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Late Neogeneevolution of modern deepdwelling plankton
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The fossil record of marinmicroplankton provide insightsinto the evolutionary drivers which

led to theorigin of moderndeepwater plankton oneof the largestomponenbf oceanbiomass

We use global abundance and biogeographic data combined with depth habitat reconstructions to
determine the environmental mechanisms behind speciation in two groups of pelagic microfossils
over the past 15 million yeard/e compare our microfossil datasetith water column profiles
simulated inan Earth System modeWe show that deefiving planktonic foraminiferh
(zooplanktonpnd calcareous nannofogsilixotroph phytoplanktordpecies were virtually absent
globally during thepeakof the middle Miocere warmth.Evolution of deepdwelling planktonic
foraminiferastarted from subpolanidlatitudespeciegluring late Miocene coolinyia allopatry
Deepdwelling species subsequently spread towardsetdatitudes and further diversified via
depthsympatry establising modern communities stratified hundreds of meters down the water
column Similarly, subeuphotic zone specialist calcareous nannofodsicome a major
component of tropical and stitopical assemblagahiringthe latest Miocene to early Pliocene.

Our model simulations suggesiat increased organic matter and oxygen availability for
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planktonic foraminifera, and increased nutrients ant ligenetration for nannoplanktofavored
the evolution of newdeep wateniches. These conditions resulted frontogal cooling and the

associated increase in the efficiency of the biological pump over the laslib® years

1. Introduction

The biodiversityof planktonic and nektonic organisms is difficult to explain givenuniform
characteandvastnessf pelagic environmestwheregenetidsolationseemdlifficult to maintain
(Norris, 2000).Planktonic microorganismsvith mineralized shellhave often ben used as a
model to study the mode and tempapécies originatiom theopen oceardue to the abundance,
widespread distribution, and temporal continuity of their fossil re(mig, Peason et al., 1997;
Norris, 2000;Bown et al., 2004Ezard et al., 2011; Norris et al., 201Bpcause of the great
fossilization potential of their calcium carbonate tests across much of the global ocean, their

relatively simple and welgstablished taxonoyn and highly resolved biostratigraphyapktonic

foraminiferaand calcareous nannofossilee amongstthe most thoroughly studiefest studied
fossil-groups Planktonic foraminifera are heterotrophic zooplankton, with different species
specialized to feed on different types of folmdm other plankton to sinking detritus. In the modern
ocean, planktonic foraminifera live stratified across a range of depths spanning from the surface
to hundreds of meters down the water column (Rebotiral.e2017; Meilland et al., 2019).
Properties such as food quantity and quality, oxygen, light and pressure all change markedly across
the first few hundreds of meters of the ocean. Depending on suchaddwnn variability in
environmental conditions, ahktonic foraminifera can actively control their living depth of
preference, which remains relatively stable during their adulstéige (Hull et al., 2011; Weiner

et al., 2012; Rebotim et al., 2017; Meilland et al., 2019; Duan et al., 20XkEy advatage of

using planktonic foraminifera for evolutionary studies is tiglity to extract ecological
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information from their shell chemistryThis provides invaluable informationabout species
specific functional ecology (e.g., feeding strategy) and habitat preferences\efaceversis
deep waters)whichin combination with biogeographic, taxonomic, biometric, and stratigraphic
datahaveoftenbeen used to infespeciatiorand extinctionmechanism@Norris et al., 1993; Norris

et al., 1994Pearson et al., 199FAull and Norris, 209; Pearson and Coxall, 201%/oodhouse et

al., 2021) and reconstruct phylogetic relationshipg (Aze et al., 2011)

Calcareousiannoplankton also have a highly resolved and continuous fossil réoeydare
the most abundant microfossils in oceanic pelagic sediments, and similar to planktonic
foraminifera, their spatial distribution ranges from tropical to subpolar latit{Rtm$ton et al.

2017. In the modern ocean they also live stratified in the water column, with species adapted to
euphotic waters, and species adapted to live deeper (Poulton et al.Jr2@d@jrasto planktonic
foraminifera, mnnoplanktorare predominany} autotrophic, performing photosynthesis in water
where light penetratiors sufficient,althoughthere is evidence for heterotrophy (mixotrophic
behavior) in some extant (Godrjian et 8020) and fossil (Gibbs et al., 2020) specie®uphotic

waters, organic matter production from nannoplankton is at the base of pelagic food chains and of
the functioning of the ocean biological carbon pufirgxonomic, biometric and stratigraphic data

have been used to establish phylogenetic relationships between fossil nannoplankton species
(Young and Bown, 1997)

Little emphasis has been given to thegterm drivers ofevolutionary patterns observed in
fossil plankton from species to phylum levdthoughmore recentlya broad connectiowith
changing climate and ocean properties has been suggeste&Zard.et al., 2011; Norris et al.,
2013 Frass et al., 201%enderiks et al., 202@owery et al., 2020 BoscoleGalazzo, Crichton

et al.(2021)showed thabver the last 15 million yeatheremineralizationof particulate organic



73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

carbon(POC)in surface waters declined markedly driven by climate and ocean c@idébngett
and Von der Borch, 1985; Kennett and Exon, 2004; Cramer 204l; Zhang et al., 2014; Herbert
et al., 2016; Sosdian et al., 2018; Super et aROR0ncreasingthe efficiency of theocean
biological pumpin delivering organic matter at deptBuchamechanism was ketp promoe the
evolution of life in deep waters, allowitige development of the modewmilight zoneecosystem
(BoscoleGalazzo, Crichton et al2021). The goal of this studis to combine the fossil record of
two ecologically complementargalcareous microplanktogroups seldom analyzed together,
planktonic foraminifera andannoplanktopandtogethemwith model simulations, help disentangle
the evolutionary drivers of modern dedyelling plankton We use the planktonic foraminifdra
dataset from BoscolGalazzo, Crichton et af2021) and extend our analysis to calcareous
nannofossilsn coevalsediment sampgeto assess their abundance and distribution pattern. We
compare the results from these two groups and contrast them against time-gpelcfite model

water column profiles for POC and oxygen)©btained from the cGENIE Earth System ralod

Further, using stable isotopes, depth habitat reconstructions, abundance and biogeography data we

reconstructthe speciation mechanismahich led to the evolutiorof modern deepwelling

planktonic foraminiferbspecies

2. Methods
2.1 Planktonic foraminifera

In this study we focus on the dedwelling groups of macroperforate planktonic foraminifera
of thehirsutellids, globorotaiis, truncorotalds and globoconelligsvhichin the modern ocean

calcify and live mostlyn the twilight zone of the ocean, i.e. betw@&®1000m (Birch et al.,
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2012; Rebotim et al.2017), and have a more complete fossil record than-dieefing
microperforate planktonic foraminifera (Kennett and Srinivasan, 1983).

Planktonic foraminifefadata and depth habitat reconstructi¢fig. 1) are fom Boscole
Galazzo, Crichton et a(202]). They were obtainefom globally and latitudinally distributed

DSDP _(Deep Sea Drilling Projed®DP_(Ocean Drilling ProgranilODP_(Integrated Ocean

Drilling Program& International Ocean Discovery Prograsitesand fromcoresdrilled onshore

and offshore Tanzania, alharacterized by abundacelcareous microfossilBoscoleGalazzo,
Crichton et al., 2021 Thework wasfocusedon severtarget age¢15 Ma, 12.5Ma, 10Ma, 7.5
Ma, 4.5Ma, 2.5Ma, 0 Ma/Holocene).To avoidsamplealiasirg, bulk sediment stable isotopes
were measuredn an average of ten samples per target age at eacfitgtsample displaying

mean oxygen stable isotope valumas chosenfor subsequent analysgBoscoleGalazzo,

Wade (2013), Spezzaferri et al. (2015), Wade et al. (20%8nh and Leckie(2020), with

phylogenetic genus names from Aze et al. (2011)

Ages were determined based on biostratigraphic analysis mostly following the biozonation
scheme by Wade et al. (2011)

Foraminiferal picking for stable isotope measuremeamt®conductedrom the size fractions:
180250 P -300 P -355 P (BoscoleGalazzo, Crichton et al202]). Stable isotopes
were measured on an average oflifferentspecies per samplasing ~25 specimens for common
species, and as many specimens as possible for rare si$#alds. isotopes were measured at
Cardiff University. Stable isotope results arevghan FigsFig. S1to S9 in the SupplemenOnly

data from the largestf the three measureilze fractios are shown Wwen data from more than one
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size fractiorare availableData from size fractions other than those above are shown only when a
species did not occur within the preferred size intervataminiferal abundance counts were
carried out in two size fractions80250 P D Q G ! P, countingup to300 specimens in each.
Total abundances were deriviegsumming up abundances from these two size fractions.
BoscoleGalazzo, Crichton et a(2021) reconstruet planktonic foraminiferal depth habitat
(Fig. 1)using a combined modekta approactsolving the paleotemperatueguation of Kim and
O’Neill (1997) for each data poinK VL QJ P HD V X U H GeORglbEaPiteQdlurHe b&tiMates,
DQG WKH F*(1,( PRGHOHG VDOLQLW)\ fOoH@dxheh RseGiie\WbtBIPLQH ORFDO ZDWHU /
temperaturalepth curve to determine depth. The full method is described in BeSatdazo,

Crichton et al. (2021).

2.2 Calcareous Nannofossils

Quantitative calcareous nannofossil data were collefrtad the samesamples as used for
planktonic foraminiferal analysir, when this was not possible, stratigraphically adjacent samples
(Table S1 in the Supplemeit A cascading count techniqueas usedo maximise nannofossil
diversity recovery and quantification of labundance species (Styzen, 1997). Nannofossils were
counted per field of view (FOV) until a minimum of 400 specimens were achieved for each sample.
However, if a high abundance species exceeded an average of 25 specimens per FOV, it was
excluded from sulegjuent counts in that samgad itsabundance scalagh based on its average
abundance and the total numbers of FOV counted. Only specimens directly counted contributed
to the minimum count threshold of 400 speciméusadditional scan of two slide traatts were
undertaken to record rare species not observed during the extended count and are included in the

total speciesichness andiversity analysesSamples for nannofossil analysis wereparedising
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the smear slide technig@Bown & Young, 1998). @lcareous nannofossils were observed using
both planepolarised (PPL) and crogmlarised light (XPL) o Zeiss Axioscope lighthicroscope
at x1000 magnification. Identification and taxonomy used herein follows Yeualg(1997) and
is coherentwith the recent Neogene calcareous nannofdassibnomy(Ciummelli et al., 2016;
Bergen et al., 2017; Blair et al., 2017; Boesiger et al., 2017; Browning 204&Y; de Kaenel et

al., 2017).

2.3 Plankton Ecogroups

In order to compare the datasetgained from the planktonic foraminiférand nannofossil
analysis,we grouped speciemto ecogroup based on depthabitat preferences. Planktonic
foraminiferd ecogroups are definecaged on paleodepth habitat reconstructioos Boscole
Galazzo, Crichton et al. (2021the euphotic zone ecogroups includes spewits an average
depth habitat shallowehan 200m (the bottom of the euphotic zond)e twilight zone ecogroup
includesspecieswith anaverage depth habitat coiding with the twilight zoneZ00-1000 m).
The twilight zone ecogroup is largely composefd species withinthe globoconellids, the
Globorotalia merotumidd@umidalineage the hirsutellids and the truncordtds, but also include
species fromother genera such as Globigerinella calida Globorotaloides hexagonusG.
variabilis, and Pulleniatina obliquiloculata Dentoglobigerina venezuelanaas a changeable

depth habitat through timede-discussion-illatsui et al., 2018/Nade et al., 2018jollowing the

depth habitat reconstructions from Bose@lalazzo, Crichton et al., (2021) it was grouped as
euphotic zone species for target ages 15, 7255,4.5Ma and as twilight zone speciéx target
age 10Ma. Speciesvere excluded from thgroupingwhenthey are known to have a marked

seasonality in abundanceand depth habitat (Globigerina bulloides Globigerinella
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praesiphoniferaand the neogloboquadrinid®.g.,Jonkers and Kucera, 201Breco et al., 2019)
andif theywere toorareand depth habitat reconstructisas not possibledandeina nitid

Three ecogroups for calcareous nannofossils are used:exgpieotic, lowereuphoticand
subeuphotic. The uppereuphotic groupis represented byDiscoasterspp., Rhabdosphaera
xiphos Reticulofenestrapp.andGephyrocapsapp (excludingG. ericsoni); the lowereuphotic
ecaroup containsRhabdosphaera clavigera, Gephyrocapsa ericsanii Ceratolithus spp,
finally the subeuphotic ecogroujncludes: Florisphaera profundaand Calciosolena murrayi
Because species specific stable isotope measurements and depth habitat reconstructions are
difficult for calcareous nannofossils, species déyathitat preference was assigned basethen
literature(Poulton et al., 201 Tangunan et al., 2018n particularPoulton et al. (2017) described
vertically separated coccolithophores communities sampled during a meridional cruise in the
Atlantic Ocean Here we use theicriteria for assigninghannofossilspecies intoecogroug,
wherebyin the uppereuphotic zoneecogroupwe include species found to live iwaters with
>10% surface irradianc@) the lowereuphotic zonecogroup we group species found to live in
waterswith 10-1% irradiance,andin the subeuphotic zonecayroup we group species founal
live in waterswith <1%, i.e. too low to support photosynthesis (Poulton et al., 2@iggoaster
become extinct in the early Pleistocene, therefore, its depth habitat remainslelateas the
group has no extant relative (Schuetid Bralower, 2015; Tangunan et al., 2018). However,
geochemical evidence from oxygen isotope value®istoasterand planktonic foraminifera
(Globorotalia menardii Dentoglobigerina altispiraand Globigerinoides obliquys reveal
comparable values and signifies tHaiscoaster likely inhabited the uppeeuphotic zone

(Minoletti et al., 2001).
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For each target age, the relative abundance of ecogroups was calculated summing up the
abundance counts of all the individual species pertaining to an ecogroup at each site, hence,
ecogroup abundance data represent global mean v&loeboth nannofossilsand plankinic
foraminifera the percentage of each ecogroup per time bin was converted hutogpie(Figskig.

2-5). Diversity indexegor both foraminiferal and nannofossil ecogrougre calculated using the

statistical software Pafitlammer et al., 2001ig. 6)

Foraminifera - Site 242 Nannofossils - Site 242
16Ma
% Abundance % Abundance
 Evphotic B Uppor Euphatic
- iight uphotc
@

Foraminifera - Site U1482 Nannofossils - Site U1482

& H
g &

2

% Abundance
' Euphoiic
W Tuiight

I sub Euphotic

&
H

H o
r' e% em

Figure 2. Foraminiferal and nannofossil ecogroup abundance at Site 242 and U1482.
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2.4 cGENIE model

We extracted model output for Particulate Organic Carbon (POCyxampenconcentration
from the cGENIE simulationfor each of the seven target agesdascribed fully in Boscolo
Galazzo, Crichton et al. (2021). To facilitate a general discussion osndace changes, we
divided the data latitudinallpy calculating tharithmeticmean for low latitudes (<TZ@atitude),
two midHatitude bands (mid 116° to 4C°, mid 2: 40 to 56") and high latitudes (>3%. The
cGENIE simulations take account of changing boundary conditions includingf@€ng,
bathymetryand ocean circulatiofCrichton et al., 2020). The model’s ocean biological carbon
pump is tempeature dependent, where temperature afteatisnutrient uptake rates at the surface
and remineralization rates of sinking particulate organic matter down the water column (Crichton
et al., 2021).
3. Results
3.1Plankton Ecogroups

For bothcalcareous nannoplankton and planktonic foraminjtaeavariation irmbundance

of euphotic zoneand deegr-dwelling ecogroupshow global patterngecognisedacross sites
Additionally both group indicata longterm directionality towards increased abundance of-deep
dwelling ecotypesAmong planktonic foraminifera, the twilight zone ecogroup increases in
abundance through time startiag7.5 Ma(Fig. 6). The relative abundance of the twilight zone
ecogrop in the middle Miocene is 15% and it increases30% in the Holocene time slice (Fig.
6). The average abundance of the euphotic zone species ecogroup in the middle Miocene is 85%
and it decreases through time until reaching 60% in the Holocene6jFlg.the twilight zone
ecogroup we observe an increase in the total number of species from-&wspeedes at 15la,

to 14speciesn the Holocene (Figd). In the middle Miocene this group comprised 1/6 of the total

11
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number of species in our samples, whil the Holocene it represents almost the half. All the

diversity indexes show a late Miocene to Holocene increasing trend for the twilight zone ecogroup

(Fig. 6).

Calcareousannofossiassemblagearedominated bythe uppereuphoticecogrougrom

15to 10 Ma at all siteFigsFig. 2-5). At 7.5 Mathe subeuphoticecogroup first becomes a
significant component of assemblages at Indian Oceatrepical Sites U1482 and to some extent
Site 242 but it is not until the 4.5 Ma time slice thtite subeuphoticecogroupbecomes a

significant component of assemblages at the majority of locaBites 516, 871/872, 242, U1338,

U1482, U1489figskig. 2-5). By the Holocene time slice, coccolitbfsubeuphotic specieare

dominantat most locations, exceptBasternEquatorial Pacific Site U133&igsFig. 6 and4). At

the southern high latitude Site 118&re is no significant contribution froooccoliths ofeither

lower-euphoticor sub-euphoticspeciesat any point, although there is no data from thecelie

to Holocene time sliceat this location(Fig. 5). Global average compositions of calcareous

nannofossil assemblages reflect the changes noted above, with a marked and liapithdbe

relative contribution of theippereuphoticecogroup, and a corresponding increase instiie

euphotic zonecogroup through the Pliene and to Holocer(€ig. 6).

3.2 Planktonic foraminiferal
biogeography

3.2.1Hirsutellids

The only hirsutellicspecieoccurring in our Miocene samplesHérsutella scitula At 15 Ma thise——

deepdwelling species: depth habitat, abundance and

{Formatted: Justified, SpaceAfter: 0 pt

morphospecies is common only at Site 1138 (~8%), sporadically occurs at Site 516 (<1%) and is

absent at the other investigated si(EsysFig. 7). Oxygenisotopes range from 0.5 to %3

(FigsFig. S1-

12
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Figure 3. Foraminiferal andannofossil ecogroup abundance at Site 871/872 and U1490.
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overprintingeffect of subpolar front shiftait this locationbut habitat reconstruction at Site 516

suggests a paleodepth habitat shallower tham2®Yy 12.5Ma, H. scitulaappears at Site U1338

and U14849n very low abundance<Q.5%) (Fig.7). At Site U1489 the species was so rare that it

was encountered when picking for stable isotopes and no more when counting for species

abundances, despite the use of different splitthefresidue.No differenceswere observed
between 12.5 and 10a in thebiogeography oH. scitula(Fig. 7). However, ly 7.5Ma, H. scitula
occurs at all our low latitude sit€Eig. 8) with oxygen isotopes ranging frord.5 to 20%o
(FigsFig. S3-S9), which according to depth habitat reconstructimanslates to 250 and 500
water depth(BoscoleGalazzo, Crichton et al., 202Ifhis issimilar to that ofGloborotaloides
hexagonus (Fig. 1), the only twilight zone dwekr we observd at tropical sitesat 15 Ma,
displaying stable isotopes ranging from 0 to 1%, which translategpths around 30800m. In
the late middle Miocene the stable isotope valugs.diiexagonuincrease to 2.5%o (FigsFig.
S3-59). Similarly, the oxygen isotope values of tropieklscitulaincreasd through timereaching
2-3%o in the youngest target ages. In line with thiigg reconstructediepth habitabf H. scitula
andG. hexagonusncreases through time in a stepwise fashandin the Holocenét reacles
downto 80631500 m (Fig. 1)(BoscoleGalazzo, Crichton et al., 202Hirsutella scitulabecomes
gradually more common at low latitude sites through the Mic&oeene, although it never
becomes abundant. In our recortirsutella margaritaeandH. theyerifirst appear in the early
Plioceneat a depthbetween 20800 m (Fig. 1) (oxygen isotopegsange-1 to-0.5%o), similarto
that ofH. hirsuta(oxygen isotopes randkto 260) when it first appears in the Holocefiégs-ig.

S3-99).
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292 3.2.2Truncorotali ids

293 The earliest appeararscef Truncorotalia crassaformig our recordcorresponds to out.5 Ma
294  time sliceat Site 1138 in the Indian Ocean sector of the Southern @de=e it represents >20%
295 of the assemblagandin coeval sedimentat midlatitude Site 516n the southwestAtlantic,
296 where it represent®9%of the assemblad&ig. 9), with oxygen isotopes ranging fratrbto 3.0%o
297 (FigsFig. S1-S2). At Site 516 we observe the -cocurrence ofT. oceanica(~14%) andT.
298 crassaformisn the early Pliocen&l.5 Ma) and ofT. viola(~5%) andT. crassaformig~13%) in
299 the late Pliocené2.5 Ma)(Fig. 10). We did not observé. oceanicaandT. violaanywhee else.
300 T. oceanicaandT. crassaformisGLV SO D\ DO PRV R0 RalueslamiDiSpghLhabital (Fig.
301 S2) butT. crassaformisias0.5% O R Z H@values Oxygen table isotope datél%o; Fig. S2)
302 and habitat reconstructions for Site Shéicate that subsurface habitat200 m) was already
303 occupied byT. crassaformist the beginning of its evolutionary histdfig. 1) The late Pliocene
304 appearance of. violaat Site 516, which differs frofi. crassaformign having a more convex
305 umbilical side, a triangular outline and a subacute prasil@ssociated with a shift tnore positive
306 oxygen isotope values @t crassaformigl.%0) and to slightly greater depths (Fig. 1).

307 We find T. crassaformisby the late Pliocene at our investigated tropical and subtropical

308 sites(2.5 Ma,Site U1338, U1489, 872, U1490, 242, UN@AgsFig. 10-11), with oxygen isotope

309 values ranging from.@to 2 0%. which translate to depth habitats of 400 m (BoscoleGalazzo,
310 Crichton et al., 2021; Fig.1Theappearancef T. crassaformist our low latitude sites is coeval
311 with the appearance in our record Dfuncorotalia tosaensis morphologically transitional
312 betweenT. crassaformisand T. truncatulinoides(Lazarus et al., 1995Fig. 10). Truncorotalia
313 tosaensisdisplays oxygen isotopes values ranging from 0 to ®B.5(FigsFig. S1-S9), which

314 translate ta300-350 m depth (Fig. 1)Consistent with earlier findingsl¢énkins and Srinivasan

16



315

316

317

318

319

320

321

322

323

1986 Lam and Leckie 202QbLazarus et al., 1995), we record the first occurrencel.of

truncatulinoidedn the late Pliocene in the soutlest Pacific 2.5 Ma,Site U1482), and onliater

in the North Pacific 0 Ma, Site 872), Indian Ocear (Ma, Site 242) andSouthAtlantic (0 Ma,

Site 516)(Fig. 11). Truncorotaliatruncatulinoidesrecord oxygen isotope values ranging from

1 to 26, more negativethan coeval T. crassaformis(FigsEig. S3-S9). Truncorotalia
truncatulinoides although reported in the modern tropical ocean as one of the species living at the
greatest depths, occupies a shallower depth habitafltherassaformisvhen it first appears in

our tropical to subtropical recor@®.5 Ma)
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3.2.3Globorotaliids

With globorotalids here weefer tothe Globorotaliamerdumidatumidalineage composed 1y.
merotumida G. pleosiotumida G. tumidaandG. ungulata(Kennett and Srinivasai983. This
group first appears witGloborotaliaplesidumidain our10 Matime sliceat Site 871 (Fig7). At

all the investigated low latitude sitase find G. tumidaby 4.5Ma with abundances between
24% (Fig. 9). Globorotalia plesiotumidao-occus with G. tumidaonly at Sites872 and 242
corresponding to ou4.5 Ma time slice(Fig. 9; Fig. S9). In our record, G. tumidaconsistently
displays oxygenisotope values betweet to 0%. FigsFig. S3-S9), andan average depth habitat
around 250m, with a shallowest occurrence atrianda deepest occurrence arous@0 m(Fig.

1). Similar oxygen isotope values angpth habitat preferen@erecorded foiG. plesiotumida
andG. ungulata(Fig. 1 and-igsFig. S3-S9).

3.2.4Globoconellids

In our records,Globoconellamiozeais a dominant component of planktonic foraminiferal
assemblage at Site 1138 atNla (65%) and occurs in moderate abundance at Site 516(F5806)
7). The distribution of globoconellids appears restricted to southern high tamidies during
the middle Miocene and the late Miocene to Pliocene. At Site 11@8gonellidsdecrease in
abundancéhrough time, withGloboconella pandshe only late Miocené7.5 Ma)species<1%;
with /480 of 3%.), followed only byGloboconella inflatain the Holocene (4.2%wyith A80 of
3.5%0) (Fig. 11). On the contrary,taéSite 516 globoconellids increase in abundance through time
becoming acharacteristideature ofthe planktonic foraminifera assemblage as noted in previous
studiesof this aregBerggren, 197; Norris et al., 1994(FigsFig. 7-11). In the Holocenés. inflata

is most abundant at midtitude Site 516(22.7%; with A0 of 1%o), but also occurén the

subtropical(<0.5%; with /280 of 0.9%60) and subpolar Indian oced#.2%;with A80 of 3.5%)
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‘359 (Fig. 11; FigsFig. S1-S3). Depth habitat reconstructiofer thegloboconellidsshow a deepening
360 trend through time although less marked compared to those of déepdwelling groups
361 considered in this studfBoscoleGalazzo, Crichton et al., 202fig. 1) At Site 516 thedepth
362 habitatis just above200m for middle MioceneGloboconellamiozea *O 0.9%.), just below 200
‘363 m for late Miocends. conoideaiotumidaandG. conomiozea 10 1%o), andaround 350m for
364 late PlioceneGloboconella puncticulata 220 1.6%9 the precursor ofs. inflata, which shows a
365 similar depth habitat at this site!®0 1-1.2%q Fig. S2), (Fig. 1) At Site 242 the average depth
366 reconstruction for the Holocer@ inflatais of ~450m 80 0.9%o; Fig.S3), similar to that ofT.
367 crassaformisandT. truncatulinoidegBoscoleGalazzo, Crichton et al., 2021; Fig. 1)

368 4. Discussion

369 4.1Evolution of a deepplankton ecological nichelinked to late Neogene cooling

370 We observeatrendof increasingecologicalimportanceof deepdwelling speciesn both

371 calcareousannofossiland foraminiferal communitiesfrom the late Miocene to Recent.The
372 foraminiferaltwilight zoneecogroupshowsa markedincreasen abundancenddiversity at 7.5

373 Ma, at the sametime as the first significant appearancef the sub-euphoticecogroupwithin

374  coccolithophoreassemblagesand coinciding with a possible accelerationof global cooling

375 (Crameretal.,2011;Crichtonetal., 2020).Fossil deepdwelling coccoliths are dominated by one
376 speciesFlorisphaga profunda,which is often very abundant in PIRleistocene sediments. This
377 makesour subeuphoticecayroup a lowdiversity — high abundance assemblage, whose origin
378 significantly impacts theelativeabundance balance between ecogroups, but with little change in
379 diversity metrics towards the modern. Although there are morphological varigatpaffunda
380 in the modern oceans, potentially representingspéties or pseuewryptic species (Quinn et al.

381 2005), these are not distinguished in fossil assemblages and documenting their divergence times
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383
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387

388

389

390

391

392

393

394

395

396

397

requires either further molecular genetic or detailed morphological analyses. The one clear signal
in our diversity analyses is a late Miocergarly Pliocee peak inuppereuphoticspecies richness,
followed by a marked decline through the late Pliocene to the HoloGémeate Miocene
Pliocene peak diversity is present in previous global compilations of total nannofossil diversity
(Bown et al. 2004; Loweret al. 2020), but here we show that this signal is driven by first a

diversification and then progressive extinction almost entirely withpereuphotictaxa.

Modern planktonic foraminiferavolved in two main diversification pulses in the middle Mi@cen
(16-14 Ma) and during the late Mioceféiocene transition (@.5 Ma) Kennett and Srinivasan

1983 Kucera and Schoénfeld, 200@uur species abundance and diversity dditaw that this
diversification was mostly driven by the origin of lineages of deep/subsurface dwelling species
(FigsFig. 7-11 and Fig.6). Diversity amongeuphotic zone species remained consteoh the
middle Miocene to the early Pliocene, thdgclined(Fig. 6). This pattern, similar to calcareous
nannofossils, may explain epanecords pointing to a decrease in Pliocene to Recent planktonic

foraminiferal diversity (Wei and Kennett, 1986)

The observedevolutionarypatterrs in planktonicforaminiferaand coccolithophoregan

beexplainedby the developmenof environmentatonditionsfavourableto deepliving plankton
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Figure 7. Abundance and biogeography of planktonic foraminifepecies at 15, 12.5, and 10

Ma. In the piecharts twilight zone planktonic foraminiférapecies are in bold. Sites where

twilight zone planktonic foraminifera were found are highlighted in green in the maps. The crossed

square symbol in the maps indicttat the time interval of interest was not recovered for a given

site. Continental configuration follows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,

Germany).
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with cooling. For the deepdwelling planktonicforaminifera,survival requiresthe availability of
food at depth,andwith the exceptionof few speciesadaptedo oxygenminimumzoneg(Davis et

al., 2021),the absenceof severeoxygendepletion.In the published literaturthere is a general
tendency for planktonic foraminifel /%0 values to be tightly grouped during times of warm
climate, becoming more spreadt during cooling episodes, for instance titamsition frommid-

to late Cretaceoy#ndo et al., 2010and early taniddle EocenéJohn et al., 2013)n light of

our findings such tight*®0 values may indicate times winood and oxygen availabilitst depth

were limited,allowing planktonic foraminifera tdive atshallower depth only. Because our data

arerestricted to certain time slices and locations, we only capture a paet @fehallpattern for
the Neogengebut dher examples of depttelated evolution in the Neogene include Eohsella
peripheroronda- F. fohsilineage in the middle Miocerfelodel andVayavanandal993 Norris
et al., 1993and the appearance of various ddegelling digitate species in the PiRleistocene
(Coxall et al., 2007)

Deepdwelling coccolithophores, most notablyFlorisphaera profunda require dissolved
macronutrientgN, P) andat leastsomedegreeof light penetratior(Quinnetal., 2005;Poultonet
al., 2017).Therequiremenftor light penetratiorto depthis most clearly shownby the absence
of F. profundabeneatthigh surfaceproductivity regionswherenutrientsarenot limited at depth
butlight is rapidly attenuatedby moreabundanmixedlayermicroplanktonBeaufortetal., 1999).
For coccolithophoresthe cooling-driven shift from nutrientrecyclingwithin to belowthe mixed
layer, may haveprovidedthe ecologicaldriver for speciego live in deepermore nutrientrich
watersbut,asmixedlayerwatersclearedalsoallowedtheirradiancenecessarjor photosynthesis

to penetrateo thesenewdeeer habitats Additionally, the capability of coccolithophores to absorb
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carbon and nutrients from seawater under low light conditions (Godrjian et al;, Z02p may

have also aided in the occupation of new deep water niches.

Our model outputs from cGENIE consistent with this interpretationrganic matter
export (POC at 40 m in Fig. 12ducedwith cooling, suggesting an overall decreasprimary
productivity at all 4 latitudinal bands considered in this study. Fewer gariitclsurface waters
would have allowed greater light penetration (Fig. 12), at the same time, the model indicates
enhancearganic mattedelivery at >200 nwith cooling Greater organic matter delivery below
the euphotic zonesuggest a deeperemineralization deptfand increaseddissolvednutriens
availability at depth This is most clearly shown in the mdeellow and mid latitudes neaurface
waters. Oxygen availdity also increas® particularly below 100 m depth in low latitudes and

further down the water column, below 200 m depth (Fig. 12).

Nonethelessplanktonic foraminiferaand nannoplanktorhave distinct trophic statugs
(zoo versusphytoplankton) further coccolithophorespeciesrequirelight for ther dominantly
photosynthetianodeof life. In our data,suchdifferencesbetweerthe requirement®f zoo- and
phytoplanktondeepdwellersis clearly observedin the biogeogaphic patterns.Sub-euphotic
coccolithophoregareconsistentlynoreabundanin low nutrientsubtropicallocations(e.g.DSDP
Site242andIODP Site U1482;Fig. 2). Theendmemberof this biogeographidifferenceis ODP
Site 1138 in the SouthernOcean.Here, twilight foraminifera dominatemost time intervals,
presumably due to high export production However, lower-euphotic and subeuplotic
coccolithophoresreeffectively excludeddueto turbid, high-productivity surfacewaters(Fig. 5).
This patternis alsosupportedhrougha comparisorof high to low productivity tropical sitesin
theHolocene-the EasterrEquatorialPacific Site U1338hasabundantwilight foraminifera,but

relatively low abundanceof subeuphotic coccolithophoresxa (Fig. 4), whereas the more
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oligotrophic Site U1482 (Fig. 2) has lower abundance®f twilight foraminifera and higher
abundancesf subeuphoticcoccolithophores.

Despitetheseecologicaldifferenceshetweerzoo- andphytoplanktonwe suggesthereis
asharedenvironmentadlriver for the evolutionof deepdwelling coccolithophoreandplanktonic
foraminiferalinking the evolution of deepdwelling specialistsin eachgroup. Efficient near
surfacerecyclingof organiccarbonin pastwarmclimates,suchasthe middle Miocene(Fig. 12),
precludedthe occupationof the deephabitatfor both groupsby reducingboth organiccarbon
transfer(food limitation for foraminiferaand for foraminiferal prayssuchcopepody and light
penetration(photosynthesigor coccolithoplores)to depth(Fig. 2-6). Global cooling sincethe
middle Miocene(KennettandVon derBorch 1985 KennettandExon,2004;Crameretal.,2011;
Zhangetal., 2014;Herbertetal., 2016;Sosdiaretal., 2018; Superet al., 2020), howeverledto a
decreasd exportof organicmatteranda deepeningf the meanorganicmatterremineralization
depth,whichin turn favouredthe evolutionof deepwaternichesin planktonicforaminifera(Fig.
1) andnannoplanktorvia increasedavailability of organicmatter,oxygen,andlikely nutrientsat

depth(Fig. 12), andclearingof surfacewaters.

4.2 Mechanisms of speciation of deegwelling planktonic foraminifera

The hirsutellids gave rise to a large late Neogene radiation among planktonic foraminifera,
leading to the origin of modern phyletic groups such as the menardellids, globoconellids,
truncorotaliids, and the globorotaliids of tBéoborotalia merotumida tumidalineage Kennett

and Srinivasan1983_Scott et al., 1986Aze et al., 2011). The majority of the modern

representatives of these groups are lower euphotic zone to twilight zone species. The hirsutellids

originated about 18 M@Vade et al., 201¥jom Globorotalia zealandic§Kennett and Srinivasan,
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1983) the first representative of the group beitigsutella praescitulaKennett and Srinivasan,

1983 Aze et al., 2011). Extant hirsutellids inclube scitulg H. hirsutaand H. theyerj genetic

dat available foH. hirsutaindicate a single genotype (Schiebel and Hembleben, 2017). Modern
H. scitulaandH. hirsutaare deep water formBepth habitat reconstructions shélvscitulaat

the greatest water deptBoscoleGalazzo, Crichton et al., 2021; Fig, tpnsistent with it being
reported to have a deeper average depth habitaHtHainsutain the modern ocean (Birch et al.,
2013; Stainbank et al., 2019), where it feeds on suspended organic ntatiest @l., 200).
Hirsutella hirsutahas been reported to feed on dead diatoms and to predominantly live at depths
around 250 m (Schiebel and Hemleben, 2017), consistent with our habitat reconstructions placing
H. hirsutaand other hirsutellids shallower théh scitula between the bottom of the euphotic
zone and the upper twilight zon®ur depth habitat reconstruction fdr scitulaat Site 516 for

the 15 Ma time slice, indicates an initial euphotic zone depth habitat preference for this species.
By the 7.5 Ma time slice, we finld. scitulaat most of our low latitudsites, at depth comprised
between 30600 m(Fig. 1). We suggest it the spread dfl. scitulafrom highmid latitudes
towards the tropics after the middle Miocene warrathsFig. 7-11) tracks increasing availability

of POC and oxygen at depth (Bosc@alazzo, Crichton et al., 2021; Fig. 12), allowing this
species to fid food in deep tropical twilight zone waters, profiting from a eealogical niche.

We suggest that moving from a surface to a deafer habitat was fafl. scitulaan ecological
innovation which allowed the species to move outside its-trighlatitude areal, consistent with
observations from the modern ocean documertingcitula dwelling at progressively deeper
depth from high to tropical latitudeSc¢hiebel andHemleben, 2017 The proceeding ocean
cooling (and increasing efficiency of the biological pump) explains the stepwise depth habitat

increase oH. scitulathrough timeat tropical and subtropical sites (Fig.iore food became
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501 available at increasinglyrgater depth in association with improved oxygen availability (Fig. 12),

502 allowing the species to expand its habitat
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vertically other than geographically. At low latitude sites this was accompanied by speciation, with
the appearance éfirsutella margaritaeandH. theyeriin the early Pliocene, and bf. hirsutain

the Holocene. These new species display depth habitats shalloweH thegitula at their
appearanceHence, we suggest that it was the occupation of a new deep water habitat in tropical
waters that triggered speciation frdfh scitulathrough depth aypatry, i.e. genetic isolation
attained in the same area but at different depths (Weiner et al., B@tl®r studies on speciation
among planktonic foraminifera based on the fossil record, highlighted a predominance of
sympatric speciation, possibly ked to changes in ecology (Norris et al., 1993; Lazarus et al.,
1995; Pearson et al., 1997). This has more recently been supported by genetic analysis, which
reveals a consistent depth separation betiesmspecificgenotypes at a global scaéeggeshg

that depth sympatrcould be a universal mechanism generating diversity among microplankton

(Weiner et al., 2012)

Truncorotalids start tleir evolutionary history at 431 Ma (Raffi et al., 2020) when
Truncorotalia crassaformisplits fromHirsutella cibaoensigKkennett and Srinivasan, 1988ze
et al., 2011)one of the first new species originating freinscitulaafter its spread to low latitudes
(Kennett and Srinivasan, 198%)ur reconstructedeographic and temporal distributifor T.
crassaformisuggests that thearly Pliocenesplit from the hirsutellids happened in cold subpolar
water. By the early Plioceng&runcorotalia crassaformiswas an abundant component tbe
subpolar assemblage Site 1138>17%)and had alreadguccessfully spread to middle latitudes

(>8%) but does not occum ourlow latitude samplef-ig.9).
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Figure 10.Abundance and biogeography of planktonic foraminifepacies at 2.Bla. In the pie

charts twilight zone planktoniéoraminiferd species are in bold. Sites where twilight zone
planktonic foraminifera were found are highlighted in green in the maps. The crossed square
symbol in the maps indicate that the time interval of interest was not recovered for a given site.
Coninental configuration follows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,

Germany).
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Figure 11. Abundance and biogeography of twilight zone planktonic foraminifgrecies at 0

Ma. In the piecharts twilight zone planktonic foraminiférapecis are in bold. Sites where
twilight zone planktonic foraminifera were found are highlighted in green in the maps. The crossed
square symbol in the maps indicate that the time interval of interest was not recovered for a given
site. Continental configuratiofollows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,

Germany).
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Although modernplanktonic foraminiferenave a high dispersal potential (Darling et al., 2000;

Norris and De Vergas, 2000), our détasuggest that the evolution Bfuncorotaliacrassaformis

from the hirsutellidsnightay havehappenedhrough allopatrywith low latitude population dfl.
cibaoensisbecoming isolated from subpolar populatioasd eventually evolving into T.

crassaformige.qg..following thedevelopment of diachromgproducive seasos in high and low

latitude populations Similar toH. scitulg from subpolar latitudesTruncorotalia crassaformis

appears to have subsequently spread to lower latitudes occupying progressively deeper habitats
(Fig. 1;FigsFig. 7-11), and originating numerous daughter species, soméichare intermediate
morphospecies with limited geographiistributionsno longer extant today (Lazarus et al., 1995).

At Site 516we find Truncorotaliaviola, with lighter /80 D Q 8C taluesthanT. crassaformis

(Fig. S2), pointing to a clear ecological differentiation. Together withrttarked morphological
differentiation between the two, this suggéstgiolamay have beea different biological species.
Truncorotalia truncatulinoides the most representative species of this group, appedrave
originated frondrl. crassaformigt about 2. Ma in the tropical southwest Pacific, and subsequently
spread in the global oceabdwsett, 1988Lazarus et al., 1995According to our reconstetion,

depth sympatry associated with gradual morphological chatctggscterizespeciation among

the truncorotalds, as depth habitat deepenioitthe ancestor/precursor is cleathie transitiorir.
crassaformisT. violaandT. crassaformidl. tosaensisT. truncatulinoidesn our record(Fig. 1)

The possibility to colonize deeper water habitats may have led to progressive reproductive
isolation between “deeper” and “shallower” populasiohT. crassaformisresulting in biological
speciationDepth sympatry as speciation mechanism for the truncadstalias already proposed

by Lazarus et al. (199%)ased on biogeographyyt without a definitive test.
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In the modern oceathe Globorotalia merotumiddumida lineageis represented b.
tumidaandG. ungulatadistributed in tropical to temperate regions. Genetic analysis has revealed
that they are two distinct biological species véingle genotypeach(Schiebel and Hemlehe
2017). Little is known about the ecology of these two species, altBugiimidais known to
dwell in subsurface waters at the deep chlorophyll maximum (Schiebel and Hemleben, 2017).
According to the phylogeny of Aze et al2011), Menardella menardii gave rise tothe
Globorotalia merotumiddaumidalineagearound 9Ma. However Menardella menardiis absent
in our late Miocene sampleghile othermenardellids sucMenardella limbataandM. pertenuis
are common atseveral ofour investigated middle latitudes to tropical sit8@y 4.5 Ma,
Globorotalia tumidehadevolved ands commonat all of our low latitude sites (Fi§), while M.
menardiiis extremely rareoccurring only at Sites U1338 and U14@D1%) becomingmore
common only by the Holocen®ased orthis biogeographic pattern, we propose ttizd G.
merdumidatumida lineage originated frona late Neogene menardellid, such for instakte
limbatawhich is morphologically very similar t&. merotumidaGiventhatG. plesiotumidand
G. tumidadisplay a deeper habitét 200m) than M. limbataand other Miocene menardellids
(100-200 m), we suggest that such transition may have happtgmwedgh depthsympatryin
tropical waterswith forms which remained reproductively isidin the twilight zonegenerang
the G. merdumidatumida lineage. Morphometric measurements dw. limbata and G.
merotumidashellsarerequired to tesfor an evolutonaryrelationship between these two species.
According to our depth habitat reconstructi@ plesitumidaandG. tumidaoccupied a similar
depth habitatit 4.5Ma, so it is not clear from our dataset which evolutionary mechanism may
have led to the originativof the latter from the firsHull and Norris (2009analyzed speciation

within this lineage and suggested that the evolution fBomlesotumidato G. tumidahappened
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abruptly within 44kyr. Globorotalia ungulataappears in our record by the late Béine and often
display a habitat shallower tha®. tumida suggesting depth sympatry & evolutionary
mechanism leading fromG. tumida to G. ungulata However, because depth habitat
reconstructions for these two species are more variable and shallower than that of other twilight
zone speciesnore data are required tooreconclusively infer speciation mechanisms.

The globoconellids originated in theate early Miocend~17 Ma) with Globoconella

miozea which is considered to descend directly fréfirsutella praescitula(Kennett and

Srinivasan, 1983Scott et al., 1990Norris et al., 1994; Aze et al., 2011Globoconella
eoenoideaniotumidaoriginatedin the middle Miocene and, after the extinction &. miozeaat
about 10Ma, remainedhe only representative of the globoconellids until the latest Miocene. At
this time, the evolutionary turnover within the groapceleratedand a number of different
morphospecies originate fro®. conoideaniotumidaand go extinct very rapidly, until the
appearance in the late PlioceneGfinflatawhich persists until todagWei and Kennett, 1988;
Wei, 1994;Aze et al.,, 2011)Compared to other Neogene to Recent taxa, the globoconellids
display a more restricted geographic distribution throughout tiaelutionary history. They tend

to be common at mid latitude hydrographic frorfBgh(neider and Kennett, 1999chiebel and

Hemleben, 201 7.am and Leckie, 202Brombacher et al., 20QlexceptG. puncticulataandG.

inflata, which extend into loviatitude regios (Norris et a., 1994)The geographic distribution of
globoconellids as shown here suggestat this group was already specialized to live at
hydrographic fronts in the middle Miocene, possibly feeding on phytoplan®tarting at ~5.5
Ma, cooling and the possibility to feed on sinking detritus in deeper w@essoloGalazzo,
Crichton et al., 2021Imay have stimulated evolutionary turnover withiis titherwise rather static

group The closely spaced temporal succession of morphospecies at this time may reflect ongoing
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633 evolutionary experiments in an attemptpiofit from new ecological possibilities opening up at
634 depth and outside the area of the gratm deph habitatreconstrations forG. puncticulataand

635 G. inflatasuggestshatfrom the Pliocene this grouptarted

636

637 Figure 12. cGENIE model output for changes in Particulate Organic Carbon (POC) flux, and
638 dissolved Oxygen in neaurface ocean waters from the middtocene to Present, with a

639 temperature@lependent biological carbon pump. Inset map shows the modelled Present surface
640 ocean temperatures. Depths are the middle of cGENIE's top three ocean layers.

641
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to progressively adapt to greater depths, consistent with the distinctive change in morphology

betweenG. sphericomiozegand other Miocene globoconellidaind its Pliocene descenda@s [Formatted: Font: ltalic

puncticulataandG. inflata(Kennett and Srinivasan, 19885 wellaswith previous stable isotope

reconstructions for these specigglineidemndKennett,1996) We suggest thatnevolutionary

transition began with the morphospedispuncticulatatransitional betwee. sphericomiozea
andG. inflata andled to the late Pliocene speciation @f inflata It is not clear from our data
whether depth sympatry or allopatry allowed the speciatidd. dfflata asG. puncticulataand
G. inflata show similar depth habitat in our record may have been a combiiat of the two,
given G. inflatagenotypes display a characteristic allopatric distribution in the ocean (Morard et
al., 2011).

Our dataindicate that combining stable isotopes and mdeelved water column temperature
is a promising approach to quantify the depth habitat of extinct planktonic foraminiferal species.
When combined with abundance and biogeographic data, depth habitat reconstructions offer
insights into speciation mechanisms not resolvable with the use t#aimeque alone (e.g., stable
isotopes). Our reconstructiosindicate thaboth allopatry andlepth sympatrplayed a role in the
origin of moderndeepdwelling planktonic foraminifelaspecies Both allopatry and depth
sympatry appear to have been involved withe cladogenesis of the truncorotdliand the
globorotalid lineages while depth sympatry seems to be mostly involved for {limksage
speciation.
5. Conclusiors

Our global abundance and biogeographic data combined wir depth habitat

reconstructions allowsto piece together the environmental drivers behind speciation in two of

themost extensively studied group of pelagic microfossils, planktonic foraminifeizainadeous
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nannofossil®ver the last 15 million year§he evolution of the new Neogene deegter lineages

of the hirsutellids, globorotaliids, globoconellids and truntaliids, and of nannoplankton lower
euphotic zone and stduphotic zone speciesesulted in the vertical stratification of species seen
in the modern ocean, in particular at low latitudesr planktonic foraminifera suchertical
stratification of speéis, hundreds of meters below the surfadginatedthrough depth sympatry
as well ascladogenesis of new lineagés both sympatry and allopatry.

Our study places the evolution of modern plankton groups in the context of large scale
changes in ocean macroecology driven by the global climate dynamics of the past fifteen million
years. The late Miocene to present evolutionary history of planktonemfoifera and
nannoplankton was linked, wherein increased efficiency of the biological pump with cooling since
the middle Miocene was a shared evolutionary drivieswer rates of organic matter
remineralizationin the upper part of the water coluratiowed the creation of new ecological
niches in deep waters, by increasing food delie@d/oxygerat depth for heterotrophic planktonic
foraminifera, and by clearing surface waters and augmenting the concentration of macronutrients

at depth for nannophkton.
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