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The fossil record of marinmicroplankton provids insightsinto the evolutionary drivers which

led to theorigin of moderndeepwaterplankton oneof the largestomponentf ocearbiomass

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 year®/e compare our microfossil datasetsh water column profiles
simulated inan Earth System modelWe show that deeliving planktonic foraminiferh
(zooplanktonknd calcareous nannofogsiixotroph phytoplanktorngpecies were virtually absent
globally during thepeakof the middle Miocere warmth. Evolution of ceepdwelling planktonic
foraminiferastarted from subpolamidlatitudespeciesiuring late Miocene coolingia allopatry
Deepdwelling species subsequently spread towardsitdatitudes and further diversified via
depthsympatry establising modern communities stratified hundreds of meters down the water
column Similarly, subeuphotic zone specialist calcareous nannofdsdcome a major
component of tropical and suitbpical assemblagehuringthe latest Miocene to early Pliocene.

Our model simulations suggeghat increased organic matter and oxygen availability for
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planktonic foraminifera, and increased nutrients anak jggnetration for nannoplanktofavored
the evolution of newleep wateniches. These conditions resulted frontoal cooling and the

associated increase in the efficiency of the biological pump over the |lastlibs years

1. Introduction

The biodiversityof planktonic and nektonic organisms is difficult to explain givenuniform
characteandvastnes®sf pelagic environmestwheregenetidsolationseemdifficult to maintain
(Norris, 2000).Planktonic microorganismsvith mineralized shelldhiave often ben used as a
model to study the mode and temp@pécies originatiom theopen oceardue to the abundance,
widespread distribution, and temporal continuity of their fossil re¢exgl, Peaon et al., 1997,
Norris, 2000;Bown et al., 2004Ezard et al., 2011; Norris et al., 201Because of the great
fossilization potential of their calcium carbonate tests across much of the global ocean, their
relatively simple and welkkstablished taxonoyn and highly resolved biostratigraphyapktonic
foraminiferaand calcareous nannofossiee amongstthe most thoroughly studiedPlanktonic
foraminifera are heterotrophic zooplankton, with different spespesialized to feed on different
types of food from 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 (Rebotimakt 2017; 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 such-dolwmn variability in environmental
conditions, phnktonic foraminifera can actively control their living depth of preference, which
remains relatively stable during their adult i§&ge (Hull et al.,, 2011; Weiner et al., 2012;
Rebotim et al., 2017; Meilland et al., 2019; Duan et al., 2@0%kgy advatage of using planktonic

foraminifera for evolutionary studies is thbility to extractecological information from their shell
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chemistry This provides invaluable informatioraboutspeciesspecific functional ecology (e.g.,
feeding strategy) and habitat preferences (sugfaceversis deep watersyvhichin combination
with biogeographic, taxonomic, biometric, and stratigraphic Hatee often been used to infer
speciatiorand extnctionmechanismgNorris et al., 1993; Norris et al., 199earson et al., 1997
Hull and Norris, 209; Pearson and Coxall, 2012/oodhouse et al., 202Land reconstruct
phylogeretic relationshipgAze et al., 2011)

Calcareousannoplankton also have a highly resolved and continuous fossil ytoeydare
the most abundant microfossils in oceanic pelagic sediments, and similar to planktonic
foraminifera, their spatial distribution ranges from tropical to subpolar latit(Rledton 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. J2@bAjrasto planktonic
foraminifera, mnnoplanktorare predominantf autotrophic, performing photosynthesis in water
where light penetratiois sufficient, althoughthere is evidence for heterotrophy (mixotrophic
behavior) in some extant (Godrjian et 2D20) and fossil (Gibbs et al., 2020) speciauphotic

waters, organic matter production from nannoplankton is at the base of pelagic food chains and of
the functioning of the ocean biological carbon puiigxonomic, 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 theg-termdrivers ofevolutionary patterns observed in
fossil plankton from species to phylum levdithoughmore recentlya broad connectiowith
changing climate and ocean properties has been suggesteé&farg.et al., 2011; Norris et al.,
2013 Frass et al., 201%lenderiks et al., 202Qowery et al., 2020 BoscoleGalazzo, Crichton

et al.(2021)showed thabver the last 15 million yeathe remineralizationof particulate organic
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carbon(POC)in surface waters declined markedly driven by climate and ocean c@dingett

and Von der Borch, 1985; Kennett and Exon, 2004; Cramer 20all; Zhang et al., 2014; Herbert
et al.,, 2016; Sosdian et al., 2018; Super et akR0R0ncreasingthe efficiency of theocean
biological pumpn delivering organic matter at deptBuchamechanism was ketp promot the
evolution of life in deep waters, allowirtige development of the modewmailight zoneecosystem
(BoscoleGalazzo, Crichton et al202]). The goal of this studis to combine the fossil record of
two ecologically complementargalcareous microplanktogroupsseldom analyzed together,
planktonic foraminifera andannoplanktopandtogethemwith model simulations, help disentangle
the evolutionary drivers of modern degyelling planktonWe use the planktonic foraminifdra
dataset from BoscolGalazzo, Crichton et al2021) and extend our analysis to calcareous
nannofossilgn coevalsediment sampgeto assess their abundance and distribution pattern. We
compare the results from these two groups and contrast them against time-gpelcHie model
water column profiles for POC and oxyger)Obtained from the cGENIE Earth System ralod
Further, using stable isotopes, depth habitat reconstructions, abundance and biogeography data we
reconstructthe speciation mechanismshich led to the evolutiorof modern deejlwelling

planktonic foraminiferbspecies

2. Methods
2.1Planktonic foraminifera

In this study we focus on the dedwelling groups of macroperforate planktonic foraminifera
of the hirsutellids, globorotaids, truncorotalds and globoconellidsvhichin the modern ocean

calcify and live mostlyn the twilight zone of the ocean, i.e. betw@&&®1000m (Birch et al.,
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96 Figure 1. Depthhabitat reconstructions for middle Miocene to present planktonic foraminiferal
97 species at the investigated sites. Surface dwellers (species living at depthgesttabm 200m)
98 are indicated with a grey dot, deeper species are indicated with colored symbols. Relative size of
99 symbols represents the size fractions of the sample. Reproduced from Béatar#ao, Crichton
100 et al. (2021).
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2012; Rebotim et al.2017), and have a more complete fossil record than-dweping
microperforate planktonic foraminifera (Kennett and Srinivasan, 1983).

Planktonic foraminiferiadata and depth habitat reconstructi¢fi). 1) are fom Boscole
Galazzo, Crichton et a{202]). They were obtainettom globally and latitudinally distributed
DSDP (Deep Sea Dirilling ProjedDP (Ocean Drilling ProgramilODP (Integrated Ocean
Drilling Programé& International Ocean Discovery Prograsiesand fromcoresdrilledonshore
and offshore Tanzania, alharacterized by abundacelcareous microfossil@8oscoleGalazzo,
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 eachh@tsample displaying
mean oxygen stable isotope valueas chosenfor subsequent analysd8oscoleGalazzo,
Crichton et al.2021). Taxonomy followsBerggren (1977), Kennett and Srinivasan (1983), Bolli
et al. (198), Scott et al(1990), Berggren (1992), Pearson (1995), Majewski (2010), Fox and
Wade (2013), Spezzaferri et al. (2015), Wade et al. (2QE8n and Leckie(202(), 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 measurememteconductedrom the size fractions:
180250 P -300 P -355 P (BoscoleGalazzo, Crichton et al202]). Stable isotopes
were measured on an average oflifferentspecies per samplesing ~25 specimens for common
species, and as many specimens as possible for rare sj$talds. isotopes were measured at
Cardiff University. Stable isotope results arevshon Fig. S1 to S9 in the SupplemenOnly data

from the largestf the three measuresize fractios are shown Wwen data from more than one size
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fraction are availableData from size fractions other than those above are shown only when a

species did not occur within the preferred size interivataminiferal abundance counts were

carried out in two size fraction$80-250 P D Q G ! P, countingup to300 specimens in each.

Total abundances were derivieglsumming up abundances from these two size fractions.
BoscoloGalazzo, Crichton et a{2021) reconstrued planktonic foraminiferal depth habitat

(Fig. 1)using a combined modéhata approactsolving the paleotemperatusguation of Kim and

O’Neill (1997) for each data poinK VL QJ P H DV X U H GeORjlbBaPiteQdlurne tEidates,

DQG WKH F*(1,( PRGHOHG VDOLQLW)\ ¥OH@dxhaN RseGheWietBIP L QH ¢

temperaturaepth curve to determine depth. The full method is described in BeGatéazo,

Crichton et al. (2021).

2.2 Calcareous Nannofossils

Quantitative calcareous nannofossil data were collefrtm the samesamples as used for
planktonic foraminiferal analysa@r, when this was not possible, stratigraphically adjacent samples
(Table S1 in the Supplemeint A cascading count techniqueas usedo maximise nannofossil
diversity recovery and quantification of laundance 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 sulexjuent counts in that samged itsabundance scaletp based on its average
abundance and the total numbers of FOV counted. Only specimens directly counted contributed
to the minimum count threshold of 400 speciméursadditional scan of two slide trags were
undertaken to record rare species not observed during the extended count and are included in the

total speciesichness andiversity analysesSamples for nannofossil analysis w@reparedising



148 the smear slide techniggBown & Young, 1998). @lcareous nannofossils were observed using
149 both planepolarised (PPL) and crogmlarised light (XPL) om Zeiss Axioscope lighhicroscope
150 at x1000 magnification. Identification and taxonomy used herein follows Yeualy(1997) and
151 is coherentwith the recent Neogene calcareous nannofdssibnomy(Ciummelli et al., 2016;
152 Bergen et al., 2017; Blair et al., 2017; Boesiger et al., 2017; Browning 20&¥; de Kaenel et

153  al., 2017).

154 2.3 Plankton Ecogroups

155 In order to compare the datasetstained from the planktonic foraminiférand nannofossil
156 analysis,we grouped speciemto ecogroup based on depthabitat preferences. Planktonic
157 foraminiferd ecogroups are definedaged on paleodepth habitat reconstructivos Boscole
158 Galazzo, Crichton et al. (2021the euphotic zone ecogroups includes spewids an average
159 depth habitat shallowd¢han 200m (the bottom of the euphotic zon#&)e twilight zone ecogroup
160 includesspecieswith anaverage depth habitat coiding with the twilight zoneZ00-1000 m).
161 The twilight zone ecogroup is largely composefd species withinthe globoconellids, the
162 Globorotalia merotumidaumidalineage the hirsutellids and the truncoratdk, but also include
163 species fromother genera such as Globigerinella calida Globorotaloides hexagonu<s.
164 variabilis, and Pulleniatina obliquiloculata Dentoglobigerina venezuelanaas a changeable
165 depth habitat through timéJ@atsui et al., 2016yVade et al., 2018¥ollowing the depth habitat
166 reconstructions from BoscolBalazzo, Crichton et al., (2021) it was grouped as euphotic zone
167 species for target ages 15, 1[5, 4.5Ma and as twilight zone speciésr target age 1®a.
168 Speciesvereexcluded from th@roupingwhenthey are known to have a marked seasonatity

169 abundanceand depth habitat(Globigerina bulloides Globigerinella paesiphonifera and the
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neogloboquadrinidge.g.,Jonkers and Kucera, 201Greco et al., 2019andif theywere toarare
and depth habitat reconstructias not possibleQandeina nitida.

Three ecogroups for calcareous nannofossils are used:expleotic, loweteuphoticand
subeuphotic. The uppeteuphotic groupis represented byDiscoasterspp., Rhabdosphaera
xiphos Reticulofenestrgpp.andGephyrocapsapp (excludingG. ericsoni); the lowereuphotic
ecaroup containsRhabdosphaera clavigera, Gephyrocapsa ericsani Ceratolithus spp,
finally the subeuphotic ecogroupncludes: 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., 203 Tangunan et al., 20)8n particularPoulton et al. (2017) described
vertically separated coccolithophores communities sampled during a meridional cruise in the
Atlantic Ocean Here we use theicriteria for assigninghannofossilspecies intoecogroup,
wherebyin the uppereuphotic zoneecogroupwe include species found to live imaters with
>10% surface irradianc& the lowereuphotic zonecogroup we group species found to live in
waterswith 10-1% irradiance,andin the subeuphotic zonecaroup we group species founal
live in waterswith <1%, i.e. too low to support photosynthesis (Poulton et al., 2@igroaster
become extinct in the early Pleistocene, therefore, its depth habitat remainsleinateas 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&aeboth nannofossilsand plankionic

foraminiferg the percentage of each ecogroup per time bin was converted irdlogpie(Fig. 2-

5). Diversity indexedor both foraminiferal and nannofossil ecograupre calculated using the

statistical software Pag§tlammer et al., 200XJig. 6)

Foraminifera - Site 242 Nannofossils - Site 242

16M;
% Abundance
M Euphotic
B Twilight

% Abundance
W Upper Euphatic
1 Lower Euphotic
M Sub Euphotic

5

Foraminifera — Site U1482

7.8

Ma

% Abundance
W Euphotic
W Twilight

- - - = W B
H Z S g g z

75Ma

Nannofossils - Site U1482

% Abundance
M Upper Euphotic
1 Lower Euphotic
M Sub Euphotic

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 (POCyxymnconcentration
from the cGENIE simulationfor each of the seven target agesdascribed fully in Boscolo
Galazzo, Crichton et al. (2021). To facilitate a general discussion osudace changes, we
divided the data latitudinallipy calculating tharithmeticmean for low latitudes (<Zdatitude),
two midatitude bands (mid 116° to 40, mid 2: 40 to 56°) and high latitudes (>3%. The
cGENIE simulations take account of changing boundary conditions includingf&¢€ing,
bathymetryand ocean circulatio(Crichton et al., 2020). The model’'s ocean biological carbon
pump is tempeature dependent, where temperature affeatisnutrient 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 foraminjfleavariation irmbundance

of euphotic zoneand deer-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 startiagy7.5 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 Holocene6jFig.the twilight zone
ecogroup we observe an increase in the total number of species from 2ogpedies at 1Ma,

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

11
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247

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).

Calcareousmannofossilissemblagearedominated bythe uppereuphoticecogroupgirom
15to 10Ma at all sitegFig. 2-5). At 7.5 Mathesubeuphoticecogroup first becomes a significant
component of assemblages at Indian Oceartrayical Sites U1482 and to some extent Site, 242
but it is not until the 4.5 Ma time slice thttte subeuphoticecogroupbecomes a significant
component of assemblages at the majority of locafiSites 516, 871/872, 242, U1338, U1482,
U1489;Fig. 2-5). By the Holocene time slice, coccolitbssubeuphotic specieare dominanat
most locations, except &asternEquatorial Pacific Site U133@ig. 6 and4). At the southern
high latitude Site 1138here is no significant contribution froooccoliths ofeitherlower-euphotic
or subeuphoticspeciest any point, although there is no data from thedéle to Holocene time
slicesat this locatior(Fig. 5). Global average compositions of calcareous nannofossil assemblages
reflect the changes noted above, with a marked and ragidelecthe relative contribution of the
uppereuphoticecogroup, and a corresponding increase isubeuphotic zonecogroup through

the Pliaccene and to Holocer(€ig. 6).

3.2 Planktonic foraminiferal deepdwelling species: depth habitat, abundance and
biogeography

3.2.1Hirsutellids

The only hirsutellidspeciesoccurring in our Miocene samplesHsrsutella scitula At 15 Ma this
morphospecies is common only at Site 1138 (~8%), sporadically occurs at Site 516 (<1%) and is

absent at the other investigated s(tég. 7). Oxygenisotopes range from 0.5 to %3(Fig. S1-

12
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Figure 3. Foraminiferal anchannofossil ecogroup abundance at Site 871/872 and U1490.
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S2). Depth KDELWDW UHFRQVWUXFWLRQV IRU YLdatai due to @ H XQD
overprintingeffect of subpolar front shiftat this locationbut habitat reconstruction at Site 516
suggests a paleodepth habitat shallower tham2®Yy 12.5Ma, H. scitulaappears at Site U1338

and U1489n 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 splitshefresidue.No differenceswere observed
between 12.5 and 1da in thebiogeography oH. scitula(Fig. 7). However, ly 7.5Ma, H. scitula

occurs at all our low latitude sit¢Big. 8) with oxygen isotopes ranging fror.5 to 20%. (Fig.

S3-S9), which according to depth habitat reconstruditoanslates to 250 and 500 water depth
(BoscoleGalazzo, Crichton et al., 2021Jhis issimilar to that ofGloborotaloides bxagonus

(Fig. 1), the onlytwilight zone dwelér we observd at tropical sitesat 15 Ma, displayng stable
isotopes ranging from 0 to 1%o, which translatesl@épths around 30800 m. In the late middle
Miocene the stable isotope valuesfhexagonusicrease to 2.5%o0 (Fig. S3-S9). Similarly, the

oxygen isotope values of tropiddl scitulaincreasd through time reaching2-3%. in the youngest

target ages. In line with thishe reconstructediepth habitaiof H. scitulaand G. hexagonus
increases through time in a stepwise fashemlin the Holocend reaclesdownto 8031500 m

(Fig. 1) (BoscoleGalazzo, Crichton et al., 2021ilirsutella scitula becomes gradually more
common at low latitude sites through the Miocéti®cene, although it nevéecomes abundant.

In our record Hirsutella margaritaeandH. theyerifirst appear in the earlplioceneat a depth
between 206800 m (Fig. 1) (oxygen isotopesange-1 to -0.5%o), similar to that of H. hirsuta

(oxygen isotopes rangkto eo) when it first appears in the Holoceftag. S3-S9).
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Figure 4. Foraminiferal and nannofossil ecogroup abundance at Site U1338 and U1489.
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290 3.2.2Truncorotaliids

291 The earliest appeararsef Truncorotalia crassaformig our recordcorresponds to owt.5 Ma
292 time sliceat Site 1138 in the Indian Ocean sector of the Southern Odezre it represents >20%
293 of the assemblag@ndin coeval sedimentat midlatitude Site 516n the southwestAtlantic,
294  where it represent9%of the assemblad&ig. 9), with oxygen isotopes ranging frohrbto 3.0%o
295 (Fig. S1-S2). At Site 516 we observe the-cacurrence ol . oceanicd~14%) andrl. crassaformis
296 in the early Pliocené4.5 Ma) and ofT. viola (~5%) andT. crassaformig~13%) in the late
297 Pliocene(2.5 Ma) (Fig. 10). We did not observ@. oceanicaand T. viola anywhee else.T.
298 oceanicaandT. crassaformisGLV SO D\ DO P R VD ®Rés @ Dcph Ihgbitat/ (FBR)
299 butT. crassaformi$ias0.5%0 O R Z H@values Oxygen $able isotope datél%o; Fig. S2) and
300 habitat reconstructions for Site 5ldicate thata subsurface habitatZ00 m) was already
301 occupied byT. crassaformisit the beginning of its evolutionary histdiig. 1). The late Pliocene
302 appearance of. violaat Site 516, which differs frorfi. crassaformisn having a more convex
303 umbilical side, a triangular outline and a subacute prasil@ssociated with a shift toore positive
304 oxygen isotope values @t crassaformi$l.5%0) and to slightly greater depths (Fig. 1).

305 We find T. crassaformidy the late Pliocene at our investigated tropical and subtropical
306 sites(2.5 Ma, Site U1338, U1489, 872, U1490, 242, ULX8Rig. 10-11), with oxygen isotope
307 values ranging from.@Qto 20%o which translate to depth habitats of 48@0m (BoscoleGalazzo,
308 Crichton et al., 2021; Fig.1Theappearancef T. crassaformist our low latitude sites is coeval
309 with the appearance in our record ®funcorotalia tosaensis morphologically transitional
310 betweenT. crassaformisand T. truncatulinoides(Lazarus et al., 1995Fig. 10). Truncorotalia
311 tosaensislisplaysoxygenisotopes values ranging from 0 to BoFFig. S1-S9), which translate to

312 300-350m depth (Fig. 1)Consistent with earlier findinggénkins and Srinivasan 198&m and
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314

315

316

317

318

319

320

321

Leckie 2020bLazarus et al., 1995), we record the first occurrenceé. efuncatulinoidesn the

late Pliocene in the southiest Pacific 2.5 Ma,Site U1482), and onliaterin theNorth Pacific 0

Ma, Site 872), Indian OcearO (Ma, Site 242) andSouth Atlantic (0 Ma, Site 516)(Fig. 11).
Truncorotalia truncatulinoidesrecord oxygen isotope values ranging frorh to 260, more
negativethan coevalT. crassaformis(Fig. 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 habitat thdin crassaformisvhen it first appears in our tropical to subtropical

records(2.5 Ma)
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3.2.3Globorotaliids

With globorotalids here weefer tothe Globorotaliamerdaumidatumidalineage composed Ify.
merotumida G. pleosiotumida G. tumidaandG. ungulata(Kennett and Srinivasaii983. This
group first appears witloborotaliaplesidumidain our 10 Matime sliceat Site 871 (Fig7). At

all the investigated low latitude sitege find G. tumidaby 4.5Ma with abundances betweén
24% (Fig. 9). Globorotalia plesiotumidacc-occurs with G. tumidaonly at Sites872 and 242
corresponding to out.5 Ma time slice(Fig. 9; Fig. S9). In our recorg, G. tumidaconsistently
displays oxygenisotope values betweed to 0% Fig. S3-S9), and an average depth habitat
around 250n, with a shallowest occurrence atrianda deepest occurrence arousi@d m(Fig.

1). Similar oxygen isotope values amgpth habitat preferen@erecorded forG. plesiotumida
andG. ungulata(Fig. 1 andrig. S3-S9).

3.2.4Globoconellids

In our records,Globoconella miozeais a dominant component of planktonic foraminiferal
assemblage at Site 1138 atM& (65%) and occurs in moderate abundance at Site 516(f5§0)
7). The distribution of globoconellids appears restricted to southern high ttantidies during
the middle Miocene and the late Miocene to Pliocene. At Site 11@&gonellidsdecrease in
abundancéhrough time, withGloboconella pand#he only late Miocené7.5 Ma)species €<1%;
with /80 of 3%.), followed only byGloboconella inflatain the Holocene (4.2%with /80 of
3.5%0) (Fig. 11). On the contrary,teSite 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{Fig. 7-11). In the Holocenés. inflatais
most abundant at mildtitudeSite 516(22.7%;with /280 of 1%.), but also occuri the subtropical

(<0.5%;with /80 of 0.9%0) and subpolar Indian oced#.2%;with /80 of 3.5%o) (Fig. 11; Fig.
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S1-S3). Depth habitat reconstructiofw thegloboconellidsshow a deepeningendthrough time
although less marked compared to those of alleepdwelling groups considered in this study
(BoscoleGalazzo, Crichton et al., 202/ig. 1) At Site 516thedepth habitais just above200m

for middle MioceneGloboconellamiozea FO 0.9%o), just below 20@n for late MioceneG.
miotumidaand G. conomiozea 0 1%.), andaround 350m for late PlioceneGloboconella
puncticulata *20 1.6%9 the precursor o6. inflata, which shows a similar depth habitat at this
site 180 1-1.2%q, Fig. S2), (Fig. 1) At Site 242 the average depth reconstruction for the Holocene
G. inflatais of ~450m 10O 0.9%.; Fig.S3), similar to that of T. crassaformisand T.
truncatulinoidegBoscoleGalazzo, Crichton et al., 2021; Fig. 1)

4. Discussion

4.1 Evolution of a deepplankton ecological nichdlinked to late Neogene cooling

We observeatrendof increasingecologicalimportanceof deepdwelling speciesn both
calcareoushannofossiland foraminiferal communitiesfrom the late Mioceneto Recent.The
foraminiferaltwilight zoneecogroupshowsa markedincreasan abundancenddiversityat 7.5
Ma, at the sametime as the first significant appearancef the sub-euphoticecogroupwithin
coccolithophoreassemblagesand coinciding with a possible accelerationof global cooling
(Crameretal.,2011;Crichtonetal., 2020).Fossil deepdwelling coccoliths are dominated by one
speciesFlorisphaga profunda,which is often very abundant in PlRleistocene sediments. This
makesour subeuphoticecayroup a lowdiversity — high abundance assemblage, whose origin
significantly impacts theelativeabundance balance between ecogroups, but with little change in
diversity metrics towards the modern. Although there are morphological varidatgrifunda
in the modern oceans, potentially representingspdeies or pseudaryptic species (Quinn et al.

2005), these are not distinguished in fossil assemblages and documenting their divergence times
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391

392

393

394

395

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

diversification and then progressive extinction almost entirely withfpereuphotictaxa.

Modern planktonic foraminiferavolved in two main diversification pulses in the middle Migcen
(16-14 Ma) and during the late Mioceiiocene transition (8.5 Ma) Kennett and Srinivasan

1983 Kucera and Schonfeld, 200Qur species abundance and diversity ddtaw that this
diversification was mostly driven by the origin of lineages of deep/subsurface dwelling species
(Fig. 7-11 and Fig.6). Diversity amongeuphotic zone species remained condtamh the middle
Miocene to the early Pliocene, theteclined (Fig. 6). This pattern, similar to calcareous
nannofossils, may explain eanecords pointing to a decrease in Pliocene to Recent planktonic

foraminiferal diversity (Wei and Kennett, 1986)

The observedevolutionarypatterrs in planktonicforaminiferaand coccolithophoregan

be explainedby the developmenbf environmentatonditionsfavourableto deepliving plankton

22



396
397

398

399

400

401

402

403

404
405
406
407

516

Sphaemrdmeﬂupw 1.3%

borofalia 2.3
Orbutma 0.7%

M. archagomenardii 8.2%

U1338

Trilobatus 5%

. conoidea 4. h
G. miozea 0.6% G. Idrems:en?gn& el

1138

H. scitula 7.6%

Globoturborotalita
19%

Globigenna 9.2%

1138

ina 17% H, scitula 11.5%

is 2.7%,

Fanselﬁa 1 8% Globoturborotalit
ina 0.2%, 0.7%
lubrgennsna 0.2%
bi rmaﬁds 0 A

Sphaeroiinelopsis
13.4%

DE“W’D"@E""Z‘E% FSE e 3% Denloglobigaring 12.4%

8711872

Globigerinelia 0.6%

{ imbata group 8.6%
)rbulin 2.5%

5 T
w0

Pplesiotumida group 1%

M fimbatag gmupo ™l g, nmgonusu wz 3

516 1138

Trilobatus 1.2%

Globoturborctaiita 18.5%

1% H, scituls 0.2%

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 indicthat 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 oxygenminimumzonegDavis et
al., 2021),the absenceof severeoxygendepletion.In the published literaturthere is a general
tendency for planktonic foraminifar /%0 values to be tightly grouped during times of warm
climate, becoming more spreadt during cooling episodes, for instance titasition frommid-
to late Cretaceoy#ndo et al., 2010and early taniddle Eocen¢John et al., 2013)n light of
our findings such tighf*80 values may indicate times windood 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 pae ové¢hallpattern for
the Neogengebut dher examples of depttelated evolution in the Neogene include Huhsella
peripheroronda- F. fohsilineage in the middle Miocerf{elodel andVayavanandal993 Norris
et al., 1993and the appearance of various dedegelling digitate species in the PlRleistocene
(Coxall et al., 2007)

Deepdwelling coccolithophores, most notablyFlorisphaera profunda require dissolved
macronutrientgN, P) andatleastsomedegreeof light penetratior{Quinnetal., 2005;Poultonet
al., 2017).The requirementor light penetratiorto depthis mostclearly shownby the absence
of F. profundabeneathigh surfaceproductivity regionswherenutrientsarenot limited at depth
butlight is rapidly attenuatedy moreabundantnixedlayermicroplanktonBeaufortetal., 1999).
For coccolithophoresthe cooling-driven shift from nutrientrecyclingwithin to belowthe mixed
layer, may have providedthe ecologicaldriver for speciego live in deeper,more nutrientrich
waters put,asmixedlayerwatersclearedalsoallowedtheirradiancenecessarjor photosynthesis

to penetrateéo thesenewdeer habitats Additionally, the capability of coccolithophores to absorb
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430 carbon and nutrients from seawater under low light conditions (Godrjian et al;, Z22) may

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

432 Our model outputs from cGENIEs consistent with this interpretationfganic matter

433 export (POC at 40 m in Fig. 18@ducedwith cooling, suggesting an overall decreasprimary

434  productivity at all 4 latitudinal bands considered in this study. Fewer mariicisurface waters

435 would have allowed greater light penetration (Fig. 12), at the same time, the model indicates
436 enhancearganic mattedelivery at >200 nwith cooling Greater organic matter delivery below
437 the euphotic zonesuggest a deeperemineralization deptland increaseddissolvednutriens

438 availabilityat depth This is most clearly shown in the mdeellow and mid latitudes neaurface

439 waters. Oxygen availdily also increas# particularly below 100 m depth in low latitudes and

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

441 Nonethelessplanktonic foraminifera and nannoplanktorhave distinct trophic statugs
442  (zoo versusphytoplankton) further coccolithophorespeciesrequirelight for ther dominantly
443  photosynthetianodeof life. In our data,suchdifferencesbetweenthe requirementof zoo- and
444  phytoplanktondeepdwellersis clearly observedin the biogeogaphic patterns.Subeuphotic
445  coccolithophoreareconsistentlymoreabundantn low nutrientsubtropicallocations(e.g.DSDP
446  Site242andIODP Site U1482;Fig. 2). Theendmemberof this biogeographidifferenceis ODP
447  Site 1138 in the SouthernOcean.Here, twilight foraminifera dominatemost time intervals,
448 presumably due to high export production However, lower-euphotic and sub-euplotic
449  coccolithophoregareeffectivelyexcludeddueto turbid, high-productivity surfacewaters(Fig. 5).
450 This patternis alsosupportedhrougha comparisorof high to low productivity tropical sitesin
451 theHolocene-the EasterrEquatorialPacific Site U1338hasabundantwilight foraminifera,but

452 relatively low abundancesof subeuphotic coccolithophores(Fig. 4), whereas the more
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475

oligotrophic Site U1482 (Fig. 2) has lower abundance®f twilight foraminifera and higher
abundancesf subeuphoticcoccolithophores.

Despitetheseecologicaldifferencedetweerzoo- andphytoplanktonwe suggesthereis
asharedenvironmentadriver for the evolutionof deepdwelling coccolithophoresndplanktonic
foraminiferalinking the evolution of deepdwelling specialistsin eachgroup. Efficient near
surfacerecyclingof organiccarbonin pastwarm climates,suchasthe middle Miocene(Fig. 12),
precludedthe occupationof the deephabitatfor both groupsby reducingboth organiccarbon
transfer(food limitation for foraminiferaand for foraminiferal prayssuchcopepods and light
penetration(photosynthesidor coccolithoplores)to depth(Fig. 2-6). Global cooling sincethe
middle Miocene(KennettandVon derBorch 1985 KennettandExon,2004;Crameretal.,2011;
Zhangetal., 2014;Herbertetal., 2016;Sosdiaretal., 2018;Superetal., 2020), howeverJedto a
decreasd exportof organicmatteranda deepeningf the meanorganicmatterremineralization
depth,whichin turnfavouredthe evolutionof deepwaternichesin planktonicforaminifera(Fig.
1) andnannoplanktorvia increasedvailability 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 t@B¢oborotalia 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., 201X¥yom Globorotalia zealandic&dKennett and Srinivasan,
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476  1983) the first representative of the group beligsutella praescitulaKennett and Srinivasan,

477 1983 Aze et al., 2011). Extant hirsutellids inclube scitulg H. hirsutaandH. theyerj genetic

478 daf available foH. hirsutaindicate a single genotype (Schiebel and Hembleben, 2017). Modern
479 H. scitulaandH. hirsutaare deep water formBepth habitat reconstructions shéivscitula at

480 the greatest water depfBoscoleGalazzo, Crichton et al., 2021; Fig, tpnsistent with it being

481 reported to have a deeper average depth habitatthlainsutain the modern ocean (Birch et al.,

482 2013; Stainbank et al., 2019), where it feeds on suspended organic rtattezt @l., 200).

483 Hirsutella hirsutahas been reported to feed on dead diatoms and to predominantly live at depths
484 around 250 m (Schiebel and Hemleben, 2017), consistent with our habitat reconstructions placing
485 H. hirsutaand other hirsutellids shallower th&h scitula between the bottom of the euphotic

486 zone and the upper twilight zon®ur depth habitat reconstruction fidr scitulaat Site 516 for

487 the 15 Ma time slice, indicates an initial euphotic zone depth habitat preference for this species.
488 By the 7.5 Ma time slice, we finld. scitulaat most of our low latitudsites, at depth comprised

489 between 30600 m(Fig. 1). We suggest #t the spread ofl. scitulafrom highmid latitudes

490 towards the tropics after the middle Miocene warniiig.(7-11) tracks increasing availability of

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

493 suggest that moving from a surface to a deeper habitat was foH. scitula an ecological

494 innovation which allowed the species to move outside its-imghlatitude areal, consistent with

495 observations from the modern ocean documentingcitula dwelling at progressively deeper

496 depth from high to tropical latitudesS¢hiebel andHemleben, 201)7 The proceeding ocean

497 cooling (and increasing efficiency of the biological pump) explains the stepwise depth habitat

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

500 allowing the species to expand its habitat

501
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Figure 8. Abundance and biogeography of planktonic foraminifepecies at 7.5 Ma. In the pie
charts 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 indicate that the éinmterval of interest was not recovered for a given site.
Continental configuration follows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,

Germany).
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515 Figure 9. Abundance and biogeography of planktonic foraminifepecies at 4.Ma. In the pé-

516 charts twilight zone planktonic foraminiférapecies are in bold. Sites where twilight zone
517 planktonic foraminifera were found are highlighted in green in the maps. The crossed square
518 symbol in the maps indicate that the time interval of interest wlasenovered for a given site.

519 Continental configuration follows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,
520 Germany).
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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 thseitula at their
appearanceHence, we suggest that it was the occupation of a new deep water habitat in tropical
waters that triggered speciation frdrh scitulathrough depth gypatry, i.e. genetic isolation
attained in the same area but at different depths (Weiner et al., E@tlyr studies on speciation
among planktonic foraminifera based on the fossil record, highlighted a predominance of
sympatric speciation, possibly kad 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 betuwesmspecificgenotypes at a global scaseiggeshg

that depth sympagrcould be a universal mechanism generating diversity among microplankton

(Weiner et al., 2012)

Truncorotalids start tleir evolutionary history at4-31 Ma (Raffi et al., 2020) when
Truncorotalia crassaformisplits fromHirsutella cibaoensigKennett 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 distributiéor T.
crassaformisuggests that thearly Pliocenesplit from the hirsutellids happened in cold subpolar
water. By the early Pliocen€&runcorotalia crassaformiswas an abundant component tbke
subpolar assemblage: Site 1138§>17%)and had alreadguccessfully spread to middle latitudes

(>8%) but does not occum ourlow latitude sample&~ig.9).
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Figure 10.Abundance and biogeography of planktonic foraminlfspacies at 2.5la. In the pie

charts twilight zone planktoniforaminiferd 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.
Contnental configuration follows: Ocean Drilling Stratigraphic Network (GEOMAR, Kiel,

Germany).
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Figure 11. Abundance and biogeography of twilight zone planktonic foramidifgracies at O

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 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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563  Although modernplanktonic foraminiferdhave a high dispersal potential (Darling et al., 2000;
564 Norris and De Vergas, 2000), our dataggest that the evolution ®funcorotaliacrassaformis
565 from the hirsutellidamight havehappenedhrough allopatrywith low latitude population of.

566 cibaoensisbecoming isolated from subpolar populatioasd eventually evolving into T.

567 crassaformiqe.g.,following thedevelopment of diachromgproducitve seasos in high and low
568 latitude populations Similar to H. scitulg from subpolar latitudeslruncorotalia crassaformis
569 appears to have subsequently spread to lower latitudes occupying progressively deeper habitats
570 (Fig. 1;Fig. 7-11), and originating numerous daughter species, sonwehath are intermediate
571 morphospecies with limited geograplistributionsno longer extant today (Lazarus et al., 1995).
572 At Site 516we find Truncorotalia viola, with lighter /%0 D Q 8C valuesthanT. crassaformis
573 (Fig. S2), pointing to a clear ecological differentiation. Together witarttarked morphological
574  differentiation between the two, this suggéstgiolamay have beea different biological species.
575 Truncorotalia truncatulinoides the most representative species of this group, appedrave
576 originated fronT. crassaformisit about 2. Ma in the tropical southwest Pacific, and subsequently
577 spread in the global oceaDdwsett, 1988l.azarus et al., 1995)According to our reconstation,

578 depth sympatry associated with gradual morphological charlgm®cterizespeciation among
579 the truncorotalds, as depth habitat deepenioitthe ancestor/precursor is cleathe transitiorr.

580 crassaformisT. violaandT. crassaformisl. tosaensisl. truncatulinoidesn our recordFig. 1)

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

584 by Lazarus et al. (199%®ased on biogeographiyut without a definitive test.
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In the modern oceathe Globorotalia merotumiddumida lineageis represented b¢.
tumidaandG. ungulata distributed in tropical to temperate regions. Genetic analysis has revealed
that they are two distinct biological species vatsingle genotypeach(Schiebel and Hemlebe
2017). Little is known about the ecology of these two species, althGugimidais known to
dwell in subsurface waters at the deep chlorophyll maximum (Schiebel and Hemleben, 2017).
According to the phylogeny of Aze et al(2011), Menardella menardii gave rise tothe
Globorotalia merotumiddumidalineagearound 9Ma. However Menardella menardiis absent
in our late Miocene sample&ghile othermenardellids sucMenardella limbataandM. pertenuis
are common atseveral ofour investigated middle latitudes to tropical sit&y 4.5 Ma,
Globorotalia tumidahadevolved ands commonat all of our low latitude sites (Fi§), while M.
menardiiis extremely rareoccurring only at Sites U1338 and U14@01%) becomingmore
common only by the Holocen®ased onthis biogeographic pattern, we propose that G.
merdumidatumida lineage originated frona late Neogene menardellid, such for instakkte
limbatawhichis morphologically very similar t&. merotumidaGiventhatG. plesiotumidand
G. tumidadisplay a deeper habitét 200m) than M. limbata and other Miocene menardellids
(100200 m), we suggest that such transition may have happtdwedgh depthsympatryin
tropical waterswith forms which remained reproductively isi@din the twilight zonegenerang
the G. merdumidatumida lineage. Morphometric measurements dd. limbata and G.
merotumidashellsarerequired to tedior an evolutonaryrelationship between these two species.
According to our depth habitat reconstructi@ plesitumidaandG. tumidaoccupied a similar
depth habitatit 4.5 Ma, so it is not clear from our dataset which evolutionary mechanism may
have led to the originatioof the latter from the firsHull and Norris (2009analyzed speciation

within this lineage and suggested that the evolution f@rplesotumidato G. tumidahappened
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abruptly within 44kyr. Globorotalia ungulataappears in our record by the late BPéne and often
display a habitat shallower tha®@. tumida suggesting depth sympatry #se 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 naoreconclusively infer speciation mechanisms.

The globoconellids originated in theate early Miocend~17 Ma) with Globoconella
miozea which is considered to descend directly frafirsutella praescitula(Kennett and
Srinivasan, 1983cott et al., 199Mlorris et al., 1994; Aze et al., 201Globoconellamiotumida
originatedin themiddle Miocene and, after the extinction Gf miozeaat about 1Ma, remained
the only representative of the globoconellids until the latest Miocene. At this time, the evojutiona
turnover within the groupcceleratednd a number of different morphospecies originate fGom
miotumidaand go extinct very rapidly, until tregppearance in the late Pliocenéofinflatawhich
persists until todayWei and Kennett, 1988Nei, 1994;Aze et al., 2011)Compared to other
Neogene to Recent taxa, the globoconellids display a more restricted geographic distribution
throughout theireolutionary history. They tend to be common at mid latitude hydrographic fronts
(Schneider and Kennett, 19%8xhiebel and Hemleben, 2Q17am and Leckie, 202@rombacher
et al., 202}, exceptG. puncticulataandG. inflata, which extend into lovatitude regios (Norris
et a., 1994)The geographic distribution of globoconellids as shown here sudbesiisis group
was already specialized to live at hydrographic fronts in the middle Miocene, possibly feeding on
phytoplanktonStarting at ~5.84a, cooling and the possibility to feed on sinking detritus in deeper
waters(BoscoleGalazzo, Crichton et al., 202hjay have stimulated evolutionary turnover within
this otherwise rather statiacgup The closely spaced temporal succession of morphospecies at this

time may reflect ongoing evolutionary experiments in an attemptdfit from new ecological
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631 possibilities opening up at depth and outside the area of the gidwp.deph habitat

632 reconstrgtions forG. puncticulataeandG. inflatasuggestshatfrom thePliocene this grouptarted

633

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

636 temperaturaependent biological carbon pump. Inset map shows the modelled Present surface
637 ocean temperatures. Depths are the middle of cGENIE’s top three ocean layers.

638
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to progressively adapt to greater depths, consistent with the distinctive change in morphology
betweenG. sphericomiozegéand other Miocene globoconellidahd its Pliocene descendafs
puncticulataandG. inflata(Kennett and Srinivasan, 19838 wellaswith previous stable isotope
reconstructions for these speci€slineideandKennett,1996) We suggest thatnevolutionary
transition began with the morphospedizspuncticulata transitional betwee. sphericomiozea
andG. inflataandled to the late Pliocene speciation @f inflata It is not clear from our data
whether depth sympatry or allopatry allowed the speciatida. ohflata asG. puncticulataand
G. inflatashow similar depth habitat in our recortt may have been a combirat 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 moéeived 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 tddmeque alone (e.g., stable
isotopes). Our reconstructiagindicate thaboth allopatry andlepth sympatrylayed a role in the
origin of moderndeepdwelling planktonic foraminifedaspecies 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 ili@age
speciation.
5. Conclusions

Our global abundance and biogeographic data combined wiir depth habitat

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

themost extensively studied group of pelagic microfossils, planktonic foraminifereadocateous
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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 truntaiiids and of nannoplankton lower
euphotic zone and stduphotic zone speciggesulted in the vertical stratification of species seen
in the modern ocean, in particular at low latitudésr planktonic foraminifera suchertical
stratification of spe@s, hundreds of meters below the surfacginatedthrough 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 plankton@mfoifera and
nannoplankton was linked, wherein increased efficiency of the biological pump with cooling since
the middle Miocene was a shared evolutionary driMeswer rates of organic matter
remineralizationin the upper part of the water coluraliowed the creation of new ecological
niches in deep waters, by increasing food deliaeiy 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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