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Plain Language Summary The Early Eocene Climatic Optimum (EECO) is an interval of prolonged
warmth that occurred ~53 to 49 million years ago. Planktic foraminifera are important (alongside
coccolithophores) for understanding the carbon cycle and determining export production in the ocean. To
understand how foraminifera can be impacted by extreme heat, we analyzed samples from the Pacific Ocean
through measuring changes in (a) the relative abundance, that is, the count of different taxa in a sample, and (b)
body (shell) size of planktic foraminifera. At the start of the EECO, the abundance of the genera Morozovella
and Chiloguembelina decreased. Despite this decline, the number of foraminifera being buried and the size of
the largest shells in a sample does not change. We attribute this to the increased abundance of the genus
Acarinina. In general, the accumulation of foraminifera remains stable while the relative abundance of
foraminifera to coccolithophores decreases. Together, this implies that coccolithophores are increasing in
abundance, and/or mass. During the EECO, one group of foraminifera was able to counterbalance the decrease
in abundance of other genera. This highlights the resilience of open-ocean carbonate production and the base of
the marine food web.

Abstract The Early Eocene Climatic Optimum (EECO; ~53 and 49 Ma) records the warmest long-term
global average temperature and highest CO, levels of the Cenozoic. Multiple transient global warming events
occur within the EECO, offering an opportunity to investigate the impact of extreme heat on planktic
foraminifera. Pacific Ocean Drilling Program (ODP) Sites 1209-1210 (Shatsky Rise) provide an excellent age
model and stable isotope records to link biotic data with the carbon cycle across the interval here analyzed (55.6
and 49.93 Ma). We combine carbonate production proxies with changes in planktic foraminiferal assemblages
and test-size. Our data show that during the EECO planktic foraminiferal assemblages were permanently
modified, besides transient changes. At the EECO onset, abundance of the genera Morozovella and
Chiloguembelina decreased at 53.28 and 52.85 Ma, respectively, confirming published Atlantic Ocean data and
thus the global decline of these genera. Given the dominance and large size of Morozovella in early Eocene
tropical assemblages, we postulated that this change would have reduced foraminiferal production and the
assemblage test-size. In contrast, we record a slight increase in test-size within assemblages, controlled by the
now dominant genus, Acarinina. The decrease in coarse fraction weight, partially controlled by dissolution,
during times of stable foraminferal mass accumulation rate indicates enhanced calcareous nannofossil
productivity reducing the foraminiferal contribution to the sediment. During the EECO, despite the decrease in
abundance of some genera, species replacement within communities highlights the resilience of pelagic
carbonate production, emphasizing the critical role of planktic foraminifera in regulating the marine food web
and global carbon cycling.

1. Introduction

The Cenozoic Sea surface temperatures attained their warmest long-term state during the Early Eocene Climatic
Optimum (EECO; ~53 and 49 Ma) (Hollis et al., 2012; Huber & Caballero, 2011; Inglis et al., 2015, 2020; Zachos
et al., 2008) caused by high atmospheric CO, levels (e.g., Anagnostou et al., 2016; Honisch et al., 2023; Zachos
et al., 2008). In addition, transient (40-200 kyr) hyperthermals caused by perturbations of the carbon cycle
resulted in short-lived warming events (Kirtland-Turner et al., 2014; Littler et al., 2014; Zachos et al., 2005). The
global mean surface temperature estimates for the EECO (27.0°C) suggest temperatures ~10-16°C warmer than
Holocene (Gaskell et al., 2022; Inglis et al., 2020). This time interval therefore has great potential for exploring
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53.0 Ma Reconstruction

Figure 1. Approximate location of the studied sites 1209 and 1210 during the early Eocene (pink star). Also shown are the
locations of Ocean Drilling Program (ODP) Atlantic sites 1051, 1258 and 1263 (black dots), where planktic foraminiferal
records show a major change in genera across the EECO and 8'*C records are detailed (D'Onofio et al., 2020; Luciani
etal., 2017a, 2017b). The base map is from https://www.odsn.de/odsn/services/paleomap/adv_map.html with paleolatitudes
modified for sites 1051, 1263, 1258, and 1209-1210 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., 2019).

the marine organism response to extreme warmth through a long-term perspective, which is prevented from
studies on modern fauna. Such long-term perspective enables us to explore the resilience of a system. Resilience
can be expressed as the ability of a population to resistant a disturbance, (e.g., via migration) and/or recover from
disturbance (e.g., Capdevila et al., 2020) by returning to a stable state (Hodgson et al., 2015). The ongoing
pronounced increase in temperature is compromising ecosystem resilience in modern oceans. The impacts of
warming include range shifts due to species migration toward higher latitudes and deeper waters, reductions in
growth, reproduction and other physiological processes as well as local extinctions (e.g., Chaabane et al., 2023;
Cooley et al., 2022; Raven et al., 2005; Woodhouse et al., 2021).

To understand how marine pelagic carbonate production responds to global warming is crucial due to the key role
of planktic foraminifera and calcareous nannoplankton in regulating the marine carbon cycle through the pro-
duction and subsequent burial of their calcium carbonate exoskeleton (Ridgwell & Zeebe, 2005). In the modern
ocean, planktic foraminifera contribute 23%-56% of pelagic carbonate production and 32%-80% of total CaCO;
flux to the sea floor (Knecht et al., 2023; Neukermans et al., 2023; Schiebel, 2002), though there are significant
differences between ocean basins and latitudes, with the highest values recorded in tropical, northern Pacific,
Southern Ocean and upwelling regions (Buitenhuis et al., 2013; Schiebel, 2002). The marine carbon sink is
generally considered vulnerable to environmental change due to sensitivity to warming (Cooley et al., 2022),
however the links between high temperature, ecosystem resilience and carbonate production are insufficiently
understood.

During the PETM, nannofossils underwent significant changes, including a major assemblage turnover, reduced
abundance and diversity, and a biocalcification crisis, with opportunistic species temporarily prevailing due to
severe environmental stress (Agnini et al., 2006; Raffi et al., 2009; Sharman et al., 2023; Wang et al., 2022). These
changes continued into the EECO, marking the beginning of a shift toward their modern structure, particularly
during the Toweius-reticulofenestrid turnover (Agnini et al., 2006, 2009; Cappelli et al., 2019; Gibbs et al., 2012;
Schneider et al., 2011). In response to warming, a poleward migration of warm-index taxa is recorded during the
EECO (e.g., Alegret et al., 2021).

Among planktic foraminifera, the symbiont-bearing mixed-layer genera, Morozovella and Acarinina, are
important early Paleogene tropical and subtropical taxa (Boersma et al., 1987; Premoli Silva & Boersma, 1988).
These genera permanently switched their abundance in the Atlantic Ocean close to the start of the EECO (Figure 1)
(D'Onofrio et al., 2020; Luciani et al., 2016, 2017a, 2017b) as Morozovella abundance decreased significantly
while Acarinina increased (Aze et al., 2011; Fraass et al., 2015; Pearson et al., 2006). Similar permanent reductions
in abundance are noted for the deeper-dweller genus, Chiloguembelina, that radiates in the middle Eocene and
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ranges up to the Oligocene (e.g., Premec Fucek et al., 2018; King & Wade, 2017; Pearson et al., 2006) but virtually
disappears from several latitudes of the Atlantic Ocean within the EECO (Luciani et al., 2020).

As well as abundance, test-size and weight of planktic foraminifera (and dissolution related loss) modulate
carbonate burial in sediments (e.g., Ridgwell & Zeebe, 2005). Test-size responds to environmental conditions,
which alter physiological performance and species composition (Kucera, 2007). Most modern species reach
largest size at their optimal conditions, where food and temperature are advantageous (De Villiers, 2004;
Hecht, 1976; Kennett, 1976; Lombard et al., 2009; Schmidt, Renaud, et al., 2004, Schmidt, Thierstein, &
Bollmann, 2004, 2006; Spero et al., 1991). In addition, extant low-latitude and symbiont-bearing planktic
foraminiferal species are generally larger than those lacking symbiotic relationships as symbiosis plays an
important role in calcification, longevity and growth in the oligotrophic mixed-layer (Bé et al., 1982; Caron
et al., 1982; Schmidt, Renaud, et al., 2004, Schmidt, Thierstein, & Bollmann, 2004, 2006). Similar differences
between taxa are also noted in the early Eocene with Morozovella and Acarinina having a larger test-size than the
asymbiotic Subbotina (e.g., Pearson et al., 2006). However, although species diversity in the early Eocene
increased to above the Cenozoic average (e.g., Fraass et al., 2015), the generally lower sizes of planktic fora-
minifera during the early Eocene could be related to the weaker vertical temperature gradient than the late Eocene
and afterward, impacting the biological pump and food availability in the upper water column (e.g., John
et al., 2013; Schmidt, Thierstein, & Bollmann, 2004).

The aim of our study is to assess the relationship between changes in planktic foraminiferal assemblages during
the early Eocene and carbonate production. We will also establish whether the morozovellid and chilo-
guembelinid decline in abundance across the EECO is recorded outside the Atlantic Ocean. We selected the
Ocean Dirilling Program (ODP) sites 1209-1210 (Shatsky Rise) that provide common planktic foraminiferal
assemblages, a high-resolution age model and stable isotope data across the EECO, thus allowing a comparison of
the acquired records with environmental change. We evaluate whether planktic foraminiferal test-sizes and
carbonate productivity were influenced by these abundance changes and provide new insights on planktic
foraminiferal response to warm climates.

2. Material and Methods

We analyzed pelagic sediment cores of Ocean Drilling Program (ODP) Leg 198, sites 1209 (present water
depth = 2,387 m) and 1210 (present water depth = 2,573 m) on Shatsky Rise from the tropical Pacific Ocean
(Bralower, Premoli Silva, & Malone, 2002; Westerhold & Rohl, 2006) (Figure 1). Sediments from both sites
consist of nannofossil ooze with occasional intervals of nannofossil ooze with clay (Bralower, Premoli Silva, &
Malone, 2002, Bralower, Premoli Silva, Malone, et al., 2002). Fossil preservation is sufficiently good for
assemblage studies and enables reliable taxa identification (Bralower, Premoli Silva, & Malone, 2002).

We adopt the age model and meter composite depth of Westerhold et al. (2018). We analyzed 73 samples from
Site 1209 (Holes A and B), covering an age interval from 53.14 to 49.93 Ma (Westerhold et al., 2018) and
spanning from Hole B Core 21H 187.62 mbsf (meters below sea floor), that is, 208.16 rmcd (revised composite
depth) to Hole B Core 19H 172.50 mbsf, that is, 189.70 rmcd (Table S2 in Supporting Information S1). The older
part of the record was analyzed at Site 1210 with an overlap of ~1 Myr. We selected 66 samples from Site 1210
(Holes A and B) covering a time interval between 55.60 and 52.26 Ma (Westerhold et al., 2018) and spanning
from Hole A Core 20H 183.640 mbsf, that is, 206.425 adj rmcd (adjusted rmcd accounting for samples outside the
defined composite), to Hole A Core 19H 170.73 mbsf, that is, 192.440 adj rmcd (Table S3 in Supporting In-
formation S1). The sampling spacing is ~0.10 m across the hyperthermals rmcd and ~0.40 m between the
hyperthermals for both the sites resulting in a resolution of ~20 and ~200 kyr respectively (Tables S2 and S3 in
Supporting Information S1).

2.1. Stable Isotope Analysis

Isotope data for Site 1209 were generated on benthic foraminifera Nuttallides truempyi and Oridorsalis umbo-
natus by Westerhold et al. (2018). Carbon and oxygen stable isotopes from Site 1210 were performed on bulk
sediments 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 II automated
preparation device on bulk samples. 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

FILIPPI ET AL.

30f 17

85U80|7 SUOWLOD A0 8|qeotjdde ays Aq peusenob are sajo e YO ‘8sN JO S9N 10} Ar1q1T 8UIUO A8|IA UO (SUOIPUOD-pUe-SWBIWI0D A8 1M ARe.q 1 |Bu|UO//:SdnL) SUORIPUOD pue SWie | 84} 885 *[7202/80/80] Uo ARiqiauliuo AB|IM eelrd 1aeIseAIuN Ad 0Z8700VdEZ0Z/620T OT/I0pAW0D A8 1M Akeiq 1 pul|uosgndnBe//:sdny wouy papeojumoq ‘g ‘v20 ‘SeSk2.Se



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Paleoceanography and Paleoclimatology 10.1029/2023PA004820

(EMSURE ® > 99%) at 70°C for ca. 3 hr. Isotopic values are reported in standard delta notation relative to the
Vienna Pee Dee Belemnite (VPDB). During the analyses an internal standard (white Carrara marble Maq 1:
813C = +2.58%:; 8'%0 = —1.15% VPDB) was used to normalize raw 8'>C and 8'®0 values and a check standard
(marble Grl: 8"*C = 40.68%; 6'*0 = —10.44% VPDB) was run for quality assurance, and repeated with pre-
cisions better than 0.07% for 8]3C, and better than 0.09% for §'%0. Raw data are shown in Tables S2 and S3 in
Supporting Information S1.

2.2. Proxy for Carbonate Production and Dissolution: Fragmentation Index, CF and FMAR

Deep sea carbonate dissolution, commonly associated with early Eocene negative carbonate isotope excursions
(CIEs) causes planktic foraminifera to break into fragments (e.g., Berger, 1970; Hancock & Dickens, 2005;
Nguyen & Speijer, 2014). Genera/species specific dissolution susceptibility could therefore bias the assemblage
record (e.g., Nguyen et al., 2009, 2011; Petrizzo et al., 2008). We adopt the fragmentation index (F index) as a
dissolution proxy (Berger, 1970) which is the ratio between fragments or partially dissolved planktic forami-
niferal tests versus entire tests on ~300 individuals >63 pm, and expressed as percentage (Tables S2 and S3 in
Supporting Information S1).

The ratio between coarse fraction >38 pm and the bulk dry sediment was calculated following Hancock and
Dickens (2005) as weight percent coarse fraction (CF). The CF is a second dissolution proxy that can also give
information about planktic foraminiferal productivity when pelagic sediments are not affected by dissolution
(Hancock & Dickens, 2005) (Tables S2 and S3 in Supporting Information S1).

We evaluated the Foraminiferal Mass Accumulation Rate (FMAR; Equation 1) to determine whether changes in
coarse fraction percentages, in time intervals not affected by great carbonate dissolution, were driven by changes
in the abundance of foraminifera or by fluctuations in nannofossil productivity.

(Carbonate Accumulation x Coarse Fraction %)
100

FMAR = (1
The carbonate accumulation (g/cm*/kyr; Equation 2) is a function of bulk accumulation (g/cm*/kyr) and car-
bonate percent (% CaCOj;; Bralower, Premoli Silva, & Malone, 2002; Coffin et al., 2000; Norris et al., 2014).

Carbonate accumulation = bulk accumulation x %CaCO3 2)

Bulk accumulation (g/cm?/kyr) is calculated from the linear Sedimentation Rate (SR; cm/kyr) and Dry Bulk
Density (DBD; g/cm®). The %CaCO;, SR at site 1210, as DBD are following Bralower, Premoli Silva, and
Malone (2002). SR dropped from ~6 to 2 m/my between 57 and 53 Ma at Site 1210, SR at Site 1209 is adjusted by
Westerhold et al. (2018). The relationship among data on preservation, FMAR and CF can help to discriminate the
drivers of carbonate sedimentation.

2.3. Planktic Foraminiferal Analysis
Bulk samples were oven-dried at 45°C, weighed, and then immersed in deionized water.

Disaggregation occurred from a few hours to 3 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 and
presence/absence of zonal markers established (Table S1, Text S1 in Supporting Information S1). The taxonomic
criteria adopted to identify planktic foraminiferal genera and species follow Olsson et al. (1999) and Pearson
et al. (2006). The main early Eocene planktic foraminiferal biohorizons (Wade et al., 2011) can be identified at
Site 1209-1210. However, cases of diachronism were recorded concerning the standard scheme by Wade
et al. (2011) in agreement with Luciani and Giusberti (2014), D'Onofrio et al. (2020), Luciani et al. (2017a,
2017b). Relative abundances of planktic foraminiferal genera were determined on more than 300 specimens of the
>63 pm size fraction from random splits generated by a microsplitter. Foraminiferal relative abundance quan-
titative data are provided in Tables S4 and S5 in Supporting Information S1. In the genus Subbotina we do not
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Figure 2. Stable isotope records at ODP sites 1209 and 1210 along with Fragmentation index (%), weight percent coarse fraction (CF), Foraminiferal Mass
Accumulation Rate (FMAR) and test size 95th percentile (pm) plotted in age (Ma; according to the age model of Westerhold et al., 2018). The dark red bulk 5'*C and
dark blue bulk 8'0 and curves are from this work and referred to Site 1210. The benthic foraminifera red and blue curves are from Westerhold et al. (2018) and referred
to Site 1209. The abundances (%) of the genera Morozovella and Acarinina that show marked changes across the interval investigated are also reported. The planktic
foraminiferal E-zonation follows Wade et al. (2011) as partly modified by Luciani and Giusberti (2014). The main calcareous nannofossil horizons are also reported
according to Bralower et al. (2005) and adapted to the Agnini et al. (2014) zonal scheme. Main carbon isotope excursions (CIEs) are labeled according to Westerhold
et al. (2017). We separate Site 1210 from site 1209 with darker shade of color with respect to Site 1209 (e.g., 1209 Fragmentation Index is light green, 1210
Fragmentation Index is in dark green).

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).

In addition, we assessed the variation in test-size for the entire assemblage in 77 samples distributed from 208.16
to 189.70 rmed (Site 1209), and in 42 samples from 192.440 to 201.790 adj rmced (Site 1210) following the
method in Schmidt, Renaud, et al. (2004). Samples >150 pm were split using a microsplitter to aliquots from a
minimum of 818 to a maximum of 3,541, with an average of 1759 specimens per sample. These were imaged at
160X magnification and the morphological parameters of each specimen were analyzed in Olympus Stream
Motion. To remove juvenile specimens and lithic fragments from analyses, the morphological parameters were
set to exclude particles with a diameter <150 pm, sphericity <0.5 and gray value below 80. Benthic foraminifera
and ostracods were removed via manual assessment. The 95th percentile of the maximum diameter of all fora-
miniferal in the assemblage was calculated (Schmidt, Renaud, et al., 2004).

3. Results
3.1. Stable Isotopes, F Index, CF, and FMAR

The 8'*C values across Site 1210 vary between ~0.79 and ~2.16%, with an average of 1.35% (Figure 2, Tables S2
and S3 in Supporting Information S1) and a general decreasing trend with time. The 8'%0 values at Site 1210
range between —0.96% and —0.02%, with a mean value of —0.42% (Table 1, Figure 2). The relationship with CIEs
and hyperthermals is according to Westerhold et al. (2018) (Table 1, Figure 2).

The F index shows a mean value of ~23% with a minimum of ~10% and a maximum of 46% for the whole interval
investigated at both sites (Figure 2, Table 1, Tables S2 and S3 in Supporting Information S1). High, above average
values, are associated only with selected CIEs (e.g., H1,11,J, O, P, Q, R, S and U). The lower values are recorded
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;I?‘:lll:zlt‘zolnship Among Fragmentation Index and Main CIEs at Shatsky Rise

Age® (Ma) Depth® (rmed) CIEs* 8 °C! (%) 8 '%0° (%) F index' (%)

Site 1209
49.95 189.90 U (C22rH5) 0.13 —1.09 40
50.35 192.55 T (C22rH4) 0.56 —0.67 20
50.49 193.60 S (C22rH3) 0.83 —0.79 26
50.68 194.63 R (C22rH2) 0.14 —1.18 43
50.76 195.20 Q (C22rH1) 0.41 —0.90 30
50.86 195.70 P (C23n.1nH1) 0.45 —0.65 30
51.23 198.17 O (C23n.2nH2) —0.24 —1.87 45
51.55 199.99 N (C23n.2nH1) 0.07 —0.59 21
51.98 202.07 M (C23rH2) —0.37 —1.03 19
52.46 204.67 L (C23rH1) —0.18 —0.87 14
52.86 206.85 K/X (C24n.1nH1) 20

Site 1210
52.84 195.140 K/X (C24n.1nH1) 0.95 —0.36 26
53.26 197.360 J (C24n.2rH1) 1.06 —0.65 34
53.56 198.960 12 (C24n.3nH2) 1.15 —0.73 25
53.67 199.570 I1 (C24n.3nH1) 1.31 —0.36 42
53.99 201.192 H2 (C24rH9) 1.38 —0.2 20
54.05 201.530 H1/ETM2) (C24rH38) 1.08 —0.64 22

Note. Age (Ma)® and depth (rmcd, adj rmed)® of the main CIEs® from Westerhold et al. (2017) as identified from the minimum
values of §'°C? and §'®0° (benthic foraminifera) at ODP Site 1209 (Westerhold et al., 2018) and bulk at Site 1210, along with
the values of Fragmentation index (%)" estimated in the corresponding samples.

at Site 1210 below the ETM2 CIE (mean value ~16%). The interval between the ETM?2 and J events display an
increase (mean value of ~27%), that is also associated with CIEs. After this increase, fragmentation decreases
below the K/X event at Site 1209 (mean value ~16%) then increases again until the L event (mean value of
~22%). A slight increase is registered starting from the K/X CIE up the top of Site 1209 as the F index mean value
is of ~27%.

With the exception of an increase between 53.27 Ma and 52.86 Ma, and a slight increase between ~53.70 and
~53.10 Ma, CF decreases from 55.01 Ma toward the top of the recorded succession, as previously observed in
Bhattacharya and Dickens (2020) and Hancock and Dickens (2005) Higher values generally correspond to the
CIEs (Figure 2, Tables S2, S3, Text S2, Figure S1 in Supporting Information S1). The lowest CF contribution to
the sediment before the EECO records 0.6% (53.64 Ma), and 0.4% during the EECO (51.19 Ma, above O CIE),
and the highest contribution is 13% (55.01 Ma).

The FMAR shows a mean value of ~0.02 g/cm*/kyr, a minimum value of 0.002 g/cm?/kyr, and the highest value
of 0.062 g/cm?/kyr after 52.86 Ma (K/X Event). After the K/X CIE, long -term relatively stable values are noted
over time (~0.023 g/cm®/kyr; Figure 2, Tables S2 and S3 in Supporting Information S1).

3.2. Variations in Abundance of Planktic Foraminiferal Taxa

The early Eocene planktic foraminiferal assemblages exhibit both long-term and transient changes throughout the
studied interval (Figure 3, Tables S4 and S5 in Supporting Information S1). The most significant changes involve
the abundances of dominant mixed-layer dwelling warm-index taxa, acarininids and morozovellids. Morozovella
records a general decreasing trend starting with a mean value of ~51% below the ETM2 CIE, then moving to
~33% from ETM2 to J CIEs and markedly decreasing with a mean value of ~14% from the EECO onset until the
top of the interval. In contrast, the abundance of Acarinina increases from ~31% in the pre-ETM2 to ~52%
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Figure 3. Relative abundances of planktic foraminiferal taxa across the early Eocene interval at ODP sites 1210 and 1209. The genus Subbotina includes Parasubbotina.
Note the major switch in Morozovella and Acarinina abundances at the J event and the virtual disappearance of Chiloguembelina above the K/X event. Other

information is consistent with Figure 2.

between the ETM2 and J CIEs to reach a mean value of ~66% above the EECO onset. The ANOVA performed on
morozovellids and acarininids comparing their mean value in abundance in pre-ETM2, ETM2-J, Post-J intervals
confirms that there are differences in abundance between intervals (p value < 0.05). Before the CIE corre-
sponding to the J Event, subbotinids record an average relative abundance of ~11%. A short-term increase is
registered starting from the J until the L CIEs, with maximum value of 27% at 52.80 Ma. A long-term slight
reduction in subbotinid abundance occurs in the EECO after the L event (52.86 Ma) (mean value ~11%).

On shorter timescales, fluctuations in the abundance of Acarinina are in antiphase with Morozovella and sub-
botinids abundances. This is particularly evident across the CIEs. Acarininids appear to be able to acclimatize to
the conditions associated with these CIEs best as indicated by their high abundances, though the abundances of
morozovellids and subbotinids often recover rapidly above the CIEs (Figure 3). However, it is important to
acknowledge that the observed changes in abundances mentioned above are relative and therefore influenced by a
closed-sum effect, meaning that a decrease in one genus corresponds to an increase in one or more other genera. In
addition, there is an offset in abundance between the morozovellids and subbotinid records of Site 1209 with
respect to Site 1210. These differences might be attributed primarily to spatial and deposition factors, as the sites
are about 50 km apart on a gradual slope, as well as to sampling processing, bioturbation, and sediment mixing.
Both sites are correlated to each other with high confidence according to Westerhold et al. (2018) (see Figure S6
in Supporting Information S1) and thus the age model does not contribute to the offsets in the data between sites.

A significant drop in relative abundance of the genus Chiloguembelina occurs during the EECO. Abundance
decreases from a mean value of ~10% to virtually absent and does not recover during the analyzed time interval
(Figure 3, Tables S4 and S5 in Supporting Information S1). We carefully checked also the fraction >38 pm as this
genus has a small, narrow test that could bypass the 63 pm sieve. Results confirm its absence as recorded by the
analysis of the >63 pm fraction. The species Subbotina senni shows abundance increase from the 3.72% up to
~9.15% in the upper part of the succession. The genera Igorina, Planorotalites, Globanomalina, Catapsydrax and
the species Guembelitriodes nuttalli are very rare in the assemblages throughout the early Eocene and never
exceed 5% in terms of total planktic foraminifera abundance. These forms show little variability throughout the
investigated interval.
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Figure 4. Site locations of ODP sites 1209-1210 (green star), 1051, 1258 and 1263 (black stars) showing the age (Ma) of the
Morozovella decline in abundance as recorded by this work, Luciani et al. (2017a, 2017b) and D'Onofrio et al. (2020)
respectively. Sea surface temperature (SST) output is modeled by ForamEcoGEnIE 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 expanded to mid-latitudes.

3.3. Variations in Test-Size of Planktic Foraminiferal Taxa

Test-size 95th percentile ranges between 323 and 426 pm with an average value of 384 pm (Figure 2, Tables S4
and S5 in Supporting Information S1). Higher test-size generally corresponds to Acarinina abundance peaks
across the CIEs and to high morozovellid abundance before the onset of the EECO. Size increases from the K/X
CIE (52.86 Ma), coincides with the highest abundance of acarininids (Figure 2).

4. Discussion

Our data show clear links between changes in taxa composition and carbonate production across the studied
interval. Associated with the onset of the EECO, the composition of foraminiferal assemblages changed markedly
and did not return to pre-event composition during the whole interval analyzed, and even in the post-EECO when
temperatures cooled (e.g., Fraass et al., 2015; Luciani et al., 2017a; Swain et al., 2024). Our data, combined with
information in the literature, shows that the marked drop in abundance of morozovellid and chiloguembelinid is a
signal recorded in the Pacific Ocean, as well as the Atlantic and Tethys (Luciani et al., 2016, 2017a, 2017b;
D'Onofrio et al., 2020), thus it is possibly global. Our data also shows that the genus Acarinina was less affected
from the environmental change as change in abundance within communities sustained overall test-size and the
production of pelagic carbonate by foraminifera (Figures 2 and 3). The evolutionary replacement of species with
larger test-size may have also contributed to this record. We will explore the reasons for Acarinina's greater
adaptability and flexibility that led to its dominance across the EECO compared to the more specialized moro-
zovellids, and causes for the chiloguembelinids virtual disappearance.

4.1. Resilience and Vulnerability of Planktic Foraminiferal Genera in a Geographic and Temporal
Context

Our results highlight that the genus Morozovella markedly decreased in abundance, unable to tolerate the
environmental changes associate with the EECO. In contrast, Acarinina was a “winner” as it exhibited greater
ecological adaptability, allowing this genus to thrive. This latter genus benefitted from the temperature rise at the
pre-EECO and EECO hyperthermals, as shown by the increase in Acarinina abundance with respect to Moro-
zovella (e.g.,D'Onofrio et al., 2020; Luciani et al., 2016, 2017a, 2017b; this paper Figure 2).

The decrease in Morozovella and increase in Acarinina did not happen simultaneously at all sites (Figure 4), in
contrast to the Chiloguembelina disappearance that starts close to ~53.8 Ma (K/X Event) in both the Atlantic and
Pacific Oceans. According to the adopted age model by Westerhold et al. (2018), the switch in abundances of
Morozovella and Acarinina at Site 1258 occurs at 53.51 Ma, ~25 kyr before the onset of the EECO (Demerara
Rise, D'Onofrio et al., 2020). At the subtropical Atlantic Site 1051 (Blake Nose; Luciani et al., 2017a) the timing
of the Morozovella decrease at ~53.26, coincides with our new Pacific data at ~53.21 Ma, close to the J event.
The record at 1210 is more complete as the J event is not recorded at Site 1209. Therefore, the increase in
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abundance at Site 1209 above the J event may have been a temporary fluctuations after a decline, which likely
occurred previously and synchronously with Site 1210. For these reasons the timing of abrupt Morozovella
decline in this study is selected at 53.21 Ma. In contrast, in the temperate South Atlantic Site 1263 the genus was
able to persist longer with a decline ~25 kyr after the J event (Walvis Ridge; Luciani et al., 2017b) (Figure 4).

The mechanisms and triggers driving the Morozovella-Acarinina shift in abundance remain elusive. The timing,
starting in the equatorial setting and later in mid latitudes, suggest that a maximum temperature tolerance for
Morozovella was reached earlier in warmer settings (e.g., Zachos et al., 2003). Nevertheless, to establish the
precise role of warming, we need a paleotemperature record across the sites where planktic foraminiferal changes
are documented. Following the hypothesis that the decline of morozovellids is related to the effect of the EECO
warming, it can appear incongruous that morozovellids increased in abundance from Shatsky Rise rather than
declining at the PETM (Petrizzo, 2007) when temperatures were even higher than those at the EECO (e.g., Inglis
et al., 2020). A possible explanation of this different behavior may be found in diverse species composition of
Morozovella across the two time intervals, with the PETM dominated by M. velascoensis which went extinct at
the base of the earliest Eocene Zone E3 (Wade et al., 2011), well before the EECO interval. Interestingly, Pearson
et al. (1993) documents a dominant sinistral coiling of the Morozovella velascoensis group during the PETM. We
speculate that sinistrally coiled forms are a cryptic species that had a greater tolerance to the warming, as also
suggested by the dominance of sinistral forms at the EECO (Luciani et al., 2021). The species M. aequa, M.
crater, M. lensiformis, and M. subbotinae appear to have persisted in the cooler higher latitudes, where they are
the most abundant forms (D'Onofrio et al., 2020). The southern high latitudes may have therefore provided
refugia from extreme warming (Swain et al., 2024), but for no more than a limited period of ~270 kyrs. This
timing is determined by the different ages of the morozovellid decline across latitudes (Figure 4).

The genus Chiloguembelina was also strongly impacted as it permanently disappears ~50 kyr after the K/X Event
(52.86 Ma) at Shasky Rise, as already recorded in the Atlantic Ocean (Luciani et al., 2020). As the EECO was
characterized by several CIEs that may have induced upward shift of the lysocline/CCD, we could infer that the
absence of chiloguembelinids from the deep-water sites analyzed here may be an artifact of dissolution. Chilo-
guembelinids have thin/small tests that make them more prone to dissolution than taxa with larger thicker/tests
(e.g., Nguyen et al., 2011). However, we can exclude that the decline in abundance of chiloguembelinids derives
from taphonomic bias because they are very rare or absent above the K/X CIE and from the intervals where the
dissolution proxy F-index is very low (Figure 2). The biology and distribution of biserial foraminifera charac-
terize them as low-oxygen tolerant, meso-to eutrophic thermocline dwellers, which thrive in stressed environ-
mental conditions (e.g., Boersma & Premoli Silva, 1989). However, this ecological interpretation does not agree
with all Cenozoic records that sometimes ascribe them as surface-water dwellers (e.g., Barrera and Huber, 1991;
D'Haenens et al., 2012; Premec Fucek et al., 2018). Nevertheless, Luciani et al. (2020) demonstrate that on the
basis of the stable isotope signature of Chiloguembelina being close to subbotinids, that during the early Eocene,
Chiloguembelina inhabited a thermocline environment, except for at high-latitude waters where it migrated to the
mixed layer (e.g., Kroon & Nederbragt, 1990; Leckie, 1987; Nederbragt, 1991). We hypothesize, following
Luciani et al. (2020), that a contraction of the Oxygen Minimum Zone (OMZ) may have impacted the chilo-
guembelinid niche. This is supported by Foraminiferal Bound—8'>N which suggests low water-column denitri-
fication in eastern tropical North Pacific during the EECO (Auderset et al., 2022). The observed low water-
column denitrification may be linked to a decrease in biological productivity in the tropical Pacific during the
EECO. This decrease in productivity is attributed to increasing stratification at high temperatures. The stratifi-
cation is thought to reduce the demand for oxygen in subsurface waters (Auderset et al., 2022). This interpretation
is supported by a later occurrence of chiloguembelinids in the late Oligocene in the Pacific Ocean which has been
related to the expansion of the Oxygen Depleted Zone (ODZ) (King & Wade, 2017). In addition, elevated ocean
temperatures enhanced bacterial respiration thus resulting in more efficient recycling of nutrients higher in the
water column (John et al., 2013, 2014; Pearson & Coxall, 2014) and reduced food supply in the thermocline. The
eutrophic cold-index Subbotina does not display a significant reduction at Shatsky Rise despite a similar habitat
and need for food supply. Although the genus Subbotina moved to a shallower habitat during the Middle Eocene
Climatic Optimum (Kearns et al., 2021), stable isotope data from the Atlantic Ocean support a thermocline niche
for this genus across the EECO (Luciani et al., 2020). Therefore, a combination of higher temperatures and
reduction of food supply may have contributed to the disappearance of chiloguembelinids during the EECO.

Among the minor component of the assemblages, the increase in abundance of Subbotina senni at the start of the
EECO is in agreement with the Atlantic sites 1258 and 1263 (D'Onofrio et al., 2020; Luciani et al., 2017b). It is
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unlikely that the increase of this species counter-balanced the decrease in subbotinids in terms of ecological
replacement, because the former taxon occupied a different habitat (Pearson et al., 1993, 2006 and references
therein). It is instead possible that this species, considered as a mixed-layer form that sank to the middle mixed-
layer or deeper depths during gametogenesis (above references), might have partly occupied the ecological niches
released by morozovellids and/or chiloguembelinids in the Atlantic and Pacific Oceans. The relative abundance
of Igorina and Planorotalites is slightly higher at the Atlantic Site 1258 with respect to Site 1209, suggesting the
preference of these genera to an equatorial setting. The occurrence of Guembelitroides nuttalli at Site 1209,
though rare, is well below its putative first appearance at the base of the middle Eocene Zone ES8. This is in good
agreement with the record from the Tethyan Possagno section and Atlantic Ocean (D'Onofrio et al., 2020; Luciani
& Giusberti, 2014; Luciani et al., 2016, 2017b) and confirms the need for a biostratigraphic review of the zonal
scheme by Wade et al. (2011). According to Luciani and Giusberti (2014) the common occurrence of G. nuttalli
rather than its first appearance, can be the new datum to identify the base of Zone E8 (Text S1, Table S1 in
Supporting Information S1).

4.2. Morozovella and Acarinina Differential Adaptability

We explore potential scenarios to explain the observed Morozovella and Acarinina switch in abundance.
Morozovella and Acarinina are assumed to have shared the same mixed-layer habitat due to their similar stable
isotope values (e.g., Davis et al., 2022; Pearson et al., 2006; Sexton et al., 2006; Shackleton et al., 1985).
However, a diverging ecological sensitivity of the two genera is indicated by anti-phase variations across the
CIEs, whereby Morozovella abundance dropped while Acarinina increased (Figures 2 and 3). However, the data
needs to be interpreted with caution as morozovellids had a greater sensitivity to dissolution than acarininids
(Nguyen et al., 2009, 2011; Petrizzo et al., 2008; Thunell & Honjo, 1981) and hence preservation could have
partly controlled the observed response given significant dissolution of up to 30% during the mains CIEs
(Table 1). Yet as our findings are supported by other records in different settings during the early Eocene
hyperthermal events, even when preservation is much better, (e.g., Agnini et al., 2009; D'Onofrio et al., 2016,
2020; Luciani et al., 2007, 2016, 2017a, 2017b) we have confidence that the original ecological response is at least
partially preserved. We deduce that the short-term anti-phase variations across the CIEs reveal different abilities
to withstand extreme warmth and the associated change to stratification and food availability. We hypothesize
that the prolonged warm conditions during the EECO prevented many species of the genus Morozovella from
recovering their abundance, in contrast to their response to the short-lived warming during the pre-EECO CIEs.

Symbiosis plays an important role in planktic foraminiferal success, including calcification, longevity and
growth, and allows the host to succeed in the oligotrophic mixed-layer. Hence photosymbiont loss (bleaching)
may cause population reduction (e.g., Bé et al., 1982; Caron et al., 1982). High temperature is considered the main
factor inducing bleaching in recent benthic foraminifera (e.g., Hallock, 2000). The lack of 8'*C data across tests of
different sizes for morozovellids and acarininids from our sections, which determines the presence or absence of
photosymbiosis (e.g., Spero & DeNiro, 1987), prevents us from verifying the hypothesis of morozovellid
bleaching across the EECO at this sites 1209-1210. Shaw et al. (2021) observed a minor reduction in test-size
813C for Acarinina soldadoensis during the PETM at Site 1209, but not for Morozovella subbotinae, whereas
Davis et al. (2022) did not observe any &'>C-derived photosymbiosis activity reduction across Site 1209 ETM2/
H2. In addition, transient (~100 kyr) bleaching episodes involving Acarinina have been detected at the tem-
perature peak of the Middle Eocene Climatic Optimum (Edgar et al., 2013) and during the EECO in the sub-
tropical Atlantic Site 1051 (Luciani et al., 2017a). It is important to note that differently to the EECO, during the
extreme warmth of the PETM the abundance of morozovellids at Shatsky Rise (and elsewhere) markedly
increased (Petrizzo, 2007; Shaw et al., 2021).

Interestingly, in addition to the drop in abundance Luciani et al. (2021) showed a change in morozovellid coiling
direction from predominantly dextral to prevailing sinistral during the EECO in the Atlantic Ocean. This was
interpreted as a change in the abundance of cryptic species which, supported by the lower 8'*C data recorded by
sinistral forms, suggest that this cryptic taxon was less dependent on their photosymbiotic relationship and/or that
they moved deeper in the mixed-layer.

Preliminary data from Shatsky Rise, not yet published in full (Filippi et al., 2023), reveal the same change in
coiling direction and by analogy the possible selection of a novel cryptic taxon with a slightly different ecology.
Davis et al. (2022), testing the photosymbiosis relationships of Morozovella subbotinae and Acarinina
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soldadoensis at the PETM as compared with those of the subsequential minor hyperthermals H1 and ETM2 from
Shatsky Rise, record the absence of bleaching during the less extreme warm conditions, differently of a bleaching
recorded by the latter species at the PETM, but not affecting the former species. The authors hypothesized that
Acarinina soldadoensis, and perhaps other acarininids, changed their symbiotic associations in response to the
extreme warming of the PETM allowing the long-term evolutionary success of the taxon. This hypothesis appears
in line with evidence of greater ecological adaptability in acarininids compared to morozovellids across the
EECO. However, the evidence that Morozovella subbotinae maintained its photosymbiotic relationship during
the relatively warmer PETM may cast doubt on the hypothesis that reduced symbiosis in morozovellids explained
their permanent drop in abundance across the EECO. A minor migration down to the mixed layer can also explain
the lower 8'°C values recorded by the sinistral surviving forms after the K/X CIE (Luciani et al., 2021). The
contrasting response of morozovellids recorded at multiple PETM sites has been related, besides to different
geological settings, to possible variations in photosymbiotic associations (i.e., changes in photosymbiont load,
activity, effect, or type of microalgae), though this is poorly constrained in the fossil record (Shaw et al., 2021).
We cannot exclude that a reduced efficiency of photosymbiosis started at the PETM and may explain the diverse
response of morozovellids during the EECO.

The fossil record does not allow us to explore whether Morozovella needed less food than Acarinina. Surface-
water eutrophication in several Tethyan successions near continental margins have been considered as a
feature to explain the high Acarinina abundances through the PETM, ETM2, and K/X events (Arenillas
et al., 1999; Agnini et al., 2009; D'Onofrio et al., 2016; Ernst et al., 2006; Guasti & Speijer, 2007; Luciani
et al., 2007, 2016; Molina et al., 1999). Even though diverse species of Acarinina with potentially different
ecological preferences may have occurred in the Tethyan realm with respect to the tropical Pacific, in the open
ocean conditions at Shatsky rise lower productivity is expected, as supported by the nitrogen isotopes (Auderset
et al., 2022). Therefore, there is no supporting evidence, such as the terrigenous input documented for Site 1051,
to suggest increased eutrophication coinciding with the recorded decline of morozovellids at Shatsky Rise sites
(Bhattacharya & Dickens, 2020; D'Onofrio et al., 2020; Luciani et al., 2016, 2017a, 2017b, this study).

4.3. Disentangling the Impact of the EECO on Planktic Foraminiferal Productivity

One of our aims was to assess how a change in assemblage composition impacted test-size within the assemblage
and carbonate production.

The coarse fraction contribution is a product of dissolution, the size of individual taxa, and the productivity of
foraminifers and coccolithophores. We do not aim to resolve the full spectrum of drivers of foraminifer accu-
mulation, for example, their weight (Barrett et al., 2023).

Increased dissolution across the CIEs could have caused the lower CF and FMAR (Table 1), for example, during
the generally lower CF and FMAR recorded from the ETM2 to J Events (Figure 2 and Bhattacharya &
Dickens, 2020; Westerhold et al., 2018).

Interestingly, CF decreases from ~52.86 Ma up to the top of the interval investigated, a trend not recorded in the
FMAR (Figure 2). A decrease in CF whilst foraminiferal accumulation remains stable implies a higher calcareous
nannofossil contribution to carbonate accumulation (Bhattacharya & Dickens, 2020; Hancock & Dickens, 2005;
Westerhold et al., 2018). Relatively high nannofossil productivity during the interval is also supported by the
significant increase in carbonate Mass Accumulation Rate (MAR) (see Figure 12 in Bhattacharya &
Dickens, 2020; Hancock & Dickens, 2005; Westerhold et al., 2018). This increase is not evident in our FMAR
curve because the formula here adopted includes the CF (>38 pm fraction) thus the calcareous nannofossil
contribution to the carbonate sediments is hidden, different to the calculation of MAR that accounts for all the
carbonate components (Bhattacharya & Dickens, 2020). A partially enhanced foraminiferal dissolution across the
interval may have also influenced the relatively low CF values as coccolithophores are more dissolution resistant
(Chiu & Broecker, 2008). The increased carbonate dissolution across the EECO is widespread and is detected
through diverse proxies from the equatorial Atlantic Ocean (Hancock & Dickens, 2005; Bhattacharya &
Dickens, 2020; D'Onofrio et al., 2020). At Site 1209 and 1210 sediments are mainly carbonate nannofossils ooze
(Bralower, Premoli Silva, & Malone, 2002), so the bulk carbonate consists of mainly nannofossils and forami-
nifera. The CF percentage might be influenced not only by the foraminiferal contribution, but also driven by
factors like dilution by bulk sediment. Besides the potential increase of calcareous nannofossil productivity and
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dissolution effects, we cannot exclude that the marked morozovellid drop in abundance may have played a role in
influencing the lower CF values and suggest that this should be explored further in the future.

The increased carbonate dissolution becomes more evident from the positive carbon isotope trend occurring from
~51.2 Ma close to the O Event. This interval records a shift up to +0.75% in Site 1209 benthic foraminiferal 8'>C
that was initially identified in a bulk isotope record from Site 1258 by Kirtland-Turner et al. (2014) and in a
benthic record at Site 1263 (Lauretano et al., 2016). It is also reported from the Tethyan Possagno and Contessa
sections (Luciani et al., 2016), thus suggesting carbonate dissolution is global in scale. This positive shift has been
related to the lower ocean crust production rates leading to less '>C-enriched carbon released to the oceanic
reservoir due to reduced CO, degassing (Berner et al., 1983; Bhattacharya & Dickens, 2020; Westerhold
et al., 2018). The lower long-term fluxes in the exogenic carbon cycle led to less carbon input into the ocean, less
carbonate leaving via seafloor deposition, with a consequent rise of carbonate saturation horizons so arise in CCD
(Bhattacharya & Dickens, 2020; Slotnick et al., 2015). Actually, during this time in the deep-sea equatorial
Pacific, the carbonate saturation horizon rose significantly (Pilike et al., 2012). However, the impact of these
effects is minor at Site 1209 where the CCD and lysocline were possibly deeper than those at equatorial Pacific
sites and the total dissolved inorganic carbon budget remained relatively balanced as argued by Bhattacharya and
Dickens (2020). The cited authors suggest that this time may record a shift in the location of carbonate accu-
mulation and the flattening of latitudinal carbonate dissolution horizons.

Planktic foraminiferal test-size, measured for the first time here across the EECO, can be altered by physiological
performance and species composition (Cooley et al., 2022; Schmidt, Thierstein, & Bollmann, 2004, 2006).
Furthermore, the loss of symbionts may result in smaller size as symbiosis plays an important role in foraminiferal
calcification and growth (Bé et al., 1982; Caron et al., 1982). Test-size reduction would imply an impact on
carbonate burial in sediments and result in reduced CF values (e.g., Ridgwell & Zeebe, 2005). Considering the
potential decrease of the symbiosis efficiency of morozovellids and given their large size recorded by semi-
quantitative analysis at Atlantic sites 1051 and 1258 before the EECO onset, a test-size reduction of this group
could be expected (D'Onofrio et al., 2020; Luciani et al., 2017b). The recorded test-size reduction of morozo-
vellids is not easily linked to the parallel decrease in Morozovella species richness (Corfield & Granlund, 1988;
D'Onofrio et al., 2020; Fraass et al., 2015; Pearson et al., 2006) as both smaller (e.g., M. gracilis, M. margin-
odentata) and larger species (e.g., M. formosa, M. subbotinae, M. aequa) gradually disappeared, and the
remaining species were large (e.g., M. aragonensis, M. crater, M. caucasica) (e.g., D'Onofrio et al., 2020).

Contrary to expectation we observed a moderate test-size increase in the assemblage (Figure 2). In the intervals
between hyperthermals before the EECO, Morozovella is the dominant taxon and controls size increase. With the
increasing abundance of acarininids after the start of the EECO, they control size in the assemblage, especially as
novel acarininid species across the EECO, such as A. aspensis, A. pentacamerata and A. praetopilensis are larger
than their older representatives, A. coalingenesis and A. wilcoxensis (e.g., Pearson et al., 2006). To link moro-
zovellid abundance with a potential size decrease that is associated with a reduction in symbiosis, morphometric
analyses of taxa as well as automated microscopy test-size data on Acarinina and Morozovella are needed.

5. Conclusions

Our new data reveal vulnerability of some planktic foraminiferal taxa during the EECO. We found that part of the
communities was not resilient and instead record profound modifications and never recover from disturbance.
The main observed variation is the striking switch in the abundance of Morozovella (which permanently decline)
compared to Acarinina, that proliferate from the start of the EECO. We provide support that the conditions
triggering this exchange are global and happening first at equatorial latitudes and then extending to higher lat-
itudes, possibly related to temperature gradient.

Even though the pronounced warming and associated effects permanently altered the planktic foraminiferal
assemblage composition, we record substantial resilience of carbonate production in response to the EECO. The
whole community was able to maintain their productivity through changes in foraminiferal assemblage
composition and potentially by a change in the relative composition of foraminifers and coccolithophores. The
morozovellid endurance in higher latitudes (Figure 4) or sinking to deeper waters was not enough to escape the
extreme warmth of the EECO. This is possibly due to the much longer lasting EECO warmth compared to the
hyperthermals (~40-200 kyr vs. ~4 My) that record resistance and recovery of planktic foraminiferal biogeo-
chemical function across the much intense PETM warming.
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The chiloguembelinids ecological niche was likely impacted by a combination of warmer thermocline temper-
atures, decreased food supply at depth and enhanced ODZ oxygenation that triggered their virtual disappearance
after the K/X event.

Our findings highlight the importance of studying extreme warm conditions and their associated environmental
changes. The recorded resilience of pelagic carbonate production needs to be considered in the context of the slow
warming and the long-term steady state of the EECO and should not be directly compared to the much faster rate
of anthropogenic climate change. We emphasize the need for further research to disentangle the complex
interplay of temperature, ocean chemistry, nutrient availability, and other environmental factors that contribute to
the observed modifications in pelagic carbonate production. This includes dedicated analyses for paleotemper-
ature reconstruction across the sites which record the observed changes, pH reconstruction, further studies from
diverse ocean settings, and test-size data for the taxa which document a shift in abundance. These future analyses
will further deepen our understanding of the marine ecosystem and its responses to different climatic conditions.
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