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Abstract

Understanding the variations in past ocean carbonate chemistry is ctdiealcidating the role
of the oceans in balancing the global carbon cylie fossil shells from marimalcifierspresent

in the sedimentary recordre widely applied as past oceaarbon cyclgroxies. Howevetthe
interpretation of these records can be challenging due to the compleyxsiological and
ecological response to the carbonate system dutmgorganisms'ife cycle, as well as the
potential for preservation at the seaflooHere we present a new dissolution proxy based on
the morphological attribute®f coccolithophoredrom the Noélaerhabdaceatamily Emiliania
huxleyi> 2 um and small Gephyrocapsapp). To evaluate the influences of coccolithophore
calcification and coccolith preservation on fossil morphologg, measuredmorphological
attributes, massJength, thickness, and shape fac{és) of coccolittsin a laboratory dissolution
experiment and surface sediment sampléom the South Cima Sea. The coccolith
morphological data in surface sedimesmiere alsoanalyzed with environment settings, namely
surface temperature, nutrierst pH,chlorophylta concentration and carbonate saturation of
bottom water by a redundancy analys&atistical analysisndicates that carbonate saturation
of the deep ocean explasthe highest proportion ofariation in themorphological data instead
of the environmental variables of theurface ocearMoreover, he dissolution trajectoryn the
ksvs length of coccolithsis comparable between natal samples and laboratorglissolution
experimens, emphasizing the importance of carbonate saturation on fossitcolith
morphology However, the mean ks alone cannot fully expldie mainvariations observed in

our work. We propose that thenormalized ksvariation, which is themean ks and standard

devi ation of ks ( o),codldreflect different degreesnof dissolutiorodndk s )

sizeselective dissolutioninfluenced by th@ssemblage compositioBy gplyingtogether with
the o/ ks r at ifossilcocchligsinkdsep dcaacsédmnentsanidld bea potential

proxy fora quantitative reconstruction of past carbonate dissolutidynamics
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1. Introduction
The ocean’s | ar ge r dogide (Ceplays anesegniakraletingthe o f

carbon cycle and, consequently, in controlling atmospherie &@igwell and Zeebe, 2005;
Wang et al., 2016 he ocean CQs influenced by temperature, salinity, and biological activity,
including primary prodction, respiration, calcification, and carbonate dissolution (Ridgwell and
Zeebe, 2005; Sarmiento and Gruber, 2006; Libes, 2009; Wang et al., \20H8).CQdissolves

in water, the oceanbecomes more acidigecreasingpH, carbonate iorconcentration and
carbonate saturationMiy. The carbonate compensation depth (CCD) is the depth at which the
rate of calcite dissolution is balanced by the rate of calcite sufplg. CCD is usually several
hundred meters deeper than the chemical lysoe] the saturation horizon of calcite, due to the
kinetics of dissolution (Ridgwell and Zeebe, 200#)ereas the photic zone is supersaturated

with respect to calcite in most aread the ocean, large areas of the deep ocean are currently

undersaturatedoecause of the increased solubility of calcite with pressure (Sulpis et al., 2018).

Asthe oceancontinuesabsorhing larger amounts of Crom anthropogenic fuel emissions,
shallowing othe CCD is expectddr the next 100 yeardue to the sharp decres of carbonate
saturation from surface to deep ocedHonisch et al., 2012; USGCRP, 2@lilpis et a] 2018
IPCC, 2019)ariations in the CCD on timescdfiesn millionsto several thousandsf yearsare

an important process in determining thecean's carbonate chemistry and regulating
atmosphericCQ (Emerson and Archefl990 Pilike et al, 2006. Understandingthe role of
physical and biogeochemigaarametesin marine carbonates itherefore critical to interpret
the geological record correctignd to reconstruct variations the ocean carbon cycle in the
past.

The effects of carbonate chemistry changesl variations in the position of the C@D
the geological past have been investigategsing a wide array of geochemical and microfossil
proxies such ad'*Cin benthic and planktonic foramiféra (Zachos et al., 200%j6nisch et al.,
2012) fragmentationindicesof calcareous microfossifke and Shackleton, 19%®roerse et al.,
200Q Flores et al., 2003)and CaC@content (Archer et al., 2000Palike et al., 2008n marine
sediments.However, these proxies do n@rovide quantitative estimates of past changes
carbonate chemistrybecause some additionakcological mechanisms determinéhe
calcification and preservation respongg#onisch et al., 2012; Rae et al., 202}B providesa
guantitative proxy for past seawateipH (Honisch et al., 2032 albeit additionalcarbonate
chemistry parameters impose some limits on the interpretatiothefproxy (Yu and Elderfield,
2007; Rae et al., 2021)Benthic B/Ca provides a quantitative proxy for deep sea?CO

concentration(Yu et al., 2016)Yet both ofthese methods reque monospecific foraminifera
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samples for measurements, which are thoensuming to pick, and analyses are limited to
sediment samples that contain sufficient concentration of this microfossil group.

Coccolithophores, a group ainglecelled calcifying algaeare characterized by the
production of calcite plates called coccolith Coccolithsare the main constituent of marine
biogenic sediments;ontributingup to 80% of deep-sea carbonate fluxes (Young and Ziveri,
2000 Hay, 2003 Changes in coccolithmorphology, distribution, andabundancesre believed
to record the evolution history of coccolithopharandreflectthe environmental conditions in
the surface oceari.e, during coccolith biomineralization)Rebesell et al 2000 Iglesias
Rodriguezt al, 2008;Beaufort et al., 2011Charalampopouloet al, 2016;RigualHerndndez
et al., 202@). Because of thatcoccolithsarewidelyused in paleoclimate and paleoceanographic
reconstructions €.g, Bollman andHerrle, 200; Rickaby et aJ 2007; Henderiks and Pagani
2007; Bolton et aJ2016).Several methods exist to estimate coccolithophore calcification in the
fossil record Assumedproportional length and thickness allowed for the fiesstimates of
coccolith mass using microscope techniques (Young and Ziveri, 200®) recent methods
based on the optical properties of calcite under polariigbt microscopy(circular and linear)
allowed a more precise estimate ahe thickness of individual coccolith®eaufort 2005;
Bollman etal., 2014 Fuertes et al.2014 Johnsen and Bollmann, 202Beaufort et al., 20211
The opticaltechniques have been successfully employed in downcore records to estimate
coccolithophore calcification acrogBne and evolutionary stepge.g, Bdton et al, 2016;
Beaufort et al. 2022 Guitian et al.2022. However, until now theréhas beemo studythat
evaluates the response of calcification patterns of fossil coccolithophores to both environmental
parameters controlling biomineralization in the photic zone and calcite saturation state at the
depth of burial.

The South China Sea (SCS) is l#ngest marginal basin of the Western Pacific,
characterized by very dynamic spatial environmental conditions and a steep bathymetric profile
(Wang et al., 2015). Sediment records from this basin have been used to study the response of
coccolithophores todifferent environmental variablesPrevious studies found positive
correlations betweercoccolithophorebiometry from plankton samples and nutrients and light
at the photic zone (Jin et al., 201®uildingon these results, but applied to the sedimentary
record, Su et al(2020)explored the dependency aoccolithophore weight and past surface
ocean carbon chemistry parameters and nutrient conditions. However, it dlss been
demonstrated that there is intense coccolithophore dissolution above the lysoti the SCS
(Fernando et al., 2007a). More recently, a study using plankton tow material foundhéat t
degree ofcalcification inthe coccolithophore specieEmiliania huxleyiwas insensitive to

carbonate chemistryn surface waters (Jin et ak022a) This diversity of results calls for new
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studiesthat systematicallyexplorethe drivers of coccolithophore morphology and calcification
in the fossil record.

Here, we analyzed morphological attributes of fossil coccolithophores in surface
sediment samms in the SCS, located acragmtial environmental gradientsn the surface
ocean but also across a bathymetric transect related to the calcite saturation asedtoor
which leads to lower calcite saturation at the seafloor in deeper ditemddition, we evaluated
the morphological variations of coccoliths under different dissolutidensitiesin a laboratory
experiment. Using an automated algorithm to estimate coccolithophore calcification from
images taken with a microscope under cr@sdarization, we show thatscaleinvariant
measures of coccolith thickness (shape fadtsyfrom coccolithophores located along a depth
gradient in the SCS are highly correlated to the calcite saturation statiee seafloor We
propose a new calibratiorotreconstruct past calcite saturation based omkschwould enable
the quantitative reconstruction of changes in tlalcite saturation in the deep ocean and

position of theCCD in the past.

2. Oceanographic settings
The SCS is a marginal basin located in the Western Pacific, connected to the open ocean

by shallow passagés the northand south(Fig.1A). The Luzon Strait in the north is the deepest
(~2000 m) anthe principal channel for water exchange between 8@ and the Pacific through
the Kuroshio Current (Qu et al., 2006; Liu et al., 2011; sviadian, 2014)The modern surface
circulation and hydrographic characteristics of the SCS are directly associated with the seasonal
changes promoted by th&ast AsiarMonsoon EAM Wang and Li, 2009 These seasonal
hydrodynamic patternsontrol the regionalsea surface temperature (SST) distribufisalinity,

and nutrients Fig.1B-E, WangandLi, 2009). The SST latitudinal gradient is up t€ @ith an
annual average of 289°C in the southern SCS and-2F C in the north (Tian et al., 2010).
Salinity varieseasonallypetween 32.834.2psu, with smaller salinity variation in the north than

in the south (Wan@ndLi, 2009). Northern SCS primary productivity reflects the seasonality of
the EAM with more productive and wetlixed waters during the winter seas¢dhang et al.,
2016) with higherchlorophylta concentration (0.65 mg Gl “%and 600 mg C rhd™) (Chen,
2005; Chen et al., 2006; Jin et al., 2016).
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Figure 1. Map of the South China Sea and location oftopreamplesised in the present study
Dotsand squaresepresent stations located from 6° to 15° N, and from 15° to 22A\Vertical
profiles along N5 (5° to 22° N) transe¢tlotted red line on panel A)f (B) temperature, (C)
salinity, (D) nitrateand (E) phosphate, (F) total alkalinity (TALK) andot&l)ihorganic carbon
concentration (TCQ), (H) pH and (N\acalculated at C25YS (Pierrot et al., 2018ee M&M
3.3 section for data sourceg-he map and the vertical profiles were plotted witlcganData
View (ODV)software (Schlitzer, 2019 olored dots in panel (B) indicate the geographical
position along the transect shown in pan@l) of the surface sediment samples used in this

study.

The modern SCS lysocline is approximat230 m, and theCCD lies betwee3500 and
3800 m(Thunell et al., 1992; Wang et al., 199bipet al., 20B). In the northern SCS, surface
waters (e.g., the upper 300 maje characterized by relatively low DIC and TAUKIFG) and
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higher pH and\c; compared to deeper water@-ig.1HI) (Chou et al., 2007; Jin et al., 2016).
Below 1000 mthe SCScrossa N-S transecis characterized by relatively homogeneoD$C,
OC, and [C&F] (Chen et al., 2006; Qu et al., 2006; Chou et al., 2007; Wan et al., 2020).

The SCS deep waters originate from the North Pacific Deep Water (NPDW) that
penetratesthe marginal basin through the Luzon Sti@gu et al., 2006; Liu et al., 2011; Wan
and Jian, 2014Wan et al., 2018). The route traced from the Luzon Strait torthehwes
suggests a predominantly cyclonic deep circulation (Qu e2@06; Wangand Li, 2009). The
deepwater residence time of the SCS is estimated to be approximatebp3@ars, like that of
intermediate waters, 52 years (Chen et al., 2001). Due to ttost shsidence time, the SCS
presentsa homogeneous vertical profilebelow 2000 m there are no evident chemical
stratification or changes compared to the Pacific deexder chemistry (>2000 m)
characteristics (Chen et al., 2001; 2006; Qu et al., 200@) rdpid residence time potentially
implies that, when replaced, deep waters occupy intermediate water levels (between 300 m and
1300 m), contributing to the circulation of intermediate and shallow waters and ccean

atmosphere exchanges (Qu et al., 200anTat al., 2010).

3. Material and methods

3.1 Material andsampletreatments
The coretop samples(n =28) employed in this study wenmetrieved from different

depthsin the basin ofSCSKig.1) during the R/V Sonne cruises (88) (Table 1).Toothpick
samples from each location were usedor@paresmear slides, without any chemiaalphysical
treatment, following standard micropaleontological procedur@glarsaglia et al., 2015
Unfortunately, the surface sediments were already depleteduting in not havingenough
material to perform dissolution experimestusing the same sampleskor the dissolution
experiment we employed240 mg of dry sediment obtained fromLate Pleistocene sample
from the Western Equatorial Pacifi©€¢ean Drilling Prograr®DR 807A2H-2W, 57-59 cm).The
distribution of coccolithophore species belonging to thatlaerhabdaceae family in theample
ODP 807s 41%0of G. oceanica34%of G. caribbeanicand 23%of smallGephyrocapsaTlhese
taxa are thicker particularlyz. caribbeanicathan the thinner Noélaerhabdaceaespecies
commonlyfound in the SCS (e, &. huxleyiRoth and Berger, 197Roth and Coulbourn, 1982
The sedimentsample was suspended &R0 ml MilltQ water, and then the suspension was
separated into &entrifuge tubes, eaclith a volume of 20 mL and containing the equivalent
of 40 mg of sedimentSdium hexametaphosphat@NaPQ)s (Calgon®has traditionallybeen
used in pretreatment of samples with calcatmomicrofossils, particularly foraminifera (Olson

and Smart 2004; Smart et al., 2008). However, it has been observed that application of this
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chemical agent dissolves these microfossils due to complexation of Ca with phosphates, an
effect which varies witlthe exposure timg(Feldmeijer et al., 2013). Therefore, \@dded 100

mg of Calgon@nto 100 mIMilli-Q water, resulting in a concentration of 1.6mM, to conduct our
dissolution experiment. Different volumes Ghlgon®olution (0, 0.4, 0.8, 2, 4 6 miereadded

to each ofthe sixsubsamplesTheCalgon@s very corrosive to the fine carbonate partiglead

the reaction betweerCalgon@nd carbonate could be simplified in two steps. First, the (NRPO
hydrolysisreleaseghe sodium trimetaphosphatéNaP;0g). Then, thecalcium in the solutiois
exchangd with sodium and precipitate as Ca(§ CaNa(PQ)s and CaNa(PQ)s, strongly
reducingthe free calcium concentration in the solution. The decreasealcium concentration
promotescarbonatedissolution.In theory, adding 1 mol (NaR@would resultin the dissolution

of 3 mol CaC®at maximum So, there could be80% carbonateleft even after adding 6 ml
Calgon®solution The particles in all tubes were kept suspended gently by a rotating
disaggregationwheelas described previously (Stoll and Ziveri, 2002)vior days to achieve a
full readion between carbonate and (NaB)@ Slideswvere prepared for coccolith morphological
analyses using thérop technique as describebly Bardiga et al. (2015) to trace the variations

of coccolith amount during dissolution.

3.2 Coccolith morphologicphrameters
The morphological parameters of coccadith the dissolution experiment and surface

sediment were analyzedsinga Polarized Mimscope (Zeiss Axio Scope HAL100), configured
with circularly polarized 1 ight and amdaZei ss
coupled camera (Zeiss Axiocam 506 Colen). every samplegt least 40 fields of view were
photographed After species identification and selection of coccolithophanesges belonging

to the Noélaerhabdaceatamily Emiliania huxley® 2 pm and smallGephyrocapsapp), each
sample hadbetween 100 and 400 (average of 250 per samptecolithophoreimages The
relationship betweenthe color of coccolith images and thickness was calibratethg a
referencecalcitewedge, the thickness of whidiadbeen carefullyquantified (Gonzaled.emos

et al, 2018).After calibration, all images were analyzedhe Matlab-based software, €alcita
(Fuertes et al.,, 20140 obtain the coccolith morphological parameterscluding length
volume, and mass The lengthshape factorof each coccolithks, was calculatedsing the
formula by Young and Ziveri (2000)skd on the coccolith mass and length obtairfeam G

Calcita:

EO 57—

P
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Beyond the traditional morphological parameters, walculated thenormalized ks
variation which is thaatio of thestandard deviation of k&) over themean kqo / )kTée goal
of this novelparameteris to provide a new dimension to trace the dissolution process in
coccoliths, especially when the coccolith assemblaghvisrse For example, ithe coccolitts
dissolveat different speeds in thassemblagelue to differential sensitivity to acidificatiora
smallincrease oo / Wwauld be expected at the beginning of the dissolution because obthe
increaseandksdecrease Then after all fragile coccoliths dissolMeaving only thicker coccittis
in the assemblage, the / khsuld show aecreasingrend whichcould bemainlycaused by a

decreaseo.

Table 1. Station, coordinate dai@nd water depth of cor¢op samples used in this study.
Statior Longitude (E Latitude (N Water depth (m

17930 115.782 20.333 629

17965 112.552 6.157 889

17943 117.553 18.95 917

17931 115.963 20.1 1005
17944 113.637 18.658 1219
17963 112.667 6.167 1233
17932 116.037 19.952 1365
17964 112.213 6.158 1556
17960 115.558 10.12 1707
17940 117.383 20.117 1728
17961 112.332 8.507 1795
17959 115.287 11.138 1957
17962 112.082 7.182 1970
17949 115.167 17.348 2195
17957 115.31 10.9 2197
17941 118.483 21.517 2201
17951 11341 16.288 2340
17945 113.777 18.127 2404
17955 112.177 14.122 2404
17939 117.455 19.97 2473
17958 115.082 11.622 2581
17934 116.462 19.032 2665



17938 117.538 19.787 2835

17925 119.047 19.853 2980
17956 112.588 13.848 3387
17937 117.665 19.5 3428
17946  114.25 18.125 3465
17936  117.12 18.767 3809
228
229

230 3.3 Environmental data for surface sediment
231 Annual means of different physicahemical and biological variablesboth 50 m depth

232  and bottom waterfor the location of the surface samples (Table 1) were extraicted different

233 databasesinterpolated to the geographical location of the surface sediment samdie® the
234 50 m depth was selected becaufieis the depth at whichthe highest concentration of
235 Noélaerhabdaceaecoccolithophoridis observed in the SC®lin et al., 2016)Seawater
236 temperature, salinitynitrate, andphosphateconcentrationgused as a proxy of phytoplanktpn
237  at50 mwere obtained from WOAO(Fig. 1B,C,D,B5ea surfaceltorophyllaconcentration data
238 were based on MODIS data (26B316) extracted from Oregon State University Ocean
239 Productivity (http://www.science.oregonstate.edu/ocean.productivity/). Annualveraged
240 concentrations of total alkalinity (TALK) agidsolved inorganic carbaif CQ) were extracted
241 from Goyet et al. (200qFig. 1F,G)rhen he carbonate ion concentratioph (Fig. 1H)pCQ for

242  the depth of 50m andWcafor the seafloor depthwere calculagéd by CO2SYS madiar Exce®
243  (Pierrot et al., 2012)Fig. 1lusing salinitytemperature pressure, total phosphate, total silicate,
244  TALKand TC®at the corresponding depth (50 m or depth of the surface sediment saniie)
245 light intensity at 50 m water depth wasalculated using a model of penetration of
246 photosynthetic active radiation (PAR) from surface to depth (Buiteveld, 1995; Murtugudde et
247 al.,, 2002), monthly climatologies of PAR from the MODIS Ocean database
248 (http://oceancolor.gsfc.nasa.gov/cgi/l3), and the diffuse attenuation coefficient for
249  downwelling irradiance at 490 nm (Kd490) and Equation 1 in Lin et al. (2016).

250

251 3.4 Statistical analysis

252 Pearson correlation and redundancy analysis (RR&fe employed toexplore the
253 relationship between morphological feature$the coccolithsn surface sediment samples and
254  the environmental data All satistical analysesvere performedusingthe PAST 4.06 software
255 (Hammer et al., 201).

256



257 4. Results

258 4.1Variations otoccoliths morphology in the dissolution experiment
259 In the dissolution experiment, mean ks decreasdgth increasing volume of Calgon®

260 solution Fig.2A).The mean ks varied between 0.12 (0@allgon®and 0.04 (6 mCalgon®(Fig.

261 2A). Theaol/ks represats variation in preservation among coccoliths within each sample. Higher
262 differences ino were observed in samples containing 2 ml, 4 ml, 0.8 ml, 0.4 ml, 0 ml, and 6 ml,
263 respectively Fig.2B). Increasing the amount @algon®olution up to 2 mkhoweda decrease

264 in mean ks and an increaseanSamples with 4 and 6 r@lalgon®olutionshowed areduction

265 inmean ks andamong coccolithsHig.2B). The lowest mean ks (0.04) and the maximum mean
266 length B.95um) were recorded under the higheCalgon®olution (6 ml) amountKig.20).

267 Increased amounts dfalgon®solution also resulted in a gradual increase in coccolith length
268 leading to a negative correlation between length and ks-@ré8, p>0.05), but not gnificant

269 due to the small number of observatiofBig.2C).

Amount of Calgon
solution
0 ml
(A) 0.4 ml (B) (C)
® 08ml
0257 ® 2ml
® 4dml 0.304
0.204 ® &m ° — 4.0 °
£
0.28 ® ER
L ] = 381
w 0154 = - X
= - w 0.264 E’ el Pearson correlation
5 EI = g 367 r=-0.68
U 0104 B c Tl
= 0.244 3 344 °
1 EE = °
0.051 D m 0224 @ 394 ®
0.00 T v T ; : r v v : ' 3.0
0 04 08 2 4 6 0.04 0.06 0.08 010 012 0.04 0.06 0.08 0.10 012
270 Volume of Calgon Solution (ml) Mean ks Mean ks

271 Figure 2. Coccolitmorphologicalvariatiors in the dissolution experiment. (A) Box platsthe

272 median (horizontal line inside the boxes), minimal and maximal valfiesccoliths mean ks

273  (vertical barsunder the different volumes a€algon®olutior (B) Scatter plot of mean ks and

274 o/ k s Oéneadcortelationand correlation coefficienfp >0.05)between mean ks and mean

275  length.

276

277 4.2 Variations in coccolith anphologyin naturalconditions

278 Overall, the mean kghickness and volumein the coretop sampling stationsHg.3)

279 presented higher values in shallower depths. The mean ks varied betwé8rafd 0.07, and

280 the mean thickness was between 0.25 and 0.44
281 17931 located in northern SCS at 1005 m water depth. The mean lengtbhcodlith varied

282 between 3.23 and 3.78 puym, with the highest valu
283 in northern SCSout without a significant trend along depthshe mean volume of coccoliths

284 ranged bet ween 3 andthe meamniassas. bbtweenirbl and 8.03 pg, with

10



285 maximum values for both recorded in the shallowest statmiy, 17930, at 629 m water depth

286 in northern SCS.
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288  Figure3. Coccolith mean ks, thicknegsf), length im), volume (m?®), and masgpg)in surface

289 samples fromSCSThe sampling stations are distributed along thaexis according to the

290  depth, sortedfrom the shallowest to theleepest.

291

292 In general, the degree of dissolution varied according to the depth of the sediment
293 samples.The calcite saturationWe, decreases with colder temperature, higher pressure and
294 higher C®@ concentration in deep oceanThe normalized ks variation presens different

295 trajectories associateavith light, strong, or no dissolutionF{g.4A). The shallowest stations
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south (<15 N)and north SC& 15 N) showal linear and increasing trenetween ks anaks.

Forthe samples below 2000 nthere is no clear pattern of variation related to the mean ks

standard deviationHowever, samples lbewv 3000 m aranainlylocated on the left upper part

of the plot, in a similar position as the samples treatgith 4 and 6 ml ofCalgon®n the

normalized ksvariation comparison of the dissolution experiment (Fig. 3B)e mean ks

meanlengthshowsanegative correlatiorfr =-0.62, p<0.05), with the deepest sampleshowing

largersizecoccolithsandlower mean ksKig.4B).

;._..(~j; a >15N <15°N
C7 ”D ’ B @ 500-1000m
L H @ 1000-1500m
(A) :b' (B) B @ 1500-2000m
0.45 > ¢ > 3.8 ] B @ 20002500m [
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0.40 - @ ’ ;
. 4 B @ 3500-4000m
! - & Al = N @
O O @ Sohta,. E 36} O
0.35 ] 0 [ et = O
0 o kS)
: |W_ g o mE | Fas)
0.30 | (= N7) o @ Nothscs g
ol 2 5
South SCS
0.25 |-
] 3.3 | Pearson correlation
r=-0.62 O
o~20 T T T T T 3~2 ] T T T T
0.04 0.05 0.06 0.07 0.08 0.04 0.05 0.06 0.07 0.08
Mean ks Mean ks

Figure4. Morphological parameters of coccolith surface sedimentfA) Scatter plot between
me a n ks aadr{BJinear¢okredationand correlation coefficientp <0.05)betweenmean

ks and mean lengttShaded arrows in panel A represéthtaltrajectories ofthe normalized ks
variation(mean ks/s o / Jasshown in figure 2B, to interpret the trends in the surface sediment
samplesNote that the mean ks of figuresand 4are different due to the higheabundance of

the speciess. caribbeanicawith higher thicknessn the sampldor the dissolution experiment.

We analyzed the correlations between the biological and environmental datasets (Table
2). Although some of the surface variablegre autocorrelated(e. g.,TALKsalinity, pHpCQ
and nitrate-phosphatg, they were included in our analyses because some studies have
identified astrong influence of these parameters on coccofitbrphology during the lifeycle
(e.g, Chen et al., 2007; Jin et al., 2018¢nificant correlationgan be foundp <0.05)between
severalmorphological parameters of coccolith and bottom water carbonate chemi¥tky (
with acorrelation coefficient (r+0.67 between mean ks aik:, r=0.66 between mean volume

and We; and r= 0.66 between mass and\ea The mean thickness dhe coccolith show a

12



319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

340
341

significantcorrelation withWeaat the sample deptir = 0.41) and with the concentrations of

nutrients nitrate and phosphateat 50 m(r = 0.44 and 0.4, respectivehgurprisingly, le mean

length showed no ghificant correlation to any environmental variablesceptwith PAR (r =

0.35).

The results of RDA can provide anothenitical perspective on thecontrol of

environmentalvariables orcoccolith morphologyTheRDA1 and RDA2 explangether58.3%

of the total variations in coccolith morphological dafhe surface sedimensamples color-

coded by different depth intervalsre distributed alongthe axis ofRDA1 which is the most

important and explains4.6 % of the total variance (Fig. 5A). Among the environmental

variablesWeashows the highest correlation to RDAE{.67, p<0.05. The results of botlthe

correlation analyses anthe RDA show thaMk, in bottom water is the mostimportant

environmental variable driving the morphological datgsghichshowsa high correlation with

mean ks(r= 0.69; p < 0.059nd could explaimp to 47 % (R= 0.47)of the varianceobserved in

mean ks [Fig.5B). The RDA2 explained 3.688 of the variance and is mainly correlated to the

salinity, temperature, pH, phosphate, TALK, @&D (Fig.5A). The null response of coccolith

length toanyenvironmental parameter is alsabserved in the RDA plot by its positioear the

center ofthe ordination spacgsignificantly contrasting with other morphological parameters

(Fig.5A).

Table 2. Correlation matrixp{value and Pearson correlation) between biological

environmental variableBold values indicate significant correlatiwith p <0.05)

and

Environmental/
Biological

Salinity
Temperature
Phosphate
Nitrate

TALK
Chlorophyll-a
PAR

pH

pC02

Qca

p value r

Mean Mean Mean Mean Mean Mean Mean Mean Mean Mean
ks  thickness length  volume mass ks thickness length volume mass
0.79 0.07 0.87 0.86 0.86 -0.05 0.34 0.03 -0.03 -0.03
0.94 0,04 1.0 0.90 0.90 -0.01 -0.39 0.00 -0.02 -0.02
0.88 0.03 0.63 0.96 0.96 0.03 0.41 -0.09 -0.01 -0.01
0.36 0.02 0.30 0.71 0.71 0.17 0.44 -0.20 0.07 0.07
0.53 0.13 0.70 0.60 0.60 -0.12 0.28 0.07 -0.10 -0.10
0.26 0.18 0.88 0.18 0.18 0.22 0.25 -0.02 0.26 0.26
0.28 0.05 0.06 0.50 0.50 -0.21 -0.38 0.35 -0.13 -0.13
0.18 0.31 0.38 0.24 0.24 -0.26 0.19 0.17 -0.22 -0.22
0.16 0.33 0.38 0.21 0.21 0.27 -0.19 -0.17 0.24 0.24
0.00 0.03 0.05 0.00 0.00 0.67 0.41 -0.36 0.66 0.66

TALK = total alkalinity, PARRotosynthetic active radiatioand,We.= carbonate saturation.
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Figure5. Redundancy analysis (RDA) ordinations for environmental variables@mmihological
measurementgA)and (B) Inear correlationand correlation coefficienfp < 0.05)betweenWea

at bottom depths and mean ks from surface samples.

5. Discussion
5.1 Comparisonbetween laboratorylissolutionexperimentandnaturalsamples

In this study, weevaluate fossitoccolith responses to dissolutiamder laboratory
experimentsand field settings In the dissolution experimeniks valuesare higher thanthe
modern coccoliths in the SCS due to the higher abundance ofrdlagively thickerG.
caribbeatica in the downcore sedimensample Though the absolute values of ks cannot be
directly compared between thdissolution experiment (FigB) andsurface sedimerst (Fig. 4A)
the trajectory of morphological variations during the dissolution experimeéogs provide
important diagnostic information to explain phenomewbserved inthe surface sediment
samples.

First, thephenomenon that coccolith length increased with the decrease of ks could be
observed in bottthe dissolution experimen{Fig. 2Cand natual surface sediment¢Fig. 4B)
The laboratory experiment showed that under controlled conditions (known changeater w

chemistry and uniform species composition), the coccolith morphology variations (mean length

14



363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397

and mean ks) reflected different degrees of dissolution. We also observed a -etafixd
dissolution pattern, where smaller coccoliths gradually dissolth thie increase inCalgon®
concentration, leading to a higher average length but a lower mean ks. The mean ks and mean
length relationships in the surface samplédg(4B) show a similar trend to the laboratory
observationsig.2Q. Thusthe observed tend and the largest size and lowest ks in the surface
sediment sampleare explained by the dissolution of the smallest species due to the I6\Mer

at the deepest samples and increasing the abundance ofttgercoccoliths

Second, lbanges in theo/ks ratio in the dissolution experimenteflect a slight and
gradualincreasein dissolution and thera decreasewith the highest concentrationsf Calgo®
(Fig.2Q. In the laboratory experiment, the subsample with@algon®olution presented well
preserved coccoliths with high mean ks and a small standard deviation. As the amount of
Calgon®solution added to each subsample increases, small coccofitheg dissolving
preferentially, decreasing the mean ks and increasing the standard devidgigr2B). With
higher amounts o€algon®olution (4 and 6 mlthe small coccoliths areompletelydissolved,
resulting in an assemblage dominated by larger coccolifig. 2C). Under these highest
dissolution stages, the larger coccoliths are also partially dissolved then both mean ks and
decrease Kig.2B). In this way, the reflects howdifferential dissolution size selection affects
the composition of the assemblages. Hence, samples that are more (less) susceptible to
dissolution result in more homogeneous (heterogeneous) assemblages regarding carbonate
preservation.

However, the trajetory ofthe normalized ksariationin surface sediments seems more
complex than in the dissolution experimeriiq§.4A).First, there is a group of samples with a
positive correlation betweem/ks and ks from shallow areas of the north and south SGS.
depth of samples from northern and southern SCS regions is similar, so we argue that this
feature is not causgby dissolution but due to thassemblage compositiadifferences in both
parts of the SCShe coccolithophores have muftiage blooms in th@orth SCS, with a peak
of G. oceanic#n late winter, when coccolithophore fluxes are highest due to strong water
column mixing and renewed nutrient inventognd another oE. huxleyin early springChen
et al., 2007 Jin et al.,, 2019). Irontrast,E. huxleyis the dominant species in the more
oligotrophic south SCS (Fernando et al., 2)@ue to its highercompetitiveness in situations
of lower nutrient concentration (particularly néte) compared toG. oceanicdEppley et al.,

1969 Rhodes et al., 1996 So, even without any influence from dissolution, #ssemblagem
the north SCS should feature a higlspieciesdiversity andthereby, a highero/ks compared
with the coccolith in the south SCS. Hence, Wagiety of the coccolith assemblagein the

surface sediment samplessults in different trajectories ithe normalized ks/ariationplotting.
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But the general trend ofhe normalized ks variation surface sediment is still following the
trends observed in the dissolign experiment: (1) ks decreases with dissolution; ¢s

increaseslightly when dissolution starts arfd) thenit decreases witlgreaterdissolution.

5.2 Sedimentary record ofccolith morphologycalcificatiorvs dissolution

factors
Previous studiesdhave evaluated changes in the calcification Nbélaerhabdaceae

coccoliths inglaciatinterglacial cycleshrough analyses of thecoccolithmassand attributed
morphological variations mainly to water column nutrient availability and carbonate chemistry
parametersrelated to the coccolithophoreghysiological responge.g, Beaufort et al., 2011).
Su et al. (2020) found thahe environmentaldynamis ofthe surfacephotic zonecontrolled
Noélaerhabdaceae occol i t hs’ cal ci f i c-@904) oSmilaflynhigimeo r t her n
calcite production recorded by increased coccolith mass has been attributed to the increased
[CQ?] in the surface water column in the South Indian Ocean and North Atlantic Oicean
modern sedimentgBeaufort et al., 2011Pissolution effectavere thought to be lesslikely
driversof changes in the morphology of coccol{fBeaufort et al., 2011; Su et al., Z)2which
is a reasonable assumptiofor the coccoliths depositing in shallow sedimertisove the
lysocline.These interpretationgre partially sustainedoy the findingsof Beaufort et al(2007),
who foundno significant coccolith dissolution duritige settlingin sediment traps deployed
between 250 and 2500 m. The former study proposed that most of the dissolution occurs in the
euphotic zone and possibly in the guts of grazers, therefore, discatiténignpact ofbottom
water chemistry and/opost-burial processes on coccolithophore weight.

In our set of samples in the SGI% RDA results show that mean thickness and length
significantly correlate tmitrate and phosphate at 50 rfTable 2)This observation agrees with
Jin et al (2016), who foundhat biometric attributes ofE. huxleyicorrelated with nutrient
concentratons in theplankton samples in th&ast China Se&C$ Nutrient variables are
important for coccolithophorecalcification (Raven and Crawfurd, 20H)d morphological
parametersat least in species of thidoélaerhabdaceatamily (Batvik et al, 1997; Pasche et al
1998).However, lasedon the extended evidence of our studincluding carbonate chemistry
at the depth of the sediment samples in the S@8,observe evidencéhat several of the
morphological parameters measured aret onlyinfluencedby primary biomineralizationStill,
abiogenigost or syndepaositionalprocessesverride this signal in the sediment samples iisth
region The highestorrelatiors between coccolith morphology, hamely mean ks, volyare
thickness, with the bottom watecalcite saturationWe, indicates that the calcium carbonate

preservation conditions could stronghyerridesome of the morphologicadarametersin fossil
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coccolths (Table 2Fig.5A). We suggest that the mean ks of coccolith could be a potential proxy
for the carbonate dissolution in the bottom wateespeciallyin sites near or below the
lyscocline

Carbonate dissolution may also happen within the shallow sediment (Sulpis et al., 2021,
Subhas et al., 2022Based on our current datasand using only the morphological variatigns
we cannot distinguish where the dissolution happens at the time of dépaosih the sediment
water interface, or posburial in the first cms of the seafloor sedimerfor the deep ocean
deposits with lower sedimentary ratesuch as the deepest parts of the SBSahg and Wang,
2006), the exposure time of particles to bottomvater should be longethan that along the
continental slope Thus, we suggest that the major dissolution in the deep SCS rappéehe
sedimentwater boundary instead of within pore water. Interestingly, the ks of coccolith in the
surface sediment of th&CSre much lower, as low as 0.01 (Jin et al., 2019), than those in our
study, which is higher than 0.04. However, the ks of coccolith during the laboratory dissolution
experiment performed bylin et al. 2019; Fig. 9Ain that study show the same range as our
measurements. The ECS samples are ttancontinental shelf with high sedimentary rates and
organic carbon contentlin et al., 2019)n these settings,ite coccoliths continuously dissolve
after beingburiedwithin the firstcentimetersof the seafloor sediments response to organic
matter remineralization and CQelease resultingin a~3050 % decrease in coccolith mass (Jin
et al., 2019).Therefore, the sedimentary environment has to be individually evaluated to
understand which process is controlling the dissolution of coccolithophores at the seafloor.
More detailed work, such as-gitu pore water chemistry measurementspuld benecessary
to fully reveal the fate of coccolith dissolution in differentrrial scenariogHolcova and
Scheiner, 2022)

Among all the morphological parameters, we fithé meanks of coccoliths a more
robust dissolution proxgompared to theother measuredmorphologicalparameters Firsty,
we observea higher correlation cefficient between mean ks of coccolith ai-a compared
with other morphological parameterSecondy, although volume, mass, and thickness are also
highly correlated withWe, these morphologicalparametersvary more with the feature of
different coccolithophoresincluding variations in coccolith circularity and cell sizes (Young and
Ziveri, 2000; Bolton et al., 2018)hirdly, the thickness is a morphological pattern sensitive to
the upper ocean's preservation asdrface oceamnutrients conditions during biomineralization
(Table 2)Another important feature of ks igs high sensitivity to dissolution. As shownFig.
4, the ks of coccolith hee already begun to decrease evéroughthe water depths arenly at
~2000m, whichis below themodern lysocline but above the CDD in the SEZ&h( et al., 1995;

Luo et al., 2018)Finally the dissolution effects on morphological attributes of mearagsee
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468 well with the laboratory dissolution experiment, in whigach subsample's mean ks reflected
469 different preservation stage@ig.4).

470 Despitea noticeabledegree of uncertainty due to the mixing of hégcle and post
471 mortem signad in the sedimentary record, similar findingg calcite dissolutionmodifying
472 coccol i th’s mor pheldwsauyationsanggestahatetreconclasibns drawn
473 from the present studyare not uniqueto the SCSIn the SubAntarctic and Antarctizone,
474  dissolutionsignals affecting coccolithophores were manifested de@ease inmass and distal
475 shield lengthof E. huxleytoccoliths preserved isurface sediment¢RigualHernandez et al
476 20208 Vollmar et al., 202R Based on this collective evideneekey reasonable question could
477  be, can the morphologicakariation of coccolittbe employed to trace theevolution safelyor
478 insteadbe a good proxjor carbonate preservation?

479

480 5.3. Implications for interpretintpe downcore history of coccolithophore

481 morphology
482 On longer time scales, the morphological variations of coccoliths have been employed

483 to trace coccolithophoresevolutionary trend. Bolton et al. (2016) first measured the ks of
484  Noélaerhabdaceaé the last 15 million years. Thégund that the decrease otoccolith ks
485 paralleled thereduction ofatmospheric pC&since the lateMiocene andnterpreted this as a
486 decrease ibiomineralizationMore recentworks by Beaufort et al. (2@2and Jin et al. (2022
487 focused on the coccolithophore evolution ovde last 2 million years by measuring coccolith
488 mass highlighting the role of seasonality and local environments in the evolution and
489 production of Noélaerhabdacea&imilarly, Guitin et al. (2020) studied size trends across
490 different regions between @Jbcene tathe Early Miocene, concluding that cell size distribution
491 was controlled by multiple competing factokgith a strong selective pressure fro@Q decline
492 as apotential mechanismThis study exained dissolution by looking, among otheet the
493 fragmentation and etching of coccoliths and found ttexhporal trends ifith size distributions
494  were not significantly affead. This agrees with our observations sitice mean lengthin SCS
495 surface sedimentsloes notcorrelate with anysaturation $ate related parameter However,
496  Guitian et al. (202), usinga new calibration in the Calcita software that enables estimations
497  of coccolith thicknessip to 3.1 micrors, found thatelliptical ks (k) wasinversely correlated
498 with the relative abundance of dissolutiorsistant nannoliths This was interpreted as a
499 dissolution control orthe ellipticalshape factors in coccthiophores between Oligocene and
500 Miocene asit was found m our surface sedimensamples.Therefore,we propose that for

501 studies focusing onoccolithophoresvolutionaryhistories, it would be safdo select a shallow
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sediment core with low organic carbon content, high clay contand always lying above the
carbonate lysoclinéGuitian et al, 2020)

One useful way to identify dissolutian these studies covering geologitahe scales
could be plotting theo/ks against kdf an increase ofi/ks is detected irthe sediment cocclith
without any significant variations in coccolith assemblageavith an increasen dissolution
resistant species (Guitian et &022),it should beinterpreted asdissolution.Another way to
determineseparateevolutionary/ecological influencesdsvariations could béo measue the
ks of coccolithacross a close spatial gradient which includes different depositional depths
Significant variations in the morphological attributes of the fossil coccolithopheoesd likely
be caused by different saturation through time at different sitBelated tathis last suggestion,
coupling downcore morphological assessment in coccolithophores utitler calcareous
proxiesmeasurements, suchssizenormalized weight of pinktic foraminiferal tests (Lohman
1995; Broeckerand Clark 2001; Barker et al 2002), which include recent advances in
morphological analyses in large microfosdilgagakiet al., 2015; 2019, may providean even

more precise and safguantitative estimates opastdeepcarbonate chemistry parameters.

6. Summary
This study demonstrate based on morphological attributes dE. huxleyiand

Gephyrocapsaspp. (> 2 pm)that dissolution effects primarily affect the morphology of
coccolithspresened in the deep oceanln the SCS surface sedimentsottom water Wea
saturation plays a major role in the variation of the coccoliths' ks shape factor, Wwhgthe
potential, based on the cuent calibration to quantitatively reconstruct past carbonate
dissolution changesOur laboratory-controlled dissolution resultshow that the mean ks
decreased in response to increased amountsafosivesolution We propose thenormalized
ksvariationto evaluatethe degree ofdissolution(light, strong, or no dissolutiorgccurring in

the sedimentary record. kength-related dissolution pattern waalsoobserved in the laboratory
and surface sedimentsvith small coccoliths nm@ prone to dissolution, increasing larger
coccolith specimens and affecting the assemblage composition. As in the laboratory experiment,
the coccolith’ s k decreasedmth disgotutioa ane thes/ksdrajecteryn t s
reflected different dissaltion stages. However, the/ks in surface sediment showed a more
complex responselue to the natural variability of the surface sediment samples in terms of
geographical differences in multipEnvironmentalfactors. These findings demonstrate that,
despte the complementay of the carbonate system and ecological aspects, the coccoliths ks
factor allied too/ks ratio has potentialas a dissolution proxy to track changes in gsafloor

carbonate saturation statedthough a stable proxy, the mean ks sholbédapplied with caution,
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particularly when applied to longéime scalesin which evolutionary trends might exert control

on morphological attributes of fossil coccolithophores
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