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Abstract. Earth’s biosphere has undergone major changes through the last 66 million years, first as terrestrial and marine
ecosystems recovered from the devastating Cretaceous/Paleogene (K/Pg; 66 Ma) mass extinction and second as life responded
to the profound greenhouse to icehouse climate shift across the Eocene/Oligocene transition (EOT; ~34 Ma). This step change
in global climate, saw a switch from warm, high COz greenhouse conditions of the early Paleogene to cooler temperatures, ice
sheets and frigid polar water masses of the Oligocene coolhouse. Despite these profound changes we have limited
understanding of the relationships between climate and biosphere and in detail how key ecosystem services and functions
respond over different timescales of environmental change. Here we use the fossil remains of primary producer ocean plankton
(calcareous nannoplankton) to reconstruct community dynamics across this pivotal interval of Earth history. We present a new
high-resolution long-time-series middle Eocene to Lower Miocene (45-21 Ma) nannoplankton dataset, combined with
complementary published Paleocene to lower Eocene data, to provide a high-fidelity record of biotic response from the base
of the marine food web. This 44-million-year record demonstrates a remarkably enduring ‘background’ state of nannoplankton
community stability that emerged around two million years after the K/Pg mass extinction event. This stable state was then
only periodically interrupted by short lived excursions of high variance that occurred during geologically rapid warming and
cooling events. These ephemeral community perturbations show threshold and scaling relationships, triggered by
environmental events broadly equivalent to >~2-3°C of warming or cooling, with volatility of temperature sensitive taxa
underpinning the above-background responses regardless of the background climate state (i.e., greenhouse or icehouse).
Community stability, resilience and function are likely sustained through high levels of taxonomic redundancy and the long-
term dominance of several key species-complexes that have high adaptive genetic potential across vast global populations,

which are maintained in their superabundant extant counterparts.

1 Introduction

The most important pre-industrial climate shift of the current geological era was arguably the establishment of large, sustained

ice sheets on Antarctica around the Eocene/Oligocene boundary (~34 million years ago [Ma]). This step change moved the
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Earth from a warm ‘greenhouse’ state, in which the biosphere had evolved over 290 million years (Myr), into the current cool
‘icehouse’ climate mode (Westerhold et al., 2020). Accompanying changes in latitudinal temperature gradients, seasonality,
precipitation and ocean circulation have had profound effects on the biosphere, including the restructuring of terrestrial biomes
(grasslands, forests, tundra) and initiation of new polar water masses and dynamic thermohaline circulation (Bohaty et al.,
2012; Hutchinson et al., 2021; Katz et al., 2011; Lear et al., 2004; Miller et al., 2020). Despite these profound changes, however,
we still have only limited understanding of how the Earth’s climate and biosphere have co-evolved since the last mass
extinction reset (K/Pg; 66 Ma), reducing our ability to predict how key ecosystem services and functions will respond to current
and near-future climate change (Norris et al., 2013). Although we expect to see significant responses in ocean primary producer
groups, including changes in biogeography, biodiversity, carbon export flux and food chain function, our understanding can
be further improved by looking at past examples of environmental perturbation and changing climate over a range of timescales

(e.g., Burke et al., 2018; Norris et al., 2013; Tierney et al., 2020).

Coccolithophorid algae (also known as calcareous nannoplankton) are extant marine phytoplankton that have robust calcite
exoskeletons that provide an abundant and continuous fossil record stretching back over 240 Myr (Bown et al., 2004; Slater et
al., 2025). This fossil archive provides opportunities to document and understand foundational primary producer plankton
response across a spectrum of environmental changes in unprecedented detail and resolution. Paleogene nannoplankton
research has already revealed long-term trends in diversity and evolutionary turnover (Bown, 2005; Lowery et al., 2020).
Catastrophic extinctions at the Cretaceous/Paleogene (K/Pg) mass extinction were followed by rapid recovery of species
richness to a Cenozoic peak in the mid-Eocene (~45 Ma), followed by decline through the late Eocene-Oligocene (38-33 Ma),
broadly coincident with the onset of the icehouse climate mode (Bown, 2005; Lowery et al., 2020). More recently, research
using quantitative census data at higher temporal resolution has targeted shorter intervals of geological time (10° a/yrs) that
include exceptional environmental change (e.g., hyperthermals) and focused on the ecological impact of these short-lived,
near-future-climate analogue events (e.g., Bralower, 2002; Gibbs et al., 2006a, b; Self-Trail et al., 2012). However, to fully
assess the impact of these ephemeral events requires an equivalent level of understanding of background states, in particular
the range of community variability that occurs across the majority of geological time outside of these anomalous intervals,
despite being of less obvious palacoclimatological or palacoceanographic interest (Gibbs et al., 2012). The benefits are to
contextualize and quantify the ‘significance’ of biotic responses by constraining levels of background variability and
documenting the magnitudes and durations of ‘above-background’ behaviour (Gibbs et al., 2012). Furthermore, this enables
identification of potential threshold behaviour (i.e., tipping points) and scaling of biotic response across different levels of

environmental change (Alvarez et al., 2019; Gibbs et al., 2012).

With this goal in mind, long-term, high-resolution Paleocene to lower Eocene (66—56 Ma) community records were generated
using efficient counting protocols and applying summed coefficient of variation (2cv) analysis, which effectively describes

nannoplankton community variance across a wide range of environmental change from mass extinction level to minor
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hyperthermal warming events (Alvarez et al., 2019; Gibbs et al., 2012). This approach revealed distinct background and above-
background response in lower Paleogene nannoplankton communities and showed that event-level response scales with the
magnitude of environmental perturbation, as proxied by carbon isotope excursions (CIEs). These records provide a benchmark
for nannoplankton diversity, community stability and resilience and here we extend the range of comparable data by 24 Myr,
adding new middle Eocene through Lower Miocene records from the North Atlantic Ocean (Integrated Ocean Drilling Program
[IODP] Expedition 342). This gives unprecedented coverage of the Paleogene to lower Neogene interval, a record spanning
the K/Pg mass extinction through to the establishment of Southern Hemisphere ice sheets (66—21 Ma). These new data enable
us to test for changing behaviour (e.g., magnitudes of community variability) and/or resilience (e.g., community recovery
times) across a significant proportion of the first 44 Myr of the Cenozoic, and crucially to examine whether plankton
communities displayed similar or disparate threshold and scaling responses over a wide range of environmental forcings,
including during the contrasting background states of the hot greenhouse and cold icehouse climate modes and through global

cooling and glacial onset.

2 Methods

We have analysed nannoplankton diversity and community response across a new 23 Myr interval (45-21 Ma) using a
composite record generated from three closely spaced sites in the Northwest Atlantic Ocean (IODP Sites U1406, U1408 and
Ul1411). The clay-rich, drift sediments that characterise these sites provide an expanded stratigraphy with sedimentation rates
of ~1.5-3 cm/kyr through certain intervals (Norris et al., 2014) and allowed for a sampling intensity of ~30-80 kyr across both
event and background intervals, based on orbitally tuned age models (van Peer et al., 2024) and updated shipboard stratigraphy
(see Supplementary Information). As drift sedimentation switched on and off at different times depending on location, the
three sites were required to provide continuous or near-continuous stratigraphy in high-sedimentation rate successions, which
yield the highest-quality calcareous microfossil preservation (Notris et al., 2014). Intervals of poorer preservation, however,

have resulted in several gaps within the record (Fig. 1).

The data collection methods are compatible with the Paleocene-lower Eocene studies of Gibbs et al. (2012) and Alvarez et al.
(2019), using directly comparable fossil count, taxonomic and analytical methods (see Supplementary Information). Light
microscope (LM) extended count methods were applied that tallied the first 300 nannofossil specimens encountered, followed
by an additional 300 count that excluded the most abundant taxa (i.e., those generally contributing >50%). Quantitative
nannofossil data are expressed as %relative abundance to evaluate community response and evolution, independent of
sedimentological factors such as accumulation rates. Taxonomic equivalency was enabled by direct communication between
the nannofossil specialists and through access to extensive shared image collections. Nannofossil preservation was recorded
using standard visual assessment categories (Bown and Young, 1998) together with the counting of preservation-sensitive

indicators, such as, the disarticulated shields of reticulofenestrids and coccolithaceans (e.g., Blaj et al., 2009).
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These new data were combined with those from Alvarez et al. (2019), however, there is a gap of ~8 Myr between the datasets
because drift sedimentation did not start until the middle Eocene at the IODP Exp. 342 sites, and data was not collected in the
less well-preserved lower Eocene succession. The two datasets are from different oceanographic settings, with the Alvarez et
al. (2019) data coming from the mid-Pacific Shatsky Rise, and the new data coming from the Northwest Atlantic Ocean.
Nevertheless, these are both open-ocean locations and given the cosmopolitan nature of Paleogene nannoplankton distributions
and connectivity of ocean basins at this time, the community compositions are closely comparable (see Alvarez et al., 2019

for further discussion).

Community variability was documented using Zcv analysis which enables the quantitative analysis of large amounts of
abundance data across long timescales, independent of taxic composition. It has been shown to provide a sensitive measure of
community stability/volatility even through intervals of lower-level environmental change and is therefore ideal for the
objective of assessing response across a spectrum of known events and through the interstitial background intervals (Alvarez
et al., 2019; Gibbs et al., 2012). The combined datasets comprise 1700 samples, typically with 30-35 kyr sampling resolution,
and incorporate 400 species and 1.2 million fossil counts. We compare the Zcv record with carbon and oxygen isotope
excursion magnitudes to test for scaling of community variance and environmental change, following Alvarez et al. (2019)
and Gibbs et al. (2012). Alvarez et al. (2019) did not include comparison with oxygen isotope excursions (OIEs), but this has
been added here as an important additional palacotemperature proxy, relevant to both the carbon cycle perturbation events of
the early Paleogene (hyperthermals) and the climate cooling shifts of the later Paleogene. Crossplots of isotope excursion level
and Xcv (Fig. 2) use published CIE and OIE values for named climatic events and coefficient of variation analysis of the
Westerhold et al. (2020) deep-sea benthic isotope compilation as a proxy for isotope excursion (see Supplementary

Information).

3 Results and Discussion
3.1 Assemblage variance and environmental perturbation

The new Zcv record provides a measure of nannoplankton community stability/volatility through the middle Eocene to Lower
Miocene (Fig. 1a; Table S2 in the Supplement). Visual assessment of the data reveals a spectrum of varying but low-level
values (Zcv 0.5-2.5) and several statistically distinct intervals with high peak values (Xcv ~3.5). Ranking the data (Fig. 1b),
confirms this continuous spectrum of lower Zcv values — a background-level range — with an inflection point at Zcv 2.5, above
which a steeper slope is defined by fewer, much higher Zcv values — an above-background range (Fig 1b). The previously
published Paleocene to lower Eocene Xcv record of Alvarez et al. (2019), separated into pre- and post-64 Ma datasets in Fig.

1b, has Xcv values ranging from 1.1 to 10.2, but almost all of the highest values (Zcv >4.5) come from the short (<2 Myr)
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lowermost Danian post-mass-extinction interval (Fig. 1a, b). Outside of this exceptional Danian interval there is a very similar

range of background values (Xcv 1.0-2.5) across the two time-series, and the ranked data fall on virtually the same line across

130 the background range (Fig. 1b). The inflection point marking the shift to higher, above-background, levels is also almost
identical, at around Zcv 2.5 (Fig. 1b).
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Figure 1: a. K/Pg boundary to Lower Miocene nannoplankton Xcy using eight (normalised) taxa across 150 kyr moving windows. Blue line
135  is the new middle Eocene to Lower Miocene data, the red (Paleocene to lower Eocene) and dark yellow lines (exceptional lowermost Danian

interval) are the Alvarez et al. (2019) data. Grey shaded area represents background level values (Ecv <2.5) based on the ranked order
inflection point shown in b; above-background variability plots outside of the shaded area. Triangles show values for the short Eocene
hyperthermals, calculated across the event duration (<150 kyr). b. Ranked order plots for all £cv data points, separated into lowermost
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Danian (i), Paleocene-lower Eocene (ii) and middle Eocene-Lower Miocene (iii) subsets. ¢, d. Taxon specific contributions to the Zcv record
(c. EOT to Oligocene interval, d. hyperthermals interval) highlighting the sensitivity of warm water oligotrophs (D, Discoaster; F,
Fasciculithus; S, Sphenolithus; and Z, Zygrhablithus) and cool water eutrophs (Cl, Clausicoccus; Rs, small reticulofenestrids, Rl, large
reticulofenestrids). Cy, Cyclicargolithus; Ca, Calcidiscus; C, Coccolithus; T, Toweius; OMT, Oligocene—Miocene Transition; MOGI, Mid-
Oligocene Glacial Interval; EOT, Eocene—Oligocene Transition; MECO, Middle Eocene Climatic Optimum; PETM, Paleocene—Eocene
Thermal Maximum; H1, H2, I1, 12, hyperthermal events; ELPE, early late Paleocene event; LDE, Late Danian Event, K/Pg, Cretaceous—
Paleogene boundary.

In the Paleocene to lower Eocene interval (66-53 Ma), the above-background peak values of Zcv (Fig. 1) have been linked to
a series of carbon cycle perturbations (hyperthermal events) that are characterised by rapid global warming and ocean
acidification (Alvarez et al., 2019; Gibbs et al., 2013). In the middle Eocene to Lower Miocene part of the record (~45-21 Ma)
several short peaks of above-background magnitude occur, with the three most prominent (Zcv 2.9-3.5) occurring in the
Oligocene at 33.8 Ma (Zcv 3.5), 26.5 (Zcv 3.2), and 26.3 (Zcv 2.9) (Fig. 1). These levels coincide with known climate events
but in these Oligocene cases, they are associated with cooling, ice sheet growth and glacial/interglacial cycles. The largest
peak occurs at the Eocene/Oligocene boundary climate step change (“Step 17 of Hutchinson et al., 2021; 33.8 Ma) and two
closely spaced, younger Xcv peaks fall within the mid-Oligocene glacial interval (MOGI; 26.3 and 26.5 Ma). Like the Eocene
hyperthermal examples, these Oligocene Zcv peaks are of relatively short duration (~<300 kyr), and indicate community
resilience, as values return to background on timescales that are similar to, or shorter than, the climate excursions. Several
other intervals, at 44.7 (Zcv 2.8), 38.9 (Zcv 2.8), 32.9 (Zcv 2.7) and 23.7 Ma (Zcv 2.6), have Zcv values that just cross the
above-background threshold (Zcv 2.5), but only the youngest level (23.7 Ma) is coeval with an identified palacoclimate event,
the Oligocene-Miocene transition (OMT) abrupt cooling and glaciation. Conversely, the middle Eocene climatic optimum

(MECO) ‘hyperthermal’ event at 40 Ma, shows no indication of above-background community response (Xcv 1.9).

Crossplots of Xcv and geochemical climate proxy data (Fig. 2) provide a test for the existence of relationships between
nannoplankton community response and environmental forcings. The application of carbon and oxygen stable isotope records
allows us to test for the influence of both carbon-influx driven forcing, characteristic of the Paleocene—Eocene hyperthermals,

and also the multicausal climate cooling events that are a feature of the late Eocene to Early Miocene record (Fig. 2).



170

175

180

185

https://doi.org/10.5194/egusphere-2026-3455
Preprint. Discussion started: 10 July 2026
(© Author(s) 2026. CC BY 4.0 License.

EGUsphere\

a. Oxygen b. Carbon
4.5 4.5
+Z,-0 PETM 4% +0 +Z,-C PETM @-ZCV+C
4 - R?=0.52 4
A ,"’ Lo R2=044
. MOGl (i)
@ 3.5 HL 12 @MOG'(') ) 3.5 @ HLH2 RO)
c ® -+ EOT ’ .+*" EOT
© > L MPGI (ii) .’
< | 73 NIOGI (ii) @u i 3 @%2°
Y ++.e |ppe ®ibe ++: | opr LDE
2> i hd @ r..@OoMT ih E‘E'PE@) a.-
c 25— - ] e 25— . -
> ackgroun: e ackgroun P
= J R &) MECO == Middle Eoc.-Miocene datapoint J }° m@ MEeco
e 2 + @ e Danian-Early Eocene datapoint 4 /
o ° x'+ o e ‘# -0
U /'P + o, OO Named climatic event ;lf.+ blg
1.5 ° - 1.5|6" ok
x,-0 x,-C +,
1 o -Z,+0 1 + o 2, +C
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.1 0.2 0.3 0.4 0.5 0.6
Variance in 8'80 (st. dev.) Variance in 8"3C (st. dev.)
L 1 1 1 1 J L 1 1 1 1 1 1 1
0 0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Approx. equivalent OIE

Approx. equivalent CIE

Environmental change

>

Figure 2: Crossplots of Xcy and magnitude of environmental perturbation as proxied by a. oxygen and b. carbon stable isotope variance.
Crosses are the new middle Eocene-Lower Miocene datapoints, dots are lower Paleocene-lower Eocene datapoints from Alvarez et al.
(2019); outer circles indicate occurrences coincident with named climate events and associated oxygen and carbon isotope excursions
(OIE/CIE). Event names abbreviated as Fig. 1. Green and blue shaded areas are the ‘background’ fields corresponding to <2.5 Xcv and
background isotopic variance, where the majority of data plot. The datapoints shown represent a subset of background values taken
approximately every 2 Myr through the intervals between named climatic events (Fig. S1). The dashed line is a line of correlation for all of
the datapoints. Datapoints with letters correspond to datapoints in Fig. S1 and Table S3 that fall in the above left and below right quadrants
where either above background Zcv datapoints occur without increased variance in isotopes (+Zcv-O; +Zcy-C) or above background variance

datapoints in isotopes occur without increased Zcv (-Zcv+0O; -Zcy+C). Note, the post-mass-extinction interval data (pre-64 Ma and coloured
dark yellow in Fig. 1) are excluded.

Data in both the oxygen and carbon crossplot space fall into four distinct fields (Fig. 2; Table S3). Excluding the exceptionally
high values of the first two million years after the K/Pg mass extinction, most datapoints fall in the lower left background
sector (shaded blue and green on Figs. 2a and 2b), having low levels of Zcv (<2.5) and low, background values of stable isotope
variance (and CIE/OIE equivalent). The inference here is that the low levels of environmental change through these intervals
did not significantly impact the nannoplankton communities (i.e., the communities were resistant to these magnitudes or types

of environmental change), and background levels of variance were sustained across most of our stratigraphic record.

Many of the known climate event levels, however, plot in the upper right above-background sector, having high levels of Zcv

(>2.5) and high, above-background stable isotope variance (Fig. 2). This is consistent with the earlier Paleogene threshold and
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scaling behaviour reported by Gibbs et al. (2012), with positive correlation (r> ~0.50 and 0.43) between stable isotope excursion
magnitude and community variance above a threshold of ~0.21 for both carbon and oxygen records. This relationship is also
clear for several of the younger events documented in our new record, most obviously at the EOT and OMT. This indicates
that plankton community equilibrium was consistently disrupted above a threshold level of environmental change (i.e., the
communities were unable to resist these levels of perturbation). Furthermore, the degree of variance/disruption increases

linearly with the magnitude of this environmental change.

A small number of data points fall in either the upper left or lower right sectors of the crossplots (labelled a-m on Fig. 2 and
Fig. S1), where either low, but above-background community variance is associated with low stable isotope variance (upper
left), or low, background community variance is associated with low, but above-background, stable isotope variance (lower
right) (Fig. 2). These levels are exceptions to the threshold and scaling relationships that characterise most of the known climate
change events. In most cases these values lie close to the threshold level and indicate that either some aspect of the
environmental change was insufficient to push the communities into an above-background variance state or community
variance was perturbed by some other forcing, perhaps a biotic driver or an environmental factor not reflected in the stable
isotope records. Of these exceptions, only the MECO interval is identified as an important climate change event that records
no above background response. The gradual onset of its carbon isotope excursion (over ~300 kyr) and muted carbon influx
and associated environmental change, may explain the lack of community disruption (Henehan et al., 2020). Although warming
and muted biotic turnover have been identified through this time interval (Toffanin et al., 2011), it is no longer considered a

typical hyperthermal event (van Der Ploeg et al., 2018; Henehan et al., 2020).

3.2 Temperature controls on nannoplankton populations

The strong positive relationship between nannoplankton community variance (Zcv) and oxygen isotope variance (Fig. 2) has
not been documented before and the threshold and scaling, strongly points to temperature as an important driver of increased
volatility, whether the event is characterised by exogenic carbon-injection driven warming, typical of the early Paleogene
hyperthermals (e.g., 12, Hl and PETM) or cooling caused by complex interplays of tectonics, ocean circulation, and

atmospheric COz, as seen during the late Eocene to Oligocene (e.g., EOT, MOGI and OMT).

The highest Xcv peak in the new middle Eocene to Lower Miocene record occurs at a climate cooling step (“Step 17 of
Hutchinson et al., 2021) associated with the onset of sustained Antarctic glaciation at the EOT. Breaking down the EOT Zcv
peak into its constituent parts (Fig. 1c) reveals that the elevated variance is most strongly influenced by the records of several
taxa, all of which have strong temperature preferences and/or exhibit opportunistic behaviour (i.e., rapid response to increased
productivity). Nannoplankton distributions are primarily controlled by light, temperature and nutrient availability with the
group in general characterised by broad environmental tolerances (Baumann et al., 2005; Brand, 1994). A smaller number of
modern and fossil taxa, however, show more specialist adaptations (e.g., narrower environmental tolerances or opportunistic

8
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behaviour), and therefore provide useful indications of specific surface water conditions (Baumann et al., 2005; Bralower,
2002; Cappelli et al., 2019). At the EOT, the Zcv peak is predominantly driven by the response of the cool temperate eutroph,
Clausicoccus (55% of the Xcv), with subordinate contributions from the large and small reticulofenestrid groups, which are
also predominantly cool temperate and opportunistic taxa (Vigano et al., 2023; Villa et al., 2008) (Fig. 1c). The rapidly shifting
abundance trends and short acmes of all these taxa are characteristic of global EOT nannofossil records and consistent with
other biotic and geochemical proxies that indicate cooling surface waters and higher levels of productivity as the oceans shifted
toward a more dynamic, modern-like circulation at this time (Dunkley Jones et al., 2008; Vigano et al., 2023; Villa et al., 2008;
Wade and Pearson, 2008). More specifically, the “Step 1”” oxygen isotope shift is thought to represent a cooling of both deep

and surface ocean waters of around 2°C (Hutchinson et al., 2021).
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Figure 3. K/Pg boundary to Lower Miocene nannoplankton community data (composition, variability and diversity) and environmental
proxies (global reference benthic foraminifer carbon and oxygen isotope dataset). a. CENOGRID benthic foraminifer carbon (green line)
and oxygen (blue line) isotopes (red lines are 250 kyr running mean) from Westerhold et al. (2020). b. Nannoplankton community
abundances (%orelative abundance) of the main nannoplankton clades/orders from 1700 samples. C, Coccolithales; Ca, calcispheres; D,
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Discoasterales; H, holococcoliths (mainly Zygrhablithus);, Iso, Isochrysidales; K, Cretaceous; KS, Cretaceous survivors. ¢. Zcy using eight
(normalised) taxa across 150 kyr moving windows. Black dashed line represents the above background threshold level (2cv <2.5) based on
the ranked order inflection point shown in Fig. 1d (see Fig. 1 for further information). d. Nannoplankton species richness from Lowery et
al. (2020) showing range through data for 1-Myr bins. Diversity of cool water eutrophs (Isochrysidales, including Toweius and
Reticulofenestra) in green and warm water oligotrophs (Discoasterales, including Discoaster, Fasciculithus and Sphenolithus) in red. e.
Diversity/abundance of oceanic diatoms represented by the broadening blue triangle based on Ozen et al. (2025). Additional climate,
palaeoceanographic and nannoplankton/ecosystem events are noted to the right of the figure. Event names abbreviated as Fig. 1.

The younger Xcv maxima, at 26.5 and 26.3 Ma, fall within the mid-Oligocene glacial interval (MOGI) (Liebrand et al., 2017),
broadly equivalent to the Oi-2 isotope events of Wade and Palike (2004). This was an extended period (~28-26.3 Ma) of cold
and highly unstable climate with orbitally paced, high-amplitude glacial-interglacial cycles (Liebrand et al., 2017; Pélike et
al., 2006; Wade and Pélike, 2004). The elevated Zcv through this interval is driven by volatility in the relative abundance of
three taxa which all have strong environmental preferences — Discoaster, Sphenolithus and Clausicoccus (Fig. 1c) —the former
two being warm-water-favouring oligotrophs and the latter a cool-water eutroph (see above; Persico and Villa, 2004; Vigano
et al., 2023; Villa et al., 2008; Wei and Wise, 1990). Discoaster variance dominates both peaks (32% and 57%) with
Sphenolithus (26%) an important component of the older peak variance and Clausicoccus (16%) significant in the younger
peak. This record indicates that the above-background community variation is principally modulated by the responses of
temperature sensitive taxa, here responding to increased glacial-interglacial intensity, amplified by the persistence of these
conditions over a prolonged ~2 Myr interval. This succession of high-amplitude glaciations resulted in a level of disruption
not seen during most of the Oligocene, excepting the stepped cooling and onset of Antarctic glaciation during the EOT
(discussed above) and the intense OMT (23.7 Ma) glaciation where muted above-background values are recorded alongside
an OIE (Mi-1). Variance during the OMT is also driven by the same three temperature sensitive taxa responsible for the MOGI
peaks (Fig. 1c).

The older, Paleocene and early Eocene hyperthermal events are characterised by CIEs and OIEs that indicate influxes of
exogenic carbon and accompanying rapid warming and in some cases ocean acidification (Babila et al., 2018; Littler et al.,
2014; Zachos et al., 2005). The Xcv peaks associated with these events are predominantly generated by the abundance records
of Discoasterales taxa (Fasciculithus at the PETM and Discoaster during younger hyperthermals) together with Zygrhablithus
(especially during the younger hyperthermals) (Fig. 1d). Fasciculithus and Discoaster are warm-water-favouring oligotrophs
(Asanbe and Henderiks, 2025; Bralower, 2002; Cappelli et al., 2019) and though there has been some debate over the ecology
of Zygrhablithus, most studies conclude that it is also a warm water oligotroph (e.g., Asanbe and Henderiks, 2025; Cappelli et
al., 2019). The response of these taxa is consistent with global assemblage data that shows abundance volatility in warm-water
taxa (e.g., Fasciculithus and Zygrhablithus) and poleward expansion of tropical taxa (e.g., Discoaster) alongside major shifts
in dominant taxa through this interval (e.g., Angori et al., 2007; Bralower, 2002; Dunkley Jones et al., 2008; Gibbs et al.,
2006b).
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Looking at the entire record of community variability highlights the important role of temperature sensitive taxa during these
diverse environmental change events. The influence of temperature on nannoplankton communities is reflected in the
latitudinally zoned biogeographic distributions of the modern ocean (Winter et al., 1994) and in broad patterns of richness and
evolutionary rates through their geological history (Bown et al., 2004; Lowery et al., 2020). However, the importance of
temperature in community dynamics during shorter timescale events, such as hyperthermals or glacial/interglacial cycles, is
not always clearly evident, especially when temperature and trophic controls are difficult to disentangle, and factors such as
productivity or ocean chemistry, are often considered to be the predominant drivers of shifting abundances and extinctions
across these intervals (Agnini et al., 2007; Dunkley Jones et al., 2008; Gibbs et al., 2006b; Gonzalez-Lanchas et al., 2021;
Jiang and Wise, 2006). The rapidly shifting variability of temperature sensitive taxa is the common factor through all the peak
above-background events in our combined records (Fig. 1). Warm-water groups drive peaks across the hyperthermal intervals
and a combination of warm-water oligotrophs and cool-water eutrophs underpin the younger EOT and Oligocene Xcv maxima,
resulting in above-background community perturbations whether the underlying environmental forcing is cooling or warming
(Fig. 3). By contrast, the lowermost Danian post-mass-extinction interval differs from the rest of the record with variability
that is not linked to climatic perturbations or influenced by temperature sensitive taxa, but which is instead driven by short
acmes of incoming anomalous mixotrophic taxa reflecting recovering plankton communities in the unique conditions of the

post-mass extinction oceans (Alvarez et al., 2019).

3.3 Evolution and community dynamics

Our combined records of Zcv from across 37 Myr of Cenozoic nannoplankton history indicate that an equilibrium level of
background community variance, once established ~2 Myr after the K/Pg mass extinction, was a consistent feature of the
Paleogene through early Neogene communities (Figs. 1 and 3). This result was not expected, given our understanding of the
major environmental and biotic regime changes that characterise the Paleogene time interval, and the dynamic diversity trends
evident in nannoplankton records (Fig. 3d). The nannoplankton fossil record shows huge changes in diversity and community
composition through this time, ranging from ~11 survivor species in the post-mass-extinction early Danian to 146 species in
the middle Eocene, declining to 46 species at the onset of the Neogene (Early Miocene) (Lowery et al., 2020). Furthermore,
the dominant groups within these communities shifted markedly as important families originated
(Noelaerhabdaceae/reticulofenestrids) or were lost (Prinsiaceae, Fasciculithaceae, helio-discoasters) (Fig. 3e; Bown et al.,
2004). The patterns of nannoplankton diversity change broadly reflect the overall climate state through the Cenozoic with
warm, greenhouse oceans of the early Paleogene supporting rising and higher diversities, driven largely by diversification
within warm water oligotroph groups (Bown, 2005; Bown et al., 2004) (Fig. 3). By contrast, the colder, coolhouse to icehouse
conditions of the later Paleogene and Neogene (late Eocene to Miocene) saw declining species richness and rise to dominance
of cool favouring or eurytopic eutrophs (Bown, 2005; Bown et al., 2004) (Fig. 3). The cooling oceans also saw a major shift
in the broader make-up of phytoplankton communities, as oceanic diatoms diversified and rose to dominance, especially in

polar oceans and eutrophic settings (Lazarus et al., 2014; Ozen et al., 2025) (Fig. 3).
11
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Against this backdrop of changing community composition and diversity, the variance and resilience of nannoplankton, as
recorded by Zcv, is remarkably stable throughout the Paleogene. There is no apparent shift or resetting of the community
equilibrium state as climate stepped from greenhouse to icehouse mode through the EOT, even though nannoplankton diversity
fell by a third during this time (Bown, 2005; Lowery et al., 2020) (Fig. 3d). Nor is there any obvious effect of the rise of a
major competitor group as the diatoms began to dominate in the cold and eutrophic ocean regions (Bown, 2005; Lazarus et al.,
2014; Ozen et al., 2025). Finally, regardless of whether stability was disrupted by rapid warming or cooling events across
greenhouse or icehouse conditions, the magnitudes of event-level variance were similar, and recovery from the perturbed state

was rapid with background levels quickly re-established.

3.4 Community stability, resilience and redundancy

Nannoplankton diversity and community data therefore provide contrasting portrayals of Paleogene volatility versus stability,
respectively (Fig. 3b-d). Given these divergent records, what are the determining factors that sustained continuing function
and resilience in these foundational plankton communities? The highest variance values in our records are confined to the
initial two million years following the K/Pg mass extinction, when this plankton group was recovering from near eradication
(>90% species extinction) and survivorship was facilitated by a switch to mixotrophy, which is not typical of most open ocean
species (Gibbs et al., 2020). Danian volatility through this recovery regime was caused by pulses of short-lived species acmes
and communities characterised by very low species richness (<26 species) (Alvarez et al., 2019). The emergence of stability
coincided with the cessation of these acmes, a shift back to autotrophy, consistently higher species richness levels (~>27
species) and the appearance of long-lived, dominant taxa (e.g., Toweius) (Fig. 3). When higher variance did occur after this
K/Pg recovery interval, triggered by elevated levels of environmental change (e.g., during Paleocene and Eocene hyperthermal
events), Zcv values rapidly returned to background state indicating an ability to resist and recover from perturbation, i.e.,
community resilience. This resilience continued even as diversity declined by up to 66 % through the late Eocene and into the

Oligocene (Fig. 3), therefore implying high levels of species redundancy within the group.

Long-term stability may also be related to a key feature of calcareous nannoplankton communities which is that they are
persistently dominated by a small number of globally abundant long-lived taxa, usually several species from one or two genera
(see Isochrysidales in Fig. 3b) (Bown and Dunkley Jones, 2012; Young, 1998). In the modern ocean this dominant group is
the genus Gephyrocapsa (Noelaerhabdaceae) (and Emiliania if considered a separate genus), with dominance of this group
under the generic names of Reticulofenestra and Cyclicargolithus (all collectively known as reticulofenestrids) going back at
least to the Eocene (origination at ~51 Ma) and arguably beyond if Toweius (origination at 63 Ma) is considered the precursor
group (Fig. 3) (Ma et al., 2025; Perch-Nielsen, 1985). Our understanding of this complex modern group has been hampered
by taxonomic confusion but this has improved, and we now recognise several extant species complexes that have similar and

fluid exoskeletal morphologies, broad ecological preferences, high levels of genetic variability and adaptability, and which are
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capable of rapid pulses of diversification in response to local fluctuations of the environment (most recently glacial-interglacial
cycles) (Bendifet al., 2019; Filatov et al., 2021; Lohbeck et al., 2012). Resolving this level of taxonomic detail and evolutionary
turnover in the fossil record is difficult given the lack of distinct morphological characters in the exoskeletal plates (coccoliths),
but when morphometric analysis has been applied, we see similar trends over long time-series and the characteristics of these
species complexes are likely a conserved feature of most nannoplankton communities through time (Bendif et al., 2019;
Matsuoka and Okada, 1989; Young, 1990). These cosmopolitan groups with high adaptive genetic potential in vast populations
(estimate for the living Gephyrocapsa huxleyi complex is 10%* / 10 sextillion cells) are likely to include genotypes that are
tolerant to a range of environmental perturbations therefore reducing impacts on the total population and promoting resilience
(Lohbeck et al., 2012; Oliver et al., 2015; Peijnenburg and Goetze, 2013). If multiple taxa perform similar functions but have
slightly differing responses to environmental perturbations, then resistance and resilience will be even greater, the so called

‘insurance effect’ of biodiversity (Oliver et al., 2015).

This robust community resilience is reflected in our fossil records of dominant groups that are relatively resistant to major
taxonomic changes, with higher rates of evolutionary turnover focused in rarer and more specialised groups which have more
restricted ecological preferences and geographic distributions, e.g., warm water favouring, tropical oligotrophs (e.g., the
Discoasterales; Fig. 3d) (Agnini et al., 2016; Cappelli et al., 2020; Miniati et al., 2021; Young, 1998). Elevated volatility in
these temperature sensitive taxa is the principal driver of the above background Xcv response levels throughout our records
(Fig. 1). Nannoplankton resilience is also evident in the overall diversity history of nannoplankton response to environmental
perturbation, showing muted or no response to known hyperthermal, ocean acidification or cooling events (e.g., Bown, 2005;
Bown et al., 2004; Gibbs et al., 2006a; Lowery et al., 2020), with significant and rapid diversity loss essentially restricted to
the last mass extinction interval (66 Ma) which was driven by a singular asteroid impact event (Lowery et al., 2020). Finally,
though our records provide a picture of long-term resistance and resilience in these keystone primary producer plankton, it is
notable that the tipping point threshold that triggers above-background community perturbations is around 2-3 °C of warming
(Fig. 2), a value similar to the magnitudes of warming we are predicting for the coming decades and perhaps already presaged
by the migrations and population shifts that we are observing in the warming oceans around us (Chaabane et al., 2024; Ostle

etal., 2022).

4 Conclusions

Our high-resolution, long time-series Cenozoic nannoplankton datasets provide a 44 Myr record (K/Pg to Lower Miocene) of
keystone community dynamics and diversity, representing the base of the oceanic food web. These data highlight the
exceptional nature of the post-mass-extinction Danian ecosystem recovery interval but also the persistence of a stable
background state once resistance and resilience were established around 2 Myr after the K/Pg mass extinction. This

phytoplankton community steady state was occasionally perturbed, first by carbon-influx driven hyperthermal events in the
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Eocene and later by several major global cooling events at the EOT and through the Oligocene. In each case, the metric of
community variability (Zcv) scales to the magnitude of environmental change (as proxied by carbon and oxygen stable
isotopes) and recovery times were rapid, even across contrasting events (warming and cooling) with different baseline ocean
conditions (greenhouse and icehouse) and with disparate standing diversities and taxonomic compositions. Perturbation in
these communities was primarily driven by the response of temperature sensitive taxa but overall, the persistent resilience and
stability of nannoplankton was likely underpinned by the enduring dominance of long-lived reticulofenestrid global species
complexes with high adaptive genetic potential and redundancy. The above background community instability was consistently
triggered by environmental change associated with oxygen isotope variance of 0.21 equivalent to excursions of >~0.7, roughly
equivalent to 2-3 °C of warming and close to the values highlighted by climate scientists today as potentially calamitous for

the future oceans and ecosystems.
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