine biological carbon pump to rapid and sustained global warming.

The remainder of this chapter will be dedicated to firstly, a general introduction to the PETM,
secondly, an introduction to the biological carbon pump and perturbations in the marine biological
carbon cycle during the PETM, and lastly an introduction to the physiological response of planktonic
foraminifera to warming intervals. Closing this chapter will be a summary of the aims of this research,

and the research questions that will be addressed.

1.1.The Paleocene-Eocene Thermal Maximum

The Paleocene-Eocene Thermal Maximum (PETM) (56.01 + 0.05, Zeebe & Lourens, 2019) is
known as the largest pre-Anthropocene warming event of the Cenozoic (Zachos et al., 2001). The PETM
is globally recognized by a rapid 2—6%o decrease in the stable carbon isotope composition (§'3C) of
organic and inorganic compounds in both terrestrial and marine records (Bowen et al., 2004; Dickens
et al., 1995, 1997; Frieling et al., 2019; John et al., 2008a; Kennett & Stott, 1991; Koch et al., 1992;
McCarren et al., 2008; Mclnerney & Wing, 2011; Schoon et al., 2015). This signal signifies a rapid and



extreme injection of 3C-depleted carbon into the global exogenic carbon pool. The coeval decrease of
1-2.5%o in the oxygen isotope composition (6'80) of biogenic calcite (e.g., John et al., 2008; Makarova
et al., 2017; Zachos et al., 2006) combined with biomarker evidence (e.g., Frieling et al., 2017; Schoon
et al., 2015; Sluijs et al., 2006; Sluijs, Brinkhuis, et al., 2007; Sluijs et al., 2011) and records of poleward
migrations of planktonic species (e.g., Barrett et al., 2023; Crouch et al., 2001; Frieling et al., 2018;
Sluijs, Bowen, et al., 2007) indicates a synchronous rapid warming of the global climate system during
the PETM. Synchronously to the carbon isotope excursion (CIE), a sharp decrease in calcium carbonate
(CaCOs) content in deep ocean sediments implies the widespread dissolution of carbonates through
deep ocean acidification (Colosimo et al., 2005; Dickens et al., 1997; Thomas & Shackleton, 1996;
Zachos et al., 2005). The boron isotope (6!'B) and boron/calcium ratios (B/Ca) of planktic foraminifera
shells suggests a sea surface pH decline of ~0.3 pH units across the PETM (Babila et al., 2016, 2018;
Gutjahr et al,, 2017; Penman et al., 2014).

Mean sea surface temperatures are estimated to have increased by 5.3 °C (Frieling et al., 2017).
The pattern of climate warming is not spread uniformly across the globe. Data assimilations show that
tropical mean SSTs increased by ~3 °C, while mid-to-high latitude SSTs warmed by 5 to 8 °C, implying
amplified warming in extratropical regions (Frieling et al., 2017; Sluijs et al., 2006, 2011; Zachos et al.,
2003, 2006). Estimations of equatorial sea surface warming indicates temperatures above 36 °C during
the PETM (Frieling et al., 2017). Bottom-water temperatures are estimated to have warmed 4-5 °C
(Thomas & Shackleton, 1996; Tripati & Elderfield, 2005; Zachos et al., 2003). Estimates of global mean
surface air temperatures record an increase of 5.6 °C to a mean surface temperature of 34.2 °C,
resulting in an estimated climate sensitivity of 6.5 °C (Tierney et al., 2022). This climate sensitivity is
much higher than modern sensitivity estimates, indicating that climate sensitivity increases

dramatically with higher greenhouse gas emissions .

The CIE is also marked by rapid turnover in floral and faunal assemblages (Gibbs, Bown, et al.,
2006; Nwojiji et al., 2023; Scheibner et al., 2005; Speijer et al., 2012; Widlansky et al., 2022; Wing et
al., 2005). The onset of the PETM is estimated to have lasted only 4-6 kyr (Li et al., 2022; Zeebe et al.,
2016), while the complete event is estimated to have prevailed for 150-250 kyr, measured from the
onset to full recovery (Murphy et al., 2010; R6hl et al., 2007; Zeebe & Lourens, 2019). Estimates of the
total amount of carbon injected into the climate system during the onset range from 2,000 Gt C to over
13,000 Gt C (Cui et al., 2011; Dickens et al., 1995; Gutjahr et al., 2017; Kirtland Turner & Ridgwell, 2016;
Penman et al., 2014; Zachos et al., 2005; Zeebe et al., 2009, 2016). Putting the rate of carbon emissions
at the onset of the PETM at around 0.6-1.2 Pg C yr! (Li et al., 2022; Zeebe et al., 2016). Which is a
magnitude lower than the annual anthropogenic emissions of the last decade, which range around 10.9
+0.9 Pg Cyr!(2010-2019) (Canadell et al., 2021).

The primary source for the large-scale injection of 33C-depleted carbon into the global exogenic

carbon pool, causing the distinct CIE associated with the PETM, is not entirely known. However, most



evidence points towards the thermal dissociation of *C-depleted (-60%o) methane hydrates to have
been the primary source. The release and oxidation of 1500 Pg of methane hydrates is sufficient to
account for a carbon isotope excursion of —2 to —3%. (Dickens et al., 1995), but insufficient to explain
PETM warming. Astrochronological analysis and modeling suggest a possible astronomical trigger for
the warming associated with the PETM, as the onset occurred close to a minimum in precession and
maxima in both the 100-kyr and 405-kyr eccentricity cycles (Li et al., 2022; Piedrahita et al., 2022; Zeebe
& Lourens, 2019). This orbital configuration may have induced a pre-excursion warming, acting as a
trigger to positive carbon cycle feedback mechanisms such as methane hydrate dissociation (Lourens
et al., 2005; Sluijs, Brinkhuis, et al., 2007; D. J. Thomas et al., 2002), or carbon release through
permafrost thawing (DeConto et al., 2012; Li et al., 2022). Other proposed potential C sources include
the rapid thermal combustion, decomposition and/or oxidation of terrestrial organic carbon, possibly
in response to increased aridity and permafrost thawing (DeConto et al., 2012; Kurtz et al., 2003), the
release of methane and CO; from hydrothermal vent systems associated with Large Igneous Provinces
(LIPs) (Berndt et al., 2023; Frieling et al., 2016; Svensen et al., 2004), and/or the degassing of CO,
associated with the volcanic outgassing and emplacement of flood basalt and sills associated with the
North Atlantic Igneous Province (NAIP) (Gutjahr et al., 2017; Kender et al., 2021; Storey et al., 2007,
Svensen et al., 2004, 2010; Wieczorek et al., 2013).

Foraminiferal carbon isotope records and ocean modelling suggest an abrupt shift in deep-
ocean circulation during the PETM, with a posited shift from a Southern Hemisphere to Northern
Hemisphere overturning circulation at the start of the Paleocene-Eocene Thermal Maximum (Bice &
Marotzke, 2002; Lunt et al., 2010; Nunes & Norris, 2006). Although the exact shift in the location of
deep-water formation remains controversial (Zeebe & Zachos, 2007), the changes in circulation
supplied warm, salty intermediate waters to the equatorial and South Atlantic (Bice & Marotzke, 2002;
Jennions et al., 2015; Lunt et al., 2010; Thomas et al., 2018), which may have resulted in the enhanced
remineralization of organic matter in the water column. Subsequently, it may have reduced the food
supply to the benthos and driving the temporary loss in benthic biodiversity and abundance (Jennions
et al., 2015; Thomas et al., 2018).

Terrestrial and marine records document a substantial perturbation in the hydrological cycle
during the PETM. Evidence for increased continental weathering and runoff has been recorded in
sedimentological, palynological and biomarker records from the tropics (e.g., Handley et al., 2012),
subtropics (e.g., Schmitz & Pujalte, 2007) and high-latitudes (e.g., Kelly et al., 2005; Pagani et al., 2006).
This increase in continental weathering and runoff is generally attributed to increased seasonality, with
elevated precipitation at high-latitudes and an increased frequency of extreme rainfall and flood events
(Carmichael et al., 2017; Pagani et al., 2006; Schmitz & Pujalte, 2007).

Recovery from the PETM carbon cycle perturbations was on the order of 30-40 kyr (Bowen &

Zachos, 2010; Murphy et al., 2010). This rapid recovery required efficient carbon sequestration



mechanisms to draw down the extremely high atmospheric CO,-levels. The most efficient and likely
mechanism for rapidly removing carbon from the atmosphere is the enhanced weathering of silicates
(Brault et al., 2017; Kelly et al., 2005; Penman, 2016; Zachos et al., 2005), however, this alone may not
have been sufficient to account for the rapidity of the CIE recovery (Bowen & Zachos, 2010). Carbon
sequestration through the marine biological carbon pump (BCP) provides another pathway for drawing
down atmospheric carbon and aiding in the recovery of the CIE, particularly along continental margins
(Papadomanolaki et al., 2022). However, the integrated effects of higher temperatures, elevated pCO,-
levels, ocean acidification, and the differential changes in ocean circulation and the hydrological cycle
create an entirely enigmatic scenario for PETM ocean productivity, export production and subsequently

the biological carbon pump (Ma et al., 2014).

1.2.The Marine Biological Carbon Pump

The marine biological carbon pump (BCP) plays a crucial role in transferring carbon from the
atmosphere and surface ocean to the ocean interior and seafloor sediments over geological timescales
(Fig. 1). The efficiency of the biological carbon pump is regulated by the rate of photosynthetic organic
matter formation and its degradation through microbial respiration/remineralization through the water
column. The balance between these processes may be traced through the exponential decrease in
8%3Cpic with depth, the resulting 83Cpic-gradient which serves as a good proxy for the efficiency of the

biological carbon pump.

Changes in surface ocean productivity can directly affect export fluxes and atmospheric CO,-
levels on geological timescales by acting as either a positive or negative feedback mechanism on the
climate system, depending on the direction of change. Increased productivity is suggested to aid in the
drawdown of atmospheric CO2-levels and act as a buffer against the development of a greenhouse
climate, while the opposite holds true in the case of decreased productivity. However, even if
productivity remains unchanged, the efficiency of the biological pump at sequestering carbon into the
deep ocean may still be compromised by the effects of warming, ocean acidification, and changes in

the structure of the water column (i.e., stratification) and ecosystem structure.

Rising temperatures and ocean acidification reduce the efficiency of the carbon pump at taking
up atmospheric carbon and transferring it to the interior and deep ocean. The combined effects of
ocean warming, and increased carbonate dissolution hamper the formation of biogenic CaCOs. As a
result, aggregate ballasting and settling rates are reduced, leading to prolonged exposure of organic
matter to remineralization in the twilight zone, subsequently limiting the amount of organic matter
reaching the ocean floor (Mendes & Thomsen, 2012). Additionally, metabolic theory suggests that
metabolic rates —which control the rates of organic matter formation through photosynthesis and its
microbial degradation through remineralization — are sensitive to changes in ocean temperature (Allen
et al.,, 2005; Cossins & Bowler, 1987), and subsequently affect BCP efficiency and pCO»-levels on

geological timescales (Boscolo-Galazzo et al., 2018). At times of global warming, increased metabolic
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Fig. 1. lllustration of the components of the marine Biological Carbon Pump. Illustration shows the uptake of pCO, in surface
waters and its transfer to deep waters and deep ocean sediments through the BCP. In the photic zone, primary productivity
(photosynthesis) converts dissolved inorganic carbon (DIC) into particulate organic carbon (POC), preferentially utilizing 1>C
and leaving 8%3Cp c-values elevated in the remaining DIC. As POC sinks, microbial respiration remineralizes organic carbon
back into DIC, returning isotopically light carbon (*2C) to the DIC pool. However, only a fraction (1-40%) of POC is exported
from the euphotic zone (<200 m), declining exponentially towards the base of the mesopelagic "twilight zone" (200-1000 m),
with a mere fraction (~1%) reaching the ocean interior and deep ocean sediments (Herndl & Reinthaler, 2013). This decline
is reflected in the exponential decrease in §'3Cp,c-values with depth. The efficiency of the biological carbon pump is controlled
by the rate of photosynthesis and export of organic matter out of the photic zone versus its remineralization through the
water column. Increased remineralization rates limit the amount of organic matter settling through the water column and
reaching the ocean interior and ocean floor, affecting food supply and dissolved oxygen availability at depth.

rates may have contributed to a more efficient and shallow remineralization of POC, consequently
decreasing carbon pump efficiency, and food, oxygen and nutrient availability at depth (Boscolo-
Galazzo et al., 2018; Crichton et al., 2023; Griffith et al., 2021), potentially even leading to a compaction

of the twilight zone (Boscolo-Galazzo et al., 2018, 2021; Crichton et al., 2023).

While most research agrees on increased nutrient availability, primary productivity, and carbon
sequestration along continental margins (Gibbs et al., 2006; Papadomanolaki et al., 2022; Sluijs et al.,
2014; Winguth et al., 2012), the productivity response to PETM warming and carbon cycle
perturbations is still controversial for open ocean settings. Geochemical and biotic proxies contradict
each other on the direction of change (i.e., increase, decrease, or unchanged) in open ocean
productivity during the PETM (Bains et al., 2000; Bralower, 2002; Gibbs et al., 2006; Ma et al., 2014;
Moretti et al., 2024; Stoll et al., 2007; Torfstein et al., 2010). This disparity is likely a result of the use of

different proxies to reconstruct different components of ocean productivity, and the subsequent



proposed decoupling of these components during the PETM (e.g., Griffith et al., 2021). Additionally,
the occurrence of extensive CaCOs dissolution complicates the reconstruction of accumulation rates
and other carbonate dependent components of the marine carbon cycle. Moreover, primary
productivity, export production, and the burial of organic matter may have decoupled during the PETM,
due to the more efficient remineralization of sinking organic matter related to increased metabolic
activity and nutrient utilization rates, changes in local ecosystem structure, and increased oxygen
exposure times (e.g., Buesseler, 1998; Griffith et al., 2021; Olivarez Lyle & Lyle, 2006).

The impacts of modern global warming and carbon cycle perturbations on the efficiency of the
biological carbon pump are still not well understood. Future projections indicate a decline in marine
primary and export production due to increased stratification and reduced nutrient supply, resulting in
a decreased organic matter flux to the ocean interior, especially in open ocean settings (Bindoff et al.,
2019). Similar processes are expected to have been at play during the PETM, where increased
stratification is expected to have led to a decline in biological productivity in open ocean settings
(Moretti et al., 2024). Consequently, it is expected that this decline could lead to a reduction in the
particulate organic carbon (POC) flux to the benthos by 27-36% in the Atlantic, 31-50% in the Pacific,
and 40-55% in the Indian Ocean by 2100 (Sweetman et al., 2017). However, polar regions like the Arctic
and Southern Oceans may see increases in net primary and export production, with POC flux potentially
rising by 53-60% (Sweetman et al., 2017). By the end of the century, the open ocean is likely to
significantly reduce its carbon uptake, especially under the high-emissions RCP8.5 scenario, which is
projected to result in a 9-16% decrease in the global carbon settling flux (Bindoff et al., 2019). However,
these projections carry only medium confidence due to model uncertainties and the complexity of the

biological carbon pump.

Hence, reconstructing these changes for previous periods of rapid and extreme warming and
carbon cycle perturbations is important for understanding the carbon cycle and geochemical feedbacks
at play in the climate system and the role of the BCP in carbon sequestration during such periods.
Therefore, this research attempts to evaluate the change in the efficiency of the soft tissue BCP during
the PETM through the reconstruction of vertical carbon isotope gradients (i.e., §*C-profile) and assess
the implications of extreme warming on water column structure, export production and biological

activity.
1.3.Physiological Response of Planktic Foraminifera to Warming

The stable carbon and oxygen isotope signature recorded in the shells of planktonic
foraminifera is controlled by the isotopic composition of the seawater at the time of calcification, as
well as species-specific physiological vital effects (e.g., Gaskell & Hull, 2019; Zeebe et al., 1999), such as
respiration rate and symbiont photosynthesis. The 8§3Cpc-depth profile of paleoseawater can be
reconstructed using foraminiferal test derived 8'3Ccaicite, provided the careful consideration of chemical

and physiological factors that may result in the departure of §3C- and 8'80- values from the seawater.



A multitude of factors may cause test isotope values to deviate from DIC including the
variability in environmental and ecological factors throughout the foraminifer’s lifecycle, such as
ontogenic changes in (depth) habitat, thermal structure, food source and supply, and/or seasonal
variability and upwelling (Fig. 2; Birch et al., 2013 and references therein). Additionally, size and
temperature are known to exert powerful effects on the metabolic rates of planktic foraminifera, which
adds another layer of isotopic fractionation (Fig. 2; Birch et al., 2013 and references therein). Size
variations, including size changes throughout ontogeny, exhibit an isotopic signature of metabolic
depletion in smaller tests sizes (e.g., juveniles) compared to larger tests (e.g., adults), which has been
proposed to originate from increased metabolic fractionation rates at smaller shell sizes. (Berger et al.,
1978; Birch et al., 2013; Ravelo & Fairbanks, 1995; Spero et al., 1997). Similarly to size, temperature
exerts a powerful effect on metabolic rates, which can be encapsulated by the respiratory Quo
temperature coefficient, which is the factor by which respiration rate increases per 10 °C increase in
ambient temperature. Estimates for the respiratory Qio of photosymbiont-bearing planktonic
foraminifera (specifically G. ruber, G. siphonifera, and O. universa) are approximately 3.18x (Lombard
et al., 2009). Furthermore, photosymbiotic fractionation may also contribute to ontogenic isotopic

differences, resulting from a logarithmic relationship between test size and symbiont density (Spero &
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Fig. 2. Expected direction of isotope shift with environmental or physiological change. lllustration shows expected direction
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Parker, 1985). Photosymbionts can enrich the shells of photosymbiont-bearing planktic foraminifera in
13C by increased utilization of ?C, and subsequent H3COs; enrichment in the microenvironment
surrounding the foraminifer (Spero et al., 1991; Spero & DeNiro, 1987; Spero & Williams, 1988). These
photosymbiotic associations also tend to generate a trend of §'3C enrichment with increasing test size
as larger specimens harbor more symbionts. Consequently, symbiont-bearing planktic foraminifera
record higher 83C-values and steeper §'3C-gradients than their asymbiotic counterparts (Spero & Lea,
1993), Lastly, it has been proposed that differential rates in symbiont photosynthesis and metabolism
may exert influences on the ambient carbonate ion concentration (pH) local to the planktonic
foraminifera (Bijma et al., 1999; Spero et al., 1997; Zeebe et al., 2009b), which may have additional

effects on shell isotope signatures.

Rapid changes in marine microfaunal assemblages occurred during the PETM, marked by the
most severe extinction of benthic foraminifera in the Cenozoic (e.g., E. Thomas, 2007). This extinction
event coincides with a significant turnover in planktic foraminiferal assemblages. One notable change
was the shift of tropical foraminiferal assemblages to higher latitudes (Kelly et al., 2002), of which
extreme PETM temperatures were likely the principal environmental trigger at driving ecological
changes. This turnover also included the emergence of new excursion taxa (e.g., Acarinina sibaiyaensis
and Morozovella africana) and alterations in the relative abundance of planktic foraminifera (e.g., Clay
Kelly 1996). Some species of late Paleocene and early Eocene planktic foraminifera are suggested to
have relied on algal photosymbionts as they exhibit a similar strong size-63C enrichment as their
modern counterparts (D’Hondt et al., 1994; D’Hondt & Zachos, 1993; Kelly et al., 1998). However, under
the stress of global warming, photosymbiont activity may have been affected, and potentially even lead
to photosymbiont bleaching. This could have negatively affected foraminiferal assemblages and
mortality rates, possibly resulting in the temporary exclusion of foraminifera from the geological record

in some regions during the PETM (e.g., Aze et al., 2014).

In response, reconstructions of stable carbon and oxygen isotope profiles are expected to
reflect these changes in photosymbiont associations. While photosymbiont-bearing planktic
foraminifera are important contributors to the open-ocean ecosystem and carbon cycle, the effects of
changes in photosymbiont associations in response to climate change are not well understood. It is
important to investigate the resilience of these photosymbiont associations to past episodes of
extreme warming and carbon emissions to assess the viability of pelagic ecosystems under the
influence of modern global warming. Past changes in photosymbiont activity may have distorted the
isotope signal recorded in the tests of symbiont-bearing foraminifera, complicating the interpretation
of records of past warming events. Consequently, if photosymbiont associations pose particularly
vulnerable, and/or symbiont bleaching occurred during the PETM and its effects remain unaccounted
for, this could lead to an overestimation of the true carbon isotope excursion due to the superimposed

effects of symbiont loss on the apparent CIE.
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1.4.Motivation and Research Statement

This thesis aims to conduct a comprehensive analysis on the effects of rapid and extreme
warming and carbon cycle perturbations on the efficiency of the marine biological carbon pump and
carbon sequestration. The change in the efficiency of the biological carbon pump is assessed through
the generation of stable carbon and oxygen isotope data from the tests of photosymbiont-bearing and
asymbiotic planktic foraminifera from the South Atlantic (ODP Site 1263, Walvis Ridge), across the rapid
warming interval of the Paleocene-Eocene Thermal Maximum. The resilience of photosymbiont-
bearing taxa to transient warming episodes is evaluated by analyzing the change in the §'3C- and §*0-
size covariance prior to and during the PETM. Using these size-specific isotope measurements, this
study will illuminate on whether these symbiont associations were affected by the geologically abrupt
climate perturbations of the PETM. This study on the past warming episode of the PETM aims to
provide insight into the potential impacts of sustained global warming on our marine ecosystems and
the oceans' capacity to sequester carbon. The overall goal is to develop a better understanding of the
long-term consequences of rapid climate change on the role of biological processes and feedback

mechanisms in regulating carbon cycling and export within the marine ecosystem.
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CHAPTER 2: METHODOLOGY
2.1.Materials
ODP Site 1263 — Location and Lithology

Materials for this study were collected from the southeast Atlantic Ocean Drilling Program
(ODP) Site 1263 (28° 31.98'S, 2° 46.77'E) (Fig. 3A). Site 1263 lies on the northeastern flank of the north-
south trending ocean ridge segment of Walvis Ridge at a water depth of 2,717 m below sea level (mbsl)
and paleodepth of roughly 1,500 m (Zachos et al., 2004). Paleogeographic reconstructions place this
site at a southern subtropical latitude during the early Eocene (paleolatitude = ~40 °S for Site 1263;
Vaes et al.,, 2023). Site 1263 is particularly well suited for a high-resolution study of planktic
foraminifera, as it was cored in four adjacent holes (1263A-D) which yielded a complete and expanded
record of Paleogene sediments (Zachos et al., 2004). The recovered sediments consist mainly of
nannofossil ooze with good preservation of planktic foraminifera (Zachos et al., 2004), accommodating
the high-resolution sampling of planktic foraminifera necessary for the examination of the rapid and

transient carbon cycle perturbations associated with the PETM.

The boundary between the Paleocene and Eocene is marked by a transition from carbonate-
rich ooze to a dark clay layer, which consequently grades back into carbonate ooze. The dark clay layer
is almost completely devoid of carbonate, with a carbonate content of <1 wt % (Fig. 3B). The underlying
and overlying carbonate oozes on the contrary measured carbonate contents of 80-95 wt %, consistent

with their lower-bathyal open-ocean depositional environment.

Samples studied for this study were collected from sediments recovered from ODP Site 1263A-

Site 1263
i o
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i
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Fig. 3. Figure of locations mentioned in paper. (A) Paleogeographic reconstruction 56Ma showing sites mentioned in this
study. Red = ODP Site 1263 for which data was generated. Blue = ODP Site 1209, ODP Site 690, DSDP Site 401, and Millville
(MV). Map from http://www.odsn.de. (B) Carbonate content and Magnetic Susceptibility data for from Site 1263 (Zachos
et al., 2004).

12



34X, 1263C-14H, and 1263D-4H. Core depths were calculated by adopting the revised meters
composite depth (rmcd) scale composed by Westerhold et al. (2007).

Planktic Foraminifera

To investigate the trends in the planktic foraminiferal response across the PETM, we picked
three different genera of planktonic foraminifera, namely Acarinina, Morozovella, and Subbotina. The
majority of the picked specimens were of the species Acarinina soldadoensis, Morozovella aequa, and
Subbotina Patagonia. However, in cases where material was limited or recrystallization made
identification more difficult, we also picked specimens of A. sibaiyaensis, A. coalingensis, A. esnaensis,

M. velascoensis, M. subbotinae, and M. allisonensis.

Species of the Acarinina and Morozovella genera, likely harbored photosymbionts while living
at mixed layer depths, as indicated by §'3C-size and 680 trends (Aze et al., 2011; D’Hondt et al., 1994;
Pearson et al., 2006). In contrast, Subbotina patagonica exhibits no size-related increase in 8§3C,
consistent with an asymbiotic ecology, while oxygen-isotope inferred habitat depths suggests that this

taxon occupied the thermocline (Berggren & Norris, 1997; D’Hondt et al., 1994).

Supplementary Data

Supplementary data was collected from prior studies conducted on ODP Site 1263,
contributing to a more comprehensive understanding and complete picture of ecological and
environmental changes during the PETM. Bulk sediment carbonate content and carbon isotope data
were retrieved from Zachos et al. (2005). Furthermore, carbon and oxygen stable isotope data
measured on benthic foraminifera (specifically Nuttallides truempyi and Oridorsalis umbonatus) by
McCarren et al. (2008) were utilized to contrast the planktic isotope measurements from this research
against benthic values. The newly published record from Moretti et al. (2024) on foraminifera-bound
nitrogen stable isotope measurements from Site 1263 were also integrated. Additional data pertaining
to the change in the §3C-size gradient in planktic foraminifera at other sites was also collected from
Shaw et al. 2021. This data set encompasses measurements taken from the cores collected at ODP
1209 (Shatsky Rise, Central Pacific), ODP 690 (Maud Rise, Southern Ocean, and DSDP 401 (Meriadzek
Terrace, North Atlantic). Additionally, 63C-size data was collected from previous research on the
Millville (New Jersey coastal plain) site (Si & Aubry, 2018).

2.2.Methods

Foraminifera Preparation and Sampling

Planktonic foraminiferal carbon and oxygen stable isotope measurements were generated for
ODP site 1263 (South Atlantic). Isotopic analyses were conducted on specimens of species belonging
to the planktonic foraminifera genera Acarinina, Morozovella and Subbotina. To ensure internal
consistency and assess size-dependent isotopic trends, analyses focused on foraminifera picked from
the restricted size fractions: 150-212 pm, 212-250 um, 250-300 um and 300-400 um. Six depths slices
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(namely 334.07, 334.47, 334.67, 335.42, 335.66, and 335.96 rmcd) were chosen for measurements on
each of the four size fractions to construct a record of planktic §3C-size variations through the
Paleocene-Eocene transition, while the remaining samples were mainly analyzed at the 250-300 um
size fraction. At this size fraction, shells are fairly abundant throughout the section. Moreover, surface

8%3C-values are best estimated using specimens ranging from 212-355um (Birch et al., 2013).

The planktic foraminiferal specimens were picked from Site 1263 samples taken at roughly 10-
20 cm intervals over a 2.6 m interval, from 336.48 rmcd (pre-PETM, 56.09 Mya) to 333.71 rmcd (post-
PETM, 55.90 Mya) and subsequently inspected under an optical microscope. To supplement the limited
number of planktonic foraminifera available in samples from the core-CIE, planktic foraminifera from
adjacent samples were pooled to obtain sufficient material for analyses (minimum of 60 micrograms),

albeit resulting in depth-averaging.
Instrumental Setup and Workflow

The multi-specimen carbon and oxygen stable isotope measurements were carried out at the
University of South Carolina, utilizing a GasBench Il coupled to a continuous flow isotope ratio mass
spectrometer (CF-IRMS) (Thermo Scientific Delta-Q). The picked samples were transferred to exetainer
vials and loaded onto the GasBench. Each vial contained approximately 60 pg of either sample or
reference standard material. The samples were purged with helium for 8 minutes, after which they
were injected with approximately 6 drops of phosphoric acid. The samples were then allowed to react
with the acid for 50 to 60 minutes in a heated (70°C) rack. Finally, the resulting CO, gas was transferred
to the respective IRMS for stable isotope measurement through a continuous flow of helium into the

exetainer vials.

Carbon and oxygen stable isotope ratios are reported in the delta notation with respect to a
reference standard and expressed in permille (%o) (Eq. 1 & 2). Results are reported using the
conventional stable isotope delta notation (63C and §'®0) with reference to the Vienna Pee Dee
Belemnite (VPDB) standard. The measurements of Carrara marble were used for the standardization of
stable isotope measurements. The Carrera marble standard measured average stable isotope values of
813C = 1.967%o (SD = 0.04) and 680 =-1.930%o (SD = 0.07) throughout the runs. The use of standards
in stable isotope analyses ensures interlaboratory and long-term instrument reproducibility, stability,

and accuracy.

(ﬁ)sample
813C = C;éc—_ 1) x 1000 Eq. 1
m)standard
180 !
§180 = S;goy&— 1) x 1000 Eq. 2
(m)standard

Statistical Significance Testing

The p-significance test compares obtained p-values to a preset significance level (a = 0.05),

14



indicating whether results are statistically significant (p < a) and justifies the rejection of the null
hypothesis (gradient = 0). In our analysis, 63C-size gradient p-values were calculated in R to assess the

statistical significance of §'3C-size gradients across the PETM.

Age Model

The age model produced by Rohl et al. (2007) was used in this study to generate the age-depth
correlation used in this study. The age model was used to produce relative ages to the onset of the CIE,
which were subsequently converted to absolute ages, assigning an age of 56.01 Ma (Zeebe & Lourens,
2019) to the base of the CIE. Linear interpolation was used between tie points to calculate the age of

each depth sample.

15



CHAPTER 3: RESULTS
3.1.Sample and Assemblage Descriptions.
Foraminiferal Assemblage

Various species of the genera Acarinina, Morozovella, and Subbotina were picked, the most
abundant species of which were Acarinina soldendoeansis, Morozovella aequa, Morozovella
velascoensis, and Subbotina Patagonica. The relative abundance of the three genera varied throughout
the core, however it should be noted that Site 1263 was not subjected to a true study of relative
abundance. Nevertheless, a general preliminary trend was discerned across the PETM. Below the
dissolution horizon, marking the onset of the CIE, the relative abundance of each taxa seemed relatively
similar across all samples, with Acarinina ssp. and Subbotina appearing slightly more abundant
compared to Morozovella ssp. However, the relative abundance of these genera in the post-dissolution
CIE samples showed to be distinctly different. Samples recovered from the CIE interval revealed that
Acarinina ssp. was by far the most abundant, while the relative abundance of Subbotina was noticeably
decreased. This decreased relative abundance of Subbotina compared to the photosymbiont-bearing
genera during the CIE is consistent with previous studies at different localities during the PETM (e.g.,
Hupp et al., 2022; Pardo et al., 1997; Shaw et al., 2021)

The foraminifera picked for analysis were generally in good condition, with frosty wall texture
and little visible secondary calcite recrystallization. Generally, the CIE samples were more recrystallized
compared to pre- and post-CIE shells. Most samples were depleted in benthic foraminifera, as the

samples had been previously selected for research at ODP Site 1263.

Physical Description of Core Samples

The physical appearance of the samples varied with depth. Pre-CIE samples were notably rich
in planktic foraminifera, clay, and calcium carbonate structures. The base of the CIE was easily
recognized due to its near absence of fossil and calcium carbonate material. The scarcity in sample
material is likely attributable to the increased dissolution of carbonate structures and the shoaling of
the carbonate compensation depth (CCD) during the PETM (Zachos et al., 2005). These processes led
to the compaction of seafloor sediments during the PETM, resulting in the reduced availability of
sediments and organic matter throughout the CIE. Upwards through the CIE, the samples notably
increased in fossil and carbonate content, likely coinciding with the PETM recovery phase. Interestingly,
the samples at the base of the CIE were comparably more abundant in fish teeth. Generally, the
samples at the base of the CIE were poorly preserved, with very fragmented and sometimes very
remineralized foraminiferal tests. The secondary growth of calcite, especially on specimens of
Acarinina, seemed to be mainly an issue for the samples at the base of the CIE, while pre- and post-CIE

samples, as well as those collected from the recovery interval, appeared to be in pristine condition.
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3.2.Stable Isotope Measurements

Size-specific carbon and oxygen stable isotope measurements were generated on planktic
foraminifera from Site 1263 (Fig. 4). The characteristic negative carbon isotope excursion recorded is
useful to distinguish the PETM into four stratigraphic intervals: pre-CIE, core/peak-CIE, CIE-recovery,
and post-CIE interval. The onset of the CIE is missing from our measurements. The first excursion value
is recorded at a depth of 334.65 rmcd. However, this depth does not correspond to the onset of the
CIE. The samples between the onset of the carbonate dissolution (335.27 rmcd) and the first recorded
excursion value (334.65 rmcd), were very depleted in planktic foraminifera. This depletion was likely
caused by the high rate of carbonate dissolution at the base of the CIE, and impeded the measurement
of foraminiferal tests for the base of the CIE. Consequently, it is anticipated that our data

underestimates the magnitude of the CIE due to the absence of its onset.

Carbon and Oxygen Stable Isotope Excursion

The carbon isotope excursion recorded between pre-CIE samples and core-CIE samples shows
interspecies variability (Table 1). The largest carbon isotope excursion is recorded by the surface-

dwelling, photosymbiont-bearing foraminifera Acarinina (A8*3C = —2.65%o) and Morozovella (A8*C =
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Fig. 4. Compilation of data sets (A) Newly generated planktic 6'3C isotope record (circles) paired with benthic foraminifera
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17



—2.53%o). Specimens of the thermocline-dwelling asymbiotic Subbotina record the lowest excursion
value across the PETM (A83C = —1.68%o).

Table 1. Average values of the carbon and oxygen stable isotope measurements of the 250-300 um size fraction. Values are
calculated individually for Acarinina, Morozovella and Subbotina. Excursion values represent the isotopic difference between
the pre-CIE (336.48 to 335.32 rmcd) and the core-CIE (334.85 to 334.67 rmcd). The CIE-recovery is excluded from averaging,
due to its high variance in isotope values during the gradual recovery from the core-CIE to post-CIE values.

pre-CIE CIE post-CIE Excursion
species 38C 30 38C 30 38C 30 ASBC A0
Acarinina 2.824 -0.506 0.170 -2.189 1.018 -1.117 -2.653 -1.683
Morozovella 3.348 -0.702 0.823 -2.218 1.919 -1.385 -2.525 -1.516
Subbotina 1.917 -0.170 0.239 -1.999 0.675 -0.711 -1.678 -1.829

A similar excursion is distinguished in the oxygen stable isotope record, although with less
variability between species (Table 1). Maxima in §'80 are recorded just before the onset of the CIE at a
depth of 335.42 rmcd. The largest excursion is recorded in Subbotina with a depletion of A8'0 =
—1.83%0 compared to pre-CIE values. Acarinina and Morozovella record a slightly less depleted
excursion of A5*0 = —1.68%o0 and A8'80 = —1.51%., respectively.

Duration and Recovery of the CIE
The CIE onset occurs at 335.27 rmcd (56.01 Mya). The CIE core, from the onset to initial

recovery is estimated to have lasted ~58 kyr, based on the age model used (Fig. 5). The initiation of the
recovery interval is placed at 334.67 rmcd (~55.952 Mya), after which 6=C-values start to gradually
increase up to 334.25 rmcd (~55.921 Mya). The oxygen isotopes also show a gradual recovery to values
similar to pre-CIE values. This recovery is estimated to have lasted around ~41 kyr, based on the age
model used (Fig. 5). The same gradual recovery trend is recognized in the isotope records of bulk
sediment, benthic foraminifera and planktic foraminifera-bound nitrogen, as well as in carbonate

content measurements.
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Fig. 5. Constructed age model with carbon stable isotope measurements for ODP Site 1263. Onset of the CIE is missing due to
low fossil abundance. Estimated duration of core-CIE is ~58 kyr and ~41 kyr for the recovery interval.
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A note should be made on the discrepancy in duration between this study and the 150-250 kyr
duration of the CIE as measured by Murphy et al. (2010), Réhl et al. (2007) and Zeebe & Lourens (2019).
This discrepancy arises from a different “break up” of the CIE into three phases, i.e., the “core”, and
two recovery phases (i.e., phase 1 and phase 2). This study defined the “core”-interval as starting at
the onset of the CIE up to where 8'3C starts to increase again, which is one cycle earlier than other
definitions (e.g., Murphy et al., 2010; Rohl et al., 2007). This difference in the definition of the core-CIE
builds into the second dissimilarity, which is the definition of the recovery interval. This study’s
“recovery”-interval matches with phase 1 and the last cycle of their “core”-interval. Based on these
differences, our “core”-interval should constitute of three precession cycles, while our “recovery”-
interval should constitute of two precession cycles to match previous estimations. These durations

match our age-model estimates for a 58-kyr core-CIE and 41-kyr recovery period.

Interspecies Isotopic Gradient

The discrepancy in the magnitude of the excursion recorded by the mixed layer and
thermocline dwelling species causes the apparent interspecies convergence of §3C-values during the
CIE (Table 1; Fig. 4 and 6). In the pre-CIE samples, Morozovella consistently plots the highest §13C values,
while Subbotinarecords the lowest §3C-values. However, this trend is diminished during the CIE, during
which the §3C-gradient between all three taxa is significantly reduced. The most pronounced reduction
in interspecies 8§3C-gradient is observed between Acarinina and Subbotina, owing to the fact that
during the CIE, Acarinina plots 8'3C-values remarkably similar to those of Subbotina. The collapse in
the interspecies 63C-gradient between surface-dwelling, photosymbiont-bearing foraminifera, and
thermocline-dwelling, asymbiotic Subbotina has also been observed at other localities (e.g., Shaw et
al., 2021). The 8'3C-gradient between planktic and benthic foraminifera at Site 1263 seems to increase
during the CIE, with benthic foraminifera recording a larger excursion (Fig. 4 and 6), a pattern that is

not observed in other sites.

Although less pronounced, the §¥0-gradient between planktic foraminifera is also reduced
during the CIE. Before the excursion, 6§80 values of Morozovella, Acarinina and Subbotina show clearly
contrasting values. During the CIE however, the §'0-gradient is reduced, with all three genera
recording oxygen stable isotope values around -2.1%e. (Table 1; Fig. 4 and 6). Prior to and following the
CIE, Subbotina consistently records the highest §¥0-values, while Morozovella consistently records the
lowest §'80-values, reflecting their relative positions in the water column. However, during the CIE, this
trend is diminished as the lowest (warmest) §'80-values are recorded by all three genera depending on

the sample analyzed.

Cross plots of 63C versus 880 show a distinct trend between the stable carbon and oxygen
isotopes before and after the CIE (Fig. 6a). This trend can be described as a negative trend, with higher
8%3C-values corresponding to lower 6'0-values. During the CIE, this linear relationship all but

disappears.
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Size-6'3C Gradient Response

A positive relationship between 63C and test-size is discerned in Acarinina and Morozovella
across all depths (Fig. 6b). This trend is consistent with the external hosting of photosymbionts,
similarly to extant planktic foraminifera (D’Hondt et al., 1994; Gaskell & Hull, 2019). The slope in the
813C-gradient (i.e., AS3C between the largest and smallest test-size) of these species is significantly
reduced during the core of the CIE compared to pre-CIE gradients (Table 2; Fig. 6b). On average, the
size-613C slopes of the photosymbiotic species are the steepest during the pre-CIE interval and
shallowest during the core of the CIE. In contrast, the §*3C-values derived from Subbotina tests do not
appear to correlate to any significant size-8'3C trend, which agrees with an asymbiotic lifestyle (D’Hondt
et al,, 1994).

Changes in the §%0-size gradient are also observed through the PETM (Table 2; Fig 5b).
Subbotina shows no gradient before and after the CIE. However, during the CIE, Subbotina shows more
negative (warmer) 8§30 values with size. Morozovella shows an opposite trend in the core-CIE sample,
registering colder §'®0-values with size. In contrast, during the recovery phase and after the CIE
Morozovella shows a strong gradient registering warmer values throughout ontogeny. Acarinina shows
a reduced gradient during the CIE and the development of a stronger gradient during the recovery

phase.

3.3. Statistical Significance Tests

The significance (p-value) of the size dependent slopes varies between samples (Table 2). The
813C-size slopes of Acarinina and Morozovella are the most statistically significant before the onset of
the CIE. Their significance is reduced in the sample taken from just before the CIE (335.42 rmcd) and
during the core-CIE (334.67). The CIE-recovery and post-CIE samples record more significant slopes for
Morozovella than for Acarinina. The overall pattern shows reduced 83C-size slopes during the core-
CIE, although their uncertainty should be considered. Regression slopes were insignificant in Subbotina
across all depths due to the absence of size-6'3C enrichment. The 60-size gradients are mostly
insignificant, likely due to the susceptibility of §'80-values to remineralization and their typically lower
slopes. Considering this, overarching trends will still be explored and discussed.

Table 2. 83C (top) and &80 (bottom) test size gradient. Difference between largest and smallest test sizes denoted in AS.

Slopes are measured in permille per 100 um. P-values indicate the significance of slopes. Note: 334.67 largest test-size is 250-
300 um instead of 300> um. The smallest test-size is constant between all depths. Depths are given in rmcd for site 1263.

Acarinina Morozovella Subbotina
Depth slice (rmcd) a8%C slope“(’iﬂ;/lao P As™C slop eu(;:;/ 100 P a8%C (%o;{f: OZ m) P
334.07 (post-CIE) 0.667 0.408360 0.05501 1.002 0.56410 0.03008 | -0.063 -0.01944 0.77180
334.47 (CIE-recovery) 0.877 0.477400 0.09504 0.838 0.49811 0.00514 0.692 0.32900 0.31620
334.67 (core-CIE 0.452 0.252040 0.11970 0.317 0.33386 0.17040 | -0.103 -0.11350 0.47760
335.42 (pre-CIE) 0.937 0.594600 0.17770 0.717 0.38450 0.26350 | -0.348 -0.21934 0.16170
335.66 (pre-CIE 1.166 0.680810 0.00116 1.172 0.69560 0.02469 0.067 0.05394 0.61720
335.96 (pre-CIE) 1.434 0.829120 0.00454 0.830 0.50540 0.03719 | -0.067 -0.03800 0.10030
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Acarinina Morozovella Subbotina
Depth slice (rmcd) 0820 SIOPEH(;:;/MO 0820 slop e“(;ﬂ;/ 100 0820 {%0;{10:;“ m) p
334.07 (post-CIE) -0.06 -0.013590 0.91540 | -0.331 -0.15320 0.29070 | -0.116 -0.05718 0.68400
334.47 (CIE-recovery) -0.533 -0.393100 0.18250 | -0.577 -0.37415 0.05291 | -0.594 -0.45460 0.23170
334.67 (core-CIE -0.423 -0.221400 0.24850 | 0.126 0.12970 0.47280 | -0.535 -0.56722 0.05845
335.42 (pre-CIE) -0.639 -0.399020 0.13930 | -0.268 -0.13470 0.41100 | -0.043 -0.04875 0.70840
335.66 (pre-CIE -0.424 -0.275000 0.12200 | -0.467 -0.27410 0.18010 | -0.038 -0.02363 0.75740
335.96 (pre-CIE) -0.482 -0.280650 0.04793 | -0.281 -0.15588 0.07849 | -0.024 -0.01106 0.76710
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CHAPTER 4: DISCUSSION
4.1.Evaluation of the CIE as Recorded in Planktic Foraminifera

The changes discerned in inter- and intraspecies carbon and oxygen isotope gradients can
provide valuable insights into the processes that maintain these gradients. At Site 1263, the magnitude
of the CIE is restricted to roughly —2.6%. in Morozovella and Acarinina, and —1.7%o in Subbotina (Table
1, Fig 3 and 5c). The excursion measured in oxygen stable isotopes shows a drop of on average —1.7%.
across all three genera (Table 1, Fig. 4 and 6¢). These excursion values are consistent with published
records for the carbon and oxygen isotope excursion in planktic foraminifera across the PETM (e.g.,
Hupp et al., 2022; Shaw et al., 2021; Thomas et al., 2002; Zachos et al., 2003). Based on an approximate
decrease of 0.25%o 8§30 per 1 °C increase in temperature, we roughly estimate a temperature increase
of 6-7 °C (1.5-1.8%o) during the PETM. These values may underestimate SST warming due to a possible
downwards migration by mixed-layer taxa as a response to PETM warming (e.g., Si & Aubry, 2018).
Benthic foraminiferal data from Site 1263 (Fig. 4 and 6¢), suggests a possible 10 °C warming at the onset
of the CIE (McCarren et al., 2008). The extreme carbonate dissolution during the initial stages of the
PETM (e.g., Zachos et al., 2005) dissolved all planktic foraminifera. Nevertheless, it is likely that more
negative excursion values would be observed at the base of the CIE, suggesting that the magnitude
proposed in this (and other) study serves as a conservative minimum baseline for the excursion at Site
1263.

The high 8C and low 60 signatures recorded in pre-CIE Morozovella and Acarinina tests
indicate and confirm that these taxa inhabited the mixed layer surface waters, while the relatively low
8%3C and high 80 signature recorded in Subbotina, confirms their occupancy of deeper, more-
depleted thermocline waters. During the PETM, the isotopic signatures recorded in these foraminifera
changed relative to pre-CIE conditions. The change in the linear relationship between §'3C and 8§20 as
recorded in planktic foraminifera (Fig. 6a), suggests a disturbance in carbon and oxygen isotope space
during the CIE as a result of surface ocean warming, the uptake of 3C-depleted carbon, or changes in

foraminifera ecology and/or metabolic physiology.

4.2.PETM Changes in §'3C- and 6%0-Gradients

The carbon and oxygen isotopic gradients between surface- (Morozovella and Acarinina) and
thermocline-dwellers (Subbotina) reflects the strength of the thermocline (A8'0) and biological
carbon pump (A8*3C) (Dunkley Jones et al., 2013; John et al., 2013). Prior to the CIE, this gradient is
around 1-1.5%o in 63C, and 0.5%o in 880 (Table 1). During the CIE, both §'3C and 680 gradients are
reduced to <0.6%o in 8*3C and 0.2%o in 680 (Table 1). This reduction in the surface-to-thermocline §3C-
and 8%0-isotopic gradients could indicate (1) a migration of planktic foraminifera to similar depths, or
(2) a disruption in the physical and isotopic structure of the surface ocean and thermocline. The
collapse in the interspecies gradient between Morozovella and Subbotina is slightly less pronounced

compared to Acarinina and Subbotina. These results indicate a slightly greater separation and sustained
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offset between Morozovella and Subbotina, and are possibly suggestive of a moderately greater

resilience of Morozovella to PETM environmental perturbations with respect to Acarinina.

The collapse in the surface-to-thermocline §'3C-isotopic gradients may have been intensified
by a change in photosymbiont activity. The intraspecies 6'*C-size gradient recorded in Acarinina and
Morozovella reflects the strength of photosymbiotic associations. Both taxa display a reduction in the
size-dependent 6'3C-gradient (Fig. 6b), although this decrease appears more pronounced in Acarinina.
Therefore, it is possible that during the PETM a decrease in photosymbiont activity and/or its
importance to the foraminifer’s metabolism occurred. Another possibility is that temperature induced
stress caused photosymbiont bleaching in these taxa. However, such a scenario is difficult to reconcile
with records of increased relative abundance of photosymbiont-bearing taxa relative to asymbiotic taxa
during the PETM (e.g., Hupp et al., 2022; Pardo et al., 1997; Shaw et al., 2021).

The 8'0-size gradient reflects the vertical migration of a species during ontogeny. Pre-PETM
data shows no vertical migration in Subbotina through ontogeny (Fig. 6b). During the PETM, the
establishment of a stronger 8§'80-size gradient indicates that Subbotina may have inhabited shallower
depths through ontogeny during the CIE. For Morozovella, the §'80 depletion with increasing test size
suggests migration towards relatively shallower habitats throughout ontogeny before and after the
PETM. This trend is reversed within the CIE. Acarinina also shows a reduced gradient during the CIE,
which may indicate a narrower depth habitat. The strong §0-size gradient discerned during the

recovery phase in Acarinina and Morozovella may indicate their repopulation of a wider depth range.

The observed increase in the §'3C-gradient between planktic and benthic foraminifera during
the PETM suggests enhanced depletion of deep ocean §3Cpc and/or enrichment of surface ocean
8%3Cpic. This could occur with a reversal of deep ocean circulation as is suggested by increases in
seafloor carbonate dissolution in the S. Atlantic relative to the Pacific (Zeebe & Zachos, 2007), causing
the waters at Walvis Ridge to be sources from older and more depleted waters Nunes & Norris, 2006).
Alternatively, increased surface ocean §'*C may stem from heightened primary productivity, implying
higher nutrient availability, potentially due to enhanced silicate weathering (Brault et al., 2017; Kelly et
al., 2005; Penman, 2016; Zachos et al., 2005), or more efficient turnover. However, most other evidence

supports a decline in export production.

4.3.Current Hypotheses for Changes in Surface-to-Thermocline Isotopic Gradients

Three general hypotheses have been proposed to explain the reduction in the §*C-gradient
between the surface mixed layer and thermocline waters during the peak CIE (Fig. 7); (1) a change in
ocean circulation/mixing, (2) temperature-induced depth migration of surface dwellers and associated
loss of photosymbionts, or (3) a change in the efficiency of the biological carbon pump at remineralizing

organic matter.

Hypothesis 1 attributes the changes in §3C-profile to a major shift in ocean circulation and
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mixing. A transient breakdown in ocean stratification may have caused an enhanced mixing of §3C
between surface and deeper water, as well as a collapse in the thermocline (6'0-gradient) (Thomas et
al., 2002; Thomas & Shackleton, 1996). Such a breakdown in ocean stratification may have been a result
of a change of deep-water formation. It is theorized that the warming of the PETM may have triggered
changes in ocean circulation, such as the switch of SH overturning to NH overturning, rendering a
warming of the intermediate waters in the southern Atlantic (Bice & Marotzke, 2002; Lunt et al., 2010;
Nunes & Norris, 2006). However, ODP 1263 and other open ocean sites (e.g., ODP 1209), have been
suggested to exhibit signs of increased oligotrophy and enhanced stratification (e.g., Schneider et al.,
2013), while also recording a collapse in the carbon and oxygen isotopic gradients (Petrizzo, 2007).

For hypothesis 2, the collapse in the surface-to-thermocline §3C-gradient observed at Site
1263, and other sites (e.g., Shaw et al., 2021; Si & Aubry, 2018), is attributed to depth migration by
surface dwellers to deeper waters (Si & Aubry, 2018), where 8'3C of seawater is more depleted
compared to the mixed layer surface waters. Extreme PETM warming, high pCO,, and lower surface
ocean pH could all have acted as stressors, compelling surface dwellers to migrate to deeper, colder
depths (Si & Aubry, 2018). The initiation of depth migrations in planktic foraminifera is not
unprecedented in previous geological warming episodes (e.g., Coxall et al., 2007; Matsui et al., 2016).
Migration of photosymbiont-bearing taxa out of the euphotic zone are anticipated to have triggered a

substantial decrease in photosymbiont activity.

However, the artificial suppression of photosymbiont activity on species of photosymbiont-
bearing planktic foraminifera, revealed their struggle to survive at depths below the euphotic zone for
extended periods of time (Bé et al., 1982), illuminating the significance of light availability on their

survival. Hence, the theoretical migration of these taxa to deeper waters during the PETM would

re-CIE hypothesis 1 hypothesis 2 hypothesis 3
P thermocline collapse photosymbiont migration BCP breakdown
d13C 313C 313C
AT °C + - AT °C + - AT °C +

Mixed-layer Mixed-layer

Thermacline

Thermocline

ﬁf Morozovella # Acarinina @ Subbotina

Fig. 7. lllustration of carbon and oxygen isotope gradients throughout the water column (pre-CIE and hypothesis). Depicted
are the responses of the carbon and oxygen isotope gradients and planktic foraminiferal depth habitats to the pre-CIE and
hypothesized conditions. Hypothesis 1: breakdown in thermocline strength and stratification; hypothesis 2: depth migration
in photosymbiont bearing foraminifera from mixed layer to thermocline; hypothesis 3: transient breakdown in biological
carbon pump efficiency.
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logically coincide with a rise in mortality rates. However, the persistence of §3C-size gradients in
photosymbiont-bearing taxa and the observation that these taxa are suggested to have thrived relative
to asymbiotic taxa, indicates that photosymbiont associations remained of great important to the

survival of these taxa during the PETM.

Hypothesis 3 attributes the collapse in the isotopic gradients to a less efficient marine biological
carbon pump, resulting from an increase in the temperature-dependent remineralization of organic
matter. If the Qqo values of symbiont-bearing planktic foraminifera were around 3 (estimate based on
Lombard et al., 2009), respiration rates could have doubled during the CIE (+ 6-7 °C). Increased
remineralization rates are suggested to have driven the rapid depletion in 83Cpc with depth, and
consequently caused a shallower and sharper depletion in 83Ceaite. If biogenic remineralization
operated with greater efficiency during the PETM, the transport of organic matter and nutrients to the
twilight zone and benthos would likely have been greatly reduced. This nutrient and export depletion
was likely exacerbated by the increased stratification of the surface ocean during the PETM. This decline
in organic matter reaching deep ocean sediments, along with the shoaling of the CCD, likely reduced
the carbon sequestration capacity in the open ocean. This theory is supported by the observed
decreased abundance and biodiversity in benthic foraminifera during the PETM (Thomas & Shackleton,
1996), indicating the harsher bottom water conditions at Site 1263.

Moreover, the implications of a shallower depth of remineralization suggests a narrower
mixed-layer depth habitat for Morozovella and Acarinina (Fig. 7), consistent with the relative reductions
observed size gradients. Furthermore, the combined effects of warming and increased oligotrophy
within the twilight zone may have led to less feasible conditions for Subbotina, hence leading to their
decreased relative abundance. It is conceivable under this scenario that Subbotina migrated towards
shallower depths as an adaptive response to reduced export production and sparse food and nutrient
availability at depth. This idea is supported by the development of a stronger §'®0-size gradient in
Subbotina, suggesting the migration to shallower depths throughout their life cycle.

Recently published foraminifera bound 6°N data for the PETM has been used to infer changes in
upper ocean redox conditions as influenced by export production. Data from Site 1263 shows a
significant decrease in planktonic foraminifer 6°N (Moretti et al., 2024; Fig. 4). Similar 6N
enrichments are recorded at Site 1209, Site 213 (Indian Ocean), and Site 690. Moretti et al. (2024)
attributes the increase to a decrease in denitrification rates as a result of an increase in subsurface
oxygen availability. If hypothesis 3 holds true and the efficiency of the marine biological pump
decreased during the PETM —which is deemed likely by the collapse in the surface-to-thermocline §13C-
gradient collapse — the increased remineralization rate in the mixed layer would infer a decrease in
export production to the ocean interior. The resulting decreased oxygen utilization rates in the ocean
interior would thereby increase oxygen availability at depth. Moreover, the reduced flux of organic

particles to depth might also force deeper dwellers such as Subbotina to migrate upward thus further
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reducing the C isotope gradients.

4.4.Spatial Comparison and Variation in Planktic Isotopic Gradient Changes

Previous studies on the response of planktic foraminifera and photosymbiont associations
suggest a spatially varied response to PETM environmental perturbations (Fig. 8). At ODP Site 1209
(Shatsky Rise, Central Pacific), there is a notable species-specific response to the PETM. During the
PETM, the 83C-gradient between Acarinina and Subbotina collapses completely, while Acarinina also
loses its 8'3C-size gradient. Markedly, Morozovella retains its §'3C-size gradient and continues to plot
higher 6%C-values, showing no signs of a change in photosymbiont associations. At DSDP 401
(Meriadzek Terrace, North Atlantic), specimens do not show any sign of a significant interspecies §3C-
gradient collapse. The positive size-613C relationship occurs in Acarinina and Morozovella throughout
the PETMS, although Acarinina shows slightly reduced 6'3C-size gradients, with no discernable changes
in photosymbiont associations for Morozovella. At ODP 690 (Maud Rise, Southern Ocean), interspecies
gradients between Acarinina and Subbotina are dramatically reduced at the onset of the PETM, after
which they gradually recover through the remainder of the CIE. Furthermore, ODP Site 690 (Maud Rise,
Southern Ocean) and the New Jersey coastal plain site (Millville) both exhibit an increased 8§'3C-size

A. ODP 1209 (Shatsky Rise, Central Pacific, paleolatitude = ~24°N)
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Fig. 8. 63C-size data from additional sites. ODP 1209 (Shatsky Rise), 690 (Maud Rise), 401 (Meriadzek Terrace), and Millville
(New Jersey coastal plain) planktonic foraminifera test size-56'3C data for subspecies of Acarinina (green), Morozovella (pink),
and Subbotina (blue). Red (darkness) = CIE interval intensity, interval depths become shallower and younger towards the left.
Depths depicted in mbsf. Sample 218.01 at ODP 1209 was likely subjected to mixing and/or coring disturbance. Data collected
from Shaw et al. (2021) and Si and Aubry (2018)
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gradient and collapse in the interspecies §20-gradient during the CIE interval compared to pre-CIE
conditions. It has been proposed that some of the observed changes in isotope gradients at ODP 690
are artifacts of deposition (Hupp & Kelly, 2020; Hupp et al., 2019), highlighting the importance of single-

shell isotope analysis to disentangle the effects of sediment mixing.

The relative abundance of symbiont-bearing foraminifera appears to have peaked at the onset
of the PETM. This response varies spatially, however a general pattern is discerned as species of
Morozovella seem to have peaked in relative abundance at low-latitudes (ODP 1209, DSDP 401), while
Acarinina abundances peaked at high-latitudes (ODP 690) as a response to increased oligotrophy (e.g.,
Bralower, 2002). All locations show a strong decrease in the relative abundance of Subbotina, which
seems to agree with impromptu observations at Site 1263. The decrease in relative abundance of
Subbotina has also been noted for different early Eocene hyperthermals (e.g., ETM2 and H2)(Davis et
al., 2022 and references therein).

4.5.0rganic Carbon Burial
The rapid 30-40 kyr recovery (Bowen & Zachos, 2010; Murphy et al., 2010) suggests that

increased intensified terrestrial weathering and organic carbon burial played a crucial role in the pCO;
drawdown. Approximately 90% of organic carbon is sequestered in continental shelf and slope
sediments (Hedges & Keil, 1995), and most studies agree that these regions experience increased burial
of organic carbon during the PETM (e.g., Dunkley Jones et al.,, 2018; C. M. John et al., 2008b;
Papadomanolaki et al., 2022), as increased silicate weathering and runoff likely boosted nutrient supply
to shelves, enhancing productivity and prompting organic carbon preservation under anoxic conditions.
Open ocean sites generally do not show signs of drastic changes in Corg burial, oxygen concentration,
and primary productivity when compared to continental margins, restricted basins and high latitudes
(Papadomanolaki et al., 2022; and references therein), causing a decline in organic carbon burial
efficiency due to low organic matter fluxes under mostly oxic bottom water conditions. This decrease
in Corg burial in the open ocean was likely met with a shift in C burial towards continental shelf
environments. Hence, reduced biological pump efficiency and Cor burial in open oceans likely had
minimal impact on sustained high atmospheric pCO»-levels during the PETM and recovery thereof, as

most carbon sequestration occurred on the continental shelf.

4.6.Current Theory and Implications

At present, the hypothesis of a breakdown in the efficiency of the marine biological pump, and
concomitant decrease in photosymbiont associations is favored. The hypothesis of a decrease in
thermocline strength and stratification (hypothesis 1) is currently not supported as the general
consensus suggests an increase in oligotrophy and stratification during the PETM. Additionally, this
theory fails to explain the change in the variability of §3C and 60 with size as recorded in the
symbiotic and asymbiotic taxa. The alternative hypothesis suggesting an increase in depth habitat by

photosymbiont-bearing planktic foraminifera (hypothesis 2) is not supported by this study, given the
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persistence of photosymbiotic §1C-size enrichment in symbiotic species during the PETM. Additionally,
hypothesis 2 fails to account for the less pronounced §3C excursion observed in Subbotina and its
development of a §'80-size gradient. Instead, it is proposed that the reductions in the interspecies §'3C-
and 8'®0-gradients and the development of a §¥0-size gradient recorded in Subbotina resulted from
the upward migration of Subbotina as an adaptive response to a decline in export production and
increased twilight zone oligotrophy. Simultaneously, Morozovella and Acarinina are suggested to have
inhabited a more constrained depth habitat as an adaptive response to the shallowing of the mixed

layer and remineralization depth.

The current theory suggests that the efficiency of the marine biological pump was strongly
reduced during the PETM as a consequence of the shallower and more efficient remineralization of
organic matter, effectively reducing the organic matter and nutrient supply to the twilight zone and
benthos. These findings are in line with carbon cycle modeling of the marine biological carbon pump
during the Eocene hyperthermals (Griffith et al., 2021). Additionally, the findings of this study indicate
a moderate decrease in the strength of photosymbiont enrichments (i.e., photosymbiont activity)
during the PETM as a result of extreme environmental conditions in the surface oceans. The
importance of photosymbiont associations to the foraminifer’s metabolism may have fluctuated over

time and/or throughout ontogeny and showed to exhibit strong spatial variation during the PETM.

This study offers a compelling case highlighting the relative resilience of photosymbiont-
bearing planktic foraminifera to PETM perturbations, especially when contrasted with their asymbiotic
counterparts. The widely observed phenomenon of a decrease in the relative abundance of Subbotina
and increased abundance of photosymbiont-bearing taxa highlights the resilience and importance of

sustained symbiont associations during warming episodes such as the PETM.

Estimates of the modern rate of climate change exceed that of the PETM by approximately an
order of magnitude. Meanwhile, the newfound vulnerability of the marine biological carbon pump
underscores the urgency of understanding the anthropogenic stresses imposed on marine ecosystems.
This study highlights the importance and vulnerability of twilight zone and benthic ecosystems to
reduced biological carbon pump efficiency during periods of rapid warming. Despite evidence of
foraminiferal adaptive resilience to climate perturbations during the PETM, it remains uncertain how
these organisms would fare under the trajectory of the current rate of climate change.

4.7.Recommendations for Future Research

The response in photosymbiont associations is spatially variable. Hence, | would like to
highlight the importance of studying the response of photosymbiosis across various sites and ocean
systems. Additionally, | recommend that a varied array of intervals of climate change (e.g.,
hyperthermals, glacials) be studied to disentangle photosymbiont response from foraminiferal test

signals and assess the resilience of photosymbiont associations to climate change.
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Moreover, variations in photosymbiont associations have the potential to affect variations
recorded in carbon, oxygen, and boron isotopes, thereby complicating interpretations of warming,
carbon cycle dynamics, ocean acidification, and pCO;-levels during these critical intervals. Hence, |
recommend the evaluation of boron isotopes (i.e., §!'B) in addition to the customary carbon and

oxygen stable isotope analysis across different size fractions for the PETM.

Furthermore, it is recommended that single-shell stable isotope analysis be conducted
spanning the onset of the PETM to capture the response of planktic foraminifera and disentangle any
influence of sediment mixing across the onset of the CIE at Site 1263. It is suggested that these
measurements be performed within restricted size fractions to evaluate the photosymbiotic response
at the onset of the PETM. Moreover, it is suggested to conduct an abundance study at Site 1263 to
compare with the other locations referenced in this paper, reflecting the spatial variation in the
resilience and adaptive response of planktic foraminifera to PETM associated warming.
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CONCLUSIONS

Planktic foraminiferal stable isotope records from the South Atlantic (Walvis Ridge; ODP Site
1263) provide evidence for the reduced efficiency of the marine biological carbon pump as a response
to PETM warming. This study supports the idea that the remineralization of organic carbon occurred
shallower and more efficiently during the PETM, effectively depleting the twilight zone and benthos of
nutrients and organic matter. Moreover, this study provides support for the resilience of
photosymbiont associations in planktic foraminifera to PETM warming and environmental change. It is
suggested that photosymbiont associations remained relevant to these taxa and likely contributed to
their survival and flourishing during the PETM. Instead, due to the implications of reduced export
production and nutrient supply with depth, this study suggests that twilight zone dwelling taxa, such
as Subbotina Patagonica, pose less resilient and more affected by extreme warming intervals such as
the PETM.

These findings have critical implications for the future of anthropogenic warming and carbon
emissions. The research highlights the importance and vulnerability of twilight zone and benthic
ecosystems to reduced biological carbon pump efficiency during periods of rapid warming. Movement
towards PETM like conditions may induce profound consequences for the efficiency of the BCP at
sequestering anthropogenic carbon, twilight zone ecology and marine biological activity. The
implications of which have the potential to reach far beyond the scope of Paleocene-Eocene

perturbations.
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