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Shifts in Phytoplankton Composition and Stepwise
Climate Change During the Middle Miocene

J. Henderiks" (), M. Bartol' (2, N. Pige'?, B.-Th. Karatsolis' (), and B. C. Lougheed"

'Department of Earth Sciences, Uppsala University, Uppsala, Sweden, *Laboratory of Geology of Lyon: Earth, Planets and
Environments (LGLTPE), Université Claude Bernard Lyon 1, ENS de Lyon, CNRS, Villeurbanne, France

Abstract The abundance and composition of modern phytoplankton are primarily related to equator-to-
pole temperature gradients and global ocean circulation, which in turn determine the availability of
nutrients in the photic zone. The nutricline is found at greater depths in warm, tropical waters, whereas
more vigorous surface mixing in higher latitudes (seasonally) enhances nutrient availability and primary
productivity. Ocean temperatures were ~7°C higher during the middle Miocene Climatic Optimum (MCO;
~16.9-14.7 million years ago, Ma), which was followed by Antarctic glaciation and global cooling during the
middle Miocene Climate transition (MMCT; 14.7-13.8 Ma). Four decades ago, Haq (1980, https://doi.
0rg.10.2307/1485353) already related migration patterns of low-latitude versus high-latitude calcareous
nannoplankton in the Atlantic Ocean to major climatic fluctuations during the Miocene. Here, we detail and
discuss the macroevolutionary patterns and processes across the middle Miocene (~16.5-11 Ma) at five
deep sea sites on a north-south transect in the Atlantic Ocean (57°N to 28°S). We show that the major cooling
step toward the modern “icehouse” world impacted coccolithophore communities at all latitudes.
Contrary to previous observations suggesting that tropical sites showed little change and that midlatitudes
were the most sensitive recorders of climate change across the MMCT, we show that all sites recorded a
marked diversification and increase in abundance of reticulofenestrids. Global cooling and related increased
meridional overturning circulation are implicated as likely forcings for this macroevolutionary step toward
establishing modern coccolithophore communities that are dominated by eurythermal and eurytrophic
species such as Emiliania huxleyi.

Plain Language Summary How will marine plankton communities respond to a much warmer
world than today? How fast or slow would such changes be? We can learn valuable lessons from the fossil
record of coccolithophores that represent a prominent phytoplankton group in both past and modern
oceans. Changes in the composition of fossil assemblages show that species tracked past climate change on
submillion year scales in the Atlantic Ocean. When ocean temperatures were ~7°C warmer during the
middle Miocene (~16 million years ago), tropical species reached into the midlatitudes (42°N) of the North
Atlantic. When the Antarctic ice sheet grew larger and the oceans cooled after ~14.7 million years ago, a
group known as the reticulofenestrids diversified and became the most common everywhere, also in the
tropics. Apparently, this group maintained high fitness in an “icehouse” world with greater latitudinal
temperature contrasts, more vigorous ocean circulation, and higher nutrient availability in the photic zone.
Indeed, their cosmopolitan distribution implies broad temperature and other environmental tolerances,
similar to the group’s latest descendant, the modern species Emiliania huxleyi that also displays a wide
genetic and ecophenotypic diversity.

1. Introduction

The physicochemical properties of the surface oceans (including sea surface temperature, light, and nutrient
availability) directly influence marine photosynthetic algae and primary productivity. Climate change can
significantly contribute to changes in the abundance and composition of phytoplankton communities,
which, in turn, affect global biogeochemical cycles. Rising ocean temperatures (Levitus et al., 2005) affect
ocean circulation and the physical properties of the surface water and will likely cause poleward shifts in
phytoplankton thermal niches (Thomas et al., 2012). A warmer, more stratified water column reduces the
nutrient input into upper water layers, increasing the likelihood of nutrient limitation in algae (e.g.,
Sarmiento et al,, 2004). Marine algae that are able to sustain photosynthesis and growth under
low-nutrient concentrations, such as the coccolithophores (calcifying haptophytes), are expected to
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Figure 1. Paleogeographic reconstruction for the middle Miocene (15 Ma; www.odsn.de) and locations of DSDP and
ODP sites. North-South Atlantic deep sea coring transect detailed herein (black circles), DSDP sites studied by

Hagq (1980) (light blue circles), and other relevant ODP sites discussed in this study (open squares). Also shown are the
main Atlantic surface circulation patterns modeled for this time interval (blue arrows; cf. Herold et al., 2012) and the
modern, seasonal extent of the ITCZ (green shaded area).

perform better under such conditions (e.g., Gerecht et al., 2014; Supraha et al., 2015) than, for example,
diatoms (e.g., Lazarus et al., 2014). In order to better understand the long-term impacts of such ecological
shifts, we need to study the fossil record of past warm climates.

Haq (1980) published a pioneering synthesis of Miocene nannofossil census data collected from 43 different
Atlantic deep sea sites (DSDP Legs 1-47; Figure 1). The broad-scale paleobiogeographic patterns that he
reconstructed for six Miocene time slices (of ~0.5 million-year duration each) provided fundamental insights
that remain valid today. At the time, Haq (1980) stated that “the history of the Miocene climatic variations in
[the Atlantic] ocean, as interpreted from the faunal and isotopic records is still sketchy” and “temporal
migration patterns of nannoplankton should provide a more complete picture of climatic variations and
the differences between the Northern and Southern Hemisphere climates”. Assuming species habitat track-
ing (migrations) as the main tool to reconstruct past environments, he identified several “warm” (poleward
migration of low-latitude taxa) and “cool” (equatorward migration of high-latitude taxa) climate states, pre-
dominately recorded at midlatitudes of the North Atlantic (25-35°N).

Four decades later, we have gained much knowledge about Miocene climatic variations, even if many scien-
tific challenges remain (as highlighted in this Special Section, The Miocene: The Future of the Past, https://
agupubs.onlinelibrary.wiley.com/doi/toc/10.1002/(ISSN)1944-9186.Miocenel). A number of key paleocli-
mate proxy records, including those from the Atlantic Ocean, detail changes in ocean temperatures, ice
volume, and past levels of atmospheric CO,. The middle Miocene Climatic Optimum (MCO; ~16.9-
14.7 Ma) was the warmest time interval of the Neogene, associated with a global perturbation of the carbon
cycle (e.g., Diester-Haass et al., 2009; Holbourn et al., 2007), followed by significant surface ocean cooling of
6-7°C (Savin et al., 1985; Shevenell et al., 2004; Super et al., 2018) and Antarctic ice sheet growth during the
middle Miocene Climate Transition (MMCT; 14.7-13.8 Ma) (Flower & Kennett, 1993, 1994; Holbourn
et al., 2005). The MMCT is also associated with a moderate (~60-125 ppmv) decrease in atmospheric CO,
levels (Badger et al., 2013; Super et al., 2018). Thus, the middle Miocene is a well-studied time interval with
arange of geochemical and paleontological climate constraints (Figure 2). In addition, we have a much better
understanding of coccolithophore ecology in relation to physical properties of the surface ocean, based on
modern plankton observations (e.g., Baumann et al., 2005; Haidar & Thierstein, 2001) and nannofossil assem-
blage patterns in sediment traps and recent surface sediments (e.g., Boeckel et al., 2006; Broerse et al., 2000).

This study presents five new records of nannoplankton change across the middle Miocene (~16.5-11.5 Ma)
along a north-south transect in the Atlantic Ocean (57°N to 28°S; Figure 1). By investigating all records
within the same consistent analytical and geochronological framework, we are able to constrain both
latitude-specific and ocean-wide common biotic response patterns in relation to global climate cooling across
the MMCT. In combination with independent paleoclimate proxy records, this is an opportunity to test (1)
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Figure 2. Overview of Miocene paleoclimate proxy records for selected Atlantic deep sea sites. (a) Sea surface
temperature reconstructions. TEXge-based SST estimates at North Atlantic DSDP Site 608 (blue shadings are 68% and
95% confidence intervals [CI]; Super et al., 2018); at Ceara Rise, ODP Sites 925 and 926 (orange), SST estimates are based
on TEXgg (open circles) or Uk’z; (triangles) (Zhang et al., 2013) and Mg/Ca (closed circles) (Foster et al., 2012).

(b) High-resolution benthic foraminiferal 880 records from the eastern equatorial Pacific (ODP Site 1237) and South
China Sea (ODP Site 1146) that served to define the durations of the MCO and MMCT (indicated by shadings; Holbourn
et al., 2005, 2007), overlain by benthic foraminiferal 580 measured at Site 608 (Diester-Haass et al., 2009; Wright

et al., 1992). (c) Compilation of alkenone-based paleo-pCO, estimates at Site 608 (Super et al., 2018; blue shadings

are 68% and 95% CI), ODP Site 925 (Zhang et al., 2013; squares: diffusive model calibration; crosses: recalculated,
statistical model estimates by Stoll et al., 2019), and boron isotope-based estimates at ODP Sites 926 and 761 (Foster

et al., 2012). See original publications for error estimates.

whether phytoplankton compositions indeed track climate change on sub-Myr scales, as well as how—
through migrations, species replacement, or speciation and extinction events—and (2) how changes in
pole-to-equator temperature gradients may have affected macroevolutionary turnover patterns in middle
Miocene coccolithophore communities.

2. Materials and Methods
2.1. Deep Sea Sites and Age Models
The Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) sites used in this study are listed in

Table 1. Together, these sites cover a north-south transect across the Atlantic Ocean (Figure 1) that has been
previously subject to similar latitudinal and interhemisphere comparisons (e.g., Diester-Haass et al., 2009)
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Table 1
Site Locations and Sampling Details
Site Location Longitude = Water depth (m) Samples (N) Al-min (Ma) Al-max(Ma) Approx.sampling resolution (kyr)
982B Rockall Plateau 57°31,002'N  15°51,993'W 1,134 47 11.248 15.898 100
608 King’s Trough  42°50,205'N ~ 23°5,252'W 3,526 47 11.368 16.630 115
925A Ceara Rise 43°29,334'W 3,042 15 11.256 16.732 240
925B Ceara Rise 43°29,349'W 3,041 9
926A Ceara Rise 42°54,439'W 3,598 42 11.725 16.446 115
1264A  Walvis Ridge 28°31,961'S 2°50,731'E 2,507 16 11.530 16.091 70
1264B Walvis Ridge 28°31,950'S 2°50,729'E 2,504 57

Note. Samples from multiple holes (Sites 925 and 1264) were combined on the composite depth below seafloor scale (mcd) before age model construction. Al-
min = youngest sample age; Al-max = oldest sample age as derived from age-depth model A1, reported in Ma (note that Undatable output is in ka); ages and
average sampling resolution given per site in case multiple holes were sampled.

and where several key paleoclimate proxy records have been produced for the targeted Miocene interval
(Figure 2).

The northernmost location, ODP Site 982 was cored on the Rockall Plateau in the Hatton-Rockall Basin,
where this site is bathed in North Atlantic Intermediate Water (NAIW). Middle to late Miocene sediments
are dominated by biogenic carbonate, mainly nannofossil oozes and chalks (average 92.6 + 1.5% carbonate
content; Jansen et al., 1996). On the southern flank of the King's Through, DSDP Site 608 underlies the
northern part of the modern North Atlantic subtropical gyre, and Miocene sediments are predominantly
white nannofossil chalks (Ruddiman et al., 1987). There is a minor hiatus between cores 608-33X and 34X
(Diester-Haass et al., 2009), as well as gaps in the sedimentary sequence at core breaks. However, this does
not preclude our aim of assessing sub-Myr trends in nannofossil composition and abundance. At tropical
latitudes in the western equatorial Atlantic, ODP Sites 925 and 926 were recovered along a depth transect
on Ceara Rise (Curry et al., 1995) and are composed of nannofossil chalks with foraminifers alternating with
clayey nannofossil chalks on a meter scale. In these sequences, carbonate content varies between 60% and
80% (Diester-Haass et al., 2009). The southernmost location on our transect, ODP Site 1264, was recovered
from Walvis Ridge in the South Atlantic and is characterized by an alternation of nannofossil ooze and
foraminifer-bearing nannofossil ooze on a decimeter to meter scale (Leg 208 Shipboard Science Party, 2004).

For each site, we constructed age models based on compilations of available shipboard data, previous
high-resolution nannofossil studies, and geomagnetic reversal ages (Text S1 and Tables S1-S5 in the support-
ing information). Here, we use the Undatable MatLab age-depth modeling software Version 1.1 (Lougheed
& Obrochta, 2019), which incorporates uncertainty in both depth and age. Age error estimates (in kyr) are
based on those determined for selected nannofossil bioevents (Backman & Raffi, 1997; Backman et al., 2012;
Lourens et al., 2004; Zeeden et al., 2013); otherwise, we assumed a +100 kyr error. The depth error (in cm) is
based on sample spacing between the (bio)stratigraphic events as reported in the literature or documented in
this study. Undatable's deterministic routines (with a positive sedimentation rate prior and bootstrapping)
result in median and mean age-depth models, with age error estimates (nonnormally distributed 68% and
95% percentiles). Age-depth uncertainty in Undatable increases with increasing distance from age-depth
determinations, thus including sedimentation rate uncertainty in the age-depth model, unlike linear
age-depth models where sedimentation rate is assumed to be constant between age-depth determinations.
This approach allows us to make informed intersite comparisons by taking geochronological uncertainty
into account.

We developed two alternative age models for each site, Models A1 and A2 (Text S1; Figures S1 and S2). In the
first, A1 (Figure S1; Tables S2 and S3), we applied calibrated ages for bioevents and geomagnetic reversals as
compiled in the GTS of Gradstein et al. (2012), which, for the Miocene, are predominantly based on the
Astronomically Tuned Neogene Time Scale 2004 (ATNTS2004) of Lourens et al. (2004) with updates by
Hilgen et al. (2012). An alternative model, A2 (Figure S2; Tables S4 and S5), considered the full range of
available bioevent age calibrations (Backman & Raffi, 1997; Backman et al., 2012; Lourens et al., 2004;
Raffi et al., 2006; Zeeden et al., 2013) and higher age errors. Where available, a mean age was calculated from
different calibrations (N = 2 to 5), and the standard deviation served as input for the age error. Because there
are no interpretative consequences to using either Model A1 or A2, we present the results on the A1 model
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only. Previously published paleoproxy records were updated to the same age-depth models for consistent
comparisons.

2.2. Calcareous Nannofossil Counts

The composition of calcareous nannofossil assemblages can be significantly altered by differential dissolu-
tion (e.g., Lohmann & Carlson, 1981; Ruddiman & Heezen, 1967) and therefore bias census counts to com-
mon and dissolution-resistant taxa (Young et al., 2005). Middle Miocene deep sea records have been
impacted by dynamic fluctuations of the calcite lysocline, especially during the MCO and in the
Equatorial Pacific where it shoaled by 600 m (e.g., Kochhann et al., 2016; Pdlike et al., 2012).
Unconformities and dissolution events have been recognized at multiple Miocene sites, and bulk carbonate
contents of <85 wt.% may indicate substantial dissolution within pelagic chalks (e.g., Woodruff &
Savin, 1991). For the Atlantic records investigated here, we rely on several lines of evidence for relatively
stable, moderate-to-good carbonate preservation.

Calcareous nannofossil preservation was assessed with a variety of quantitative and qualitative methods
(Text S2 and Figure S3). We conclude, as previous authors have done before (e.g., Backman & Raffi, 1997;
Gartner, 1992), that nannofossils are abundant throughout with good-to-moderate preservation (i.e., slight
etching but no diagnostic structural changes) across the investigated middle Miocene time interval.
However, except for Site 982, most sites reveal indications for higher levels of etching or selective dissolution
of the smallest coccoliths during the MCO and across the MMCT (Text S2). Independent data on foraminif-
eral fragmentation and bulk carbonate content (Diester-Haass et al., 2009) support these observations
(Figure S3). Nevertheless, we conclude that the compositional data presented herein reliably record varia-
tions in common and dissolution-resistant taxa within coccolithophore communities of the middle
Miocene, even if selective dissolution had removed other (often rare), more susceptible species.

We sampled at ~100 kyr resolution (Table 1) in order to detect sub-Myr paleoecological and macroevolution-
ary trends based on nannofossil census counts. A total of 233 samples were counted under a polarized light
microscope (Olympus and Zeiss Axioskop 40) at 1,000X magnification. Microscope slides were prepared
from dried bulk sediments with the “drop technique” (Bordiga et al., 2015), which renders evenly distributed
particles on the slide. It also allows for calculation of the absolute number of coccoliths per gram of sediment
(N/g), with a reproducibility of +10-15%. Coccolith concentrations can be converted into burial rates (or
fluxes; N/cm? kyr) when mass accumulation rates are calculated (subject to age model errors; e.g.,
Suchéras-Marx & Henderiks, 2014).

Nannofossil assemblage compositions (in %) were quantified by counting at least 300 specimens determined
to species or genus level. Samples from Sites 982, 608, 925, and 926 were counted at the species level, whereas
counts at Site 1264 considered genus level only. In total, 69 morphospecies from 22 genera were observed; 50
morphospecies were recombined into nine genus-level groups, and 19 other subordinate taxa were lumped
as “others” in the genus-level multivariate analyses (see taxonomic list in Table S6). The degree of calcifica-
tion of the central area of the reticulofenestrids (ancestry of modern Emiliania huxleyi and Gephyrocapsa
oceanica; Noelaerhabdaceae family) was distinguished in the genus-level groupings with a heavily calcified
(Reticulofenestra closed) and less heavily calcified (Reticulofenestra open) category (Text S3). The 95% confi-
dence intervals (95% CI) for the relative abundance estimates were calculated in PAST Version 3.20 freeware
(Hammer et al., 2001; Suchéras-Marx et al., 2019).

Haq (1980) reconstructed long-term biogeographic patterns in the Atlantic based on census counts of 17
taxonomic groups (cf. Table S6); we included part of this published database in our comparative analyses.
The selected data, covering the time interval 17-11 Ma and including 130 samples from 25 sites (DSDP
Legs 2-47), were subdivided into 1 Myr time bins (cf. Figure 2 in Haq, 1980) and grouped in different geo-
graphic regions: northern North Atlantic >45°N, North Atlantic (30-45°N, including Mediterranean),
(sub)tropical North Atlantic (0-30°N; including four subregions in the northern and southern Caribbean;
eastern and western Atlantic), South Atlantic (30-45°S), and southern South Atlantic >45°S (single site,
DSDP Site 329).

2.3. Statistical Analyses

For the sites with species-level counts, indices of fossil species diversity (based on full assemblages as well as
within the reticulofenestrids [Noelaerhabdaceae] only) were calculated using PAST Version 3.20 freeware
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(Hammer et al., 2001). A single PAST diversity analysis (bootstrapped, N = 9,999) renders 12 different
indices, but here we only discuss Shannon diversity (H), which is an index accounting for both the number
and evenness of the species. The same software was used to explore the multivariate census data with statis-
tical ordination techniques, as explained in more detail below.

2.3.1. Multivariate Ordination

We applied detrended correspondence analysis (DCA; Hill & Gauch, 1980) to visualize the biogeographic
groupings and temporal trends of the 233 multivariate samples from five sites. In DCA, compositional data
(in %) can be analyzed without modification, which results in an ordination of both taxonomic data and sam-
ples (Hammer & Harper, 2006); in other words, it distinguishes assemblages between sites and temporal
trends at each individual site. Canonical correspondence analysis (CCA; Ter Braak, 1986) adds the possibi-
lity to investigate the relationships between the fossil assemblages and their environment. We applied CCA
with latitude and longitude (biogeography) as well as sample age (time; macroevolution) as environmental
variables. DCA and CCA give eigenvalues, indicating the percent of the total correlation between the species
and samples captured by each axis. However, no measures of statistical significance are calculated, and both
ordination methods mainly serve to summarize the main trends within the multivariate data set(s). The sta-
tistical significance of trends is subsequently tested on (selected) raw input data and their respective error
estimates.

2.3.2. Lumping or Splitting Taxonomy?

Because we had no a priori hypotheses regarding what taxonomic level would underpin major temporal and
biogeographic trends, we performed 19 runs with either species (n = 69) or genus (n = 10) level counts, on
individual sites and all sites combined (Table S7). Note that CCA was only run on combinations of multiple
sites. To facilitate comparison between the results of DCA runs on individual sites (e.g., Runs 1-4 and 7-11),
we standardized the sample scores (shown herein as time series) using the z score:

X —X
Zi = : ’ (1)
S

where x; is the individual sample score, X the average, and s the standard deviation, of all sample scores
within one time series (site). We also investigated the subset of the Haq (1980) database to inform our
hypotheses (Runs 5 and 18), using his original taxonomic groupings (n = 17) as well as recombined into
nine genus groups (Helicosphaera spp. included within “others” in this case; Table S6). In his original
Q-mode Varimax Factor Analysis, Haq (1980) lumped discoasters, sphenoliths, and small reticulofenes-
trids but distinguished heavily calcified reticulofenestrids (Dictyococcites spp.) at species level. Genus
groupings proved most straightforward in comparing our and Haq's data sets (DCA and CCA Run 19).
To track the intrageneric diversity in the most common placolith-bearing taxa, we adhered to
size-defined morphospecies in Coccolithus and the reticulofenestrids (Text S3).

3. Macroevolutionary Trends and Biogeographic Patterns in
Phytoplankton Communities

3.1. Temporal Trends in Nannofossil Census Data

Total nannofossil concentrations (N/g) are comparable between sites and show a slight increasing trend over
time (Figure 3a). Average values (4.8 + 1.9 10 liths/gram at Ceara Rise sites 925 and 926; 7.1 + 1.8 10°
liths/gram at the other sites) confirm the pelagic character of all investigated oceanographic settings and
suggest only few distinct fluctuations in dilution, dissolution, or nannofossil burial rates. Higher dilution
with clays from the Amazon River may explain both lower bulk carbonate and nannofossil content at the
Ceara Rise sites (Figure S3; Diester-Haass et al., 2009).

All records also reveal long-term, gradual changes in nannofossil composition as expressed by the standar-
dized scores of DCA Axis 1 (Figure 3b). Whether analyzed at the species or genus level (Figure S4), each site
individually demonstrates that MCO assemblage compositions were distinctly different from those after the
MMCT—driven by changes in locally prominent taxa at each site (see section 3.2). The taxa that are consis-
tently and most strongly related to DCA Axis 1 include Cyclicargolithus floridanus, Sphenolithus heteromor-
phus, Discoaster spp., and Helicosphaera spp. (the latter only at the tropical sites), versus large-sized and
heavily calcified reticulofenestrids (R. pseudoumbilicus and R. gelida) on the opposite side of the scoring scale.
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Figure 3. Long-term trends in calcareous nannofossil time series data. (a) Total nannofossil abundance (109 N/g), error
bars +15%. (b) Site-specific temporal trends as expressed by DCA Axis 1 results from runs using all species % (Sites 982,
608, 925, and 926; Runs 1-4) or genus % data (Site 1264; Run 11) as input. Axis 1 scores were standardized for site-to-site
comparisons. Note inverse scale (right y axis) for Sites 608, 925, and 926. (c) Shannon diversity index (H) based on
species-level census counts (all sites except Site 1264); error bars are bootstrapped maximum and minimum estimates.
Shadings indicate MCO and MMCT as in Figure 2.

On the other hand, no significant trends in total species diversity are observed over the investigated time
interval (Figure 3c). Nevertheless, species diversity indices are consistently highest in the tropics (more
rare taxa present) compared to the higher northern latitudes (no species-level diversity data available at
Site 1264).

3.1.1. Evaluation of Site-to-Site Correlations

Our data analyses are made within the framework of a consistent age-depth approach for all sites that fully
incorporates error in both age and depth, thus allowing evaluation of the site-to-site correlations based on
statistical confidence intervals (Figure 4). This comparison illustrates that the nannofossil records serve to
discuss long-term, sub-Myr scale trends and differences in composition across the MCO (roughly corre-
sponding to nannofossil biozone NN4), MMCT (encompassed by biozone NN5), and “icehouse” phases
(biozones NN6-NN7), rather than to pinpoint and correlate specific “events” in biotic change.
Nevertheless, an independent, astronomically tuned age model for Site 1264 (Lourens et al., personal com-
munication 2020, 3/2/2020; overlay in Figure 4) confirms the good sample age constraints across the
MMCT and the younger part of the record. For the older part of the 1264 record, our age model relies on
shipboard biostratigraphic tie points beyond our sampling interval, so it is hard to say what causes the
“accordion” effect. However, this age model discrepancy has no impact on the main analyses and interpre-
tations presented herein.
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Figure 4. Time series of site-specific DCA sample scores (Runs 1-4 and 11; standardized values), showing long-term
directional change within fossil assemblages at all sites. Sample median age (A1) and 68.2% range (entire width of
error bar) are indicated to better evaluate site-to-site correlations. Vertical dashed lines serve as guides, rather than to
highlight any specific event. Crosses in bottom panel indicate tuned sample ages at Site 1264 (L. Lourens, pers. comm.
2020). MCO and MMCT shadings as in previous figures; Neogene calcareous nannofossil biozonations cf. Martini (1971)
(NN zonation) and Backman et al. (2012) (CNM zonation).

3.2. Biogeographic Contrasts in Species Composition

When combining genus-level compositional data from all sites, CCA (Run 12) confirms rather stable biogeo-
graphic patterns. It separates the South Atlantic site (1264) from the rest and characterizes tropical sites (925
and 926) different from those in middle and higher latitudes. The offsets between sites primarily reflect the
biogeography, and to a smaller extent the temporal trends within the compositional data (Figure 5). Along
CCA Axis 1, the samples are ordinated along a gradient from the northern North Atlantic to South Atlantic.
CCA Axis 2 separates the tropical from higher-latitude sites in the North and South Atlantic. Axis 3 confirms
common temporal trends at all sites. Similar ordinations are found when combining our data set with the
subset of the Haq (1980) database (CCA and DCA runs 19; Figure S5). This confirms that the biogeographic
and temporal gradients are robust within the Atlantic Ocean across the 17-11 Ma time interval. DCA Axis 1
sample scores appear to converge and indicate diminished site-to-site contrasts over time, although
low-latitude versus high-latitude samples remain separated on DCA Axis 2 and 3 (Figure S6).
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genera) and sample (colored symbols) scores on Axis 1 versus 2 and Axis 2 versus 3; latitude (lat), longitude (lon), and sample age served as environmental

input variables.

Sites 925 and 926 hosted more taxa that are associated with warm, oligotrophic waters with a deep nutricline
(as is the case today in the western equatorial Atlantic; Boeckel et al., 2006). During the MCO, midlatitude
sites reflected similar “tropical” signatures with higher proportions of Sphenolithus (Site 608) and Discoaster
(Site 1264), but these were significantly reduced during the MMCT (Figure 6b). Indeed, North Atlantic Site
608 holds both “tropical” and “high-latitude” characteristics. In the northern middle and high latitudes,
Coccolithus had a stronghold, especially during the MCO (cf. Figures 5 and 6a), alternating with
Reticulofenestra as the most common taxon. Cyclicargolithus was virtually absent in the highest northern
latitude site (982) for the entire time interval but was most prominent in the South Atlantic (Site 1264)
and shows distinct decreases across the MMCT (Figure 6c).

3.2.1. Intrageneric Diversity of Reticulofenestrids

Reticulofenestra was a common component in nearly all samples and reveals an overall increase in abun-
dance across the investigated time interval at all sites (Figure 6c). The intrageneric diversity in this
placolith-bearing group is highly variable (Text S3), with different morphospecies contributing to the
long-term trends (Figure 7). It appears that medium (3-5 pum) to large (5-7 um) morphospecies drive the
steady increase across the MMCT. The largest morphospecies (>7 um) start contributing significantly during
the “icehouse” phase (from ~13-13.5 Ma), indicating a broadening of the size distribution within the group.
The proportion of the smallest (<3 pm) placoliths is highly variable (Text S2), with distinct peak abundances
within the MCO, MMCT, and post-MMCT at Site 982, and ~12-12.2 Ma at Sites 608, 925, and 926.

4. Discussion
4.1. Climate Change and Phytoplankton Fitness

At each sampled core depth, the nannofossil assemblages represent an average taxonomic composition over
thousands of years—and ~50-fold that in terms of population generations. Therefore, we can assume that
such averages represent species with high fitness, or at least species that remained within their ecological
tolerances over long time intervals. As a result, ecological shifts in response to regional and submillennial
scale climate change are difficult (if not impossible) to resolve in the fossil record. Instead, long-term migra-
tions (habitat tracking cf. Haq, 1980) and species replacements, including speciation and extinction events,
determine the observed assemblage changes. Here, we consider taxa that were most common and wide-
spread over long time intervals, rather than a record of “true” species diversity. Species diversity is driven
by rare, and often dissolution-prone taxa (Young et al., 2005), whereas the common groups provide the bulk
of the algal biomass and primary production and are thus most relevant for climate-biota interactions and
feedbacks (e.g., Hannisdal et al., 2012).

Marine primary productivity is generally enhanced in cooler surface waters of the high latitudes as well as in
upwelling regions, where nutrient supply is increased through stronger vertical mixing and lateral advec-
tion. In the modern Atlantic, seasonal shifts in the position of the ITCZ (Figure 1), related to the strength
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Figure 6. Middle Miocene time series of common calcareous nannofossil taxa across the Atlantic Ocean. The figure panels are arranged by latitude (from top to
bottom: Site 982, 608, 925 + 926 (combined), and 1264) and show relative abundance (%) of (a) Coccolithus pelagicus (three size groups where determined);

(b) Discoaster (red) and Sphenolithus (blue); (c) Cyclicargolithus (red) and Reticulofenestra (blue; all morphospecies lumped; see Figure 7 for more details). Vertical
error bars are 95% CI of census counts. Shaded areas indicate the MCO and MMCT time intervals.

of the SE and NE trade winds, affect the depth of the nutricline at tropical latitudes. When the SE trade winds
are strongest during austral winter, the ITCZ reaches its northernmost position, and surface current
transport in the South Atlantic leads to a deepening of the thermocline and nutricline in the western
equatorial Atlantic, whereas the nutricline is uplifted in the eastern equatorial region (Boeckel
et al., 2006). Whether such tropical east-west oceanographic contrasts may already have persisted during
the Miocene is unclear. Nevertheless, the highest numbers of the warm water, oligotrophic taxon,
Sphenolithus spp., were found at the equatorial Atlantic sites (Figures 6 and S5).
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Figure 7. Proportional data (% of total assemblage) for different Reticulofenestra morphospecies. At Sites 982 (top), 608 (middle), and 925 and 926 (combined in
bottom panels): (a) Size-defined morphotypes of R. pseudoumbilicus, 5-7 um (red) and >7 um (blue). (b) More heavily calcified R. gelida (5-7 and >7 um; red
and blue) and R. hagqii (3-5 pum; green); (c) R. minutula (3-5 um, larger central opening than R. hagqii; green) and R. minuta (<3 um; blue). Vertical error bars are
95% CI of census counts. To evaluate site-to-site correlations, the sample age constraints (68.2% range) are illustrated with horizontal error bars only in (c).

The modern, bipolar “icehouse” atmospheric and oceanographic circulation systems were not yet estab-
lished during the middle Miocene (e.g., Holbourn et al., 2010), but we can draw some parallels in our ana-
lysis of the available paleoclimate and nannofossil proxy data. The warm (>28°C) surface temperatures of
the extratropics during the MCO (Super et al., 2018) likely corresponded to more surface stratification and
a deeper nutricline, as supported by the increased “tropical” nannofossil signatures at midlatitudes
(Hagq, 1980; this study). The lower pole-to-equator temperature gradient would have slowed down atmo-
spheric circulation and ocean overturning and may also have contributed to less dispersal and increased
the species compositional contrasts between Northern and Southern Hemisphere nannoplankton commu-
nities during this time (Figure 6).

Based on orbitally tuned, high-resolution stable benthic isotope records, the onset of the MMCT at ~14.6 Ma
was characterized by relatively constant, low summer insolation over Antarctica and coincident with a dis-
tinct decrease in temperature and atmospheric CO, (Holbourn et al., 2005; Super et al., 2018; Figures 8a and
8b), which would have promoted ice sheet growth. Antarctic ice volume increased in distinct episodes of low
eccentricity, which led to successive northward shifts in the ITCZ (Holbourn et al., 2010; Figure 8a).
Following a third major step in ice growth ~13.8 Ma, midlatitude SSTs were consistently <28°C at Site
608, and paleo-pCO, levels remained below 400 ppmv (Super et al., 2018; Figure 8b), whereas SSTs in the
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Flgure 8. Comparison between paleoclimate and reticulofenestrid proxies across the MMCT. (a) Tuned record of benthic

O at Site 1237 (Holbourn et al., 2005, 2007) in relation to obliquity (blue) and eccentricity (green) orbital solutions
(Laskar et al., 2004, 2011); (b) Site 608 TEXg4-based SST (BAYSPAR 50th percentile; blue line) and average
alkenone-derived pCO, estimates (plus symbols; Super et al., 2018); (c) Coccolith burial fluxes and morphospecies
diversity within the Noelaerhabdaceae. Left axis: Blue line is a 10-pt moving average of Reticulofenestra coccolith fluxes
for all sites combined, which are shown by the shaded area below (cf. Figure S8). Right axis: Shannon diversity index
calculated for Noelaerhabdaceae only (including Cyclicargolithus; number of specimens per sample varies, N = 74 to
573). Low values (<1) indicate samples where one morphospecies dominates the fossil assemblage.

tropics remained ~27°C or higher (Foster et al., 2012; Zhang et al., 2013; Figure 2). The increased pole-to-
equator temperature contrasts would have increased meridional overturning circulation and thus nutrient
(re)cycling in the global oceans. The onset of coastal upwelling in the southern midlatitudes by ~10 Ma
(Krammer et al., 2006; Rommerskirchen et al., 2011) exemplifies the progressive intensification and
establishment of a modern oceanic overturn in the Atlantic since the MMCT. The site-specific DCA
trends (Figures 3b and 4) most closely resemble the stable benthic isotope records, supporting that longer-
term, whole-ocean changes underpin the observed phytoplankton composition shifts at all investigated
sites, rather than an immediate effect of the stepwise cooling of the surface waters during the MMCT.
4.1.1. Paleoproductivity Indicators

Previous work has demonstrated that climate shifts during the MCO and MMCT did not lead to large
changes in marine paleoproductivity in the Atlantic Ocean (Diester-Haass et al., 2009), although there is evi-
dence for increased productivity across the MMCT in the tropical Pacific Ocean (Kochhann et al., 2017).
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Patterns of benthic foraminiferal accumulation rates (Diester-Haass et al., 2009; Figure S7) do correspond to
the gradual increase in nannofossil concentrations at the same locations. When converted into burial fluxes,
a more distinct before-and-after MMCT scenario becomes evident; total nannofossil fluxes increased at all
sites (Figure S8) and, on average, reticulofenestrid fluxes doubled after the MMCT (Figure 8c). A
long-term increase in intrageneric morphospecies diversity (Figure 8c) points to diversification within the
Noelaerhabdaceae as they became more ecologically prominent. It is possible that intensified dissolution
during the MCO may have contributed to overall lower carbonate accumulation rates (Figure S3), but differ-
ential dissolution cannot explain the steady increase in large (5-7 and >7 um), and thus dissolution resistant,
Reticulofenestra morphospecies across and after the MMCT (Figures 7a and 7b).

We therefore conclude that the data support not only a significant increase in the relative abundance of reti-
culofenestrids within middle Miocene phytoplankton communities but also a diversification and an increase
in their (export) production following the stepwise climate changes of the MMCT. Both observations indi-
cate the high fitness of Reticulofenestra under the more variable climate dynamics of the “icehouse world”
at all sites. It would appear that a threshold in fluxes was crossed at ~13.5 Ma, conspicuously close to the
extinction event of Sphenolithus heteromorphus (13.53 Ma; defining the nannofossil biozone boundary
NN6/NNS5 of Martini, 1971, and CNM7/CNMS of Backman et al., 2012). Evidently, the new “icehouse” cli-
mate state meant decreased fitness for some taxa. Even though SSTs in the tropical Atlantic did not change
much, the fitness of typical “old warm world” taxa decreased, including Cyclicargolithus that flourished
during the Oligocene and early Miocene (Haq, 1980; Plancq et al., 2013).

4.2. Evolutionary Overturn and Diversification Pulses

The post-MMCT increase in abundance and morphological diversification of Reticulofenestra (Figures 8c and
9c) can be seen as part of a series of similar global macroevolutionary overturn and species successions within
the Noelaerhabdaceae family during the Neogene. In the Atlantic, Haq (1980) observed an earlier decline in
Cy. floridanus—the dominant reticulofenestrid during the Oligocene and early Miocene—between 22.5 and
18 Ma (within NN2), followed by an increase in medium and larger reticulofenestrids (R. haqii and R. pseu-
doumbilicus). Plancq et al. (2013) identified the same species overturn also in the Pacific Ocean (DSDP Site
588) and postulated that a global cooling step, associated with early Miocene glaciations, could have triggered
this initial decline in ecological prominence of Cyclicargolithus. Subsequently, other reticulofenestrids not
only increased in abundance but also expanded their size range (diversified) from ~20.5-16.8 Ma
(Henderiks & Pagani, 2007; Plancq et al., 2013). Here, our time series data add details to the final demise
of Cy. floridanus, which although drastically decreased in numbers, remained a constant component in the
South Atlantic and tropical sites until its last occurrence ~11.85 Ma (cf. Gradstein et al., 2012; Figure 9).

Both biotic and abiotic forcings impact species diversity (e.g., Ezard et al., 2011). The overall ecologies of reti-
culofenestrids were probably rather similar, as both Cyclicargolithus and Reticulofenestra were likely
bloom-forming taxa (Plancq et al., 2013), but there are indications that Reticulofenestra had broader environ-
mental tolerances than Cyclicargolithus, judging from their paleobiogeographic distribution during the mid-
dle Miocene (cf. Figure 6¢). The ~7°C cooling and ~125 ppmv drop in pCO, during the MMCT (Super
et al., 2018; Figures 9a and 9b) may have been a “final blow” to the fitness of Cyclicargolithus also in the mid-
dle and low latitudes of the South Atlantic. The time series at Sites 1264 and 926 (and to some extent Site 608)
show anticorrelation in Cyclicargolithus and Reticulofenestra abundance during the MCO and MMCT, tenta-
tively lending support that these taxa occupied the same niche and that Reticulofenestra was able to expand
when Cyclicargolithus was drastically reduced after the MMCT. The gradual expansion of Reticulofenestra
sizes, as the abundance of medium-large Cyclicargolithus was fading out (Figure 9c), also supports a scenario
of species replacement following this stepwise change in global climate. Nevertheless, Cyclicargolithus was
already virtually absent during the MCO at Site 982 and Reticulofenestra also expanded at these northern lati-
tudes. Instead, the “high-latitude/cold water” (cf. Haq, 1980) genus Coccolithus steadily lost its ranking as
dominant taxon (both in terms of relative abundance and burial fluxes) after the MMCT at Sites 608 and
982 (Figure 6a). Irrespective of other (phyto)plankton groups that may also have competed for resources,
it is evident that the Reticulofenestra lineage increased its ecological prominence at all latitudes in the middle
Miocene “icehouse world”.

Diversification pulses within the Noelaerhabdaceae, characterized by a gradual increase in maximum sizes
and terminated by abrupt declines in size, have been documented across the Neogene (e.g., Beaufort, 1992;
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Figure 9. Stepwise climate change and macroevolution of reticulofenestrids during the middle Miocene.
(a) Alkenone-derived pCO, and (b) TEX336 sea surface temperature estimates at Site 608 (blue shading is 68% CI;

Super et al., 2018). Superimposed are Uk 37 SST estimates for Site 608 (triangles; Super et al., 2018) and Site 982 (circles;
Herbert et al., 2016); note that these are close to this proxy's calibration maximum of 28.5°C. (c) Compilation of all
samples from this study showing size categories of Cy. floridanus (red) and Reticulofenestra (blue; all morphospecies) as
percentages (bubbles) within the subtotal of Noelaerhabdaceae. The last occurrence (LO) of Cy. floridanus falls within
the top of nannofossil biozones NN6 (Martini, 1971) and CNM9 (Backman et al., 2012).

Bollmann et al., 1998; Bolton et al., 2016; Henderiks & Pagani, 2007; Imai et al., 2015; Matsuoka &
Okada, 1990; Young, 1990). Recently, Bendif et al. (2019) demonstrated that such pulses reflect species
radiations (speciation) separated by abrupt extinctions and that the three most recent pulses in the
Pleistocene evolution of Gephyrocapsa (including E. huxleyi) are associated with step changes in global
SST. These Pleistocene bursts in species diversification (“Matsuoka-Okada cycles”) had durations of ~0.5
Myr (Bendif et al., 2019), much shorter than those suggested by the Miocene data sets (e.g., Henderiks &
Pagani, 2007; Imai et al., 2015; Young, 1990; this study). This could be due to a true acceleration of
evolutionary rates (and related climatic forcings) during the Pleistocene compared to the Miocene.
Alternatively, it could be an artifact of sampling resolution and the “coarser” and arbitrary size-based
Miocene morphospecies definitions (Text S3), or other reasons, such as how we discern small
morphological differences that may depict cryptic species (Séez et al., 2003) in the fossil record.

¢

The adaptability of the reticulofenestrids in the middle Miocene “icehouse” world was demonstrably
high—but what could explain such competitive edge? Their wide biogeographic distribution and promi-
nent presence at all investigated latitudes of the Atlantic suggests that middle Miocene Reticulofenestra
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species had large population sizes and represented broad environmental tolerances (eurythermal and
eurytrophic), similar to E. huxleyi today. Evolutionary genetic processes in such large and widespread
populations may have led to a higher rate of adaptation, especially if interspecific hybridization and
low-intensity gene flow occurred, as was demonstrated for Pleistocene Gephyrocapsa species (Bendif
et al., 2019).

Noelaerhabdaceae are the only family of coccolithophores known to produce alkenones (Conte et al., 1995),
long chain lipids that function as nutrient storage molecules (Eltgroth et al., 2005), and this may underpin
the eurythermal and eurytrophic physiology of ancient reticulofenestrids (Brassell, 2014). More specifically,
Brassell (2014) postulated that the first occurrence (and biosynthetic innovation) of alkatrienones after the
Early Eocene Climatic Optimum (EECO; ~52 Ma) was related to the expansion of Reticulofenestra from high
to lower latitudes and that this represents an adaptive response of this genus to a cooler climate at the time.
In this rationale, storage lipids may be an advantage in surviving in a cooler ocean with higher environmen-
tal variability and seasonal constraints on productivity (Brassell, 2014). However, it is not unlikely that other
cellular particulate organic matter (POM) could fulfill similar storage roles in other coccolithophores but
that such soft tissue components are not preserved in sediments or lack the specific biomarker signatures
that alkenones happen to provide.

Whether the production of alkenones would have provided Reticulofenestra with an (additional) competitive
edge or not, the biosynthesis of alkatrienones appears to be linked to algal growth temperatures <28°C
(Brassell, 2014, and references therein), resulting in an upper calibration limit for the alkenone-based
UX,, SST proxy at ~28.5°C. Indeed, during the MCO, U¥;, -based SST estimates at Site 608 are at this upper
calibration limit (Super et al., 2018) and close to this limit at Site 982 (Herbert et al., 2016)—confirming the
overall high SST in the higher northern latitudes, but also suggesting that alkatrienone biosynthesis came
back online across and after the MMCT (Figure 9b).

Our understanding of how pCO, may impact the macroevolution of coccolithophores, and specifically reti-
culofenestrids, seems to have settled on distinct correlations between the levels of past atmospheric CO, and
(mean) cell size (larger cells during times of higher pCO,) (e.g., Bolton et al., 2016; Hannisdal et al., 2012;
Henderiks & Pagani, 2008). Our new middle Miocene time series data suggest that the ~125 ppmv drop in
pCO, (Super et al., 2018) at the start of the MMCT corresponds to a decrease in abundance of large-celled
Cy. floridanus (and thus mean reticulofenestrid cell size) but that the subsequent, gradual increase of larger
Reticulofenestra morphospecies (diversification and increase in mean cell size) was decoupled from the post-
MMCT, lower “base level” of alkenone-derived pCO, (Figure 9a).

5. Conclusions

Our data reveal that calcareous nannoplankton assemblages tracked long-term climatic change during the
middle Miocene and that the MMCT was a significant step toward establishing modern-like phytoplankton
communities throughout the Atlantic Ocean. Typical “warm water” taxa were on the decline and eventually
went extinct, whereas the abundance and diversity of eurythermal and eurytrophic reticulofenestrids stea-
dily increased and even became dominant. High-latitude versus low-latitude compositional contrasts
remained, similar to today, but all investigated sites saw the same macroevolutionary change within the reti-
culofenestrids. We explored what abiotic and biotic processes could underpin these patterns and conclude
that the stepwise decrease in SST and pCO, across the MMCT presented a distinct shift in the adaptive land-
scape of marine phytoplankton, decreasing the fitness of some previously prominent species, such as Cy. flor-
idanus and Sphenolithus (with high thermal optima) and demonstrating the high adaptability of the
Reticulofenestra lineage to the new “baseline” conditions of the middle Miocene “icehouse world.” We spec-
ulate that a regression to a warmer state of the oceans may not negatively impact highly adaptable cocco-
lithophore taxa, such as E. huxleyi, whose poleward expansion is already evident (Oziel et al., 2020;
Rivero-Calle et al., 2015; Winter et al., 2014).

Data Availability Statement

Additional data figures and tables are provided in the supporting information. The raw data produced for
this paper are publically available at the Zenodo data repository (Henderiks et al., 2020, https://doi.org/
10.5281/zenodo.3940622) and at https://doi.pangaea.de/10.1594/PANGAEA.921547.
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