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Abstract. Morphological changes in coccoliths, tiny cal-
cite platelets covering the outer surface of coccolithophores,
can be induced by physiological responses to environmental
changes. Coccoliths recovered from sedimentary successions
may therefore provide information on paleo-environmental
conditions prevailing at the time when the coccolithophores
were alive. To calibrate the biomineralization responses of
ancient coccolithophore to environmental changes, studies
often compared the biological responses of living coccol-
ithophore species with paleo-data from calcareous nannofos-
sils. However, there is uncertainty whether the morpholog-
ical responses of living coccolithophores are representative
of those of the fossilized ancestors. To investigate this, we
exposed four living coccolithophore species (Emiliania hux-
leyi, Gephyrocapsa oceanica, Coccolithus pelagicus subsp.
braarudii, and Pleurochrysis carterae) that have been evo-
lutionarily distinct for hundreds of thousands to millions of
years, to a range of environmental conditions (i.e., changing
light intensity, Mg/Ca ratio, nutrient availability, tempera-
ture, and carbonate chemistry) and evaluated their responses
in coccolith morphology (i.e., size, length, width, malforma-
tion). The motivation for this study was to test if there is
a consistent morphological response of the four species to
changes in any of the tested abiotic environmental factors. If
this was the case, then this could suggest that coccolith mor-
phology can serve as a paleo-proxy for that specific factor
because this response is conserved across species that have
been evolutionary distinct over geological timescales. How-
ever, we found that the four species responded differently to

changing light intensity, Mg/Ca ratio, nutrient availability,
and temperature in terms of coccolith morphology. The lack
of a common response reveals the difficulties in using coc-
colith morphology as a paleo-proxy for these environmen-
tal drivers. However, a common response was observed un-
der changing seawater carbonate chemistry (i.e., rising CO»),
which consistently induced malformations. This commonal-
ity provides some confidence that malformations found in the
sedimentary record could be indicative of adverse carbonate
chemistry conditions.

1 Introduction

Coccolithophores are calcifying marine phytoplankton and
are among the most important calcifiers in the ocean (Tyrrell
and Young, 2009). They produce single calcitic platelets
named coccoliths and nannoliths. Due to their ability to
calcify, coccolithophores played an important role in rock-
formation during the Jurassic and Cretaceous as well as
through the Cenozoic (e.g., Erba, 2006). They are directly
affected by environmental drivers such as temperature, salin-
ity, nutrient concentration, light, and carbonate chemistry
that can modify physiological rates and morphology of cer-
tain taxa (e.g., Paasche, 1998; Riebesell et al., 2000; Langer
et al., 2006; Trimborn et al., 2007; Zondervan et al., 2007;
Rosas-Navarro et al., 2016). Due to their sensitivities to
environmental changes fossil remains of coccolithophores
(coccoliths and nannoliths) have often been used as paleo-
proxies to reconstruct past physical and chemical conditions
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in the surface ocean of local or global significance (e.g.,
Erba, 1994; Lees et al., 2005; Tiraboschi et al., 2009; Erba
et al., 2010, 2019; Liibke and Mutterlose, 2016; Faucher et
al., 2017a; S1 in the Supplement). To calibrate the biomin-
eralization responses of ancient coccolithophorid algae to
climatic changes, studies often compared the biological re-
sponses of living coccolithophore species with paleo-data
from calcareous nannofossils (Table 1).

The primary goal of our study was to understand if phys-
iological experiments with contemporary species are a valid
tool to predict responses of ancient coccolithophores to en-
vironmental change in the geological record. The assump-
tion that modern species respond identically to environmen-
tal change as ancient species did is implicit in many stud-
ies (e.g., Giraud et al., 2006; Erba et al., 2010; Faucher et
al., 2017a, Table 1) but, to the best of our knowledge, has
not been explored in depth. To test this assumption, we did
a series of identical stress test experiments with four se-
lected modern species that have been evolutionarily distinct
for hundreds of thousands to millions of years (Fig. 1). Our
hypothesis was as follows: in the case that coccolith mor-
phology responses to a changing environmental driver are
similar in the four species, this could be indicative of a re-
sponse pattern that was physiologically conserved over ge-
ological timescales because the species were evolutionarily
separated for so long. In other words, if species conserve
a similar response to certain types of environmental change
for geological timescales, despite very different evolutionary
trajectories, then this would strengthen our confidence that
responses recorded for modern species also apply for the ge-
ological past.

Indeed, there is considerable uncertainty when trying to
reconstruct paleo-environmental conditions based on coccol-
ith morphology. This in itself is not surprising considering
that there are millions of years of evolution between the
time when the fossil coccolithophores lived and when the
physiological experiments were done (Bown, 2005; De Var-
gas et al., 2007). Moreover, for the fossil record, it is ex-
tremely difficult to disentangle the individual factor(s) that
drove changes in coccolith morphology. Therefore, it is un-
surprising that studies occasionally come to different conclu-
sions about what environmental factor drove a morphological
change in the paleo-record. For example, Erba et al. (2010),
detected the reduction in size and variation in shape of some
nannofossil species during a time of excess volcanogenic
CO» emissions. They explained their trend with detrimental
carbonate chemistry conditions based on physiological incu-
bation studies by Riebesell et al. (2000) who found decreas-
ing calcification rates under increasing CO,. Conversely,
Bornemann and Mutterlose (2006) explained decreasing coc-
colith size with decreasing sea surface temperature, a con-
clusion that was also based on incubation experiments with
living coccolithophore species (Renaud and Klaas, 2001; Re-
naud et al., 2002).
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In order to investigate our hypothesis outlined above, we
selected four different coccolithophore species: Emiliania
huxleyi (morphotype R), Gephyrocapsa oceanica, Coccol-
ithus pelagicus subsp. braarudii, and Pleurochrysis carterae.
According to “molecular-clock-data”, they are evolutionarily
distinct since the Triassic or the Jurassic (with the exception
of G. oceanica and E. huxleyi, which diverged ~ 290 Kya;
Liu et al., 2010; Bendif et al., 2014). We present data on
how coccolith size and morphology change in response to a
suite of different environmental drivers and explore whether
there is a common response to any of these drivers among
the different species. Afterwards, we discuss if morphologi-
cal features of coccoliths have the potential to serve as paleo-
proxies.

2 Material and methods

2.1 Experimental setup

Five experiments are presented in this study with a similar
design. Every experiment tested the influence of one abiotic
parameter on four different coccolithophore species which
were cultured individually (i.e., in separate bottles). The
tested abiotic factors were as follows: light intensity, nutrient
limitations (N or P limitations), Mg/Ca ratio, temperature,
and carbonate chemistry. Monospecific cultures of the coc-
colithophores Emiliania huxleyi (strain RCC 1216, from the
Tasmanian sea), Gephyrocapsa oceanica (strain RCC 1303,
from the French coast of the Atlantic Ocean), Coccolithus
pelagicus subsp. braarudii (strain PLY 182G; it will be called
hereafter C. braarudii, from the English Channel, Atlantic
Ocean), and Pleurochrysis carterae (unknown strain num-
ber, coastal species) were grown in artificial seawater (Kester
et al., 1967) under dilute batch culture conditions (LaRoche
et al., 2010). The artificial seawater medium was enriched
with 64 umolkg~! nitrate, 4 umolkg~! phosphate to avoid
nutrient limitations with the exception of the nutrient lim-
itation experiment (see Sect. 2.1.3). In all experiments we
added f/8 concentrations of vitamins and trace metals (Guil-
lard and Ryther, 1962), 10 nmol kg_l of SeO, (Danbara and
Shiraiwa, 1999), and 2 mL kg_1 of natural North Sea water
to provide potential nutrients which were not added with the
nutrient cocktail (Bach et al., 2011). The medium was sterile-
filtered (0.2 um). The carbonate chemistry was adjusted with
aeration for 24 h using a controlled CO, gas mixing system
reaching the treatment levels of fCO, 400 patm (total alka-
linity, TA, 2302 umol kg~ ') with the exception of the carbon-
ate chemistry experiment (see Sect. 2.1.5).

The medium was then transferred into 0.5 L Nalgene™
bottles. Cultures were incubated in a thermo-constant climate
chamber (Rubarth Apparate GmbH) at a constant tempera-
ture of 15°C, (with the exception of the temperature exper-
iment; see Sect. 2.1.4), with a 16: 8 (hour : hour) light/ dark
cycle, at a photon flux density of 150 umol photons m~2 s~/
(with the exception of the light experiment; see Sect. 2.1.1).

https://doi.org/10.5194/cp-16-1007-2020



1009

G. Faucher et al.: Can morphological features of coccolithophores serve as a reliable proxy?

VSN ‘suonoas ojqand
pue eqn) (A[eI[ ‘UONOds BI[IOIS IP BILA
-ON ‘wopSury paju() ‘uondas AuInoq
-)Sey ‘Q0URI{ ‘UONDAS IAI[RASYD 10[D

¢4dvo
URIUBWIOU)) 15918
PUE URIUBWIOUID) 1B

SUOENUAD
-uod [ejow 20en Y31y pue QD Y3y

supjs
-U0D WNINIS1g JO UOTIONPAI AZIS

aDISIUIDG DIIINDU
“2IDA\ SMID2AD SNIOpQDISNIZ ‘SNLIOID]
-04 SNPQDYL0ISI ‘SUDISUOD WNINISIG

(L107) "Te 12 Joyoneg

ouel
‘uo1103s onpreg-op-oniy, {[esniod ‘suon
-09s 039pUOIN oqe)) ‘eyualg ‘[edeqey

ueru
-aey A[Iea — ueroIeo],

JuIpNu pue
quoz onoyd 9y} JO UONORIUOI/UOLS
-uedxa pue ‘suonerrea orydon Jojem
‘suonemony armjerddw) Iojemeds
SUONIPUOD [EJUSWUOIIAUD J[qeIsun

sadAjoydiowr Jo[TRWIS

smuapy1o] Jo saroadsoydiowr udAs

(L107) ‘Te 12 RIILI]

SNJ2242 SNIOPGDLS
-na7 Pue SNLIOIDIOL SHPGDYL0D

DISIUIDG DIIINDU
“2JD\ SMID2UD SMIOPqDASNIZ  ‘SNLIOID)

€9% s JASA ¢ATeI] ‘9100 uowsI) el VO Hd mof pue COD Y31y -S1F ‘SUPISUOD winInISig JIBMP -0 SUPGDYA0ISIT ‘SUDISUOD WNINIS1g (0102) Te 19 eqig
IS (9007) aso[121 v
QOURI ‘UONIAS [an[[ed 3P [0D uelqry e| SUONIPUOD JAJBM IS[00D  IZIS SUDISUOD WNINISIG PIONPAI  -dUIDq DLIGNDUZIDA| ‘SUDISUOD wininoslg — -INJA Pue uuewouliog 5
-dds snuosouuvp m
URISBLLIOE 1SIIRD uroned uon pue nuuPWYO2q D]]2IS0IKJ04  ‘DUDIL (€002) 2
L9€ ‘VHES ‘GOT SMS dASA  PuB UBIUOYILL, 1S9Je]  -B[NIIID YY) PUB JBWI[O UI SIFURYD DLIGNDUZIDAA [[BWS  -Xouwl paavydsnuo) dds prianpuzipp ‘[B 19 uueWAUIOg m
(edKyoydiow r1spwoy; »y)
suowroads INoIoSe) payIofed
Ap[eom pue Snsompaut 42iSpod smipvaInU
-S1q pue SMDIDf 42ISPOISIT  A2ISPOISIJ PUR ‘SHSOIPIUL 42ISDOISIT (8002)
€921 NS ddO N1Ad oD Y3y ‘syiqou 42ispodsig powojrewr  ‘dnoid s11qou 421spodsIq ‘Snyino1dsy,]  IpIeuIdg o pue yyey
syuaLnnu
paseaIoul ‘Fururem Jo/pue SNIUDAD 4D]SDOI (L002)
q0921 MS dAO NILAd Hd mof Jo/pue QD Y31y -s1q  JuBldqR  [ROLOUIASE SNAUDAD 42]SDOISI] “Te 10 9SO[INNA
ISOADUD 42]SDOISI(] PUL
6521 1S dAo IN1Ad HA mo[  snouv.up 121sD0ISIF PIWIOJBWL 421500251 (9007) OSIM pue Suerf
el DISIUIDG DIIINDU
(VO) UdAY d1X0Uy DISIUIDG  -ZIDA| ‘SNID2AD SNIOPQDISNIZ ‘SNLIOID]
€9% AIs JASJ SATeI] ‘9100 uowsI) orueadQ uendy Hd mo pue QD Y31y pLINDUZIDA JO SUOTIRULIOJ[RW  -04 SHPGDYLOISI ‘SUDISUOD Wnnosig (0102) ‘Te 10 eQIg
VSN ‘sa100 a5pug 42]$DOISI(] AOYM (9100) Tre1L,
I9A0(] YINOS ‘BT UOS[IA “IOATY sseq W.LAd COD Y31y 10 sAeI [enpIAIPUI JO AJLIR[NSALIT 42150281 JI9S pue Jomoerg
(LAND) exe], uorsmoxyg uoypyued
ammonns armeroduwo) -OUUBN SNOQIBJ[ED) 9Y) SB 0) PILIdJAI
A[®1] ‘uonoas epeio IN1dd ur aSueyo pue ‘Hd mo[ ‘COD ysiy LAND Jo AnowwiAse y3ry — oSejquiosse uopuedouueu snoored[ed (L002) ‘Te 30 urudy W
g
(NLEd) (LAND) EXE[, UoISIdXy uopjuerd ]
WNWIXJA] [EWIAY],  SUBOJ0 S PIOM 9} JO SUOTIROYIpOUT -OUUBN SNOAIEJ[ED) AU} S 0) PILIdJAI 2
ATe)] ‘uono9s ougessoq QUOJOH—OU0d[BJ  [BITWAYD Judlsuen pue QD ySiy LAND Jo suonewrojjew  dfe[quiesse uolyueidouueu snoaresred (9007) ‘Te 10 Turusy m

$9I02 JO SUOIOAS PAJeSIISAAU]

Era%

19yowrered
[eIUQWIUOIIAUD pajedrduut

suonereA [esr3ojoydiow

$9109ds 10 IOUSS pazA[RUY

Jodeg

*SUOT}O9S/S9I00 PAJEITISIAUL
pue ‘95 ‘uoneId[e Pa3dIop ) I0J PAIOPISUOI s/IdjoweIed [BJUSWIUOIIAUD ‘suoneLeA [esrnowoydiow pue [esrSojoydiouwt ‘sa1oads pozA[eue ‘s1oyine :USAIS ST UOneWIOJul SUIMO[[OF Y}
‘19pIo onaqeydre ur paziueSio are s1oded “syuswodxs 21mnd woiy sa10ydoyirjood0d SurAlf Jo sasuodsal [ed1S0[01q YIIM PIOII [ISSOJ YY) Ul uopjue[douueu SNOaILd[ed Ul SUONELIBA JZIS
pue adeys paredwos jey) s1oded poIopIsuod opp “S[ISSOJOUUBU SNOIBO[ED UI SUoneLeA [eorowoydiow 1o (uoneuojrew) [eordojoydiow Sunuownoop siaded jo uoneidwo) *| ajqeL

Clim. Past, 16, 1007-1025, 2020

https://doi.org/10.5194/cp-16-1007-2020



Can morphological features of coccolithophores serve as a reliable proxy?

G. Faucher et al.:

1010

Table 1. Continued.

Paper

Analyzed genera or species

morphological variations

implicated environmental parameter

Age

Investigated sections or cores

Size variations

Fraguas and Young
(2011)

genus Lotharingius

“dwarfing” of Lotharingius
hauffii, Lotharingius sigilla-
tus and Lotharingius cruci-
centralis

increased temperature and perturbation
of the carbon cycle

Early Toarcian

West Rodiles section, Spain

Giraud et al. (2006)

Watznaueria britannica

bigger Watznaueria britan-
nica

oligotrophic conditions and warmer cli-
mate

Late Oxfordian-
early Kimmeridgian

Balingen-Tieringen section, Germany

Linnert and Mutterlose  genera Biscutum, Broinsonia, reduction in size of Biscutum reduced nutrient availability (Biscu- Cenomanian— Goban Spur cores Site 549, Site 551,
(2012) Predis cosphaera, Retecapsa  and Broinsonia spp. tum), increase in sea-surface tempera- Turonian Germany
and Watznaueria ture (Broinsonia spp.)
Liibke et al. (2015) Biscutum constans, Zeugrabdo-  small Biscutum constans low seawater temperatures, low light OAE la North Jens-1, Adda-2, Alstittel cores,
tus erectus and Watznaueria availability, high nutrient level Germany; Cismon core, Italy; DSDP
barnesiae Leg 62;
Mattioli et al. (2004a) genera Biscutum and Similiscu-  bigger Biscutum and Similis-  high seawater temperature and/or high  Pliensbachian- DSDP 547B; Monte Genuardo, Somma
tum cutum nutrient concentration Toarcian section, Italy; Dotternhausen, section
Germany
Mattioli et al. (2004b) Schizosphaerella small Schizosphaerella and  increased COy Early Toarcian OAE ~ Pozzale and Somma sections, Italy;
undercalcified coccoliths Dotternhausen  section, Germany;
Brown Moor Borehole, UK
Mattioli et al. (2009) Schizosphaerella small Schizosphaerella increased CO; or temperature rise or  Early Toarcian OAE  Dotternhausen  section,  Germany;
less saline marine surface waters Somma section, Italy; Peniche section
Portugal; HTM-102 borehole, Saint
Paul de Fonts section, France
O’Dea et al. (2014) Coccolithus pelagicus thinning  of  Coccolithus  ocean acidification PETM Bass River, Lodo Gulch, USA; Tanza-
pelagicus coccoliths nia Drilling Project Site 14, Tanzania
Suan et al. (2008) Schizosphaerella small Schizosphaerella increased CO; and high seawater tem-  Early Toarcian OAE  Peniche section, Portugal
perature
Suan et al. (2010) Schizosphaerella small Schizosphaerella high nutrient concentrations (less olig-  Early Toarcian Peniche section, Portugal

otrophic conditions) and/or increased
temperature

Suchéras-Marx et al. Crepidolithus crassus variation in pseudo-cryptic  fluctuation of the nutricline and photic ~ Early Pliensbachian  Peniche section, Portugal
(2010) species dominance, alterna-  zone depth under the control of the or-
tion of “small” and “big” bital cycles of eccentricity and preces-
Crepidolithus crassus sion
Tremolada et al. (2008)  Discoaster multiradiatus migration of allochthonous increased seawater temperature, strati- PETM ODP Sites 690 and 1209
specimens of larger Dis- fication of water masses, and establish-
coaster multiradiatus ment of a well-defined thermocline
Waulff et al. (2020) Biscutum constans, Rhagodis-  small Biscutum constans oligotrophic surface water conditions Barremian “Frielingen” 9 core, road cut “A39” mo-

cus asper and Watznaueria bar-
nesiae

torway, Braunschweig, Germany
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Figure 1. Phylogeny and divergence times of the Haptophytes, modified from Liu et al. (2010). Time is indicated in billion years. The species
selected for this study are shown in red. The nodes represent following divergence episodes. The number in green represents specific nodes:
node 47: Exanthemachrysis gayraliae and Helicosphaera carteri; node 57: Coccolithus pelagicus and H. carteri; node 62: C. pelagicus
and Umbilicosphaera hulburtiana; node 63: Calcidiscus leptoporus and Umbilicosphaera foliosa; node 77: Coronosphaera mediterranea
and Scyphosphaera apsteinii; and node 79: H. carteri and S. apsteinii. Numbers are related to calculated divergence times. For further

information see Liu et al. (2010).

Before the beginning of the experiments, coccolithophore
cultures were acclimated for about 7-10 generations to each
of the experimental conditions. Cultures were in the expo-
nential growth phase at the initiation of the experiments (also
in the nutrient limitation experiment; see Sect. 2.1.3). All cul-
ture bottles were manually and carefully rotated three times a
day, each time with 20 rotations in order to reduce sedimenta-
tion bias. Final samples were taken when cells were exponen-
tially growing (except for nutrient limitation experiments;
see Sect. 2.1.3) but cell numbers were still low enough to
limit their influence on the chemical conditions of the growth
medium. Sampling was conducted at the same time for every
experiment to avoid changes in cell diameter/volume, which
develop in light—dark cycles due to the synchrony of the cell
cycle (Miiller et al., 2012; Sheward et al., 2017).

2.1.1 Specifics in the light experiment

The light setup was adjusted to test the response of the four
species to a gradient of photon flux densities (PFD). Because
light intensities are difficult to replicate we chose a gradi-

https://doi.org/10.5194/cp-16-1007-2020

ent design in this experiment at the expense of replication
(Cottingham et al., 2005). Therefore, the light was set to the
highest possible intensity in the light chamber, and the bottles
were placed at different positions so that 12 different PFDs
were established (50, 100, 150, 200, 250, 300, 350, 400, 450,
500, 550, 600 umol photons m~2 s~ 1). Light intensities were
measured at every treatment position in the light chamber,
using a Li-250A light meter (Li-Cor, Heinz Walz GmbH, Ef-
feltrich).

2.1.2 Specifics in the Mg/Ca experiment

This experiment was designed to test the physiological re-
sponse of coccolithophore algae to changing [Ca>*] while
keeping [Mg?t] constant at the modern seawater value. In
the control, the Mg/Ca ratio was set to simulate the modern
ocean values (Mg/Ca = 5.2) with [Ca’"]=9.8 mmolL~!
and [Mg?T]=50mmolL~'. The low-Mg/Ca treatments
were set by increasing [Ca®*] to 25 and 50 mmol L™, re-
spectively. The control and both treatments were replicated
three times.

Clim. Past, 16, 1007-1025, 2020
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2.1.3 Specifics in the nutrient experiment

Batch cultures were grown under N or P limitations. For
N limitation, all cultures were run into N limitation dur-
ing the acclimation phase, but care was taken that this oc-
curred at low cell densities so that the chemical conditions
in the seawater (apart from nutrients) remained largely un-
affected. During the main experiment, cell concentrations
were counted every other day, and 0.14 pmol N per cell (as
NaNOj3) was added to the medium when cultures reached
the stationary phase (i.e., they stopped dividing). The same
was done in P limitation experiments except that 0.01 pmol P
per cell (as NaH,PO4) was added when reaching the station-
ary phase. As control, we used exponentially growing cells
which were replete in both N and P. Nutrient concentrations
were not measured, but limitations were assured by measur-
ing and comparing growth rates which were much lower than
in the nutrient replete controls. Controls and both treatments
were replicated three times.

2.1.4 Specifics in the temperature experiment

The experiments were carried out in two temperature-
controlled light chambers in order to test the response of the
coccolithophores to increased temperature. Batch cultures
were grown at 15 and 22.5 °C. Both temperature treatments
were replicated three times.

2.1.5 Specifics in the carbonate chemistry experiment

In the ocean acidification (OA) treatment, TA was kept con-
stant (2348 umolkg™'), whereas fCO, was increased to
1020.5 patm. In the Cretaceous scenariol (CS1) treatment,
fCO, was kept constant at 1020.5 patm, while TA was
increased to 3729 umolkg™'. In the Cretaceous scenario2
(CS2) treatment, fCO; was increased up to 3061 patm and
TA up to 4978 umolkg~!. Carbonate chemistry parameters
(pHf — free scale, HCOy, COg_, CO,) were calculated us-
ing the program CO2SYS (Pierrot et al., 2006) from mea-
sured TA and calculated estimated dissolved inorganic car-
bon (DIC), temperature, salinity, and [PO4], and the dissoci-
ation constants determined by Roy et al. (1993). In the OA,
CS1, and CS2 treatments, DIC and TA levels were adjusted
by adding calculated amounts of NayCO3 (Merck, Supra-
pur quality and dried for 12h at 500 °C) and hydrochloric
acid (3.571 mol L™, certified by Merck) following Gattuso
et al. (2010).

Samples for pH and TA analyses were taken at the begin-
ning and at the end of the experiments. Samples were filtered
(0.7 um) and stored at 4 °C until measurements that were per-
formed within 2d for pH measurements and 14d for TA.
pH was measured spectrophotometrically with Varian Cary
100 in 10cm cuvette at 25°C as described in Dickson et
al. (2007) and then recalculated to in situ temperature (15 °C)
using CO2SYS as is described by Schulz et al. (2017). Every

Clim. Past, 16, 1007—1025, 2020

sample was measured three times. Samples for TA were mea-
sured in duplicate with a Metrohm 862 Compact Titrosam-
pler device following Dickson (2003). TA data were accuracy
controlled with certified reference material (A. Dickson, La
Jolla, CA).

2.2 Cell abundance, coccosphere, and cell size

Samples for cell abundance were taken at the end of the
experiment with the exception of the nutrient experiments
where samples were taken every second day. Incubation bot-
tles were turned to resuspend all cells and to obtain a ho-
mogenous suspension of the cells before sampling. Cell num-
bers were immediately measured three times without addi-
tion of preservatives using a Beckman Multisizer Coulter
counter. After the abundance measurements, samples were
acidified with 0.1 mmol L~! HCI to dissolve all free and at-
tached coccoliths and subsequently measured another three
times each in order to obtain cell diameters and volumes
(Miiller et al., 2012).

2.3 Scanning electron microscopy (SEM)

Samples for SEM analysis were filtered by gravity onto poly-
carbonate filters (0.2 um pore size). For every sample, 5—
10mL of water was used. Filters were subsequently dried at
60 °C for 2d. Samples were sputtered with gold—palladium.
SEM analysis was performed at the Earth Sciences depart-
ment of the University of Milan with SEM Cambridge Stere-
oscan 360. All pictures were taken with the same magnifi-
cation (5000x), and the scale bar given on SEM pictures
was used for calibration. For every experiment, in all treat-
ments and replicates, 50 specimens for each species were an-
alyzed. For every coccolith, the length (DSL) and the width
(DSW) of the coccolith distal shield were manually mea-
sured using the public domain program Fiji distributed by
ImagelJ software (Schindelin et al., 2012). For E. huxleyi, the
inner tube thickness, the number of distal shield elements,
and the distal shield elements thickness were also measured.
For G. oceanica the tube thickness and the bridge orienta-
tions were measured. Moreover, the presence of malforma-
tions was quantified by visual inspection (Fig. 2): morpholo-
gies were grouped following Langer et al. (2006, 2010) cat-
egories.

2.4 Statistics

Data were tested for normality and homogeneity of variances
(Bartlett and Fligner—Killeen tests). To test the null hypoth-
esis that differences in growth rates and sizes among treat-
ments are the same, the average values of parameters from
triplicate cultures were compared between treatments. A one-
way analysis of variance was used to determine the statisti-
cal significance of the main effect of the different parameters
tested on the variables. A Tukey post-hoc test was used to as-

https://doi.org/10.5194/cp-16-1007-2020
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Normal Malformed

G. oceanica E. huxleyi

C. braarudii

1013

Incomplete

Incomplete/malformed

e

Figure 2. Examples of different morphological categories: normal, malformed, incomplete, and incomplete/malformed for E. huxleyi, G.

oceanica and C. braarudii.

sess whether differences between treatments or control were
statistically significant. Statistical treatments of data were
performed using R software. Statistical significance was ac-
cepted for p<0.05. For the light experiment, a nonlinear re-
gression was used to explore the relationship between light
and coccolithophore parameters (growth and sizes).

3 Results

3.1 Light

In the four species selected, coccolithophore, cell, and coc-
colith sizes did not show any distinct trend with vari-
able light intensity. Data are reported in Table 2. Emilia-
nia huxleyi coccoliths were less elliptical with light inten-
sities above 400 umol photons m~2 s~! and characterized by
a higher number of distal shield elements with light intensi-
ties above 400 umol photons m~2 s~!. Gephyrocapsa ocean-
ica and C. braarudii coccolith size and shape did not change
with light intensity. Finally, P. carterae coccoliths were less
elliptical only at irradiances of 350 umol photonsm=2s~1.
(Fig. 3; Plate S1). Malformed coccoliths increased in per-
centage only in E. huxleyi at 500 umol photonsm~2s~! and
in G. oceanica at 200 umol photons m~2 s~! (Fig. 4).

https://doi.org/10.5194/cp-16-1007-2020

3.2 Mg/Ca

Emiliania huxleyi coccosphere and cell sizes were influenced
by changes in seawater [Ca>t]. Elevating seawater [Ca’*]
to A2 25 and 50 mmol L™! resulted in a significant increase
in the coccosphere and cell diameters (p<0.05). Increased
[Ca2+] concentrations impacted G. oceanica, C. braarudii,
and P. carterae cell sizes with a reduction in size in compar-
ison to [Ca®t] of 9.8 mmol L~!, when seawater [Ca®T] was
elevated to ~ 25 and 50 mmol L™!. Gephyrocapsa ocean-
ica and P. carterae coccosphere diameters were unaffected,
while the C. braarudii coccosphere was smaller when grown
under [Ca’?t] of 50mmol L~! (Table 3). Emiliania huxleyi,
G. oceanica, and C. braarudii coccolith sizes were not af-
fected by changing [Ca>t]. Pleurochrysis carterae coccol-
iths were smaller at the highest [Ca2+] concentrations than
in the control (Fig. 3; Table 3). Emiliania huxleyi produced
a higher percentage of malformed and/or incomplete coccol-
iths with increasing calcium concentrations (Fig. 4; Plate S2),
while no increased malformation was observed in the other
species.

3.3 Nutrient limitation

Emiliania huxleyi and C. braarudii coccospheres were larger
under P limitation than under N limitation and the control.
Gephyrocapsa oceanica coccospheres were larger under N
limitation than under P limitation and the control. Pleu-

Clim. Past, 16, 1007-1025, 2020
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Table 2. Light experiments data. Growth rate (i, in cells d— by, coccosphere and cell diameters (in pm); coccolith morphometric analyses
were performed on 50 specimens for every treatment for the following: average of coccolith distal shield length (DSL; in um) and coccolith
distal shield width (DSW; in um); ellipticity (DSL/DSW); average E. huxleyi distal shield elements number (SE) and average distal shield
elements width (in um; SEW); average E. huxleyi inner tube thickness (in um; tube thick.); G. oceanica tube thickness (in pm; tube thick.);
G. oceanica bridge angle (angle °). For G. oceanica and P. carterae, data from 150 and 200 pmol photons m2s 1 are missing due to errors

in light intensity inside the light cabinet; SD: standard deviation. SD1 and SDw refer to DSL and DSW standard deviation.

Light
E. huxleyi I Coccosphere  Cell DSL SDI DSW SDw Ellipticity SE SEW  Tube
thick.
50 0.41 4.57 3.94 295 033 243 0.33 1.22 29.3  0.11 0.37
100 043 4.57 4.02 320 028 259 0.23 1.23 305 0.12 032
150 0.74 4.82 4.52 323 030 264 027 1.23 31.3  0.10 0.29
200 0.59 5.05 4.46 324 033 266 0.29 1.22 305  0.11 0.31
250 1.01 5.01 441 3.19 030 263 0.26 1.22 322 0.11 0.32
300 1.03 4.87 4.50 325 034 268 0.32 1.22 33.0 0.11 0.32
350 1.06 5.05 4.39 321 035 264 031 1.22 327  0.11 0.36
400 1.18 5.02 443 339 033 2381 0.30 1.21 33.1  0.10 0.33
450 1.20 5.03 4.42 330 028 274 0.26 1.21 33,5 0.11 0.38
500 1.10 5.01 4.38 320 034 264 031 1.21 327  0.10 0.35
550 0.97 4.85 4.35 327 030 272 027 1.21 332  0.11 0.33
600 0.87 4.92 4.34 320 030 265 0.27 1.21 332 0.11 0.33
G. oceanica "w Coccosphere  Cell DSL SDI DSW SDw Ellipticity Tube  Angle °
thick.
50 0.52 6.78 5.17 410 039 3,55 036 1.16 1.34 57.41
100 0.66 7.75 5.55 427 039 369 038 1.16 1.32 61.68
200 0.63 7.22 5.23 4.17 065 3.61 0.53 1.16 1.34 61.69
250 0.67 6.83 5.47 432 048 376 046 1.15 1.35 61.88
300 0.67 6.74 5.27 434 053 371 0.51 1.17 1.40 65.91
350 0.71 6.74 5.16 446 046 390 041 1.14 1.32 58.12
400 0.66 6.88 5.51 433 045 384 040 1.13 1.23 66.67
450 0.74 6.92 5.60 436 043 376 043 1.16 1.29 65.11
500 0.63 6.57 4.88 425 040 371 0.34 1.15 1.26 62.89
550 0.71 6.62 4.97 438 046 3.82 043 1.15 1.27 61.29
600 0.50 6.41 4.92 429 045 372 042 1.16 1.25 68.27

C. braarudii I Coccosphere  Cell DSL SDI DSW SDw Ellipticity

50 0.40 18.74 13.35 11.24 087 934 083 1.21
100 0.35 17.58 10.82 11.31 0.82 947 071 1.20
150 0.42 17.81 10.72 1135 0.72 946 0.73 1.20
200 0.44 19.37 1126  11.19 0.75 938 0.72 1.19
250 0.44 17.80 1133 1136 081 9.63 0.80 1.18
300 0.49 17.55 1094 1141 0.88 954 0.5 1.20
350 0.52 17.54 1094 1135 080 9.58 0.78 1.19
400 0.52 17.35 1020 1049 0.71 8.88 0.66 1.18
450 0.49 18.60 1233  11.00 0.74 942  0.67 1.17
500 0.49 17.69 10.52 1081 0.82 913 0.72 1.19
550 0.50 17.59 10.62 1094 0.75 920 0.70 1.19
600 0.63 17.19 1095 1055 0.73 891  0.80 1.19

P. carterae " Coccosphere  Cell DSL  SDI W SDw  Ellipticity

50 0.18 11.02 7.93 212 013 132 0.08 1.61
100 0.19 11.60 8.91 219 010 136 0.06 1.62
150 0.17 11.41 8.69 218 012 135 0.09 1.62
250 0.19 12.16 1052 222  0.18 140 0.14 1.61
300 0.29 13.09 10.28 2.14 0.13 134 0.09 1.60
350 0.28 12.73 1032 2.08 0.12 133 0.11 1.57
400 0.28 11.84 1048 205 0.13 135 0.10 1.58
450 0.28 11.35 1073 2,02 0.15 131 0.10 1.56
500 0.28 11.73 10.15 197 023 126 0.17 1.58
550 0.26 12.71 9.97 204 015 130 0.10 1.58
600 0.32 12.06 9.82 207 013 132 0.12 1.58

Clim. Past, 16, 1007—1025, 2020 https://doi.org/10.5194/cp-16-1007-2020
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Figure 3. Box plots of coccolith length from the different experiments. In (a) E. huxleyi; (b) G. oceanica; (¢) C. braarudii; (d) P. carterae. C:
control treatment for every experiment. Light: experiment with 12 different light intensities from 50 to 600 pm photons m~2s~1; Ca: calcium
manipulation experiment; 25, [Ca2+] =25 mmol L_l; 50, [Ca2+] = 50mmol L™!. N: nutrient limitation experiment, N: nitrogen-limited
condition; P: phosphate-limited condition. T: temperature experiment; H is for 22.5 °C; CC: carbonate chemistry experiment; theoretical
CO; values: C: 400 ppm; OA, ocean acidification: 1000 ppm; C1, Cretaceous scenariol: 1000 ppm; C2 Cretaceous scenario2: 3000 ppm (for
further information see Sects. 2.1.5 and 3.5). The tops and bottoms of each “box” are the 25th and 75th percentiles of the samples respectively.
The red line in the middle of each box is the median. The whiskers, extending above and below each box, represent the furthest observations.
Observations beyond the whisker length are marked as outliers (red cross). For the light experiment, 50 specimens were considered for every
treatment. For Mg/Ca experiment (Ca), nutrient experiment (N), temperature (T), and carbonate chemistry manipulations (CC) experiments,
every box plot represents 150 measurements in total (50 measurements for each replicate). The Light experiment was performed in December
2013; the Ca experiment was performed in June 2014; the N experiment was performed in December 2017; the T experiment was performed
in October 2017; the CC experiment was performed in August 2014.

rochrysis carterae coccospheres were larger under N limita- Emiliania huxleyi and G. oceanica coccoliths were larger
tion compared to the control. Cell size remained unaffected under P limitation, while there was no significant difference
in E. huxleyi by nutrient limitation. Gephyrocapsa ocean- between N limitation and the control. Emiliania huxleyi coc-
ica cells and C. braarudii cells were larger under P limita- coliths had a higher number of distal shield elements under
tion compared to the control and N limitation. Pleurochrysis P limitations, while the inner tube was thinner in N- and P-
carterae cells were larger under N limitation compared to the limited treatments compared to the control. Gephyrocapsa
control (Table 4). oceanica produced thicker inner tubes under N and P limita-

tion. Coccolithus braarudii was less elliptical under P limi-

Clim. Past, 16, 1007—1025, 2020 https://doi.org/10.5194/cp-16-1007-2020
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Figure 4. Percentage of normal, malformed, incomplete, and incomplete/malformed coccoliths versus experiments. The experiments dis-
played represent Mg/Ca, nutrient limitation, carbonate chemistry, temperature, and light intensity manipulations. C. braarudii did not
survive at high temperature (22.5°C), and no malformations were observed under the different light intensities tested; therefore, per-
centage of malformations are not represented for these experiments for this species. Furthermore, no malformation was observed for P,
carterae, and percentages are not shown. C: control treatment. Mg/Ca: calcium manipulation experiment; 25, [Caz"’] =25 mmol L_l; 50,
[Ca?*t] =50 mmol L~!. Nutrient limited: nutrient limitation experiment; N: nitrogen-limited condition; P: phosphate-limited condition.
Temperature experiment; H is for 22.5°C; carbonate chemistry experiment; theoretical CO, values: C: 400 ppm; OA, ocean acidifica-
tion: 1000 ppm; C1, Cretaceous scenariol: 1000 ppm; C2 Cretaceous scenario2: 3000 ppm. Light: 12 different light intensities from 50 to

600 um photons m—2s

tation, and P. carterae was less elliptical under N limitation.
Furthermore, E. huxleyi and G. oceanica produced relatively
more malformed coccoliths under P limitation (Fig. 4). Coc-
colithus braarudii and P. carterae coccolith sizes remained
unaffected with no sign of malformations by nutrient limita-
tion (Fig. 3; Plate S3).

3.4 Temperature

Emiliania huxleyi and G. oceanica coccospheres and cell
sizes were smaller at 22.5°C. Pleurochrysis carterae coc-
cosphere and cell sizes remained unaffected (Table 5). Emil-
iania huxleyi coccoliths were smaller at high temperatures.
Furthermore, E. huxleyi had less distal shield elements and
a thinner inner tube when grown at 22.5 °C. Gephyrocapsa

Clim. Past, 16, 1007—1025, 2020

—1 For every treatment and for every replicate 100 specimens were considered.

oceanica and P. carterae coccolith size remained largely
unaffected by changing temperature, but G. oceanica pro-
duced thicker inner tubes under high temperature. Pleu-
rochrysis carterae coccoliths were less elliptical when grown
at 22.5 °C (Fig. 3; Table 5; Plate S3). Coccolithus braarudii
did not survive at conditions of 22.5 °C.

3.5 Carbonate chemistry parameters

Emiliania huxleyi coccospheres and cells were the largest in
the OA treatment and smallest in the CS2 treatment. Gephy-
rocapsa oceanica and C. braarudii coccospheres were the
largest in the control and smallest in CS2 treatment. Gephy-
rocapsa oceanica cell size was lower in the CS2 treatment
than in the control, as well as the OA and CS1 treatments.

https://doi.org/10.5194/cp-16-1007-2020
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Ellipticity

DSW  SDw

SD DSL SDI
0.14
0.13

Cell

Coccosphere  SD

SD

I

P. carterae

1.60
1.45

0.10
0.10

894 064 204 1.27
023 199 1.37

9.05

0.25
0.23

11.38
11.82

044 0.04

0.31

Control
High

0.04

The cell size of C. braarudii was smaller in the OA, CS1,
and CS2 treatments compared to the control. Pleurochrysis
carterae coccosphere and cell size were unaffected by chang-
ing carbonate chemistry (Table 6).

Emiliania huxleyi formed significantly bigger coccoliths
in the OA treatment compared to the control and the CS2
treatment (Fig. 3; Table 6). Furthermore, the inner tubes were
thicker in the OA and CS1 treatments compared to the con-
trol and the CS2 treatments. Malformations were 20 % more
frequent in the OA, CS1, and CS2 treatments than in the
control (Fig. 4; Plate S4). Gephyrocapsa oceanica gener-
ated a high number of malformed coccoliths in the OA and
CS2 treatments. For G. oceanica, under OA and CS2 condi-
tions, morphometric analyses were not performed because a
large majority of the coccoliths were extremely malformed,
and it was not possible to measure the shape of the speci-
mens (Fig. 2). In the CS1 treatment, coccoliths were slightly
smaller compared to the control with a thinner inner tube.
Coccolithus braarudii coccoliths were smaller in the OA and
CS2 treatments compared to the control and the CS1. In the
OA and CS1 treatments, 40 % of the C. braarudii coccoliths
were malformed, and ~ 10 % were incomplete. In the CS2
treatment, 97% of coccoliths were malformed or incomplete.
Pleurochrysis carterae coccolith size remained unaffected by
carbonate chemistry variations, but coccoliths are less ellip-
tical under OA, CS1, and CS2 compared to the control.

4 Discussion

Coccolithophores started to calcify in the late Triassic, and
this biological innovation appeared in a period of strong cli-
matic and biotic pressure (De Vargas et al., 2007). The earli-
est coccoliths had very simple morphologies and small sizes
(2-3 um; Bown et al., 2004). Calcareous nannoplankton un-
derwent a major diversification in the Mesozoic and Pale-
ocene where many new morphologies occurred. The appear-
ance of new coccolith shapes followed the main geological
events, at the Cretaceous/Paleogene (K/Pg) boundary, and
the Paleocene/Eocene (P/E) boundary, and these big reorga-
nizations suggest that certain kinds of morphologies might
have been no longer advantageous for coccolithophore al-
gae under the new ecological circumstances. The evolution
of calcareous nannoplankton through ~ 220 Ma documents
a remarkable morphological diversity within the group, and
in the last 30 Ma there has been a loss of species that pro-
duced large and heavily calcified coccoliths but an increase
in the modern community of coccolith architectures (Bown
et al., 2004). The cause of this impressive number of struc-
tures is unknown, but there might be a reason connected to
the function of coccoliths for the different species to produce
such different shapes ranging from protection against excess
sun light and/or against grazing (Monteiro et al., 2016). Ac-
cordingly, coccolith morphologies are likely only indirectly
linked to physical or chemical conditions such as temper-
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Table 6. Carbonate chemistry experiment data. Data presented are the average of three replicates. Growth rate (u; in cells d— by, coccosphere
and cell diameters (in pm); coccolith morphometric analyses were performed on 50 specimens for every treatment and for every replicate.
The following data represent the average of three replicates: average of coccolith distal shield length (DSL; in um) and coccolith distal
shield width (DSW; in pm); ellipticity (DSL/DSW) diameter; average E. huxleyi distal shield elements number (SE) and average distal shield
elements width (in pm; SEW); average E. huxleyi inner tube thickness (in um; tube thick.) and G. oceanica bridge angle (angle ©). Carbon
chemistry speciation calculated as the mean of start and end values of measured pH and TA are given. SD: standard deviation. SD1 and SDw

refer to DSL and DSW standard deviation.

Control OA CS1 CS2 Control OA CS1 CS2
pH 7.99 7.65 7.81 7.53 pH 791 7.79 7.79 7.53
TA 2302 2302 3611 4931 TA 2172 2303 3611 4933
fCOy 460 1068 1178 3142 fCO, 570 1366 1256 3142
HCO3 1958.58 2114 3289 4714 HCO5; 1945 2164 3303 4714
Ca out 3.50 1.74 3.88 2.93 Caout 3.01 1.52 3.74 2.93
n 1.05 0.76 1.12 0.52 s M 0.66 0.27 0.57 0.15
s SD 0.03 0.08 0.11 0.00 2 SD 0.00 0.01 0.04 0.00
E Coccosphere 4.88 5.09 4.94 47 § Coccosphere 7.25 6.24 6.51 5.44
= SD 0.11 0.11 0.08 001 & SD 0.01 0.12 0.25 0.01
N cell 423 459 435 444 T Cell 5.45 540 531 4.83
SD 024  0.01 0.03 0.00 SD 0.06 0.13 0.03 0.01
DSL 293 3.09 3.01 2.89 DSL 4.28 4.32
SDI1 0.33 0.37 0.3 0.29 SDI1 0.46 < 047 <
DSW 239 253 244 238 DSW 3.73 g 37 g
SDw 0.28 0.33 0.27 0.24 SDw 0.42 S 040 £
Ellipticity 1.23 1.23 1.24 1.21 Ellipticity 1.15 1.17
SE 28 33 30 30
SEW 0.11 0.11 0.12 0.1
Tube thick. 0.25 0.29 0.31 0.23 Tube thick. 1.32 1.23
Angle 63.81 70.29
Control OA CS1 CS2 Control OA CS1 CS2
pH 786 7.60  7.78 7.51 pH 8.03 7.82 7.88 7.61
TA 2170 1994 3234 4895 TA 2351 2313 3722 4984
fCOy 591 1142 1190 3356 fCOy 409 697 968 2782
HCO5 1800 2009 3123 4711 HCO; 1946 2027 3271 4700
& Caout 2.68 1.52 3.54 2.77 3 Ca out 3.83 2.46 246  4.58
§ n 0.56 043 0.42 023 5 n 052  0.53 0.51 0.52
s SD 0.01 0.00  0.01 002 3 SD 0.02 0.02 0.02 0.00
8 Coccosphere 19.82  18.15 18.15 16.78 ,-_: Coccosphere 11.70  11.39  11.52 11.56
SD 0.11 0.07 0.49 0.69 SD 0.10 032 0.09 0.44
Cell 15.65 11.76 1291 1281 Cell 9.03 9.16 9.35 9.77
SD 1.39 0.29 0.82 0.91 SD 0.32 1.11 0.59 0.08
DSL 13.10 1077 11.78 10.12 DSL 1.89 1.92 1.84 1.90
SDI1 1.23 1.06 0.96 0.66 SDI1 0.14  0.16 0.13 0.10
DSW 11.43 9.11 10.10 8.61 DSW 1.17 1.22 1.22 1.19
SDw 1.16  0.99 0.96 0.55 SDw 0.10 0.10 0.10 0.08
Ellipticity 1.15 1.19 1.17 1.18 Ellipticity 1.63 1.58 1.52 1.60

ature or CO, but may rather reflect their adaptation to a
specific, yet-unknown ecological function (Aloisi, 2015). If
morphological changes in coccoliths are the result of a physi-
ological response to environmental variations (e.g., CO7, nu-
trient, temperature), coccoliths recovered from marine sed-
iments could potentially conserve paleo-environmental in-
formation prevailing when the coccolithophore was alive
(Aloisi, 2015). Indeed, many studies of geological records

Clim. Past, 16, 1007—1025, 2020

calibrated biomineralization responses of ancient species to
environmental drivers with experiments with modern species
(e.g., Bornemann et al., 2006; Erba et al., 2010; Suchéras-
Marx et al., 2010; Linnert and Mutterlose, 2012; O’Dea et
al., 2014; Liibke et al., 2015; Gibbs et al., 2016; Faucher
et al., 2017a, b; Table 1). Calibrating paleo-responses with
observations from living species depends on the assumption
that coccolithophores conserved a certain response to certain

https://doi.org/10.5194/cp-16-1007-2020
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environmental parameters over geological timescales. How-
ever, fossils and living coccolithophores diverged a long time
ago and have a different genetic background, and therefore,
calcareous nannoplankton in the past and nowadays did and
do not necessarily act in the same way to external stress.
Furthermore, morphology may not only depend on abiotic
environmental conditions but could perhaps also be the re-
sult of evolutionary development induced through ecolog-
ical interactions. For example, if a coccolithophore geno-
type which forms larger coccoliths is better suited to pro-
tect a cell against prevalent grazers, then these genotypes
will likely proliferate, whereas related genotypes forming
smaller variants could eventually go extinct. The geologi-
cal record would not easily allow us to distinguish if mor-
phological changes are caused by physiological or ecolog-
ical drivers as it is difficult enough to reconstruct abiotic
paleo-environmental conditions but almost impossible to un-
ravel relevant processes in the food web of the geologic past.
Therefore, the fundamental question we asked ourselves was
whether morphological features observed in living coccol-
ithophores under specific environmental parameters could
help to build reliable proxies for abiotic paleo-environmental
conditions.

Overall, none of the five tested variables induced a con-
sistent response of coccolith size and shape across all four
species. For example, under high CO,, E. huxleyi formed
larger coccoliths, while C. braarudii formed smaller coccol-
iths. Interestingly, our observation of inconsistent responses
among species to various environmental drivers is in line
with observations from the fossil record. There are sev-
eral observations where just some of the prevailing species
showed changes in morphology during intervals character-
ized by extreme climatic conditions even though all species
were exposed to environmental stress. For example, dwarf
specimens were recorded for Biscutum constans in all Meso-
zoic episodes characterized by abnormal conditions, during
intervals of extreme volcanic activity (e.g., during Oceanic
Anoxic Events 1a, 1b, and 2; Bornemann et al., 2006; Erba et
al., 2010, 2019; Liibcke et al., 2015; Faucher et al., 2017a). In
conclusion, the inconsistency of morphological responses to
changing environmental drivers observed in both our experi-
ments and the geological record suggests that morphological
responses of living species cannot be used as analogues for
morphological changes in extinct species.

The exception in our dataset is the observed responses in
malformation to changes in carbonate chemistry where some
consistency was noted among the four tested species. Mal-
formations are generally considered as an evidence of errors
during intracellular coccolith formation so that a disturbance
of coccolithogenisis conserved in a malformation could be
the consequence of a direct (i.e., physiological) impact. In-
deed, malformations are unlikely to be the consequence of
an evolutionary (i.e., ecological) adaptation to environmen-
tal stress because there seems to be no obvious ecological
advantage of producing malformed coccoliths. The high de-
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gree of malformation when coccolithophores were grown un-
der high CO; concentrations provides some evidence that at
least this response variable could be used as paleo-proxy for
episodes of acute carbonate chemistry perturbations.

In the fossil record, there are several examples of inter-
vals characterized by high abundances of malformed speci-
mens, linked to the low calcite saturation state of the ocean
(Jiang and Wise, 2006; Raffi and De Bernardi, 2008; Agnini
et al., 2007; Erba et al., 2010; Bralower and Self Trail, 2016).
Different authors argued for high CO; influence on causing
these malformations during the Mesozoic OAEs, Paleocene-
Eocene Thermal Maximum (PETM) and Eocene Thermal
Maximum 2. All these intervals were characterized by ex-
cess CO» concentrations and/or slightly reduced pH. Malfor-
mations were expressed in different ways: they were repre-
sented by variation in ellipticity of coccoliths (Erba et al.,
2010), asymmetry (Agnini et al., 2007), irregular arrange-
ment and length of their rays, and diminished calcification
in some nannoliths (Jiang and Wise, 2006; Mutterlose et al.,
2007; Raffi and De Bernardi, 2008; Bralower and Self Trail,
2016). The short stratigraphic ranges where these malforma-
tions occurred, during the core of major ocean perturbations,
indicated that pH played a role in inducing the production
of these aberrant specimens (Mutterlose et al., 2007; Erba et
al., 2010). There is still not a clear explanation of why only
some species of calcareous nannoplankton were producing
aberrant specimens, and there is not a general consensus on
the role of carbonate chemistry in coccolithophore biominer-
alization (Gibbs et al., 2010, 2016). However, a recent work
provides a plausible explanation of what might have hap-
pened during the PETM. Here, only some species moved
and inhabited the deep part of the photic zone, to possibly
refuge from stressful warm and eutrophic conditions of the
surface water, but had to deal with lower saturation condi-
tions that induced malformations in these taxa (Bralower and
Self Trail, 2016).

The increase in the percentage of malformed coccoliths
observed in our experiments could suggest a more global oc-
currence of malformation in modern coccolithophore species
under low pH. However, it is important to bear in mind that
in the geological record critical intervals characterized by ex-
cess CO, concentrations lasted for some tens or hundreds
of thousands of years, whereas our experiments lasted a few
generations (days). Thus, environmental stress on geologi-
cal timescales may still be long enough for coccolithophores
to adapt, which can occur within months to years (Lohbeck
et al., 2012; Bach et al., 2018). It also needs to be kept in
mind that even if the four coccolithophore species tested here
showed similar morphological responses to changing envi-
ronmental drivers, it cannot be excluded that this resulted
from convergent evolution. Indeed, restriction on biological
conditions and adaptation to particular habitats can produce
widespread convergence as convergent evolution is often a
consequence of adaptation to a similar niche (Arbuckle et
al., 2014). Therefore, we want to point out that convergent
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morphological developments could represent similar adapta-
tions of different species to abiotic parameters that occurred
multiple times separate from each other.

5 Conclusions

According to the data provided in this study we report the fol-
lowing results: (1) sizes and morphologies of the four tested
species change differently in response to temperature, light,
nutrient, and Mg/Ca variations. In some cases, there were
opposing reactions among species under the same abiotic
stress; (2) a high number of malformations were detected
when coccolithophores were grown under excess CO,, and
this response occurred in all species tested here.

Overall, there is no support for the suitability of coccolith
morphometry to serve as proxy for temperature, light, nu-
trient, and Mg/Ca conditions of the past. However, coccol-
ith malformations could perhaps be useful indicators for car-
bonate chemistry stress. Indeed, it will be crucial to evaluate
whether malformations remain over a long time period or if
coccolithophores have and had an adaptive potential towards
extreme carbonate chemistry conditions that might rapidly
eliminate malformation in some generations.

Data availability. Data presented in the paper are available in the
Supplement. Further information can be accessed by contacting the
corresponding author (giulia.faucher @unimi.it).

Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/cp-16-1007-2020-supplement.

Author contributions. GF, LTB, and UR developed the paper
concept. GF and LTB conceived and designed the experiments. GF
performed the experiments and analyzed the data. All authors con-
tributed to the writing and discussion of the paper.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. We are indebted to the editor, Erin Mc-
Clymont, and Mariem Saavedra-Pellitero and an anonymous re-
viewer for their fruitful comments that greatly improved the quality
of this paper. A special note of thank goes to Elisabetta Erba for
sharing ideas and huge support. We acknowledge Agostino Rizzi
for assistance during the never-ending SEM analyses.

Financial support. This research was funded through MIUR-
PRIN 2011 (Ministero dell’Istruzione, dell’Universita e della
Ricerca—Progetti di Ricerca di Interesse Nazionale) for Elisa-
betta Erba (grant no. PRIN 2017RX9XXXY) and through SIR-

Clim. Past, 16, 1007—1025, 2020

G. Faucher et al.: Can morphological features of coccolithophores serve as a reliable proxy?

2014 (Ministero dell’Istruzione, dell’Universita e della Ricerca—
Scientific Independence of young researchers) for Cinzia Bottini
(grant no. SIR-2014 RBSI14UU81).

Review statement. This paper was edited by Erin McClymont
and reviewed by Mariem Saavedra-Pellitero and one anonymous
referee.

References

Agnini, C., Muttoni, G., Kent, D. V., and Rio, D.: Eocene
biostratigraphy ~and magnetic stratigraphy from Pos-
sagno, Italy: The calcareous nannofossil response to cli-
mate variability, Earth Planet. Sc. Lett., 241, 815-830,
https://doi.org/10.1016/j.epsl.2005.11.005, 2006.

Agnini, C., Fornaciari, E., Rio, D., Tateo, F., Backman, J.,
and Giusberti, L.: Responses of calcareous nannofossil as-
semblages, mineralogy and geochemistry to the environ-
mental perturbations across the Paleocene/Eocene boundary
in the Venetian Pre-Alps, Mar. Micropaleontol., 63, 19-38,
https://doi.org/10.1016/j.marmicro.2006.10.002, 2007.

Aloisi, G.: Covariation of metabolic rates and cell size
in  coccolithophores, Biogeosciences, 12, 4665-4692,
https://doi.org/10.5194/bg-12-4665-2015, 2015.

Arbuckle, K., Bennett, C. M., and Speed, M. P.: A simple measure
of the strength of convergent evolution, Methods Ecol. Evol., 5,
685-693, https://doi.org/10.1111/2041-210X.12195, 2014.

Bach, L. T., Riebesell, U., and Schulz, K. G.: Distinguishing be-
tween the effects of ocean acidification and ocean carbonation in
the coccolithophore Emiliania huxleyi, Limnol. Oceanogr., 56,
2040-2050, https://doi.org/10.4319/10.2011.56.6.2040, 2011.

Bach, L. T., Lohbeck, K. T., Reusch, T. B., and Riebesell, U.:
Rapid evolution of highly variable competitive abilities in a key
phytoplankton species, Nature Ecology and Evolution, 2, 611,
https://doi.org/10.1038/541559-018-0474-x, 2018.

Bendif, E. M., Probert, 1., Carmichael, M., Romac, S., Hagino, K.,
and De Vargas, C.: Genetic delineation between and within the
widespread coccolithophore morpho-species Emiliania huxleyi
and Gephyrocapsa oceanica (Haptophyta), J. Phycol., 50, 140-
148, https://doi.org/10.1111/jpy.12147, 2014.

Bornemann, A. and Mutterlose J.: Size analyses of the coc-
colith species Biscutum constans and Watznaueria barnesiae
from the Late Albian “Niveau Breistroffer”’(SE France): taxo-
nomic and palacoecological implications, Geobios, 39, 599615,
https://doi.org/10.1016/j.geobios.2005.05.005, 2006.

Bornemann, A., Aschwer, U., and Mutterlose, J.: The impact of
calcareous nannofossils on the pelagic carbonate accumulation
across the Jurassic—Cretaceous boundary, Palaeogeogr. Palaeocl.,
199, 187-228, https://doi.org/10.1016/S0031-0182(03)00507-8,
2003

Bown P. R.: Calcareous nannoplankton evolution: a tale of two
oceans, Micropaleontology, 51, 299-308, 2005.

Bown, P. R, Lees, J. A., and Young, J. R.: Calcareous nannoplank-
ton evolution and diversity through time, in: Coccolithophores,
edited by: Thierstein, H. R. and Young, J. R., Springer Berlin
Heidelberg, Germany, 481-508, 2004.

https://doi.org/10.5194/cp-16-1007-2020


https://doi.org/10.5194/cp-16-1007-2020-supplement
https://doi.org/10.1016/j.epsl.2005.11.005
https://doi.org/10.1016/j.marmicro.2006.10.002
https://doi.org/10.5194/bg-12-4665-2015
https://doi.org/10.1111/2041-210X.12195
https://doi.org/10.4319/lo.2011.56.6.2040
https://doi.org/10.1038/s41559-018-0474-x
https://doi.org/10.1111/jpy.12147
https://doi.org/10.1016/j.geobios.2005.05.005
https://doi.org/10.1016/S0031-0182(03)00507-8

G. Faucher et al.: Can morphological features of coccolithophores serve as a reliable proxy? 1023

Bralower, T. J. and Self-Trail, J. M.: Nannoplankton malformation
during the Paleocene-Eocene Thermal Maximum and its pale-
oecological and paleoceanographic significance, Paleoceanog-
raphy, 31, 1423-1439, https://doi.org/10.1002/2016PA002980,
2016.

Cottingham, K. L., Lennon, J. T., and Brown, B. L.
Knowing when to draw the line: designing more in-
formative  ecological experiments, Front. Ecol. En-
viron., 3, 145-152, https://doi.org/10.1890/1540-
9295(2005)003[0145:KWTDTL]2.0.CO;2, 2005.

Danbara, A. and Shiraiwa, Y.: The requirement of sele-
nium for the growth of marine coccolithophorids, Emil-
iania huxleyi, Gephyrocapsa oceanica and Helladosphaera
sp. (Prymnesiophyceae), Plant Cell. Physiol., 40, 762-766,
https://doi.org/10.1093/oxfordjournals.pcp.a029603, 1999.

De Vargas, C., Aubry, M. P., Probert, I. A. N., and Young, J.: Ori-
gin and evolution of coccolithophores: from coastal hunters to
oceanic farmers, in: Evolution of primary producers in the sea,
edited by: Falkowski, P. and Knoll, A., Academic Press, Amster-
dam, 251-285, 2007.

Dickson, A. G., Afghan, J. D., and Anderson, G. C.: Refer-
ence materials for oceanic CO; analysis: a method for the
certification of total alkalinity, Mar. Chem., 80, 185-197,
https://doi.org/10.1016/S0304-4203(02)00133-0, 2003.

Dickson, A. G., Sabine, C. L., and Christian, J. R. (Eds.): Guide to
best practices for ocean CO;, measurements, North Pacific Ma-
rine Science Organization, Sidney, British Columbia, 2007.

Erba, E.: Nannofossils and superplumes: the early Ap-
tian “nannoconid crisis”, Paleoceanography, 9, 483-501,
https://doi.org/10.1029/94PA00258, 1994.

Erba, E.: The first 150 million years history of cal-
careous nannoplankton: biosphere—geosphere in-
teractions, Palaeogeogr. Palaeocl., 232, 237-250,
https://doi.org/10.1016/j.palaeo.2005.09.013, 2006.

Erba, E., Bottini, C., Weissert, H. J., and Keller, C. E.: Cal-
careous nannoplankton response to surface-water acidification
around Oceanic Anoxic Event la, Science, 329, 428432,
https://doi.org/10.1126/science.1188886, 2010.

Erba, E., Bottini, C., Faucher, G., Gambacorta, G., and Visentin, S.:
The response of calcareous nannoplankton to Oceanic Anoxic
Events: The Italian pelagic record, B. Soc. Paleontol. Ital., 58,
51-71, 2019.

Faucher, G., Erba, E., Bottini, C., and Gambacorta, G.: Calcare-
ous nannoplankton response to the latest Cenomanian Oceanic
Anoxic Event 2 perturbation, Rivista Italiana di Paleontologia
e Stratigrafia (Research In Paleontology and Stratigraphy), 123,
159-176, 2017a.

Faucher, G., Hoffmann, L., Bach, L. T., Bottini, C., Erba, E.,
and Riebesell, U.: Impact of trace metal concentrations on
coccolithophore growth and morphology: laboratory simula-
tions of Cretaceous stress, Biogeosciences, 14, 3603-3613,
https://doi.org/10.5194/bg-14-3603-2017, 2017b.

Ferreira, J., Mattioli, E., and van de Schootbrugge, B: Palacoenvi-
ronmental vs. evolutionary control on size variation of coccoliths
across the Lower-Middle Jurassic, Palaeogeogr. Palaeocl., 465,
177-192, https://doi.org/10.1016/j.palaeo.2016.10.029, 2017.

Fraguas, A. and Young, J. R.: Evolution of the coccolith genus
Lotharingius during the Late Pliensbachian-Early Toarcian in-
terval in Asturias (N Spain). Consequences of the Early

https://doi.org/10.5194/cp-16-1007-2020

Toarcian environmental perturbations, Geobios, 44, 361-375,
https://doi.org/10.1016/j.geobios.2010.10.005, 2011.

Gattuso, J. P, Lee, K., Rost, B., and Schulz, K.: Approaches and
tools to manipulate the carbonate chemistry, in: Guide to Best
Practices for Ocean Acidification Research and Data Handling,
edited by: Riebesell, U., Fabry, V. J., Hansson, L., and Gattuso,
J.-P., Brussels, Publication Office of the European Union, 41-52,
2010.

Gibbs, S. J., Stoll, H. M., Bown, P. R., and Bralower, T. J.: Ocean
acidification and surface water carbonate production across the
Paleocene—Eocene thermal maximum, Earth Planet. Sc. Lett.,
295, 583-592, https://doi.org/10.1016/j.epsl.2010.04.044, 2010.

Gibbs, S. J., Bown, P. R., Ridgwell, A., Young, J. R., Poulton, A.
J., and O’Dea, S. A.: Ocean warming, not acidification, con-
trolled coccolithophore response during past greenhouse climate
change, Geology, 44, 59-62, https://doi.org/10.1130/G37273.1,
2016.

Giraud, F., Pittet, B., Mattioli, E., and Audouin, V.. Pa-
leoenvironmental controls on the morphology and abun-
dance of the coccolith Watznaueria britannica (Late Juras-
sic, southern Germany), Mar. Micropaleontol., 60, 205-225,
https://doi.org/10.1016/j.marmicro.2006.04.004, 2006.

Guillard, R. R. L. and Ryther, J. H.: Studies of marine planktonic
diatoms: 1. Cyclotella nana Hustedt, and Detonula confervacea
(CLEVE) Gran, Can. J. Microbiol., 8, 229-239, 1962.

Jiang, S. and Wise Jr., S. W.: Surface-water chemistry and fertility
variations in the tropical Atlantic across the Paleocene/Eocene
Thermal Maximum as evidenced by calcareous nannoplankton
from ODP Leg 207, Hole 1259B, Revue de micropaléontolo-
gie, 49, 227-244, https://doi.org/10.1016/j.revmic.2006.10.002,
2006.

Kester, D. R., Duedall, I. W., Connors, D. N., and Pytkowicz, R. M.:
Preparation of artificial seawater, Limnol. Oceanogr., 12, 176—
179, 1967.

Langer, G., Geisen, M., Baumann, K. H., Kl&s, J., Riebe-
sell, U., Thoms, S., and Young, J. R.: Species-specific
responses of calcifying algae to changing seawater car-
bonate chemistry, Geochem. Geophy. Geosy., 7, Q09006,
https://doi.org/10.1029/2005GC001227, 2006.

Langer, G., De Nooijer, L. J., and Oetjen, K.: On the role
of the cytoskeleton in coccolith morphogenesis: the ef-
fect of cytoskeleton inhibitors, J. Phycol., 46, 1252-1256,
https://doi.org/10.1111/j.1529-8817.2010.00916.x, 2010.

LaRoche, J., Rost, B., and Engel, A.: Bioassays, batch culture and
chemostat experimentation, in: Guide for best practices in ocean
acidification research and data reporting, edited by: Riebesell,
U., Fabry, V. J., Hansson, L., and Gattuso, J.-P., Luxembourg,
Publications Office of the European Union 81-94, 2010.

Lees, J. A, Bown, P. R., and Mattioli, E.: Problems with
proxies? Cautionary tales of calcareous nannofossil pale-
oenvironmental indicators, Micropaleontology, 51, 333-343,
https://doi.org/10.2113/gsmicropal.51.4.333, 2005.

Linnert, C. and Mutterlose, J.: Biometry of Cenomanian—Turonian
placoliths: a proxy for changes of fertility and surface-water tem-
perature?, Lethaia, 46, 82-97, https://doi.org/10.1111/5.1502-
3931.2012.00323.x, 2012.

Liu, H., Aris-Brosou, S., Probert, 1., and De Vargas, C.: A time
line of the environmental genetics of the haptophytes, Mol. Biol.

Clim. Past, 16, 1007-1025, 2020


https://doi.org/10.1002/2016PA002980
https://doi.org/10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2
https://doi.org/10.1093/oxfordjournals.pcp.a029603
https://doi.org/10.1016/S0304-4203(02)00133-0
https://doi.org/10.1029/94PA00258
https://doi.org/10.1016/j.palaeo.2005.09.013
https://doi.org/10.1126/science.1188886
https://doi.org/10.5194/bg-14-3603-2017
https://doi.org/10.1016/j.palaeo.2016.10.029
https://doi.org/10.1016/j.geobios.2010.10.005
https://doi.org/10.1016/j.epsl.2010.04.044
https://doi.org/10.1130/G37273.1
https://doi.org/10.1016/j.marmicro.2006.04.004
https://doi.org/10.1016/j.revmic.2006.10.002
https://doi.org/10.1029/2005GC001227
https://doi.org/10.1111/j.1529-8817.2010.00916.x
https://doi.org/10.2113/gsmicropal.51.4.333
https://doi.org/10.1111/j.1502-3931.2012.00323.x
https://doi.org/10.1111/j.1502-3931.2012.00323.x

1024

Evol., 27,
2010.

Lohbeck, K. T., Riebesell, U., and Reusch, T. B.: Adaptive evolu-
tion of a key phytoplankton species to ocean acidification, Nat.
Geosci., 5, 346, https://doi.org/10.1038/ngeo1441, 2012.

Liibke, N. and Mutterlose, J.: The impact of OAE 1a on marine biota
deciphered by size variations of coccoliths, Cretaceous Res., 61,
169-179, https://doi.org/10.1016/j.cretres.2016.01.006, 2016.

Liibke, N., Mutterlose, J., and Bottini, C.: Size variations of
coccoliths in Cretaceous oceans, a result of preservation,
genetics and ecology?, Mar. Micropaleontol., 117, 25-39,
https://doi.org/10.1016/j.marmicro.2015.03.002, 2015.

Mattioli, E., Pittet, B., Young, J. R., and Bown, P. R.: Biometric
analysis of Pliensbachian-Toarcian (Lower Jurassic) coccoliths
of the family Biscutaceae: intra-and interspecific variability ver-
sus palaecoenvironmental influence, Mar. Micropaleontol., 52, 5—
27, https://doi.org/10.1016/j.marmicro.2004.04.004, 2004a.

Mattioli, E., Pittet, B., Palliani, R., Rohl, H. J., Schmid-R&hl, A.,
and Morettini, E.: Phytoplankton evidence for the timing and cor-
relation of palaecoceanographical changes during the early Toar-
cian oceanic anoxic event (Early Jurassic), J. Geol. Soc., 161,
685—693, https://doi.org/10.1144/0016-764903-074, 2004b.

Mattioli, E., Pittet, B., Petitpierre, L., and Mailliot, S.: Dramatic de-
crease of pelagic carbonate production by nannoplankton across
the Early Toarcian anoxic event (T-OAE), Global Planet. Change,
65, 134-145, https://doi.org/10.1016/j.gloplacha.2008.10.018,
2009.

Monteiro, F. M., Bach, L. T., Brownlee, C., Bown, P., Rickaby,
R. E., Poulton, A. J., Tyrrel, T., Beaufort, L., Dutkiewicz, S.,
Gibbs, S., Gutowska, M. A., Lee, R., Riebesell, U., Young, J.,
and Ridgwell, A.: Why marine phytoplankton calcify, Sci. Adv.,
2,e1501822, https://doi.org/10.1126/sciadv.1501822, 2016.

Miiller, M. N., Beaufort, L., Bernard, O., Pedrotti, M. L., Talec,
A., and Sciandra, A.: Influence of CO; and nitrogen limitation
on the coccolith volume of Emiliania huxleyi (Haptophyta), Bio-
geosciences, 9, 4155-4167, https://doi.org/10.5194/bg-9-4155-
2012, 2012.

Mutterlose, J., Linnert, C., and Norris, R.: Calcareous nan-
nofossils from the Paleocene—Eocene Thermal Maximum
of the equatorial Atlantic (ODP Site 1260B): evidence
for tropical warming, Mar. Micropaleontol., 65, 13-31,
https://doi.org/10.1016/j.marmicro.2007.05.004, 2007.

O’Dea, S. A., Gibbs, S.J., Bown, P. R, Young, J. R., Poulton, A. J.,
Newsam, C., and Wilson, P. A.: Coccolithophore calcification re-
sponse to past ocean acidification and climate change, Nat. Com-
mun., 5, 5363, https://doi.org/10.1038/ncomms6363, 2014.

161-176, https://doi.org/10.1093/molbev/msp222,

Paasche, E.: Roles of nitrogen and phosphorus in
coccolith  formation in  Emiliania  huxleyi  (Prym-
nesiophyceae),  European J.  Phycol., 33, 33-42,

https://doi.org/10.1080/09670269810001736513, 1998.
Pierrot, D., Lewis, E., and Wallace, D.W.R: MS Ex-
cel Program Developed for CO; System Calcula-

tions. ORNL/CDIAC-105a, Carbon Dioxide Informa-
tion Analysis Center, Oak Ridge National Laboratory,
U.S. Department of Energy, Oak Ridge, Tennessee,

https://doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a,
2006.

Raffi, I. and De Bernardi, B.: Response of calcareous nan-
nofossils to the Paleocene-Eocene Thermal Maximum:

Clim. Past, 16, 1007—1025, 2020

G. Faucher et al.: Can morphological features of coccolithophores serve as a reliable proxy?

observations on composition, preservation and calcifica-
tion in sediments from ODP Site 1263 (Walvis Ridge
— SW Atlantic), Mar. Micropaleontol., 69, 119-138,
https://doi.org/10.1016/j.marmicro.2008.07.002, 2008.

Renaud, S. and Klaas, C.: Seasonal variations in the mor-
phology of the coccolithophore Calcidiscus leptoporus off
Bermuda (N. Atlantic), J. Plankton Res., 23, 779-795,
https://doi.org/10.1093/plankt/23.8.779, 2001

Renaud, S., Ziveri, P., and Broerse, A. T.: Geographical and
seasonal differences in morphology and dynamics of the
coccolithophore Calcidiscus leptoporus, Mar. Micropaleontol.,
46, 363-385, https://doi.org/10.1016/S0377-8398(02)00081-6,
2002.

Riebesell U., Zondervan I., Rost B., Tortell P. D., Zeebe R. E.,
and Morel, F. M.: Reduced calcification of marine plankton in
response to increased atmospheric CO,, Nature, 407, 364-367,
https://doi.org/10.1038/35030078, 2000.

Rosas-Navarro, A., Langer, G., and Ziveri, P.: Temperature affects
the morphology and calcification of Emiliania huxleyi strains,
Biogeosciences, 13, 2913-2926, https://doi.org/10.5194/bg-13-
2913-2016, 2016.

Roy, R. N., Roy, L. N., Vogel, K. M., Porter-Moore, C., Pearson,
T., Good, C. E., Millero, F. J., and Campbell, D. M.: The dis-
sociation constants of carbonic acid in seawater at salinities 5
to 45 and temperatures O to 45°C, Mar. Chem., 44, 249-267,
https://doi.org/10.1016/0304-4203(93)90207-5, 1993.

Schindelin, J., Arganda-Carreras, 1., Frise, E., Kaynig, V., Lon-
gair, M., Pietzsch, T., Rueden, C., Saalfeld, S., Schmid, B.,
Tinevez, J., Y., White, D. J., Hartenstein, V., Eliceiri K.,
Tomancak, P., and Cardona, A.: Fiji: an open-source plat-
form for biological-image analysis, Nat. Mehods, 9, 676-682,
https://doi.org/10.1038/nmeth.2019, 2012.

Schulz, K. G., Bach, L. T., Bellerby, R. G. J., Bermidez,
R., Biidenbender, J., Boxhammer, T., Czerny, J., Engel., A.,
Ludwig, A., Meyerhofer, M., Larsen, A., Paul, A. J., Ss-
wat, Michael, and Riebesell, U.: Phytoplankton blooms at in-
creasing levels of atmospheric carbon dioxide: experimental
evidence for negative effects on prymnesiophytes and pos-
itive on small picoeukaryotes, Front. Mar. Sci., 4, 1-18,
https://doi.org/10.3389/fmars.2017.00064, 2017.

Sheward, R. M., Poulton, A. J., Gibbs, S. J., Daniels, C. J., and
Bown, P. R.: Physiology regulates the relationship between
coccosphere geometry and growth phase in coccolithophores,
Biogeosciences, 14, 1493-1509, https://doi.org/10.5194/bg-14-
1493-2017, 2017.

Suan, G., Mattioli, E., Pittet, B., Mailliot, S., and Lécuyer, C.: Ev-
idence for major environmental perturbation prior to and dur-
ing the Toarcian (Early Jurassic) oceanic anoxic event from
the Lusitanian Basin, Portugal, Paleoceanography, 23, PA1202,
https://doi.org/10.1029/2007PA001459, 2008.

Suan, G., Mattioli, E., Pittet, B., Lécuyer, C., Suchéras-Marx, B.,
Duarte, L. V., Philippe, M., Reggiani, L., and Martineau, F.: Sec-
ular environmental precursors to Early Toarcian (Jurassic) ex-
treme climate changes, Earth Planet. Sc. Lett., 290, 448-458,
https://doi.org/10.1016/j.epsl.2009.12.047, 2010.

Suchéras-Marx, B., Mattioli, E., Pittet, B., Escarguel, G., and Suan,
G.: Astronomically-paced coccolith size variations during the
early Pliensbachian (Early Jurassic), Palaecogeogr. Palaeocl., 295,
281-292, https://doi.org/10.1016/j.palaeo.2010.06.006, 2010.

https://doi.org/10.5194/cp-16-1007-2020


https://doi.org/10.1093/molbev/msp222
https://doi.org/10.1038/ngeo1441
https://doi.org/10.1016/j.cretres.2016.01.006
https://doi.org/10.1016/j.marmicro.2015.03.002
https://doi.org/10.1016/j.marmicro.2004.04.004
https://doi.org/10.1144/0016-764903-074
https://doi.org/10.1016/j.gloplacha.2008.10.018
https://doi.org/10.1126/sciadv.1501822
https://doi.org/10.5194/bg-9-4155-2012
https://doi.org/10.5194/bg-9-4155-2012
https://doi.org/10.1016/j.marmicro.2007.05.004
https://doi.org/10.1038/ncomms6363
https://doi.org/10.1080/09670269810001736513
https://doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a
https://doi.org/10.1016/j.marmicro.2008.07.002
https://doi.org/10.1093/plankt/23.8.779
https://doi.org/10.1016/S0377-8398(02)00081-6
https://doi.org/10.1038/35030078
https://doi.org/10.5194/bg-13-2913-2016
https://doi.org/10.5194/bg-13-2913-2016
https://doi.org/10.1016/0304-4203(93)90207-5
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.3389/fmars.2017.00064
https://doi.org/10.5194/bg-14-1493-2017
https://doi.org/10.5194/bg-14-1493-2017
https://doi.org/10.1029/2007PA001459
https://doi.org/10.1016/j.epsl.2009.12.047
https://doi.org/10.1016/j.palaeo.2010.06.006

G. Faucher et al.: Can morphological features of coccolithophores serve as a reliable proxy? 1025

Tiraboschi, D., Erba, E., and Jenkyns, H. C.: Origin of rhythmic
Albian black shales (Piobbico core, central Italy): Calcareous
nannofossil quantitative and statistical analyses and paleoceano-
graphic reconstructions, Paleoceanography and Paleoclimatol-
ogy, 24, PA2222, https://doi.org/10.1029/2008PA001670, 2009.

Tremolada, F., De Bernardi, B., and Erba, E.: Size variations of the
calcareous nannofossil taxon Discoaster multiradiatus (Incertae
sedis) across the Paleocene—Eocene thermal maximum in ocean
drilling program holes 690B and 1209B, Mar. Micropaleontol.,
67, 239-254, https://doi.org/10.1016/j.marmicro.2008.01.010,
2008.

Trimborn, S., Langer, G., and Rost, B.: Effect of varying calcium
concentrations and light intensities on calcification and photo-
synthesis in Emiliania huxleyi, Limnol. Oceanogr., 52, 2285-
2293, https://doi.org/10.4319/10.2007.52.5.2285, 2007.

https://doi.org/10.5194/cp-16-1007-2020

Tyrrell, T. and Young, J. R.: Coccolithophores, in: Encyclopedia of
Ocean Sciences, edited by: Steele, J. H., Turekian, K. K., and
Thorpe, S. A., Academic Press, San Diego, 3568-3576, 2009.

Wulff, L., Mutterlose, J., and Bornemann, A.: Size varia-
tions and abundance patterns of calcareous nannofos-
sils in mid Barremian black shales of the Boreal Realm
(Lower Saxony Basin), Mar. Micropaleontol., 156, 101853,
https://doi.org/10.1016/j.marmicro.2020.101853, 2020.

Zondervan L.: The effects of light, macronutrients, trace metals and
CO; on the production of calcium carbonate and organic carbon
in coccolithophores — a review, Deep-Sea Res. Pt. 11, 54, 521-
537, https://doi.org/10.1016/j.dsr2.2006.12.004, 2007.

Clim. Past, 16, 1007-1025, 2020


https://doi.org/10.1029/2008PA001670
https://doi.org/10.1016/j.marmicro.2008.01.010
https://doi.org/10.4319/lo.2007.52.5.2285
https://doi.org/10.1016/j.marmicro.2020.101853
https://doi.org/10.1016/j.dsr2.2006.12.004

	Abstract
	Introduction
	Material and methods
	Experimental setup
	Specifics in the light experiment
	Specifics in the Mg/Ca experiment
	Specifics in the nutrient experiment
	Specifics in the temperature experiment
	Specifics in the carbonate chemistry experiment

	Cell abundance, coccosphere, and cell size
	Scanning electron microscopy (SEM)
	Statistics

	Results
	Light
	Mg/Ca
	Nutrient limitation
	Temperature
	Carbonate chemistry parameters

	Discussion
	Conclusions
	Data availability
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

