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Abstract: Here we present relative abundances of planktic foraminifera that span the Early Eocene
Climatic Optimum (EECO) at Ocean Drilling Program (ODP) Site 1258 in the western equatorial
Atlantic. The EECO (~53.3−49.1 Ma) represents peak Cenozoic warmth, probably related to high
atmospheric CO2, and when planktic foraminifera, a dominant component of marine sediment,
exhibit a major biotic response. Consistent with previous work, the relative abundance of the genus
Morozovella, which dominated early Paleogene tropical-subtropical assemblages, markedly and
permanently declined from a mean percentage of ~32% to less than ~7% at the beginning of the
EECO. The distinct decrease in Morozovella abundance occurred at Site 1258 within ~20 kyr before a
negative excursion in δ13C records known as the J event and which defines the beginning of EECO.
Moreover, all morozovellid species except M. aragonensis dropped in abundance permanently at
Site 1258, and this is related to a reduction in test-size. Comparing our data with that from other
locations, the remarkable switch in planktonic foraminifera assemblages appears to have begun
first with unfavourable environmental conditions near the Equator and then extended to higher
latitudes. Several potential stressors may explain observations, including some combination of algal
photosymbiont inhibition (bleaching), a sustained increase in temperature, or an extended decrease
in pH.

Keywords: Early Eocene Climatic Optimum; planktic foraminiferal changes; bulk carbon isotopes;
Morozovella decline; Atlantic Ocean; paleobiogeography; Morozovella test-size reduction

1. Introduction

The dynamic climate of the early Paleogene represents an exceptionally interesting time of Earth’s
history because it illustrates Earth system responses to high global temperatures. Beginning about
59 million years ago (Ma), temperatures across Earth’s surface slowly rose toward the Early Eocene
Climatic Optimum (EECO), an extended interval of peak Cenozoic global warmth that occurred
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approximately from 53.3 to 49.1 Ma [1–3]. Average high-latitude and deep-ocean temperatures during
the EECO likely exceeded those at present day by at least 10 ◦C [1,4–8]. Superimposed on this long-term
early Paleogene warming, but also during the EECO, several short-term (~40–200 kyr duration) global
warming episodes occurred [2,9–19]. These events are now generally referred to as hyperthermals.
Considerable current study of the EECO and the hyperthermals exists because inferred changes in
temperature somehow relate to major changes in carbon cycling. This is especially true for the most
prominent hyperthermal, the Paleocene-Eocene Thermal Maximum (PETM, ~56 Ma) [20–23].

While root causes for the EECO and the hyperthermals remain a source of debate, it is clear
that biota, both on land and in the sea, were impacted significantly [24–35]. This includes planktic
foraminifera, the tests of which form a common component of many marine sediment records since the
Cretaceous. In particular, a major turnover between two dominant genera, Morozovella and Acarinina,
occurred at multiple sites (Figure 1) near the onset of the EECO; more specifically, the abundance
and diversity of Morozovella decreased significantly while the abundance and diversity of Acarinina
increased significantly [19,36–42]. At multiple locations in the northern hemisphere with paleo-latitudes
of about 30◦ N, this “switch” happened rapidly and very close to the J event (e.g., [19,41–43]), a possible
hyperthermal that happened at ~53.3 Ma [2]. However, at Site 1263, with a paleo-latitude of about
30◦ S in the Atlantic, the morozovellid decline seems to have happened ~165 kyr after the J event.

Reconstructing a more complete scenario of the planktic foraminiferal response during the EECO
requires data from an equatorial site. Previous work at Ocean Drilling Program (ODP) Site 1258 on
Demerara Rise in the equatorial Atlantic Ocean (Figure 1) has documented a fairly complete lower
Eocene carbonate-rich interval containing abundant and well-preserved planktic foraminifera [44].
However, the planktic foraminiferal assemblages have not been studied in any detail so far. Here,
we generate new planktic foraminiferal assemblage records in lower Eocene sediment at Site 1258.
The new results provide important insights on the timing and causes of the Morozovella/Acarinina
abundance switch and the overall morozovellid species decline.
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Figure 1. Approximate location of Site 1258 during the early Eocene (green dot). Also shown are 
locations of Deep Sea Drilling Project (DSDP) Site 577, Ocean Drilling Program (ODP) Sites 1051 and 
1263, and the Possagno section (red dots), which each have bulk carbonate δ13C and planktic 
foraminiferal records spanning the Early Eocene Climatic Optimum (EECO) (e.g., [19,41,42]). Base 
map is from http://www.odsn/de/services/paleomap.html with paleolatitudes modified for Sites 577, 
1051 and 1258 according to www.paleolatitude.org model version 1.2 [45]. Possagno paleolatitude is 
based on the http://www.odsn.de/odsn/services/paleomap/adv_map.html model. Note that locations 
might be adjusted to a different reference frame to account for changes in plate motion relative to the 
spin axis [3].  
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Figure 1. Approximate location of Site 1258 during the early Eocene (green dot). Also shown are
locations of Deep Sea Drilling Project (DSDP) Site 577, Ocean Drilling Program (ODP) Sites 1051
and 1263, and the Possagno section (red dots), which each have bulk carbonate δ13C and planktic
foraminiferal records spanning the Early Eocene Climatic Optimum (EECO) (e.g., [19,41,42]). Base map
is from http://www.odsn/de/services/paleomap.html with paleolatitudes modified for Sites 577, 1051
and 1258 according to www.paleolatitude.org model version 1.2 [45]. Possagno paleolatitude is based
on the http://www.odsn.de/odsn/services/paleomap/adv_map.html model. Note that locations might
be adjusted to a different reference frame to account for changes in plate motion relative to the spin
axis [3].

http://www.odsn/de/services/paleomap.html
www.paleolatitude.org
http://www.odsn.de/odsn/services/paleomap/adv_map.html
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2. ODP Site 1258: Location and Previous Work

ODP Site 1258 is located north of Suriname, South America, at 9◦26′ N latitude, 54◦44′W longitude
and 3192 m below sea level. Importantly, the site lies on the northwest-facing slope of a small
promontory of Demerara Rise [44]. This rise is underlain by continental crust of South America thinned
in the early Cretaceous, which allows for straightforward paleo-positions of Site 1258 since the middle
Cretaceous. During the early Eocene, the latitude was ~1◦ S and the water depth was ~3000 m [44,46].

Three holes (A, B, C) were drilled via the rotary coring method at Site 1258. The total section
recovered includes 485 m of sedimentary rock, which has been divided into several lithologic units
and subunits [44]. Somewhat unusual for a pelagic setting, most of the middle to late Cenozoic is
absent, except for an uppermost <8 m thick Miocene interval (Unit I). Of interest to this study is
Unit IIA, which spans from about 6 to 241 metres below seafloor (mbsf). Unit IIA is described as
foraminiferal-nannofossil chalk, with samples averaging about ~60% CaCO3 by weight [44]. The
lithologic description relates to the relatively abundances of nannofossils and planktic foraminifers,
the latter which comprise about 10–25% by volume.

Chalk in the marine environment often forms when pelagic carbonate ooze is buried several
hundred meters below the seafloor and its constituent components (nannofossils and planktic
foraminifers) experience local dissolution and re-precipitation of calcite. Consistent with this general
view, shipboard observations indicate that nannofossils and planktic foraminifers of Unit IIA have
moderate preservation [44].

Unit IIA spans from middle Eocene to late Paleocene in age [44]. This is known from shipboard
magnetostratigraphy and biostratigraphy, which express polarity chrons C20r through C26n, calcareous
nannofossil biozones NP15 through NP5 [47], and planktic foraminifera biozones P11 through P4a [48].

Even though recovered by the rotary method, cores across Unit IIA at the three holes at Site
1258 can be aligned through records of physical properties [44]. Such alignment leads to a “revised
meter composite depth” (rmcd) scale. From the stratigraphy and the spliced records, most of the early
Eocene sedimentary record appears continuous with an average compacted sedimentation rate of
15 m/Myr [44].

A detailed bulk carbonate δ13C record has been generated across part of the early Eocene at Site
1258 [15]. Similar to other early Eocene marine sections from around the world, the record shows a
series of negative carbon isotope excursions (CIEs) with specific stratigraphic positioning relative to
polarity chrons and key nannofossil datums [49] (Figure 2). For the nomenclature of the CIEs, we use
the most current scheme [2]. With the δ13C record and existing biostratigraphy, a precise age model can
be generated [15]. Following previous work at Site 1258, we have retained ages on the Option 1 (Wo-1)
time scale [50], which was generated by correlating the long (400 kyr) eccentricity cycle identified from
high-resolution X-ray Fluorescence Fe (iron) counts to the La2010d solution [51]. We recognize that
subtle (<400 kyr) offsets exist between absolute ages of events during the Early Eocene, depending
on the time scale utilized. However, relative ages of recent time scales, including Wo-1, are much
more precise. In summary, Site 1258 provides an ideal location to examine Early Eocene changes in
planktonic foraminifera near the paleo Equator and at fairly high resolution.
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isotopes [15], XRF (X-Ray Fluorescence) Fe contents [49], and fragmentation index (this work). Also 
shown are the positions of significant planktic foraminiferal (this work, within boxes) and calcareous 
nannofossil biohorizons [49]. The main carbon isotope excursions (CIEs) are labelled according to 
[2,15,18]. 
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proxy (expressed as a percentage) is calculated according to [58]: the ratio between fragments or 
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tests include all planktic foraminiferal specimens showing missing or deteriorated chambers and 
substantial breakage. F indexes were evaluated from a total of 100 samples. Data are available in 
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Figure 2. Photographs of individual sediment cores from Holes A, B, C (photograph are located
at http://iodp.tamu.edu/janusweb/imaging/photo.cgi) along with the composite log, the planktic
foraminifera E Zonation scheme [52] as modified by [53], plotted against bulk stable carbon isotopes [15],
XRF (X-ray Fluorescence) Fe contents [49], and fragmentation index (this work). Also shown are the
positions of significant planktic foraminiferal (this work, within boxes) and calcareous nannofossil
biohorizons [49]. The main carbon isotope excursions (CIEs) are labelled according to [2,15,18].

3. Materials and Methods

3.1. Early Eocene Sampling Strategy at Site 1258

The succession examined here at Site 1258 spans the interval from 56.05 to 130.58 rmcd. This
depth range includes the T through H-1 CIEs (Figure 2), and accumulated between ~49.6 to ~53.8 Ma
on the Wo-1 time scale [50]. In an effort to get a fairly high-resolution and complete record, we obtained
samples from Hole 1258 A, Hole 1258 B and Hole 1258 C. Sample spacing varied from ~50 cm across
some intervals to ~5.0 cm across several of the CIEs. Such spacing gives nominal ages between samples
of ~80 kyr to ~5 kyr. A total of 148 samples were collected.

3.2. Proxy for Carbonate Dissolution: Fragmentation Index

Deep-sea carbonate dissolution, which coincided with at least several of the early Eocene negative
CIEs [54–57], causes planktic foraminifera to break into fragments when they begin to dissolve [58–60].
We adopt the fragmentation index (F index) as a carbonate dissolution proxy. This proxy (expressed
as a percentage) is calculated according to [58]: the ratio between fragments or partially dissolved
planktic foraminiferal tests versus entire tests on ~300 elements. The fragmented tests include all
planktic foraminiferal specimens showing missing or deteriorated chambers and substantial breakage.
F indexes were evaluated from a total of 100 samples. Data are available in Table S1.

3.3. Planktic Foraminiferal Analysis

Planktic foraminifera were observed in washed residues prepared by immersing previously
freeze-dried samples in deionized water. When disaggregated, samples were washed over a >63 µm
sieve. Washed residues were dried at <50 ◦C. The sieve was immerged in a methylene blue bath after

http://iodp.tamu.edu/janusweb/imaging/photo.cgi
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each washing in order to colour planktic foraminifera potentially trapped in the mesh [61]. This is an
easy method to exclude possible contamination amongst successive samples.

Relative abundances of planktic foraminiferal genera and a number of species, as well as the
species from genus Morozovella were determined for the >63 µm size fraction from random splits
using a Micro Riffle Splitter Gilson SP-171X. The counting was achieved on a statistical population of
~300 specimens for the genera and species shown in Figure 3 whereas the counting of the Morozovella
species abundance was carried out on a mean number of ~170 Morozovella specimens (Tables S2 and
S3). Considering that morozovellids were rare above their decline in abundance and across most
hyperthermals, it was not possible to perform the counting on a population of ~300 specimens for all
the samples.

For counting, we kept specimens of Subbotina senni separate from other subbotinids, because this
taxon likely occupied a different habitat [38,41,62–64]. Specifically, S. senni is considered a mixed-layer
form that sank to middle mixed-layer or deeper depths during gametogenesis (e.g., [38,63] and
references therein). The taxonomic criteria adopted in this study follow [38,65]. Quantitative data
are available in Table S1. In addition to the above counting, from 14 samples distributed from the
base to the N CIE (130.58 rmcd−77.8 rmcd), we assessed the variation in morozovellid test size. Size
fraction counts were performed on the same morozovellids used for quantitative analysis (an average
of ~170 individuals) but “only” on the larger fraction (>200 µm). We obtained three classes of size
fractions (200–250 µm, 250−300 µm and >300 µm) through the use of appropriate sieves and analyzed
the entire morozovellid assemblages exceeding the 200 µm.

The relative abundance of planktic foraminiferal genera from south Atlantic Site 1263 (Walvis
Ridge) across the EECO has been assessed previously [42]. However, changes in single species of
Morozovella were absent. In order to have a more exhaustive scenario of the morozovellid crisis at
the EECO across the Atlantic Ocean, we estimated here the relative abundance of Morozovella species
also from this South Atlantic site. The interval adopted is the same studied by [42], i.e., from 240.52
rmcd to 297.168 rmcd with sample spacing varying from ~100 cm to ~30 cm. The same test size
estimation of Morozovella species was performed also from Site 1263 from 13 samples from 292.19 rmcd
to 262.24 rmcd (Table 1).

4. Results

4.1. Variations in Dissolution Proxy

The F index record exhibits a somewhat bimodal pattern (Figure 2, Table S1). Many samples
have value on a “background” trend, which generally increases after the K/X event but remains <10%.
However, across numerous CIEs, F index exceeds 70%. In our record, the ETM2, H2, I1, I2, J1, J2, K/X,
L1, L2, M, N, O, P, R, S and U events have, respectively, maximum F index values of 75.9%, 15%, 46.3%,
21.4%, 21.33%, 18%, 70.1%, 70.9%, 70.1%, 93.3%, 93.1%, 80.2%, 85.3%, 90.6%, 83%, 80.8%. With the
exception of ETM2 (75.9%), the F index values appear more extreme across the CIEs in the upper part
of the studied succession that corresponds to higher “background” values.

4.2. Biostratigraphy

Planktic foraminifera throughout the interval here analysed exhibit a ‘frosty’ instead of a ‘glassy’
appearance, sensu [46]. However, despite test recrystallization, species can be readily identified.
Analysis of planktic foraminifera across the studied interval at Site 1258 allows identification of three
zonal boundaries within the current low-latitude planktic foraminifera biozone scheme of [52] as
modified by [53]. These are (Figure 2) the lowest occurrence (Base = B) of Morozovella aragonensis
(E4/E5 boundary) at 120.65 rmcd; highest occurrence (Top = T) of Morozovella subbotinae (E5/E6) at
81.51 rmcd; and, B of Astrorotalia (Planorotalites) palmerae at 68.68 rmcd (E6/E7a). The B of Turborotalia
frontosa, which marks the E7a/E7b boundary, was not recorded, so must lie above the studied interval.
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Because the early Eocene section at Site 1258 has a detailed δ13C record and because we have
sampled the sequence at fairly high resolution, four additional observations regarding relative dating
can be made. At Site 1258 (Figure 2):

• the B of M. aragonensis lies 4.85 m below the I-1 CIE that is at 115.8 rmcd;
• the T of M. subbotinae lies 1.49 m above the M CIE that is at 83.0 rmcd;
• the B of Acarinina cuneicamerata, the suggested marker for the E6/E7a boundary [52], is found at

97.53 rmcd, 5.4 m below the L1 that is at 92,13 rmcd CIE and well below the T of M. subbotinae;
• the B of Guembelitrioides nuttalli, which sets the E7b/E8 boundary in the middle Eocene [63,65], is

found at 98.03 rmcd and 1.32 m above the K/X CIE (99.35 rmcd).

4.3. Variations in Abundance of Planktic Foraminiferal Genera

Planktic foraminiferal assemblages, beyond biostratigraphic interest, display both long-term and
transient changes across the early Eocene investigated interval at Site 1258 (Figure 3, Table S1). The
major change involves the two mixed-layer dwelling genera, morozovellids and acarininids [38,62,63].
A strong and permanent reduction in morozovellid abundance occurred over a short depth interval
(<1 m) centred at 107.87 rmcd, where mean values of ~32% in samples below drop to mean value of
~7% in samples above. This change in relative abundance mostly relates to an increase in the amount
and diversity of acarininids, and closely corresponds to but slightly precedes the J-1 CIE. Acarinina
comprises a mean value of ~51% of assemblages below the start of EECO, but about ~72% above.
Conversely, the genera Subbotina and Parasubbotina do not show appreciable changes in abundance
across the J CIE (Figure 3).

The three dominant genera, Morozovella, Acarinina and Subbotina also display high-frequency
variations in abundance superimposed on long-term trends. In general, short-term fluctuations in the
abundance of Acarinina coincide with contrasting abundance changes of Morozovella and subbotinids.
This relationship is particularly evident across the CIEs, where acarininid abundances generally
increase to comprise up to >90% of the total assemblage. Interestingly, abundances of morozovellids
and subbotinids often recover rapidly above the CIEs (Figure 3). It should be recognized, however, that
the above changes in abundances reflect a closed-sum effect, where the drop in one genus necessarily
relates to a rise in one or more other genera. However, the acarininid dominance across the CIEs
appears as a real response to the hyperthermals in the mixed layer, as documented also in several
Tethyan successions (as discussed below).Geosciences 2020, 10, 88 7 of 22 
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(2) the virtual disappearance of chiloguembelinids below the K/X event (blue arrow). Other information
is consistent with Figure 2.
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Minor components of planktic foraminiferal assemblages, such as Pseudohastigerina, Igorina,
Parasubbotina, Planorotalites, Subbotina senni, Guembelitroides nuttalli, Praemurica lozanoi, globanomalinids,
Pseudoglobigerinella bolivariana, Catapsydrax unicavus and Astrorotalia palmerae never exceed 5% in terms
of total planktonic foraminifera abundance except for a peak (10%) of A. palmerae at the P CIE (Figure 3,
Table S1). These taxa do not display particular trend throughout. An exception is represented by
Chiloguembelina that shows a permanent drop in the earlier part of the EECO (Figure 3, Table S1).
Mean abundances of this group are ~1% in the pre-EECO interval but drop to zero just below the K/X
event from sample 100.06 rmcd and never recovered throughout the interval investigated. The virtual
disappearance of chiloguembelinids is significant because it also has been recorded below the K/X
event at Sites 1051 and 1263 [42,66].

4.4. Variations in Morozovella Species Abundance and Test Size

To more fully understand the permanent decline in Morozovella abundance at the onset of the
EECO, we measured changes in different species (Figure 4, Table S2). The species M. subbotinae,
M. marginodentata, and M. crater are the most abundant species in samples below the EECO, comprising
together on average ~20% of the total morozovellid population. From sample ~107.87 rmcd, their
mean abundance drops to ~5%. The species Morozovella aequa, M. lensiformis, M. gracilis, M. caucasica
and M. formosa are a minor component of the morozovellid population because the percentage of each
species is not greater than 5% with the exception of a M. formosa peak of ~16% at the H2 CIE. The
species M. aragonensis is more abundant in the first part of its range (mean value ~6%) and it shows a
decline from the I2 and J CIEs (mean value ~3%) and a new increase above the J CIE up to L1 CIE
(mean value ~8%). Above this interval, M. aragonensis abundance stabilizes at ~3%.

Examination of morozovellid test size (Table 1) highlights an interesting change. Specimens in the
size fraction between 250 and 300 µm average ~21% below the J CIE, but markedly increase to ~57%
above. Nevertheless, the abundance of the largest fraction analysed (>300 µm) drops above the onset
of the EECO, from ~29% to ~21%.

4.5. Changes in Morozovellid Species Abundance and Test Size from Site 1263

Data obtained from the South Atlantic Ocean Site 1263 reveal that Morozovella aequa and
M. subbotinae are the most abundant species below the EECO reaching a mean percentage together of
13.4% (Figure 5, Table S3). These species are followed in abundance by M. marginodentata, M. lensiformis
and M. crater (~10%). The species M. gracilis, M. formosa, M. aragonensis and M. caucasica are rather
rare throughout even though the last three species slightly increase in abundance within the EECO,
especially after the O CIE.

The species showing the main drop in abundance ~165 kyr after the J event are Morozovella aequa,
M. subbotinae, M. marginodentata and M. gracilis as their relative abundance moves as a whole from
~18% to ~2.5%.

Changes in morozovellids test size are less evident from Site 1263 compared to sites 1051 and
1258 (Table 1). With respect to the other sites, Site 1263 shows a slight increase in percentage of
morozovellids >300 µm fraction that is 16.7% stratigraphically below the decline in abundance and
19% above. This is mainly due to the occurrence of large-sized Morozovella aequa. A slight increase of
smaller morozovellids (250−300 µm) is recorded above the abundance reduction as mean values move
from 39.7% to 45%. The smallest fraction (200–250 µm) does not change significantly but it displays
increases at the J1 and K/X CIEs and in the upper part of the analysed succession (samples 265.43 rmcd,
262.24 rmcd).
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Table 1. Change in morozovellid test-size across the EECO at Site 1258 (above the dashed line) and
1263 (below the dashed line).

Sample Depth
(rmcd)

Morozovellids
>300 µm (%)

Morozovellids
250−300 µm (%)

Morozovellids
200–250 µm (%) Events

77.8 47.7 42.8 8.3
86 27.6 60.4 12

98.53 32.3 60.1 7.6
100.06 24 52 24
106.06 24 53 24
106.37 7.4 69.6 23 J-2
106.87 22.1 56.5 21.4
107.27 9.5 21.6 68.9 J-1
107.87 16.8 54.5 28.7 morozovellid abundance decline
108.37 22.4 37.3 40.3
112.37 4.1 19.5 76.4
116.63 27.3 37.2 35.3
123.21 47.9 31 21.1
130.58 29.1 36 34.9
262.24 14 44 42
265.43 4 25 71
267.83 14 58 28 L-2
269.33 41 32 27 L-1
271.43 36 53 11

274.813 11 45.5 44.5 K/X
277.12 13 58 27 morozovellid abundance decline

278.128 5 32 63
280.77 24 32 43 J-1

283.272 24.5 42 33.5
287.309 22 48 30 I-2
287.76 8 40 52 I-1
292.19 17 44 39

Geosciences 2020, 10, 88 8 of 22 

 

increases at the J1 and K/X CIEs and in the upper part of the analysed succession (samples 265.43 
rmcd, 262.24 rmcd). 

Table 1. Change in morozovellid test-size across the EECO at Site 1258 (above the dashed line) and 
1263 (below the dashed line). 

Sample Depth 
(rmcd) 

Morozovellids 
>300 μm (%) 

Morozovellids 
250−300 μm (%) 

Morozovellids 
200−250 μm (%) 

Events 

77.8 47.7 42.8 8.3  
86 27.6 60.4 12  

98.53 32.3 60.1 7.6  
100.06 24 52 24  
106.06 24 53 24  
106.37 7.4 69.6 23 J-2  
106.87 22.1 56.5 21.4  
107.27 9.5 21.6 68.9 J-1  

107.87 16.8 54.5 28.7 
morozovellid 

abundance decline 
108.37 22.4 37.3 40.3  
112.37 4.1 19.5 76.4  
116.63 27.3 37.2 35.3  
123.21 47.9 31 21.1  
130.58 29.1 36 34.9  
262.24 14 44 42  
265.43 4 25 71  
267.83 14 58 28 L-2 
269.33 41 32 27 L-1 
271.43 36 53 11  
274.813 11 45.5 44.5 K/X 

277.12 13 58 27 
morozovellid 

abundance decline  
278.128 5 32 63  
280.77 24 32 43 J-1  
283.272 24.5 42 33.5  
287.309 22 48 30 I-2 
287.76 8 40 52 I-1 
292.19 17 44 39  

 
Figure 4. Bulk sediment δ13C curve across the early Eocene interval at ODP Site 1258 along with 
relative abundances of the Morozovella species plotted vs depth. Note that the major permanent 
decline in Morozovella occurring slightly below the J CIE mainly happens because of reductions in all 
morozovellid species with the exception of M. aragonensis that ranges up to the middle Eocene [38]. 
Other information is the same as in previous figures. 

Figure 4. Bulk sediment δ13C curve across the early Eocene interval at ODP Site 1258 along with relative
abundances of the Morozovella species plotted vs depth. Note that the major permanent decline in
Morozovella occurring slightly below the J CIE mainly happens because of reductions in all morozovellid
species with the exception of M. aragonensis that ranges up to the middle Eocene [38]. Other information
is the same as in previous figures.
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marked by pronounced carbonate dissolution at multiple locations [54–57] as a result of increased 
inputs of 13C-depleted carbon into the ocean and atmosphere [57,67]. The increase in maximum F-
index values reached during the smaller hyperthermals towards the middle of the EECO suggests an 
increased intensity of carbonate dissolution (Figure 2) despite apparently smaller carbon input. The 
baseline F-index also increases slightly across the studied interval, which may suggest a long-term 
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were closer to the CCD prior to the EECO hyperthermals, this would increase its susceptibility to 
carbonate dissolution for a given carbon input.  

Figure 5. Records of stable carbon isotopes (δ13C) and Morozovella species relative abundance against
Age (Ma) from the Atlantic ODP Sites 1051, 1258 and 1263. Bulk sediment δ13C from Site 1051
is from [41]. The bulk sediment δ13C record from Site 1263 is from [42] (blue) while the benthic
foraminiferal (N. truempyi) δ13C record comes from [19] (grey). Note that the morozovellid species
abundance varies across the sites differently contributing to the permanent decline in abundance of the
genus Morozovella.

5. Discussion

5.1. The F-Index Record and Impact of Carbonate Dissolution

The F-index rises significantly across most of the CIEs at Site 1258, although these increases do
not proportionally correspond to CIE magnitude. In fact, the highest F-index values correspond with
the relatively modest CIEs in the upper part of the succession studied (Figure 2). A high F index
suggests carbonate dissolution because this process breaks planktic foraminifera into fragments [58,59].
Carbonate solubility horizons that impact the balance of calcite preservation and dissolution on
the seafloor, expressed in the sediments as the lysocline and the carbonate compensation depth
(CCD) shoaled considerably during various hyperthermals of the early Eocene. The three most
prominent Paleogene hyperthermals, the PETM, H-1 (ETM2), K/X (ETM3) events were clearly marked
by pronounced carbonate dissolution at multiple locations [54–57] as a result of increased inputs of
13C-depleted carbon into the ocean and atmosphere [57,67]. The increase in maximum F-index values
reached during the smaller hyperthermals towards the middle of the EECO suggests an increased
intensity of carbonate dissolution (Figure 2) despite apparently smaller carbon input. The baseline
F-index also increases slightly across the studied interval, which may suggest a long-term shoaling
in the lysocline depth at this location or a deepening of the depositional setting. If Site 1258 were
closer to the CCD prior to the EECO hyperthermals, this would increase its susceptibility to carbonate
dissolution for a given carbon input.
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Another explanation for the increase in F-index values is that EECO warmth augmented microbial
metabolic rates and intensified remineralisation of organic matter within the water column. This would
decrease pH and enhance carbonate dissolution [68–72].

Planktic foraminiferal genera vary in dissolution susceptibility, so carbonate dissolution may lead
to deviations in sedimentary planktonic foraminiferal assemblages from the living assemblages. Hence,
the recorded assemblage may not simply represent the planktic foraminiferal response to climatic and
oceanographic changes. Some studies of latest Paleocene to early Eocene age sediments, including
laboratory experiments, suggest a general ordering of dissolution according to genus, with Acarinina
more resistant than Morozovella and the latter more resistant than subbotinids [73–75]. The highest
F-index values generally correspond at Site 1258 to peaks in the relative abundance of acarininids and
low percentage of morozovellids and subbotinids. Changes in carbonate preservation should be the
primary driver of the observed planktic foraminiferal assemblages, it follows that the dominance of
Acarinina during multiple CIEs could represent a taphonomic artifact. However, high abundances of
Acarinina also occur at Site 1258 also across the CIEs that record low F-index values, such as the J-1 and
J-2 CIEs. This finding is consistent with records from other locations where CIEs have low F-index and
major increases of Acarinina [19]. For example, at the Tethyan Terche section in northern Italy, [76,77]
noted pronounced spikes in Acarinina abundance at the ETM2, H1 and I-2 events where planktic
foraminiferal assemblages are not biased by dissolution. Despite evidence of carbonate dissolution in
the water column at or beneath the seafloor at Site 1258, this process probably only amplified primary
changes in planktic foraminiferal assemblages.

The ‘background’ low F-index values (<10%) recorded at Site 1258 may derive from early
dissolution in the water column [78] and/or from laboratory processing such as the freeze thaw
treatment and the washing procedure from samples difficult to disaggregate that may have caused
some crumbling of specimens. This may also explain some anomalously high F index values not
related to CIEs (Figure 2).

5.2. Problems in Early Eocene Planktic foraminiferal Biozones

Our new data confirm issues with planktic foraminifera zonal markers across the lower Eocene,
as previously highlighted [19,41,42,53]. Firstly, the B of M. aragonensis that identifies the E4/E5
boundary [52] is found below the I-1 CIE at Site 1258 (Figure 2), whereas at other locations, including
ODP Sites 1051 and 1263, Deep Sea Drilling Project (DSDP) Pacific Site 577 [19,41,42] and Possagno [19]
this horizon lies above the I-2 CIE. Some uncertainty may lie in subtle differences between the
identification of true M. aragonensis and its ancestor M. lensiformis [38]. We recognize M. aragonensis
from M. lensiformis by its truly plano-convex test, truncated-cone shape, and rounded peripheral
outline. In addition, we noted, according to [53] and [41,42] that, as visible in umbilical sides, typical
M. aragonensis tests have 5.5 to 6 chambers in the last whorl instead of 4 to 4.5 chambers of M. lensiformis.
However, considering that M. aragonensis has been distinguished similarly by all aforementioned
authors, we conclude that the earliest appearance of this zonal marker is not related to taxonomical
problems. Rather, this datum is diachronous by at least 100 kyr (the time difference between I-1 and
I-2; [2]), and that its true first appearance may have occurred slightly earlier at equatorial latitudes
than at higher latitude areas.

Secondly, the T of M. subbotinae that marks the E5/E6 boundary [52] is recorded above the M CIE
at Site 1258, just below the Q CIE at Site 1263, at the L1 event at Site 1051, below the P event in Tethyan
sections and slightly above the J event at Site 577 (see Figure 3 in [42]). Clearly, this datum is highly
diachronous and alternative foraminifera bioevent(s) are needed as substitutes in early Eocene planktic
foraminiferal zonation schemes.

Thirdly, the B of A. cuneicamerata that marks the E6/E7a is found before the T of M. subbotinae.
The same “reversal” of datums has been found across lower Eocene sections at Sites 1051, 1263 and
Possagno [19,41,42,53]. Given the diachronicity of the B of A. cuneicamerata, [53] proposed the B of
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Astrorotalia (Planorotalites) palmerae as an alternative marker for the E6/E7a boundary, as this was
supposedly synchronous with B of A. cuneicamerata at some sites [52,79].

Fourthly, the finding of B of Guembelitrioides nuttalli slightly above the K/X CIE at Site 1258 is
problematic, as it should set the E7b/E8 boundary. However, the position of this datum is in good
agreement with the record from the Tethyan Possagno section [19,53] and bolsters observations at
Site 1263, where it is recorded slightly above the Q CIE, and well below its putative first appearance.
Luciani, et al. [53] noticed that, at Possagno, the abundance of G. nuttalli varied significantly, such that
there is a Base of rare specimens (Br, <1%) and a Base of common (Bc, ~4%) specimens, where the latter
coincides with the base of Zone E8. The Bc of G. nuttalli, which may be a proper bioevent, was not
recorded at Site 1258, according to the evidence that the interval here studied do not encompass the
middle Eocene.

Temporal offsets in early Eocene planktic foraminiferal occurrences are mostly realized only when
detailed stratigraphy, such as through δ13C records, are coupled with detailed counting of specimens
at multiple locations. The observed offsets clearly demonstrate the need of a revision of the Eocene
planktic foraminiferal standard zonation, which is beyond the scope of this paper.

5.3. The Planktic Foraminiferal Record across the EECO at Site 1258

5.3.1. Permanent Morozovella and Acarinina Switch in Abundances

Our main result is that the relative abundance of the surface-dweller symbiont-bearing
genus Morozovella, which dominated early Paleogene planktic foraminiferal assemblages from
tropical-subtropical regions, markedly and permanently declined at the beginning of the EECO
moving from mean percentage of ~32% to less than ~7%. This distinct decrease in abundance occurred
within ~20 kyr before a negative δ13C excursion known as the J event (~53.3 Ma), which marks the
onset of the EECO. The permanent decrease of morozovellids is associated with reduction in species
diversity, but an increase in the abundance of another symbiont-bearing foraminifera genus, Acarinina.
The remarkable turnover from Morozovella to Acarinina was geographically widespread, as it is recorded
at the start of the EECO in the subtropical Pacific (Site 577), and elsewhere in the subtropical Atlantic
(Sites 1051 and 1263) [19,41,42]. Interestingly, the drop in abundance was asynchronous between sites.
Actually, at the subtropical Site 1051 the morozovellids/acarininids switch occurred precisely at the J
event [41] whereas at the temperate south Atlantic Site 1263 it occurred ~165 kyr after the J event [42]
Hence, our new data from Demerara Rise demonstrate that the morozovellid decline began first with
unfavourable environmental conditions near the equatorial Atlantic Ocean and then extended to higher
latitudes (Figure 6).

The triggering mechanism for the striking planktic foraminiferal turnover remains elusive,
because both Morozovella and Acarinina existed in the mixed-layer. However, the two dominant genera,
Morozovella and Acarinina, likely had different tolerances to temperature, ocean chemistry and possibly
food supply. This would explain why anti-phase variations in their abundances occurred during
several early Paleogene hyperthermals that happened before the EECO. This anti-phase relationship
seems to derive from a competition within the same mixed-layer, where acarininids tolerate the atypical
conditions better [19,42,55,77,80]. Unlike the early Eocene hyperthermal events, the prolonged EECO
perturbation appears to have exceeded hostile conditions for morozovellids for a sufficiently long time,
such that acarininids dominated surface water habitats afterward. It is notable that the delay between
the morozovellid crash at the equator and the high latitude site is slightly longer (~185 kyr) than the
typical early Eocene hyperthermal duration.

Interestingly, most Morozovella species usually exhibit less high δ13C and low δ18O values with
respect to most acarininids. This feature has been found in examinations of the stable isotopic
composition of late Paleocene and Eocene foraminiferal assemblages [41,64,71,72,81–83]. Most
morozovellids may have thus lived slightly deeper in the mixed-layer habitat or they may have sunk
there at gametogenesis, as is further supported by the occurrence of a late stage crust in the test and
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by the isotope values. These features are especially evident in M. aragonensis, M. lensiformis [71,72])
and possibly in M. aequa and M. subbotinae [41,64]. Changes in the vertical temperature or pH profile
leading to more intense changes in the middle-lower mixed-layer with respect to the upper mixed-layer
may have affected morozovellid reproduction at depth and reduced their abundance. However,
periodic increases in temperature and declines in pH and omega-calcite occurred during the pre-EECO
hyperthermals as well. It is unclear whether conditions were simply more severe during the EECO and
whether changes in temperature or carbonate chemistry were more significant in driving the permanent
morozovellid crash. The evidence that the morozovellid crisis began at the equatorial Atlantic Ocean
is unexpected. Actually, if carbonate chemistry were the primary driver, we would expect earlier, more
severe changes at the high latitudes, where omega-calcite is already relatively lower.

Changes in food supply could be a critical cause to explain the morozovellid/acarininid changes
at the EECO. Change in nutrient availability have been taken in account to explain the switch in
abundance between Morozovella and Acarinina during the PETM, ETM2 and K/X events, when Acarinina
became dominant over Morozovella in a number of Tethyan successions. This has been interpreted
as signifying enhanced eutrophication of surface waters near continental margins [55,77,80,84–87],
an idea consistent with evidence for elevated (albeit more seasonal) riverine discharge during these
hyperthermals [88–92]. Enhanced eutrophication may have been detrimental for morozovellids,
presumed to be a more oligotrophic group than acarininids. Increased nutrient availability is also
validated in the Tethyan area by the relatively high concentration of radiolarians which may reflect
eutrophication [93] and that is recorded also at the start of the EECO from the Possagno section [19].
Actually, at Site 1051 increased nutrient availability can be testified by the radiolarians percentage that
markedly increases within the EECO [41]. Nevertheless, there is no evidence of increased eutrophication
at the other sites documenting the permanent morozovellid decline, included Site 1258.

Our results clearly highlight the need for further investigation in order to constrain possible
environmental causes of the observed biotic changes.
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Figure 6. Early Eocene δ13C and relative abundance of genus Morozovella plotted versus Age (Ma) from
Atlantic sites 1051, 1258 and 1263. Note that the permanent decline in abundance occurred earlier at
Site 1268 (~20 kyr before the J CIE) and then extended at Site 1051 where it occurred exactly at the J
event [41] and finally at Site 1263, where this permanent drop in abundance is recorded ~165 kyr above
the J event [42].

5.3.2. Changes in Morozovellid Species Population and Test Size

The relative abundance of different morozovellid species at Site 1258 (Figure 4) shows that
M. subbotinae and M. crater are the most important component of morozovellids population below the
EECO, followed by M. marginodentata and M. gracilis. Changes in these species are mainly responsible
for the morozovellid decline in abundance.
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The behaviour of the different Morozovella species varies across the hyperthermals in terms of
changes in abundance. Reduction in total morozovellid abundance across most CIEs below the
EECO is due to the transient drop of M. subbotinae, M. gracilis, M. marginodentata and M. lensiformis
whereas M. formosa, M. crater and M. aragonensis temporarily increase. In particular, M. formosa peaks
in abundance at the H2 CIE. Therefore, different morozovellid species had diverse tolerance to the
environmental stressors induced by the hyperthermals.

Figure 5 compares the relative abundance of morozovellid species plotted against age (Ma) from
Site 1258, Site 1051 and Site 1263. Data from Site 1051 come from [41] and are shown in Table S4. The
greater total abundance of morozovellids at Sites 1051 and 1258 can be explained by the low latitude
of these two sites with respect to Site 1263 considering that morozovellids are known warm water
indices [62,63,82]. Our data show that the various Morozovella species are differently distributed across
the sites investigated. The species that display the most evident variations in abundance between sites
are: M. marginodentata, M. gracilis, M. subbotinae, M. aragonensis, M. crater and M. aequa. Prior to the
EECO, the first five of these species show greater abundance at the equatorial Site 1258 and subtropical
Site 1051, indicating that their biogeographic optimum was at low latitudes. The evidence that the
zonal marker M. aragonensis first appears at the equatorial site confirms the warm-water preference of
this species and could somewhat explaining the documented diachronism of its base across several
sites. Conversely, Morozovella aequa is demonstrated to have preferred temperate latitudes as it shows
highest relative abundance at Site 1263. The remaining species are relatively less abundant in all
the sites.

The morozovellid crisis involved the species M. aequa, M. marginodentata, M. gracilis, M. subbotinae
at all three sites, which demonstrates that the environmental stressors responsible for their decline
involved the same species independent of their relative abundance. The species M. crater contributed to
the morozovellid crash only at the low latitude sites 1258 and 1051. M. formosa and M. lensiformis only
showed a permanent decline in abundance at Site 1258. Significantly, those species experiencing the
morozovellid crash decline firstly at the Atlantic Equatorial Site 1258 where the abundance of M. aequa,
M. subbotinae, M. gracilis, M. marginodentata, M. formosa, M. lensiformis and M. crater permanently
decline ~20 kyr before the J event (Figure 5). The same species with the exception of M. formosa and
M. lensiformis drop in abundance at Site 1051 exactly at the J event [41] whereas M. aequa, M. subbotinae,
M. gracilis and M. marginodentata decline in abundance at the temperate south Atlantic Site 1263
~165 kyr after the J event. As mentioned above, M. lensiformis and M. crater do not suffer a decline in
abundance at the temperate Site 1263. These records underline the complexity of the permanent drop
in abundance of genus Morozovella at the EECO; each species, though belonging to the same genus,
played a different role during the crisis. Possibly, M. formosa, M. lensiformis and M. crater were able to
migrate or to persist to survive at higher latitudes where environmental conditions were less extreme.

The various morozovellid species also display some dissimilarity in their response to
hyperthermals. Specifically, the species that that decline permanently and that became extinct
within the EECO generally show a decrease in abundance across the largest CIEs. Two exceptions
are M. formosa and M. crater that record peaks in abundance from Site 1258 at the ETM2, H2, I1 CIEs
and a minor increase in abundance at the L2 CIE. M. aragonensis, which is not present at the base of
the succession at Site 1258, displays peaks in abundance across the hyperthermals. The fact that most
of the morozovellids decrease across the hyperthermals temporarily and then decline permanently
at the EECO suggests similar adverse environmental conditions, but it also suggests that it was the
duration of environmental change during EECO that crossed the resilience threshold. Given that it is
however unclear that absolute environmental conditions deteriorated to a greater degree during the
EECO compared to during individual hyperthermal events of the early Eocene.

Interestingly, the size of morozovellids shows significant changes across the interval investigated
(Table 1). Specifically, at Site 1258, the mean percentage of fraction >300 µm displays a reduction when
comparing the interval below and above the J CIE (~29% vs ~21%). In particular, this reduction in
maximum test size involves principally the species Morozovella gracilis, M. marginodentata, M. subbotinae,
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M. formosa and M. crater that were present in the >300 µm fraction below the J CIE but the results absent
(Morozovella gracilis, M. marginodentata) or extremely rare from this major fraction above the J CIE. The
test size reduction does not involve the species M. aragonensis that ranges up to the middle Eocene [52].
We did not include the sample from 77.8 rmcd in the test size calculation because the dominant species
(M. aragonensis) and the species M. caucasica are predominantly of large size. These results may indicate
that the species M. subbotinae, M. gracilis, M. marginodentata, M. formosa and M. crater that mainly
account for the morozovellid decline underwent a size reduction following their decline in abundance.
The fraction 250–300 µm accounts for the aforementioned morozovellid test-size reduction because it
markedly increases above the EECO base; it moves from a mean percentage of ~21% to ~58%. The
species M. aequa and M. lensiformis are very rare above the J CIE, which makes it difficult to assess their
size changes using the method here adopted. Interestingly, the species M. marginodentata, M. gracilis
and M. formosa also show a test size reduction at the Atlantic Site 1051 [41].

An extremely high percentage of morozovellid specimens from the 200–250 µm fraction is recorded
in samples from 112.37 rmcd and 107.27 rmcd that give values of 76.4% and 68.9%, respectively. In the
same samples the percentage of the >300 µm fraction drops to 4.1% and 9.5%. This marked reduction
in morozovellids test size involves all the species occurring in these samples. Significantly, the sample
from 112.37 rmcd is placed slightly above the I1 CIE and the sample from 107.27 rmcd is at the J1 event,
suggesting adverse environmental conditions are associated with declining test size.

Several potential stressors may explain both the reduced size and the permanent morozovellid
decline. These include algal photosymbiont inhibition (bleaching), increase in temperature, decrease in
oxygen levels and decrease in pH and/or calcite saturation state [94,95]. A bleaching hypothesis has
been tested at the northwest Atlantic Site 1051 by measuring stable isotopes of different size fractions
of multiple planktic foraminiferal genera and species [41]. The results demonstrate that morozovellids
indeed reduced their algal-symbiont relationships just after their abundance reduction at the EECO
onset, but this was a transitory effect. Moreover, evidence for bleaching also occurred in the acarininids,
but their relative abundance increased. Possible bleaching episodes may explain the general and
marked test-size reduction of morozovellids at Site 1258 as related to the I1 and J events though carbon
stable isotope data from different size fractions is necessary to confirm.

Some of the various possible stressors are linked. For instance, a temperature increase within the
mixed-layer drives a decrease in oxygen solubility that could cause morozovellid test-size reduction
because demand for oxygen and nutrients increases with temperature in protists due to accelerating
metabolism [72]. Thus, a strategy to optimize resource uptake is to enlarge surface area/volume ratio
by reducing the cell mass and therefore the test-size [96].

Changes in ocean carbonate chemistry also may have affected morozovellid calcification and
contributed to the observed test size reduction. Recent culturing and open ocean observations suggest
that that omega-calcite saturation state can affect variably sized foraminifera differently, such that
larger planktic foraminifera preferentially reduce their calcification [97]. We cannot exclude that
morozovellids may have decreased their maximum size as a consequence of drops in saturation state
and pH, because there are several short-term negative CIEs within the EECO probably signifying
addition of CO2 to the ocean and atmosphere [20,98]. However, the extended duration of EECO
warmth should have led to enhanced weathering and kept saturation state high despite the impact of
high atmospheric CO2 on surface ocean pH.

At Site 1263 the morozovellid test-size records less marked changes with respect to the low-latitude
sites. This suggests temperature, rather than saturation state, is a primary driver of trends in test
size, since high latitude sites already have lower saturation state with respect to equatorial latitudes.
Significantly, at Site 1263 M. aequa declines in abundance but does not reduce its size and shows a
longer stratigraphic range with respect to the equatorial site, suggesting that environmental conditions
at this temperate site were less extreme for this species.

The other species occurring within the >300 µm fraction at Site 1263 are mainly M. crater and
M. lensiformis and they show a reduction in abundance at EECO. The species M. gracilis, M. marginodentata
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and M. subbotinae do show a reduction in abundance at the EECO, and these are only present in the
>300 µm and 250−300 µm fractions stratigraphically below this decline, thus confirming their test-size
decrease within the EECO. The evidence for a less pronounced decrease in test size at Site 1263 is
potentially related to the fact that the morozovellid crisis in abundance is less extreme at this site with
respect to the low latitude Atlantic sites.

5.3.3. Chiloguembelinid Virtual Disappearance at the EECO

The small-sized, thin-walled planktic foraminiferal chiloguembelinids bearing a biserial disposition
of the chambers constitute a minor component of the assemblages at the equatorial Site 1258. This is in
line with the evidence that this group proliferates at high latitude (e.g., [99]). However, their virtual
disappearance ~160 kyr before the K/X event is significant because this group becomes virtually absent
also in the subtropical and temperate Atlantic Sites 1051 and 1263 at the beginning of the EECO slightly
before (Site 1051) or at the K/X event (1263) [64]. This striking widespread decline through the Atlantic
Ocean implies marked paleoceanographic changes. Recent analyses by [64] demonstrate the early
Eocene Chiloguembelina occupied a thermocline niche, compatible with that of the Oxygen Minimum
Zone (OMZ), throughout the Atlantic Ocean as demonstrated by a stable isotope signature close to the
deep-dweller Subbotina and benthic foraminifera. These authors hypothesize that intermediate water
temperatures probably rose significantly during the EECO, thus becoming too warm for this genus.
In addition, elevated ocean temperatures could have enhanced the rate of bacterial respiration and
remineralisation significantly, thus resulting in more efficient recycling of nutrients higher in the water
column [71,72,100]. This would have resulted in a restriction of food supply at depth and subsequently
cut out the deeper dwelling niche of chiloguembelinids. Therefore, chiloguembelinids, considered as
a eutrophic indicator, may have suffered of reduced food supply besides the warmer temperatures.
Interestingly, recently published foraminiferal-bound nitrogen isotope data demonstrate that the extent
of water column denitrification, a process that is known to occur only in oxygen depleted waters in the
present-day Ocean, and that is inferred by FB (Foraminiferal Bound)-δ15N values, started to markedly
decline within the EECO at ~53 Ma ago [101]. This indicates enhanced oxygenation at the OMZ during
the EECO. A combination of the increased temperature and oxygenation of the thermocline might
have played a major role in driving the disappearance of chiloguembelinids inhabiting the OMZ [64].

6. Conclusions

Here we present new data on the planktic foraminiferal response to the Early Eocene Climatic
Optimum (EECO, ~54-48 Ma) from the western equatorial Atlantic ODP Site 1258 (Demerara
Rise) and South Atlantic Site 1263. Our results reveal significant modifications within planktic
foraminiferal assemblages that are compared with changes recorded from Atlantic Site 1051, thus
implying widespread paleoceanographic changes. The main results are summarized below.

Our results highlight pronounced changes within low-latitude planktic foraminiferal abundances
across the EECO (Figure 3). The most striking variation happened near the J CIE: a permanent
decline in morozovellid abundance paralleled a long-term rise in acarininid abundance. Examining
the abundances and test sizes of various morozovellid species over time at three sites located
at well-separated latitudes from the Atlantic Ocean (Figures 4 and 5), allows us to further
understand this remarkable switch in zooplankton. Another important modification within
planktic foraminiferal assemblages involves the genus Chiloguembelina that become virtually absent
from K/X CIE, as also recorded in the aforementioned Atlantic sites thus implying significant
paleoceanographic modifications.

1 Our biostratigraphic results require a revision of the standard zonal scheme by [52] because the
zonal marker of Zones E5, E6 and E7a are revealed to be diachronous, confirming results from previous
papers. The earliest appearance at Site 1258 of Morozovella aragonensis, which marks the base of Zone
E5, probably represents the first appearance datum of this species that successively appears to have
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migrated at higher latitude. Its greater abundance at the equatorial Site 1258 reveals a warmer-water
preference of this species.

2 The relative abundance of the genus Morozovella that dominated early Paleogene
tropical-subtropical planktic foraminiferal assemblages, markedly and permanently declined at
the beginning of the EECO moving from mean percentage of ~32% to less than ~7%. The distinct
decrease in Morozovella abundance occurred at Site 1258 within ~20 kyr before a negative δ13C excursion
known as the J event (~53.3 Ma), which marks the beginning of the EECO. This remarkable decline
was geographically widespread as it is recorded at the start of the EECO in the subtropical Pacific
(Site 577), subtropical and temperate Atlantic (sites 1051 and 1263) and Tethyan region (Possagno
section, northern Italy). The permanent decrease of morozovellids is associated with a reduction in
species diversity, but an increase in the abundance of another symbiont-bearing foraminifera genus,
Acarinina. Interestingly, the timing of the drop in abundance is close but different at each site. Actually,
at the subtropical Site 1051 the morozovellids/acarininids switch occurred precisely at the J event [41]
whereas at the temperate south Atlantic Site 1263 it occurred ~165 kyr after the J event [42]. Our new
data from Site 1258 demonstrate therefore that the morozovellid decline began first with unfavourable
environmental conditions near the equatorial Atlantic Ocean and then extended to higher latitudes.

The triggering mechanism for the striking planktic foraminiferal turnover remains elusive,
because both Morozovella and Acarinina existed in the mixed-layer. However, the two dominant genera,
Morozovella and Acarinina, likely had different tolerances to temperature and ocean chemistry. This
would explain why anti-phase variations in their abundances occurred during several early Paleogene
hyperthermals that happened before the EECO. Seemingly, it derives from a competition within
the same mixed-layer, where acarininids tolerate the atypical conditions better. The long-lasting
environmental conditions at the EECO exceeded the threshold resilience of morozovellids thus
permitting acarininids to dominate the mixed-layer habitat afterwards.

3 The relative abundance changes of the different Morozovella species from Site 1258 as compared
with the species abundance from the Atlantic Sites 1051 and 1263 reveal that morozovellid species are
differently distributed. This allows us to outline the early Eocene biogeographic distribution across the
Atlantic Ocean. The diverse morozovellid species also display dissimilarity responses to short-term
fluctuations, e.g., across the hyperthermals. Specifically, the species that decline in abundance
permanently and that became extinct within the EECO generally show a decrease in abundance
across the main CIEs. The fact that most morozovellids decrease temporarily in abundance across the
hyperthermals and then decline permanently at the EECO suggests similar adverse environmental
conditions are responsible for the decline, but further suggests that the long-lasting conditions reached
at the EECO led to the crossing of a resilience threshold.

4 We record a test size reduction for the species that contributed to the morozovellid crisis. Several
potential stressors may explain the recorded size reduction. They may include: algal photosymbiont
inhibition (bleaching), increases in temperature, decreases in oxygen levels and decreases in pH and/or
saturation state. Interestingly, the hyperthermals I1 and J1 record a marked morozovellid test-size
reduction because morozovellids are mainly present in the <200 µm fraction. Possible bleaching
episodes may explain the general and marked test size reduction of morozovellids at Site 1258 though
a confirmation would be necessary from the carbon stable isotope signature at different sizes.

5 The small-sized, thin-walled planktic foraminiferal chiloguembelinids bearing a biserial
disposition of the chambers constitute a minor component of the assemblages at the Atlantic Site 1258.
However, their virtual disappearance ~160 kyr before the K/X event is significant because this group
became virtually absent in the subtropical and temperate Atlantic Sites 1051 and 1263 at the beginning
of the EECO either slightly before (Site 1051) or at the K/X event (1263) [64]. Recently published
foraminiferal-bound nitrogen isotope data suggest enhanced oxygenation of the thermocline in the
early EECO [101]. A combination of increased temperature effect and oxygenation of the thermocline
might have played a major role in driving the disappearance of chiloguembelinids inhabiting the
OMZ [64].
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Nomenclature: List of Species Cited in Text and Figures

Astrorotalia palmerae (Cushman and Bermudez, 1937)
Catapsydrax unicavus Bolli, Loeblich and Tappan, 1957
Globanomalina ovalis Haque, 1956
Globanomalina planoconica (Subbotina, 1953)
Guembelitrioides nuttalli (Hamilton, 1953)
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)
Praemurica lozanoi (Colom, 1954)
Pseudoglobigerinella bolivariana (Petters, 1954)
Subbotina senni (Beckmann, 1953)
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