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ARTICLE INFO ABSTRACT

Editor: L Angiolini The Early Eocene Climatic Optimum (EECO; ~53-49 Ma) records the warmest long-term global average tem-
perature and CO levels of the Cenozoic and is punctuated by multiple transient global warming events

Keywords: (hyperthermals), providing a significant opportunity to investigate the impact of extreme heat on planktic
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foraminifera, a key group of marine calcifiers highly sensitive to paleoenvironmental changes. Studies on
Atlantic and Pacific Oceans documented a dramatic decline in abundance and diversity of the symbiont-bearing
High latitudes genus Morozovella close to the EECO onset (J event), and a corresponding permanent increase in the abundance
Poleward migration of Acarinina. We extend the record to southern high-latitude locations on the Australia margin to provide a global
EECO perspective on planktic foraminiferal resilience to the EECO. We present planktic foraminiferal biostratigraphy,
quantitative abundance and dissolution from Hole 762C (Exmouth Plateau, Indian Ocean) and Site U1510
(Tasman Sea, Pacific Ocean). Despite core breaks, these sites record multiple hyperthermals within the EECO.
Our results suggest that cooler conditions at higher latitudes may have mitigated the decline of Morozovella
observed at Atlantic and tropical Pacific sites. At Hole 762C and Site U1510, Acarinina dominates the assemblage,
demonstrating the greatest ecological flexibility. The disappearance of the genus Chiloguembelina from the K/X
hyperthermal through the EECO in the studied sites may represent a global event as it occurred at the same level
in the Atlantic and tropical Pacific. This study from higher southern latitudes enhances our understanding of
global planktic foraminiferal resilience to the EECO underlying similarities and differences constrained by the
diverse geological settings.

et al.,, 2022). The high atmospheric CO; levels resulted in increased
concentrations of dissolved CO3 in the ocean and in turn lower pH (e.g.,
Pearson and Palmer, 2000; Anagnostou et al., 2020; Rae et al., 2021).
Several short-lived warming events (hyperthermals) are superimposed

shifts during the early Eocene, with warming events leading to varied on the early Eocene warming (e.g., Zachos et al., 2005, 2010; Littler
and often complex effects on species and ecosystems (e.g., Schmidt et al., et al., 2014). These hyperthermals (Thomas, 1998) Sh?ge several key
2004; Finkel et al., 2007; Agnini et al., 2009; Mclnerney and Wing, characteristics, most notably negative carbon isotope (5" °C) excursions
2011; Speijer et al., 2012; Norris et al., 2013). In this respect, the Early (CIEs) and evidence for dissolution of deep-sea carbonate related to
Carbonate Compensation Depth (CCD) rise (e.g., Zachos et al., 2005;
Leon-Rodriguez and Dickens, 2010). The Paleocene Eocene Thermal

1. Introduction

The fossil record reveals significant changes in response to climatic

Eocene Climatic Optimum (EECO; ~53-49 Ma), is a critical interval for
understanding the biotic responses to extreme warmth, as it represents

the prolonged peak of global mean temperatures during the Cenozoic Maximum (PETM, ~ 56 Ma) is the most prominent example (e.g.,
(Slotnick et al., 2015; Lauretano et al., 2016; Luciani et al., 2016; Zachos et al., 2005, 2010; Kirtland-Turner et al., 2014) and it is followed
Westerhold et al., 2018; Hollis et al., 2019). The sea surface tempera- by several hyperthermals, such as the Eocene Thermal Maximum 3

tures were at their warmest long-term state due to high atmospheric CO, (ETM3; ~52.4 Ma) also known as the K- or X-event (Cramer et al., 2003;
levels, reaching values between 1170 and 2490 ppm (Anagnostou et al., Rohl et al., 2005), and the J Event (53'26. Ma; Thomas et al., 2018;
2020; Miller et al., 2020; Hénisch et al., 2023; CenCO2PIP, 2023).  Westerhold et al, 2018), commonly considered to mark the EECO
beginning (Slotnick et al., 2012, 2015; Lauretano et al., 2016; Luciani

Global mean surface temperature estimates for the EECO (27.0 °C) are
et al., 2016).

~10 to ~16 °C warmer than the Holocene (Inglis et al., 2020; Gaskell
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Nomenclature: List of Species Cited in Text and Figures

Acarinina Subbotina, 1953.

Catapsydrax Bolli, Loeblich and Tappan, 1957.
Chiloguembelina Loeblich and Tappan, 1956.
Globanomalina Haque, 1956.

Globanomalina planoconica (Subbotina, 1953).
Guembelitrioides nuttalli (Hamilton, 1953)
Igorina Davidzon, 1976.

Morozovella aequa (Cushman and Renz, 1942).
Morozovella aragonensis (Nuttall, 1930).
Morozovella caucasica (Glaessner, 1937).
Morozovella crater (Hornibrook, 1958).

Morozovella formosa (Bolli, 1957).
Morozovella gracilis (Bolli, 1957).
Morozovella lensiformis (Subbotina, 1953).
Morozovella marginodentata (Subbotina, 1953).
Morozovella subbotinae (Morozova, 1939).
Parasubbotina Olsson et al., 1992.
Parasubbotina inaequispira (Subbotina, 1953).
Parasubbotina varianta (Subbotina, 1953).
Planorotalites Morozova, 1957.
Pseudohastigerina Banner and Blow, 1959.
Subbotina Brotzen and Pozaryska, 1961.
Subbotina senni (Beckmann, 1953).

This EECO interval is important for understanding the resilience of
long-term extreme warmth on marine organisms, particularly the
planktic foraminifera, which play a role in the marine carbon cycle
through carbonate production and burial (Ridgwell and Zeebe, 2005).
The impact of warming on planktic foraminifera may include species
migration towards higher latitudes and deeper waters, changes in
growth and reproduction, and, in some cases, local extinctions (Jonkers
et al.,, 2019; Woodhouse et al., 2021; Cooley et al., 2022; Chaabane
et al., 2023). As a result, planktic foraminifera are widely used to
reconstruct the impact of past environmental changes on marine eco-
systems (Kucera, 2007; Chaabane et al., 2023).

The genera Morozovella and Acarinina were symbiont-bearing mixed-
layer planktic foraminifera which dominated early Paleogene tropical
and subtropical surface oceans (Boersma et al., 1987; Premoli Silva and
Boersma, 1988; Pearson et al., 2006). During the EECO, these genera
exhibit a permanent switch in their abundance and diversity across the
Atlantic Ocean, Tethys realm, and the tropical Pacific Ocean, with
Morozovella experiencing a sharp decline while Acarinina becomes
dominant, with the former reducing diversity and the latter increasing
the species number (Pearson et al., 2006; Aze et al., 2011; Fraass et al.,
2015; Luciani et al., 2016, 2017a, 2017b; D’Onofrio et al., 2020; Filippi

53.0 Ma Reconstruction

et al., 2024). The deeper-dweller genus, Chiloguembelina, which radiates
in the middle Eocene and ranges up to the Oligocene, (e.g., King and
Wade, 2017; Pearson et al., 2006; Fucek et al., 2018) virtually disap-
pears from several latitudes of the Atlantic and tropical Pacific Ocean
within the EECO (Luciani et al., 2020a, 2020b; Filippi et al., 2024).

To provide a broader understanding of how global climatic shifts
have influenced the resilience of marine ecosystems across different
ocean basins, we present here planktic foraminiferal data from southern
latitudes that were so far lacking, though being essential to document
the global planktic foraminiferal response to the EECO.

Specifically, we selected the Ocean Drilling Program (ODP) Hole
762C (Exmouth Plateau, Indian Ocean) and International Ocean Dis-
covery Program (IODP) Site U1510 (Lord Howe Rise, Tasman Sea, Pa-
cific Ocean; Fig. 1).

The study of Hole 762C benefits from published records including
stable isotope analyses, though at low resolution (Thomas et al., 1992;
Hancock et al., 2002; Fig. 1), nannofossil zonation and major changes in
nannofossil assemblages (Shamrock et al., 2012) together with updated
magnetostratigraphy and data on Eastern Indian Ocean dynamics (Xu
et al., 2021). During the early Eocene, Hole 762C was influenced by the
proto-Indian Ocean gyre, resulting in highly oligotrophic conditions

Fig. 1. Approximate location of the studied sites ODP Hole 762C, Exmouth Plateau (Indian Ocean), and IODP Site U1510, Lord Howe Rise (Tasman Sea, south-
western Pacific Ocean), approximately during the early Eocene (orange dots). Also shown are the locations of ODP Atlantic sites 1051, 1258 and 1263, and tropical
Pacific Sites 1209-1210 (black dots), where planktic foraminiferal records show a major change in genera across the EECO and 8'>C records are detailed (D' Onofrio
et al., 2020; Luciani et al., 2017a, 2017b; Filippi et al., 2024). The base map is from https://www.odsn.de/odsn/services/paleomap/adv_map.html with paleo-
latitudes modified for sites 1051, 1263, 1258, 1209-1210, U1510 and Hole 762C are according to www.paleolatitude.org model version 1.2 (Van Hinsbergen et al.,
2015). Note that locations might be adjusted to a different reference frame to account for changes in plate motion relative to the spin axis (Hollis et al., 2012).
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with full nutrient consumption (Miiller et al., 2019). This interpretation
is supported by nannofossil data from Shamrock et al. (2012). The high
latitude location of Hole 762C may have induced some species to reach
the limits of their biogeographic ranges (Wonders, 1992; Hancock et al.,
2002).

The southwest Pacific Site U1510 was in proximity to a deep water
formation area in the Southern Ocean sector during the early Eocene
(Huck et al., 2017; Fig. 1). The early Eocene conditions in the Tasman
Sea were characterized by gyral circulation without significant
throughflow through the Tasmanian Gateway (Bijl et al., 2013; Huber
et al., 2004). Increased southward expansion of a warm proto-East
Australian Current has been suggested to explain peak warmth in the
early Eocene (Hines et al., 2017; Hollis et al., 2012). TEX86-based sea
surface temperatures (SSTs) from marginal marine sediments of the East
Tasman Plateau and mid-Waipara (New Zealand) indicate near-tropical
conditions (between 24 °C and 31 °C) during the EECO (Bijl et al., 2013).
Peak EECO warmth at the mid-Waipara River section coincides with an
increase in warm-water calcareous nannofossil and dinocyst taxa, and a
high abundance of planktic foraminifera (Crouch et al., 2020; Hollis
et al., 2009, 2012).

Site U1510 was selected for its paleoceanographic setting in southern
latitude of Pacific Ocean, the availability of stable isotope records,
which allow the identification of the main CIEs, and benthic forami-
nifera and calcareous nannofossils data (Alegret et al., 2021a, 2021b).

We present new data on planktic foraminiferal biostratigraphy,
quantitative abundance of taxa and fragmentation index, as dissolution
proxy, from the two selected sites besides new detailed bulk stable iso-
topes from Hole 762C. By comparing these locations with the docu-
mented changes in the Atlantic and tropical Pacific Oceans, we aim to
determine whether similar patterns of planktic foraminifera response to
the EECO environmental changes can be detected at southern latitudes.

Furthermore, we provide new information on the paleoecology of
Globanomalina based on stable isotope data generated for the EECO in-
terval at Site U1510.

2. Material and methods
2.1. Site locations

ODP Hole 762C was drilled on the central Exmouth Plateau
(19°53.24'S, 112°15.24'E) at a water depth of 1360 m (Shipboard Sci-
entific Party, 1990) (Fig. 1). The sediments from this Hole consist of
nannofossil chalks and ooze (Shipboard Scientific Party, 1990; Siesser
and Bralower, 1992). Our analysis included 8%+ 85 samples taken from
413.023 m below the seafloor (mbsf) to 313.05 mbsf, spanning the early
Eocene interval. The sampling resolution was approximately 50 cm
across hyperthermal events and 100 cm between them (Table S1). Even
though the lack a detailed age model for Hole 762C during the EECO,
our 50 cm space sampling corresponds to roughly 50 kyrs, based on the
age of global carbon isotope excursions (CIEs) according to Westerhold
et al. (2018).

This site records several CIEs below and within EECO, although some
sections are affected by core breaks (Shipboard Scientific Party, 1990;
Thomas et al., 1992; Hancock et al., 2002). The southern mid-latitude
paleo-location on the northwest margin of Australia, and the good
preservation of planktic foraminifera (Hancock et al., 2002) make this
site particularly valuable for providing a global perspective on planktic
foraminiferal resilience during the EECO. The planktic foraminiferal
zonation adopted by Hancock et al. (2002) is from the zonal scheme by
Berggren et al. (1995) (P for Paleogene zones) and was to be updated
with the most recent zonal scheme by Wade et al. (2011) (E Eocene
zones). Calcareous nannofossil biostratigraphy was provided by Siesser
and Bralower (1992) according to Martini (1971) biozonation. Recali-
brated magnetostratigraphy (Xu et al., 2021) and low-resolution bulk
and Subbotina carbon isotopes, come from Thomas et al. (1992) and
Hancock et al. (2002) respectively.
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Additionally, we analyzed pelagic cores of International Ocean
Drilling Program (IODP) Site U1510, located on southern Lord Howe
Rise (36°19.74'S, 164°33.52'F) drilled at 1238 m water depth, ~850 km
west of northern New Zealand (Sutherland et al., 2018, Sutherland et al.,
2019a, Sutherland et al., 2019b; Fig. 1). Alegret et al. (2021) provide
benthic and bulk stable isotope curves. This site records the K event
(~52.4 Ma), S (~50.4 Ma), T (~50.37 Ma), and U (~49.95 Ma) CIEs
(Alegret et al., 2021a, 2021b). A core gap is present between 473.790
and 468.800 CFS. Coring disturbance in Cores U1510- 51x and -52x,
combined with the very low magnetic remanence, hampered a reliable
magnetic polarity age control (Sutherland et al., 2019a). We analyzed 27
samples, the same adopted by Alegret et al. (2021a, 2021b), generally
consisting of nannofossil chalk, in Cores U1510-51x and 52x from
477.82 to 464.24 mbsf converted in Corrected sea Floor (CSF) due to
core gaps (Alegret et al., 2021b). The sampling spacing is of 20-60 cm
(Table S2).

2.2. Stable isotope analysis

Carbon and oxygen stable isotopes from Hole 762C were performed
on bulk sediments at Ferrara University, Italy, through the Elemental
Mass Spectrometer®© isoprime precisSION with a centrION system, iso-
FLOW Equilibration System, and ionOS® IRMS Software the Stable
Isotope. Samples were first freeze-dried and then pulverized manually
with a mortar. Samples of ~200-250 pg were flushed with helium and
then treated with 10 mL of 100 % phosphoric acid (EMSURE ® > 99 %)
at 70 °C for ca. 3 h. Isotopic values are reported in standard delta no-
tation relative to the Vienna Pee Dee Belemnite (VPDB). During the
analyses an internal standard (white Carrara marble Maq 1: §'3C =
+2.58 %eo; 5180 = —1.15 %o VPDB) was used to normalize raw §!3C and
5'80 values and a check standard (marble Grl: §'3C = +0.69 %o; 5180 =
—10.63 %o VPDB) was run for quality assurance, and repeated with
precisions better than +0.05 %o for '°C, and better than +0.08 %o for
5'80. Raw data are shown in Table S1.

Bulk stable Isotopes analyses at Site U1510 were performed by Ale-
gret et al. (2021a, 2021b) on a total of 54 samples using a Thermo Fisher
Scientific MAT 253 with a Kiel IV carbonate device at the University of
California, Santa Cruz. Long-term reproducibility in standards (e.g.,
Carrara Marble) indicates precision for 8'3C and 880 (16) of +0.05 %o
and + 0.08 %o, respectively.

Benthic Stable Isotope data are also from Alegret et al. (2021a,
2021b), using a ThermoFisher Scientific 253plus gas isotope ratio mass
spectrometer with Kiel IV automated carbonate preparation device at
MARUM. Samples were reacted with orthophosphoric acid at 75 °C.
Analytical precision based on replicate analyses of in-house standard
(Solnhofener Limestone) averages 0.03 %o and 0.04 %0—0.06 %o (10) for
5'3C and 5'®0, respectively. Data are reported relative to the Vienna Pee
Dee Belemnite international standard, determined via adjustment to
calibrated in-house standards and NBS-19 (Alegret et al., 2021a, 2021b).

In addition, we performed carbon and oxygen stable isotopic analysis
on Morozovella, Acarinina, Subbotina and Globanomalina genera from Site
U1510 on the size fraction >150 pm (Table S6). Samples were selected
with respect to their collocation to the X event: one sample below
(477.83 CSF), two samples across the CIE (476.96 and 476.31 CSF), one
sample at the top of the event, and two samples in the post X (475.93 and
474.99 CSF). A quantity of 120-180 pg was picked for each taxon. Taxa
were identified according to Pearson et al. (2006). §'3C and 880 values
were obtained at the Stable Isotope Laboratory of the Department of
Geosciences at the University of Padova using a Thermo Scientific Delta
V Advantage Isotope Ratio Mass Spectrometer coupled with a Gas Bench
IT automated preparation device on bulk samples. Samples were first
freeze-dried and then pulverized manually with a mortar. Samples
>150 pg were flushed with helium and then treated with 10 mL of 100 %
phosphoric acid (EMSURE ® > 99 %) at 70 °C for about 3 h. Isotopic
values are reported in standard delta notation relative to the Vienna Pee
Dee Belemnite (VPDB). During the analyses an internal standard (white
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Carrara marble Maq 1: §1%Cc = +2.58 %o; 580 = —1.15 %o VPDB) was
used to normalize raw 8'°C and 8'80 values and a check standard
(marble Grl: 8'3C = 40.69 %o; 51%0 = —10.63 %. VPDB) was run for
quality assurance and repeated with precisions better than 0.03 %o for
§'3C, and better than 0.05 %o for §'%0.

2.3. Carbonate dissolution proxy: Fragmentation Index

Planktic foraminifera test fragmentation is a result of deep-sea
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carbonate dissolution, commonly associated with early Eocene negative
CIEs (e.g., Berger, 1970; Hancock and Dickens, 2005; Nguyen and
Speijer, 2014). Differences in the susceptibility to dissolve of various
genera or species could potentially bias the assemblage of records (e.g.,
Nguyen et al., 2009, 2011; Petrizzo et al., 2008). We adopt the frag-
mentation index (F index) as a dissolution proxy (Berger, 1970) which is
the ratio between fragments or partially dissolved planktic foraminiferal
tests versus entire tests on ~300 individuals >63 pm and expressed as a
percentage (Tables S1, S2) from 39 samples at Hole 762C and 24
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Fig. 2. a) Dendrogram of the stratigraphically-constrained multivariate classical clustering analysis performed on planktic foraminiferal most abundant genera
(Morozovella, Acarinina and Subbotina) relative abundances (%) across the studied interval, using a Paired Group (UPGMA) algorithm and the Bray-Curtis similarity
index, with the main clusters named and highlighted with different colours coinciding with Phases 1, 2, 3 shown in Fig. 3. Node values are for 1000 bootstraps. The
numbers at the top of the dendrogram correspond to the sample depths, ordered in increasing order from left to right b) Clusters recovered by non-metric multi-
dimensional scaling ordination analysis, using the Bray-Curtis similarity index, with hulls and labels representing groups recovered in Fig. 2a. Dots represents in-
dividual samples, with each dot corresponding to the phase it belongs to as identified in the dendrogram in Fig. 2a.
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samples at Site U1510.
2.4. Planktic foraminiferal analysis

Bulk samples from Hole 762C were oven-dried at 45 °C, weighed,
and then immersed in deionized water. Disaggregation occurred from a
few hours to three days, depending on the compactness of the sediments.
When disaggregated, samples were washed over stacked >63 and > 38
pm sieves. After each wash, sieves were immersed in a methylene blue
bath to assess contamination (e.g., Green, 2001). The separated fractions
of each washed residue were dried at 45 °C.

Planktic foraminifera were studied from washed residues (>63 pm
fraction) using a Zeiss stereomicroscope STEMI 305 and the presence/
absence of zonal markers was established (Tables S3, S4). The taxo-
nomic criteria adopted to identify planktic foraminiferal genera and
species follow Olsson et al. (1999) and Pearson et al. (2006). The early
Eocene planktic foraminiferal biohorizons (Wade et al., 2011) can be
identified at Hole 762C and U1510. However, cases of diachronism were
recorded as documented in Luciani and Giusberti (2014), D’Onofrio
etal. (2020), Luciani et al. (2017a, 2017b) and Filippi et al. (2024) (Text
S1, S2, Tables S3, S4).

Relative abundances of planktic foraminiferal genera were deter-
mined on more than 300 specimens of the >63 pm size fraction from
random splits generated by a microsplitter, in 81 samples at Hole 762C
and 27 samples at Site U1510. Additional analysis of the fraction
comprised from 38 pm and 63 pm was performed to check the occur-
rence of the small-sized Chiloguembelina. Foraminiferal relative abun-
dance quantitative data are provided in Tables S1 and S2. In the genus
Subbotina we do not include the species Subbotina senni as S. senni was a
mixed-layer species that migrated to middle mixed-layer or deeper
depths during gametogenesis, meaning it presents a different ecology
with respect to the subbotinids groups (Pearson et al., 1993, 2006). In
the subbotinids group, we include rare Parasubbotina specimens
(P. inaequispira, P. varianta) as these species are known as having a
thermocline habitat similar to Subbotina (e.g., Pearson et al., 2006, and
references therein).

To identify clusters of similar ecological signatures and understand
how similarity might change through time, we performed hierarchical
clustering, paired group (UPGMA) algorithm, with Bray-Curtis simi-
larity index on planktic foraminifera genera abundances across the
studied interval at Site Hole 762C (Fig. 2) and U1510 (Fig. 5). We
combined a non-metric multidimensional scaling (NMDS) ordination
analysis using the Bray-Curtis similarity index to identify cluster
robustness and recover similarities between faunal groups indepen-
dently from the stratigraphic position, using the Software PAST 4.17
(Hammer et al., 2001) (Figs. 2b, 5b).The clustering was applied to the
same 85 samples from Hole 762C and 27 samples from Site U1510 that
were analyzed for planktic foraminifera abundances (see paragraph 2.1
for sampling details). The analysis specifically focused on variations in
the abundances of the dominant genera Acarinina, Morozovella, and
Subbotina, which are the major contributors to the ecological patterns
observed across the interval.

To discriminate between the main phases, we used the major
branching points in the lower part of the dendrogram, with similarity
values <0.75 at both sites, which represent the largest dissimilarities
between groups with Similarity values. These branches allowed us to
identify the main clusters. The primary groups highlighted in the
dendrogram reflect significant changes in the relative abundances of the
dominant genera (Morozovella, Acarinina, and Subbotina) and are
corroborated by the NMDS ordination results, which confirm the
robustness of the clusters independently of their stratigraphic position.
At Site U1510, the distinction between “phases” and “subphases” is
based on the level of clustering within the dendrogram. Phases corre-
spond to major clusters formed at higher dissimilarity thresholds, while
subphases are subdivisions within these clusters, reflecting finer
ecological patterns at lower dissimilarity thresholds, with Similarity
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values <0.80. The stratigraphic boundaries of each phase extend up to
the last sample included in the corresponding cluster (e.g., if Phase 1
spans from 413.02 mbsf to 373.89 mbsf, this phase ends at 373.89 mbsf,
while the next sample marks the transition to Phase 2). It is important to
note that the resolution of the sampling used for the cluster analysis is
lower than that of other datasets analyzed in this study, such as the
stable isotope curves. While this introduces a limitation in the resolution
at which the ecological phases are defined, it reflects the resolution of
the available data for planktic foraminifera abundances. Despite this,
the clustering approach provides a framework for identifying major
ecological shifts and grouping samples based on their faunal composi-
tion. The ecological phases identified are further quantified in Tables 2
and 3, which provide the mean values of genera abundances for each
phase at Site Hole 762C and Site U1510, respectively. By presenting
these mean values, Tables 2 and 3 allow for a comparative analysis of the
ecological shifts of a genus abundance between phases, highlighting key
differences in the planktic foraminiferal assemblages.

To verify the anti-phase fluctuations of Acarinina with Morozovella
and Subbotina during the EECO we performed a co-occurrence matrix
across the entire interval (Fig. S1), and a similarity heatmap with the
abundance of these three genera during or close to the main CIEs
(Fig. S2), using R Software, version 4.2.2. Supplementary Text S3.

3. Results
3.1. Stable isotopes at Hole 762C and U1510

The 8'3C values across Hole 762C ranges between ~ — 0.15 %o and ~
2.92 %o, with an average of 1.32 %o (Figs. 2, 4, Table S1). The 5180 values
at Hole 762C range between —1.69 %o to 0.85 %o, with a mean value of
—0.65 %o (Figs. 2, 4, Table S1). In Table S5 we identify the main EECO
hyperthermals named following Westerhold et al. (2017) associated
with the recorded CIEs. Events 2, J, and Q might not be present due to
core gaps.

The 8'3C values across site U1510 are from Alegret et al. (2021a,
2021b) (Table S2). Fluctuations in the stable isotopes curve are corre-
lated to the main CIEs identified by Alegret et al. (2021a, 2021b).

3.2. Fragmentation Index at Site 762C and U1510

The fragmentation at Site Hole 762C shows a mean value of ~21 %
with a minimum of ~10 % at 379.31 mbsf and a maximum of ~39 % at
335.15 mbsf for the whole interval investigated at Hole 762C (Fig. 2,
Table S1). High, above-average values are associated with some of the
main CIEs (Table 1), or close to them.

The fragmentation at Site U1510 records average values of ~37 %,
with a minimum value of ~7 % at 466.630 CSF-A and a peak value of 66
% at 477.33 CSF-A (K/X CIE; Fig. 5, Table S2). High, above-average

Table 1

Fragmentation Index (%) at Site Hole 762C and U1510 above average values
(>21 % and > 37 % respectively). CIEs are identified in this work and labelled
following Westerhold et al. (2017). At Site U1510 CIEs are according to Alegret
et al. (2021a, 2021b).

SITE HOLE 762C SITE U1510

Depth CIEs Fragmentation CSF-A top CIEs Fragmentation
(mbsf) (%) depth (m) (%)
324.39 34 465.380 U 51
335.15 39 467.790 42
342.11 P 29 468.420 S 53
370.63 28 473.900 61
371.77 26 475.240 58
379.10 J? 18 476.530 K/X 58
395.21 H2 27 477.330 K/X 66
406.63 27 477.820 47
413.02 22
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values are generally associated with some of the main CIEs (Table 1).

3.3. Variations in abundance and cluster analysis of planktic
foraminiferal taxa at Hole 762C

nuttalii (%)

The analysis of planktic foraminiferal relative abundance across the
EECO interval at Hole 762C (Figs. 2, 4; Tables 2, S1) shows significant
shifts in abundance, specifically observed in the genera Acarinina, Sub-
botina, and Chiloguembelina, while Morozovella exhibits more stable
trends for most of the studied interval. Superimposed on these long-term
trends are more abrupt, short-lived fluctuations in taxa abundance, often
in concomitance with the main CIEs.

Cluster analysis, based on the relative abundance of the dominant
planktic foraminifera (Morozovella, Acarinina, and Subbotina), reveals
three distinct phases that we highlight with different colours in Figs. 2, 3
and Table 1: pre-EECO and J event Phase 1 (pink), EECO Phase 2
(orange), and post-EECO Phase 3 (light blue).

Phase 1 (413.02-373.89 mbsf) shows a stable trend in Morozovella
abundance, with an average of ~12 %. The genus Acarinina fluctuates
more frequently and records higher abundance values, while Subbotina
dominates this phase.

In Phase 2 (373.87-322.03 mbsf) Morozovella maintains a stable
trend until reaching its highest value of 36 % at 324.39 mbsf. Acarinina
dominates this phase, more than doubling its abundance compared to
Phase 1 and reaching its peak values. In contrast, Subbotina experiences
a decline, with a relatively stable trend followed by a slight increase
towards the end of the phase (Tables 2, S1; Figs. 2, 3).

Phase 3 (320.21-312.71 mbsf) is characterized by a decreasing
trend in Morozovella and Acarinina while Subbotina restores the high
abundance recorded in Phase 1 (Tables 2, S1; Figs. 2, 3). Phase 3 is
located inside Phase 1 in the NMDS (Fig. 3b) suggesting similarity be-
tween these two clusters whereas the minimal overlap between Phase 2
and Phase 1 indicates very low correspondence.

On shorter timescales, Acarinina abundance often fluctuates in
antiphase with Morozovella and Subbotina, particularly during the CIEs.
The co-occurrence matrix and heatmap in Figs. S1, S2 reinforce the
observed antiphase relationship, with Acarinina showing opposing pat-
terns in the abundance distributions with respect to Subbotina. However,
it is important to note that these changes in relative abundance are
influenced by the closed-sum effect, where a decline in one genus leads
to an apparent increase in others.

Among the minor genera, Chiloguembelina records the highest
abundance in Phase 1 such as Igorina, Planorotalites, and Parasubbotina
(Fig. 4; Tables 2, S1). In Phase 2, Subbotina senni dominates, followed by
Igorina, with minimal variability in Parasubbotina, Planorotalites, and
Catapsidrax. Notably, Chiloguembelina and Globanomalina disappear at
the start of Phase 2. The absence of the small-sized Chiloguembelina was
confirmed by additional analysis of the >38 pm fraction. Phase 3 re-
cords a decline in S. senni, accompanied by a slight increase in Planor-
otalites, Pseudohastigerina, and Catapsidrax. Throughout the three early
Eocene phases, the genera Planorotalites, Pseudohastigerina, Globanoma-
lina, Catapsidrax, and the species Guembelitriodes nuttalli remain rare in
the assemblages, never exceeding together 10 % of the total planktic
foraminifera abundance (Figs. 3,4; Tables 2, S1).
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3.4. Variations in abundance of planktic foraminiferal taxa at Site
U1510

81
13
41
28
57
28

(%)

Relative abundances of planktic foraminiferal genera display sig-
nificant variations across the EECO at Site U1510 as well, especially in
the genus Morozovella while Acarinina and Subbotina exhibit more stable
trends for most of the studied interval (Figs. 6, 7; Tables S2, 3). Super-
imposed on these long-term trends are more abrupt, short-lived fluctu-
ations in taxa abundance, often in concomitance with the main CIEs.

Cluster analysis based on the relative abundance of the dominant
planktic foraminifera (Morozovella, Acarinina, and Subbotina) reveals

Morozovella Acarinina
36
2
13
12
14
16

(%)

Average
Phase 3
Phase 2
Phase 1

Max
Min

Average relative abundance (%) of planktic foraminiferal genera across the three Phases identified in the cluster analysis at ODP Hole 762C (Fig. 3).

Table 2
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Fig. 3. Hole 762C: Bulk Carbon (red line) and Oxygen (Blue line) Stable Isotope curves plotted alongside Fragmentation Index (%) and relative abundances (%) of
most abundant planktic foraminiferal genera, Morozovella, Acarinina and Subbotina. Depths are in mbsf according to Shipboard Scientific Party (1990), Magneto-
stratigraphy follows Shamrock et al. (2012) and Xu et al. (2021), calcareous nannofossil biozonation is from Siesser and Bralower (NP biozones, 1992), planktic
foraminifera zonation from Hancock et al. (2002) according to Berggren et al. (1995) (P biozones) and updated to Wade et al. (2011) zonal scheme, this study (E
biozones). The main EECO CIEs identified are labelled according to Westerhold et al. (2017). The coloured bands identify the three main phases discussed in the text
(Fig. 2). Pre-EECO and J CIE (pink, Phase 1), EECO (orange, Phase 2) and post-EECO (light blue, Phase 3) intervals. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Hole 762C. Relative abundances (%) of minor components of planktic foraminiferal assemblages: Subbotina senni, Chiloguembelina, Igorina, Planorotalites,
Pseudohastigerina, Parasubbotina, Globanomalina, Catapsidrax and Guembelittrioides nuttalli. Other information is consistent with Fig. 3.

two distinct phases, Phase 1 and Phase 2, with Phase 1 subdivided in of Phase 1 on the right side and Phase 2 on the center-left side in the
three subphases (a, b, c) eaeh (Fig. 5): the EECO Phase 1a (violet), 1b NMDS analysis (Fig. 5 b) implies that the difference between the two
(blue) 1c (light blue) and the late EECO Phase 2. The spatial separation groups is statistically significant. It is important to note that the
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dividual samples, with each dot corresponding to the phase it belongs to as identified in the dendrogram in Fig. 5a.
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identified clusters at Site U1510 do not align perfectly with the CIEs.
Additionally, the cluster colour scheme at Site U1510 does not follow
that adopted for Site 762.

Phase 1 is characterized by the lowest abundances of Morozovella,
while Subbotina and Acarinina fluctuate in the subphases. In Phase 1a
(477.820-477.570 mbsf) Acarinina and Morozovella show very low
abundances, while Subbotina reaches its highest abundance. In Phase 1b
(477.330-476.950 mbsf) Acarinina dominates, recording its highest
values, whereas Subbotina shows a temporary decline. Morozovella
initially increases but declines throughout the rest of the phase. In Phase
1c (476.780-473.900 mbsf) Acarinina still dominates the assemblages
followed by Subbotina with negligible variations. Morozovella exhibits a
minor temporary increase, but its abundance never surpasses 6 %
(Figs. 5, 6; Tables 3, S2).

In Phase 2, Morozovella markedly increases in abundance, while
Acarinina shows a slight decline, and Subbotina maintains a generally
stable trend. Phase 2 is the largest and more spread-out cluster, indi-
cating more variability within this phase compared to the tighter
grouping in Phase 1 (Fig. 5 b). Acarinina continues to dominate but
shows a decrease compared to the previous phase, while both Morozo-
vella and Subbotina increase (Tables 3, S2; Figs. 5, 6).

Acarinina abundance often fluctuates in antiphase with Morozovella
and Subbotina, particularly during the CIEs (Figs. S1, S2, Text S3).
However, it is important to note that these changes in relative abun-
dance are influenced by the closed-sum effect, where a decline in one
genus leads to an apparent increase in others. As an example, the peak in
Acarinina abundance at 372.67 mbsf during the K/X event might reflects
a closed-sum effect, where this increase is accompanied by a short-term
decline in Subbotina at the same depth. Similarly, at 334.91 mbsf, at the
R event, the peak in Acarinina abundance is associated with a decline in
both Morozovella and Subbotina.

Among the minor components of the assemblages, Phase 1 is marked
by a higher abundance of Globanomalina, followed by Pseudohastigerina,
along with the disappearance of Chiloguembelina after the K/X CIE. In
contrast, during Phase 2, both Globanomalina and Pseudohastigerina
show a decrease in abundance, while S. senni experiences an increase.

Palaeogeography, Palaeoclimatology, Palaeoecology 659 (2025) 112660

Globanomalina and S. senni are the more common genera of this group
during this phase (Figs. 5, 7; Tables 3, §2).
EECO (violet, Phase 1), and upper EECO (green, Phase 2) intervals.

3.5. Planktic foraminiferal stable isotopes

Stable isotope carbon and oxygen data for the genera Morozovella,
Acarinina, Subbotina and Globanomalina for the studied interval at Site
U1510 are shown in Fig. 8a and Table S6.

The §'3C values for Morozovella, Acarinina, and Subbotina show a
decrease at the onset of the K/X Carbon Isotope Excursion (CIE) at
476.95 m CSF-A, followed by an increase towards higher values by the
end of this CIE. At 474.98 m CSF-A, all genera exhibit 5'3C values
slightly higher than their initial levels. However, Morozovella in-
dividuals were insufficient for isotope analysis at this depth, as were
Globanomalina specimens during the K/X CIE. Throughout the studied
interval, Morozovella consistently records slightly higher 8'3C values,
followed by Acarinina and Subbotina, while Globanomalina generally
shows the lowest values.

Acarinina and Morozovella exhibit the most negative 3'%0 values
recorded in this study (Fig. 8b, Table S6). Both genera show a slight
minor negative values at the onset of the K/X transition. After this in-
terval, the 5'%0 values of the two genera appear more closed,
approaching those of Subbotina. At 474.98 m CSF-A, Acarinina shows a
slight increasing of recovery in 5!80 values whereas Subbotina records its
less negative values, very close to Globanomalina.

4. Discussion
4.1. Impact of carbonate dissolution

To correctly interpret variations in the abundance of planktic fora-
minifera, it is essential to assess the potential effects of carbonate
dissolution in deep-sea sediments, often associated with the rise of the
CCD during hyperthermal events. A high F-index suggests carbonate
dissolution, as this process breaks planktic foraminifera into fragments
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Table 3
Planktic foraminifera genera relative abundance (%) mean values across the six subphases identified in the cluster analysis at ODP Site U1510.
Morozovella % Acarinina % Subbotina% S. senni % Globanomalina % Chiloguembelina % Pseudohastigerina %
Average 16 45 26 1 9 1 2
Max 46 76 51 9 35 9 15
Min 0.3 26 10 0 0 0 0
Phase 2 30 41 22 3 4 0 0
Phase 1 4 49 30 0 12 1 4
1c 2 46 30 0 15 1 6
1b 5 68 18 0 4 2 2
la 5 38 41 0 14 2 0
o[o\
—_ 0
£ G e o o '
< 2 @ @ A0 “\be\ as{\g
% 3626 13 18 1 \o[r) 0«\ ve 0
g 8858 Bulk 5°C Bulk 5’0 F-Index o o o9 oo
£ 9oB88a (%o) (%ho) (%) 5.5 o o e
Soow
8 7 8 Zw<g 0.5 1 1.5 2 15 -1 -0.5 0 20 40 60 80 o0 200 20 400 200 20
L 1 | 1 | 1 | L 1 | - | I I ST T S| | ISR R TR ST R INI R I |
464
7 SN
465 U (C22r-H5) N\
1z | ® e ° o
46655, 2|5 é B
B v D
W, |29 » 7]
467 4 W< g (]
i Wl T(c22r-He - G
| -
468 S (C22r-H3) N,
E - .
anad T 71711 a
3 ~ Base Ay
475?5 =S C. amekiensis * & ;
12X |Z(w Q
47648| & | “ | o s @
1 widl kix=eTm3 > -
4774 (C24nAn-H1) = EJ
a8 | [§] | * Ocoumence " ®
A. primitiva —TT
0 0.5 1 1.5
—8— Benthic 5'C (%) . 13 . 18
~— Benthic_5"0 (%) Benthic 5 °C Benthic 5 O
—@— Bulk 5'C (%) o 9%
—0— Bulk 50 (%) (%0) (%0)
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(Berger, 1970; Hancock and Dickens, 2005). Studies of sediments from
the latest Paleocene to early Eocene suggest some genera are more
resistant than others to dissolution, with Acarinina being more resistant
than Morozovella, and Morozovella than subbotinids (Petrizzo et al.,
2008; Nguyen et al., 2009, 2011).

At Hole 762C and Site 1510, the mean fragmentation value is rela-
tively low (21 % and 37 % respectively) suggesting that the structure of
planktic foraminiferal assemblages was not significantly altered and its
changes can be considered as reflecting primary variations. In addition,
data from benthic foraminifera in Alegret et al. (2021b) confirm no
significant CaCOs-dissolution at the seafloor during the K/X. However,
the F-index increases across most of the CIEs at both sites, although these
increases are not proportional to CIE magnitudes, and variability in the
F-index do not always correspond to hyperthermal events We cannot
exclude that some of this variability might be related to sample treat-
ment during laboratory procedures. The F-index increases at Hole 762C
in Phase 2 (R event), and during Phase 2 at Site U1510, correspond to a
peak in Acarinina and a decline in Morozovella and Subbotina. If changes
in carbonate preservation acted as primary driver of observed planktic
foraminiferal assemblages, the dominance of Acarinina during multiple
CIEs could represent a taphonomic artifact. However, high abundances
of Acarinina also occur during intervals with low F-index values, such as
across Phase 2 at Hole 762C and the K/X CIE at Site U1510. This
observation aligns with data from other locations where CIEs are asso-
ciated with low F-index values and significant increases in Acarinina
(Luciani et al.,, 2016; D’Onofrio et al., 2020; Filippi et al., 2024).
Although there might be evidence of some carbonate dissolution in the
water column or at the seafloor at the studied sites, it is probable that
this process primarily enhanced pre-existing shifts in planktic forami-
niferal assemblages rather than driving them directly.

4.2. Planktic foraminiferal paleoecology at Site U1510

Our stable isotope analysis on EECO planktic foraminiferal taxa from
Site U1510 reveals evidence on their paleoecology and on the upper
water stratification.

Morozovella and Acarinina were symbiont-bearing genera inhabiting
the mixed layer, as inferred by their higher 8'3C values compared to
deeper water dwellers (e.g., Pearson et al., 1993, 2006; Luciani et al.,
2017a, Luciani et al., 2020a, 2020b; Davis et al., 2022; Filippi et al.
unpublished results). At Site U1510, Morozovella and Acarinina display
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Fig. 9. Average 8'3C and 5'®0 values for Morozovella, Acarinina, Subbotina and
Globanomalina after the EECO onset at Site U1510, this study, compared to
southern Atlantic locations data from Site 690 (Luciani et al., 2020).
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the highest 5!3C values compared to Subbotina (Fig. 8) thus confirming a
shallow water habitat for the former genera and a deeper depth for the
latter genus, as recorded previously (Fig. 9) (e.g., Dutton et al., 2005;
Pearson et al., 2006; Luciani et al., 2017a, Luciani et al., 2020a, 2020b;
Davis et al., 2022; Filippi et al., unpublished results).

The widespread warmest sustained temperatures at the EECO
resulted in reduced latitudinal (Pross et al., 2012; Evans et al., 2018;
Wilson et al., 2018) and lowered surface-to-deep temperature gradients
as compared to modern ocean (e.g., (Huber and Caballero, 2011). The
early Eocene was also characterized by a pelagic ecosystem that was
concentrated in a relatively restricted depth range close to the ocean
surface (Crichton et al., 2023) that reflects in relatively close 5'3C and
5180 values recorded by mixed layer and deeper dweller taxa.

The differences between these two groups at Site U1510 account for
~1 %o in §'3C values which is similar at Site 690 (Luciani et al., 2020a,
2020b) (Fig. 9). Interestingly, the analysis of planktic foraminiferal
species at the tropical Atlantic Site 1051 below the EECO displays a
major difference in 5'3C values of ~2 %o from shallow and deeper
dwellers that then reduced up to ~0,5 %o within the EECO (Luciani et al.,
2017a). After the EECO, the ‘glassy’ specimens examined from the
Tanzania site shows a recovery of the difference of ~2 %o values between
surface and deeper dwellers (Pearson et al., 2001). This pattern re-
inforces the evidence of restricted planktic foraminiferal depth range
close to the ocean surface across the EECO and increase in the vertical
mixing of the upper oceans (e.g., Hilting et al., 2008). The subsequent
post-EECO cooling trend favored the establishment of new ecological
niches resulting in planktic foraminiferal diversification (e.g., Fraass
et al., 2015).

The early Eocene paleoecology of Globanomalina is still uncertain as
some studies suggest it inhabited a shallow habitat (Pearson et al.,
2006), while others, such as Luciani et al. (2020a, 2020b), propose a
deeper habitat for Globanomalina planoconica at the southern Site 690
(Maud Rise), close to Subbotina. Our record shows lower 513C values for
Globanomalina closer to those of Subbotina, consistent with Site 690 data
(Fig. 9; Luciani et al., 2020a, 2020b) thus validating a deeper habitat,

Although typically considered a shallow-water species (Birch et al.,
2012), the paleoecology of Pseudohastigerina is still unclear (Poore and
Matthews, 1984; Boersma et al., 1987; Pearson et al., 2001; Keller et al.,
1992; Sexton et al., 2006), suggesting this genus may have changed its
habitat through time and space, so the ecological competition between
Pseudohastigerina and Globanomalina remains uncertain.

4.3. Planktic foraminiferal response to the EECO at southern high
latitudes and global resilience/vulnerability over space and time

At the investigated mid-to-high southern latitude sites, a lower mean
abundance of Morozovella compared to Acarinina is expected, as Moro-
zovella typically thrives in warm tropical settings, while Acarinina is also
found at higher latitudes (Boersma et al., 1987; Premoli Silva and
Boersma, 1988; Luciani et al., 2017a, 2017b; D’Onofrio et al., 2020).
Before the EECO, Morozovella was indeed more abundant in warm low-
latitude Atlantic and Pacific sites 1051 (around 40 %) (Luciani et al.,
2017a; D’Onofrio et al., 2020; Filippi et al., 2024), followed by
temperate southern Atlantic Site 1263 (24 %; Luciani et al., 2017b) and
southern Pacific Hole 762C (16 %) (Fig. 10). The dominant Morozovella
species at the studied sites are M. crater and M. aragonensis, with the
former species being more abundant across the EECO at tropical
-temperate (sites 1051 and 1263) and the latter taxon in the equatorial
Atlantic (Site 1051) (D’Onofrio et al., 2020).

One of the main results of our analysis is the relatively stable
abundance of the genus Morozovella at Hole 762C and its increase in the
upper part of the Phase 2, from S to V events. The record of the EECO
begins at the K/X event and does not include the J event (EECO begin-
ning). Nevertheless, a marked Morozovella increase in abundance is
evident also in this site from the same stratigraphic level (Figs. 3,6).
Conversely, Acarinina is the dominant genus at both sites across the
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Fig. 10. Paleo-locations of ODP Sites from Indian Ocean Hole 762C and southern Pacific U1510 (this study), and tropical Pacific 1210 (Filippi et al., 2024), Atlantic
1051 (Luciani et al., 2017a), 1258 (D’Onofrio et al., 2020) and 1263 (Luciani et al., 2017b) showing the age (Ma) of the Morozovella decline in abundance, and
Acarinina dominance. Drop, increase, or generally stable abundance are indicated by red descending arrows, blue ascending arrow, and green check mark,
respectively. Sea surface temperature (SST) output is modelled by ForamEcoGEnIE modified from Filippi et al. (2024) and is a steady state early Eocene spin-up
(Wilson et al., 2018). The white arrow is to note that the observed decline in Morozovella abundance originated in the Atlantic equatorial location and then
occurred at temperate latitudes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

EECO, with pronounced peaks in abundance across the EECO hyper-
thermals at Hole 762C (Fig. 3) and during the events K/X, S, T, at Site
U1510 (Fig. 6), thus attesting its tolerance to extreme warmth. Our re-
cord of Acarinina indicates that this genus, besides benefitting from
increased temperature, was highly adaptable to varying nutrient levels,
thriving in both oligotrophic conditions, as those at Hole 762C (e.g.,
Shamrock et al., 2012; Miiller et al., 2019), and during intervals of
increased nutrient availability such as at Site U1510 (Alegret et al.,
2021a, 2021b).

Different from the significant changes experienced by Morozovella
and Acarinina, the genus Subbotina displays moderate variations. Sub-
botina is considered a cold-water eutrophic index, typically dwelling
deeper than the warmer surface waters preferred by Acarinina and
Morozovella (e.g., Pearson et al., 2006 and references therein). Rising
temperature in the Subbotina habitat may account for its decline close to
hyperthermal events (Figs. 2, 5). However, some discrepancies emerge
between the responses at the two sites. At Site U1510, Subbotina shows a
long-term stable trend, while at Hole 762C, it registers a more evident
decline during Phase 2 that may primarily derive from different nutrient
availability at the two oceanographic settings, with Site U1510
recording more eutrophic conditions than Hole 762C (Shamrock et al.,
2012; Miiller et al., 2019; Alegret et al., 2021b). The establishment of
cooler conditions after the EECO favored the cold index Subbotina which
significantly increased in abundance whereas the warm indices Acar-
inina and Morozovella declined (Phase 3, Fig. 2).

Based on our new data on Globanomalina, we interpret the variations
in abundance of this deeper dweller taxon recorded at Site U1510 as
related to both temperature and trophic variations at its habitat. The
marked drop in Globanomalina abundance at the K/X event (Phase 1b)
may have resulted from the pronounced warming coupled with reduced
food supply at depth. Alegret et al. (2021a, 2021b) document decoupled
responses of calcareous nannofossils and benthic foraminifera across the
K/X event, indicating enhanced eutrophication in surface waters
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without clear impacts at the seafloor, where oligo-mesotrophic condi-
tions are suggested. Following this interpretation, we hypothesize that
nutrients were primarily consumed in the mixed layers with limited
input reaching the deeper waters and sea floor. In addition, Globano-
malina may have suffered the K/X warming (Fig. 7). The abundance
decrease of this genus observed above the K/X event (Phase 1) is,
however, difficult to interpret. The correspondence of inverse abun-
dance with Pseudohastigerina could suggest an ecological competition
Although the ecology of Pseudohastigerina is still uncertain (Poore and
Matthews, 1984; Boersma et al., 1987; Keller et al., 1992; Pearson et al.,
2001; Sexton et al., 2006; Birch et al., 2012).

Interestingly, our record from southern mid-to-high latitudes does
not record the marked demise of Morozovella at the EECO beginning as
observed in Atlantic and tropical Pacific locations (Luciani et al., 2016,
2017a, 2017b; D’Onofrio et al., 2020; Filippi et al., 2024).

The subsequent increase in Morozovella abundance during the late
EECO interval at Hole 762C and Site U1510 (Figs. 2, 5) might reflect a
southern migration (Fig. 10). Poleward migrations have been observed
as the response of plankton communities to past global warming events
(e.g, Thomas, 2007; Bown and Pearson, 2009; Speijer et al., 2012;
D’Onofrio et al., 2020; Woodhouse et al., 2021; Barrett et al., 2023). In
addition, D’Onofrio et al. (2020) and Filippi et al. (2024) highlight that
the decline in Morozovella abundance recorded at the EECO beginning
started first at equatorial latitudes and later at tropical and temperate
ones. This evidence has been interpreted as a migration over ~500 kyr
to cooler latitudes to escape the effects of warming (D’Onofrio et al.,
20205 Filippi et al., 2024). Swain et al. (2024) also support the hy-
pothesis that that higher latitudes of the Southern Hemisphere may have
acted as ecological refugia during peak Cenozoic warmth. However, the
supposed Morozovella migration, took approximately 2 Myr, as derived
from the timing of their decline at lower latitudes to their abundance
increase at our sites in the late EECO, a time interval much longer than
the estimated 500 kyr estimated to move from equatorial to temperate



G. Filippi and V. Luciani

regions (D’Onofrio et al., 2020; Filippi et al., 2024). Nevertheless, while
high-latitude sites possibly provided a refuge from the extreme heat of
equatorial regions, these environments were still suboptimal for Moro-
zovella, which was unable to dominate the assemblages.

In contrast, Acarinina emerged as the most adaptable genus during
the EECO, thriving across a range of latitudes and environments (Luciani
et al., 2016, 2017a, 2017b; D’Onofrio et al., 2020; Filippi et al., 2024).

Although inferences of changes in paleoecology should derive from
species-specific we attempt a speculation based on our stable isotope
analysis at genus level to get insights on the widespread Acarinina
dominance across the EECO. The slightly minor 5'3C values exhibited in
this study by Acarinina as compared to Morozovella across the K/X CIE
(Fig. 8a) might indicate that this genus could have been able to change/
reduce its photosymbiosis relationship moving deeper in the mixed layer
in response to temperature peak and nutrient fluctuations. Interestingly,
the tropical Pacific sites 1209-1210 record the same differences in the
EECO interval (Davis et al., 2022; Filippi et al., unpublished results.
These data from Pacific Ocean were collected both at genus level and on
species that are different from those dominating at our southern sites.
This may indicate that the constantly slightly minor §'3C values dis-
played by Acarinina are beyond the limits deriving from the measured
species or different proportions of examined species over space and time
and may indeed signify differences in ecological behaviour.

The Acarinina ecological versatility allowed it to dominate across
such a range of environmental conditions positively responding to both
temperature and nutrient fluctuations thus explaining its dominance
during the EECO (Luciani et al., 2016, 2017a, 2017b; D’Onofrio et al.,
2020; Filippi et al., 2024, Filippi et al., unpublished results).

4.4. Chiloguembelina ‘eclipse’ across the EECO

The genus Chiloguembelina, ranging from the lower Danian to the
middle Oligocene (e.g., Pearson et al., 2006), is known for its abrupt
decline persisting across the EECO from the K/X Event (52.86 Ma) in the
Atlantic and tropical Pacific oceans (Luciani et al., 2020a, 2020b; Filippi
et al., 2024). We document that this genus shows a similar ‘eclipse’ at
Hole 762C and Site U1510 in the same stratigraphic level. This genus is
absent even in intervals where the dissolution proxy F-index is very low,
thus excluding taphonomic bias (Figs. 4, 7). In addition, their presence
was not overlooked in our analysis of the >63 pm fraction because the
observation of the portions between 38 pm and 63 pm confirms the
absence of this small-sized genus from the K/X event.

Some studies suggest that the biserial Chiloguembelina were low-
oxygen tolerant thriving in the Oxygen Depleted Zone (ODZ), meso- to
eutrophic thermocline dwellers (e.g., Boersma and Premoli Silva, 1989).
Conversely, other Cenozoic records indicate that this genus may have
inhabited surface waters (e.g., Barrera and Huber, 1991; D’haenens
et al., 2012; Fucek et al., 2018). §'3C data from the Atlantic Ocean
during the EECO (Luciani et al., 2020a, 2020b) support the view that
Chiloguembelina shared the deep water habitat of subbotinids. Hence, the
decline of Chiloguembelina could have been influenced by a reduction in
nutrient supply to deeper waters and/or a contraction of the Oxygen
Minimum Zone (OMZ) (Luciani et al., 2020a, 2020b). The EECO ODZ
contraction has been reconstructed through foraminiferal bound nitro-
gen isotopes in the Atlantic and tropical Pacific (Auderset et al., 2022).
Elevated ocean temperatures enhanced the rate of bacterial respiration
and remineralization significantly resulting in more efficient recycling
of carbon and nutrients higher in the water column as demonstrated by
early Eocene 613CD1C depth profiles that are sharper than modern gra-
dients consistent with shallower remineralization (Olivarez Lyle and
Lyle, 2006; Hilting et al., 2008; John et al., 2013, 2014). Hence, the
early Eocene conditions may have exacerbated a reduced availability of
nutrients in the deeper waters (Crichton et al., 2023). However, sub-
botinids, largely sharing the Chiloguembelina habitat, were not markedly
impacted because subbotinids only moderately decrease in abundance
but do not ‘disappear’. Therefore, the triggering causes of the
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chiloguembelinids eclipse at the EECO appear to be primarily related to
the improved water oxygen content. This evidence, supported by the
foraminiferal bound nitrogen record (Auderset et al., 2022) conflicts
with the supposition of shoaling and intensification of the ODZ during
ocean warming (e.g., Crichton et al., 2023) and requires enhanced
comprehension of paleocenographic mechanisms during global warm-
ings. The genus Chiloguembelina did not recover above the EECO at the
sites investigated (Phase 3 of Fig. 4), suggesting a still contracted ODZ
and/or that Subbotina preferentially exploited the food availability in
the deeper water column.

The observed virtual disappearance of Chiloguembelina from the K/X
event at Hole 762C and Site U1510 underlines that this pattern is likely
global, being also detected in both Atlantic and Pacific oceans (Luciani
etal., 2020a; Filippi et al., 2024) and may represent an additional useful
biostratigraphic tool.

In conclusions, the record of the planktic foraminiferal genera during
the EECO across different oceanic regions provides a compelling
narrative of how these species adapted—or struggled— in response to
changing temperature and nutrient availability. Following the resilience
definition (Capdevila et al., 2020; Hodgson et al., 2015), planktic fora-
miniferal communities proved to be not resilient in all the Atlantic,
Pacific and Southern Oceans sites, as recording permanent changes
across the EECO without returning to the previous stable state.

5. Conclusions

This study provides new insights into the responses of planktic
foraminiferal communities to environmental changes during the Early
Eocene Climatic Optimum (EECO) at mid-to-high-latitude Site U1510
and Hole 762C.

Our findings confirm the global dominance of the mixed layer genus
Acarinina across the EECO. The ecological versatility and adaptability of
this genus made it able to benefit of the increased temperatures and to
thrive in both oligotrophic and eutrophic conditions during the EECO.

Unlike the dramatic decline of Morozovella observed in equatorial
and tropical regions we record increased abundance in the late EECO at
mid-to-high-latitudes that allowed this genus to escape from the extreme
heat experienced in tropical areas.

The abundance reduction across the EECO of the cold-index Sub-
botina at Hole 762C appears as a response to the temperature increase
and food reduction in deeper waters. The absence of a decline at Site
U1510 may be attributed to greater food availability, reinforcing the
importance of the distinct oceanic influences in shaping foraminiferal
communities during this interval.

Our new data from Site U1510 on Globanomalina stable isotope
paleoecology, so far uncertain, reveal a deep-water habitat. The
observed variations in Globanomalina abundance, particularly the sig-
nificant decline at the K/X event, appear to correlate with warming and
reduced food supply in deep water.

The permanent disappearance of the genus Chiloguembelina at Hole
762C and Site U1510, starting at the K/X Event, reflects a larger scale,
possibly global pattern, as it has been also observed in the Atlantic and
tropical Pacific oceans from the same level. This might be primarily
attributed to ODZ contraction.

The reconstruction of biogeographic patterns of planktic forami-
nifera across the EECO from different oceans and latitudinal settings
reveals significant scenarios that may be useful to evaluate the conse-
quences of future climate change. Changes occurred underlying the
critical role of temperature, nutrient availability, and oxygenation in
shaping the evolutionary and abundance shapes of these key marine
calcifiers microorganisms. Taxa able to adapt to the variations of these
aspects, such as Acarinina gained success whereas the Morozovella and
Chiloguembelina minor ecological plasticity led to their decline. In all the
Atlantic, Pacific and Southern Oceans sites, planktic foraminiferal
communities proved to be not resilient as moving to a different config-
uration across the EECO and never returning to the previous stable state.
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