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Abstract. Although ocean acidification is expected to im- 1 Introduction
pact (bio) calcification by decreasing the seawater carbon-
ate ion concentration, [C?Q], there is evidence of nonuni-

form response of marine calcifying plankton to low seawa-

ter [CO§‘]. This raises questions about the role of environ- group that plays a significant role in both the ”.‘"’?“”e fO.Od
mental factors other than acidification and about the com-WeP @nd the carbon cycle (Young, 1994), comprising an im-

plex physiological responses behind calcification. Here Weporl}antds;dinl;ent;\(r))égar_?ﬁn reservoir (Be_ger],c 19;6; 'Eidg'
investigate the synergistic effect of multiple environmental Wefll and zeebe, ). They are responsible for the photo-

parameters, including seawater temperature, nutrient (nitrat ynt_hetic fixgtion of ir_10rganic carpon, regulating the_ particu-
and phosphate) availability, and carbonate chemistry on th ate inorganic : organic carbon ratio and a large portion of the

coccolith calcite mass of the cosmopolitan coccolithophorec"’llc'urn carbonate (CaGDproduction (Raven et al., 2005).

Emiliania huxleyj the most abundant species in the world The relative strength of photosynthesis and calcification at

ocean. We use a suite of surface (late Holocene) sedimer{pe surface ocean determines the biologically mediated ex-

samples from the South Atlantic and southwestern IndianChange of carbon dioxide (Gbetween the oceanic and at-

Ocean taken from depths lying above the modern IysoclinemOSpheriC carbon reservoirs (Sigman et al., 2010), making

(with the exception of eight samples that are located at Olquar;jt.mcatl;)nhof ;hese Mo ;?rohcesslez cl:entrgl 0 ou: un_l(_jf -
below the lysocline). The coccolith calcite mass in our re- standing of the dynamics of the global carbon cycle. The

sults presents a latitudinal distribution pattern that mimics theSXPort of carbon and CaGQo the seafloor enhances the

main oceanographic features, thereby pointing to the poten(-)ceans capa\s)ilit)éto buflfler thzeor(i)sée. g]; atmosp:]erzigzo%@g
tial importance of seawater nutrient availability (phosphatecemr:’uIons (Van Cappe en, » Floug etal, » Doney
and nitrate) and carbonate chemistry (pH ai@0,) in de- et al., 2009). The coccolithophore calcite plates (coccoliths)

termining coccolith mass by affecting primary calcification are in fact a major source of calcite to the calcareous deep-

L iatri ; that cover almost half of the global oceanic floor
and/or the geographic distribution&f huxleyimorphotypes. Séa 0ozes e ’
Our study highlights the importance of evaluating the Com_(Berger, 1976; Ridgwell and Zeebe, 2005). Despite the role

bined effect of several environmental stressors on calcify—mc coccolithophores in the. marine carbp_n gycle, the- envi-
ronmental factors modulating their calcification remain de-

ing organisms to project their physiological response(s) in . . .
high-CQ, world and improve interpretation of paleorecords. abat_ed. In order toll.nve'stlgate the controlling factors of coc-
colithophore calcification, research has centered on their

variability in mass and size (Beaufort and Heussner, 1999;
Young and Ziveri, 2000) in different types of experimen-
tal and field observational settings. Several environmental

Coccolithophores are an abundant marine phytoplankton
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parameters have been examined (Broerse et al., 2000; Beau- 20W  10W o 10E 20E_ 30E__ 40°E Deph(m)

fort et al., 2008; Henderiks et al., 2012), such as light ea o0
(Paasche, 2001), nutrient availability (Winter et al., 1994; %

Batvik et al., 1997; Paasche, 1998; Miiller et al., 2012), cal- o

cification temperature (Bollmann et al., 2002; Ziveri et al.,
2004; Boeckel et al., 2006), salinity (Bollmann and Herrle, C.g . Eolatora
2007; Bollmann et al., 2009; Fielding et al., 2009), and car- ,; 0 I
bonate chemistry (Iglesias-Rodriguez et al., 2008; Langer et = "boo )

150
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al., 2009; de Bodt et al., 2010; Muller et al., 2010; Barcelos e O B
Ramos et al., 2010; Beaufort et al., 2011; Bach et al., 2012). so's k‘) L 13000
Ongoing ocean acidification (due to the oceanic uptake ‘ —] -
of the anthropogenic carbon from the atmosphere) is ex- ﬁ- s o e
pected to impact marine calcifying organisms, such as coc- s Q) suwantagioFont _ | — -

colithophores (Van Cappellen, 2003; Feely et al., 2004; - e e L, A o - _I L
Delille et al., 2005; Fabry et al., 2008). Increasing partial sysf=+" O i 6000
pressures of C@in the ocean fCO,) leads to a decrease OQ Q; T

of [CO%‘] and to a decline of the calcite saturation state T : gl
of seawater (Zeebe and Wolf-Gladrow, 2001; Raven et al., 15 2 2 E hueyicocoois mass (o 45 5
2005; Fabry et al., 2008), which has been proposed as an im-
portant factor in the reduction of coccolith mass (RiebesellFig. 1. Distribution map of the studied sites (circles). The color of
et al., 2000; Delille et al., 2005; Langer et al., 2009; Beau-the symbols (scale at the bottom) refers to the averaged ma&ss of
fort et al., 2011). However, complementary evidence pointshuxleyicoccoliths measured at the different sites. The bathymetry
to a nonuniform response of calcification to high £@f.  is given by the scale on the right side. The surface hydrography is
Langer et al., 2006; Iglesias-Rodriguez et al., 2008; Riebedepicted by the black arrows and the main fronts by the dotted lines.
sell et al., 2008; Doney et al., 2009), casting doubts on the
notion that [C@_] is the prime (and sole) controlling fac-
tor of (bio)calcification. In order to advance our understand-mass of the most common living, blooming coccolithophore
ing of the role played by different physicochemical proper- speciesEmiliania huxleyi The majority of studies employ
ties of seawater on coccolithophore calcification, we exam-culture experiments to test the response on the calcite mass
ined a widely distributed suite of surface sediment sample®f E. huxleyito changing environmental parameters (Langer
taken along oceanic transects characterized by steep surfaeg al., 2006; Iglesias-Rodriguez et al., 2008; Riebesell et al.,
ocean environmental gradients, such as the South Atlanti2008; Bach et al., 2012; Muller et al., 2012). Although sur-
and southwestern Indian oceans, the Agulhas System, and tHace sediments may constrain variations in the individual en-
subantarctic sector of the Southern Ocean. Most of the samvironmental parameters less precisely than culture studies
ples were selected from coring sites lying above the depthhey allow evaluating the combined effect of a full suite of
of the modern lysocline (Boeckel and Baumann, 2008). Thisenvironmental property gradients on the. (huxley) coc-
reduces (or even precludes) the post-depositional effects (dissolith mass variations. In addition, surface sediment studies
solution) on the coccolith calcite preservation, thereby allow-apply methodological protocols (and assumptions) that are
ing recognition of the surface ocean environmental factorsdentical to down-core studies, thereby providing an ideal
influencing the coccolith mass. Significant calcium carbon-format from which to interpret past coccolith mass changes,
ate dissolution is expected to begin firstly below 5000 m ine.g., across glacial-interglacial changes in atmospheric CO
the deep Guinea and Angola basins and below 4400 m in theoncentrations (e.g., Monnin et al., 2001; Lathi et al., 2008)
Cape Basin (Volbers and Henrich, 2002), although ultrastrucand seawater carbonate chemistry (e.g., Honisch and Hem-
tural breakdown of foraminifera shells already begins at shaliming, 2005; Foster, 2008).
lower depths. However, only eight of the studied samples are
from a depth close to or slightly below 4400 m and only two 1.1 Oceanographic setting
of them are from> 4500 m (Table 1). Therefore, the preser-
vation of the selected samples is mostly good and has beefhe South Atlantic, the Agulhas System, and the Southern
documented by scanning electron microscope (SEM) in earOcean are characterized by strong gradients in surface water
lier work (e.g., Boeckel et al., 2006: Boeckel and Baumann,properties, such as temperature, salinity, and nutrient con-
2008). centration (Mizuki et al., 1994; Lutjeharms, 2006). This re-
Hence, the new surface sediment data set presented hegion is marked by the strongest physicochemical gradients
has the potential to elucidate the influence of multiple en-in the entire global ocean, with temperature changes of ap-
vironmental parameters at the ocean surface (temperatur@roximately 13C within 12 of latitude. The surface circula-
salinity, nutrients, pH, [C@], and pCOy) on the coccolith  tion is driven by the atmospheric pressure gradients (winds),

Biogeosciences, 11, 2298308 2014 www.biogeosciences.net/11/2295/2014/



M. T. Horigome et al.: Environmental controls on the Emiliania huxleyi calcite mass 2297

Table 1. Sample information. The sedimentation rates or the maximum age of samples were extracted from (1) Mollenhauer et al. (2004), (2)
Jonkers et al. (2012), (3) Martinez-Méndez, et al. (2010). The asterisk (*) shows that the sedimentation rate was calculated for that specific
core, otherwise it has been estimated from sedimentation rates calculated for nearby cores.

Sample Cruise Year Latitude Longitude Depth (m)  Sed. Rate (cthka Max. age (yr) E. huxleyimass (pg) Noélaerhabdaceae mass (pg)
1112-3 M9-4 1989 061823'S 1P 1433'W 3128 2.8%y) 357 2.35+0.59 1.95-1.11
1203-2 M12-1 1990 265500’S 05 0200 E 2395 1.5y 667 3.21+0.91 12.36:3.07
1208-1 M12-1 1990 244900’S 0P 1100"E 2971 3.2y 313 2.83£0.70 11.36£3.22
1217-1 M12-1 1990 253500’S 07 1300"E 2007 2.5 400 3.08:£0.72 8.57+2.96
1403-2 M16-1 1991 012023’S 12 1717"W 3692 3.8y 265 2.72£0.73 9.95+3.13
1405-7 M16-1 1991 020900"N  11°1333'W 4393 3y 333 2.94+0.86 10.75£4.70
1413-2 M16-1 1991 160750’S 09 4607"W 3785 1.1%y 909 2.28+0.46 8.05+1.86
1414-2 M16-1 1991 155323’S 1P 1323'W 3605 1.7% 588 2.02£0.50 13.13:3.06
1415-1 M16-1 1991 155300’S 11 5823'W 3116 1.2%y 833 2.02£0.62 9.30+2.65
1417-1 M16-1 1991 155400'S 13 1707"W 2845 2.5%y) 400 2.40+0.67 3.93+1.69
1418-1 M16-1 1991 155333’S 15 2850"W 3524 1.3y 769 2.80£0.60 10.0Qt 3.03
1419-1 M16-1 1991 155423’S 17 0700"W 4024 1.8y 556 2.53+0.60 9.14+2.80
1420-1 M16-1 1991 153533’S 19 0907'W 4587 1.8y 556 3.72£0.73 10.04£3.57
1901-1 So84 1993 012207'S 16 2420’ W 2879 3.9y 256 2.84+0.69 13.81:2.78
1902-3 So84 1993 043817'S 12 2023'W 2744 3.%1 286 2.55+0.67 0.93+1.25
1903-1 So84 1993 00805’'S 12 2433'W 3161 2.2 455 2.61+0.58 13.08:3.48
1904-1 So84 1993 P833'S 14 2150'W 3041 1.3y 769 2.17+0.52 8.73t2.82
1905-1 So84 1993 P71433’S 14 3907"W 2972 1.8y 556 3.20£0.73 10.913.51
1906-1 So84 1993 PR200’S 14 1517"W 2843 2.3y 444 2.670.57 4.34+2.03
1907-1 So84 1993 P51307’S 0% 0923"W 3382 11y 909 2.52+£0.58 7.66£2.16
2213-1 M23-2 1994 012650’S 24 1533'W 4323 2.3y 435 2.72£0.54 7.08£2.10
5112-5 M41-3 1998 22250'S 16 2623'W 3841 3.61 278 3.41+0.58 9.25+3.13
5115-2 M41-3 1998 21433'S 14 0433'W 3291 3.6y 278 3.09:0.59 9.54+2.54
5121-2 M41-3 1998 21833'S 12 0217'W 3486 3.6y 278 3.32£0.61 8.45+ 3.05
5130-1 M41-3 1998 194033’S 09 4623’ W 3166 2.2 455 2.82+£0.59 8.97+2.59
5134-1 M41-3 1998 190450’S 11 0833'W 3411 2.2 455 2.62£0.58 5.10t1.57
5136-2 M41-3 1998 193700’S 13 0700"W 3227 2.21 455 2.12+£0.53 7.53+2.10
5137-1 M41-3 1998 192917’S 13 4533'W 3502 2.2%) 444 2.84+0.61 12.47:3.23
5140-3 M41-3 1998 190517’S 17 0133'W 3660 2.3y 435 2.77+0.46 1.010.98
6402-9 M46/4 2001 401427'S 23 1605'W 3878 3.3y 303 4.34:£0.63 12.50 3.65
6403-4 M46/4 2001 400133’S 23 3652'W 4226 3.3y 303 4.53+0.77 11.68:3.81
6406-1 M46/4 2001 420003’S 21 1840'W 3514 6.7y 149 3.31:£0.62 11.513.93
6410-1 M46/4 2001 5208’S 21 3000"W 4038 6.71 149 3.74£0.62 10.913.35
6411-4 M46/4 2001 M3633’S 18 3520'W 3893 4.4q) 227 4.63+0.69 10.75:£3.79
6412-1 M46/4 2001 M2540’S 18 0507"W 3475 4.4y 227 4.17+£0.59 13.64:3.64
6417-2 M46/4 2001 390933'S 21 0417'W 4024 3.3y 303 3.15+0.63 6.214+2.63
6418-3 M46/4 2001 384305’S 21 5350"W 4126 3.3y 303 4.56+0.66 9.05+3.89
6419-1 M46/4 2001 381740’S 22 2642'W 3568 3.3y 303 3.54:0.63 5.00t2.41
6421-2 M46/4 2001 364523'S 22 4450'W 4220 3.3y 303 4.06+0.59 11.213.91
6425-1 M46/4 2001 342200’S 23 5915'W 4352 0.61 1667 4.25+0.62 10.37:4.52
6429-1 M46/4 2001 323500’S 24 2523'W 4335 0.6y 1667 4.25£0.64 10.42£3.41
ANT2557-2 ANTXI-4 1994 373500'S 22 1800"E 3371 3.25£0.55 9.70+3.77
ANT2558-1 ANTXI-4 1994 384900'S 24 0600'E 5262 2.24+0.55 4.81+2.24
ANT2560-3 ANTXI-4 1994 405500'S 25 5700"E 2641 3.36£0.59 9.39£3.39
ANT2561-1 ANTXI-4 1994 422600'S 28 5700"E 4471 4.85£0.71 10.113.34
ANT2563-3 ANTXI-4 1994 445600'S 35 1900 E 3515 3.27:0.52 11.53:3.98
ANT2565-2 ANTXI-4 1994 470000"S 35 21'00" E 3682 2.70£0.54 9.16+2.23
ANT2568-3 ANTXI-4 1994 50 2100’S 06 1600"E 3791 1.2 833 3.74£0.58 9.18+2.80
ANT2569-1 ANTXI-4 1994 522600'S 03 5900"E 3333 1.2y 833 3.19+0.65 8.55+2.34
ANT2570-1 ANTXI-4 1994 523300’S 0r 2800"E 2575 121 833 2.89+0.61 7.18£3.28
ANT2606-3 ANTXI-4 1994 532200'S 41 2700"E 2552 1.73£0.43 6.01+3.04
ANT2610-1 ANTXI-4 1994 520750’S 40 1200"E 3584 3.62£0.62 9.46+ 3.36
ANT2611-2 ANTXI-4 1994 49 4700'S 3% 2000 E 4449 2.73:0.66 7.00£2.10
CD154 01-01K CD154  2003/04 22910’S 33 1440'E 1997 < 150% 2.844+0.57 9.93+3.93
CD154 02-03K CD154  2003/04 29640’'S 33 1730'E 1626 < 150%») 2.90+0.55 9.50+ 3.57
CD154 03-05K CD154  2003/04 24210’S 33 2920'E 1747 < 150% 2.67+0.59 9.92£3.35
CD154 05-07K CD154  2003/04 3@340’'S 34 2150'E 1850 <150¢ 3.06+0.58 10.44£5.32
CD15407-07PK ~ CD154  2003/04 30320’S 32 1010'E 1017 3.3%0.55 9.94+3.99
CD154 09-09K CD154  2003/04 32350'S 32 1420"E 2986 2.95:0.59 9.82£ 3.67
CD154 10-10K CD154  2003/04 31700'S 32 1500"E 3074 <150¢ 2.934+0.57 9.04+4.03
CD154 04-06K CD154  2003/04 2%900'S 33 4400'E 2469 3.09:0.59 9.72+3.69
CD154 15-13K CD154  2003/04 34910'S 28 2510"E 3145 3.53£0.66 10.01:3.67
CD154 15-14K CD154  2003/04 34310'S 28 2030'E 3236 3.15£0.54 9.83+4.28
CD154 16-15K CD154  2003/04 34010'S 28 2430'E 3166 2.69t0.55 11.26+3.36
CD154 17-17K CD154  2003/04 32730'S 29 1220'E 3333 3.010.58 9.87+4.36
CD154 18-18K CD154  2003/04 33120'S 28 2500"E 3037 3.39:0.52 10.65:£3.71
CD154 20-20K CD154  2003/04 34500'S 27 1520'E 3512 3.440.60 10.08:4.03
CD154 23-24K CD154  2003/04 82040’S 22 0100"E 3173 3.30£0.52 10.24:£3.12
CD154 24-25K CD154  2003/04 8B620'S 21 5530'E 3417 3.03:0.57 11.23:2.85
MDO02-2594 MD128 2003 351100’S 17 3400"E 2440 17.9%, 56 3.66+0.66 10.86+ 3.03
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with the subtropical regions controlled by an anticyclonic Ages of the samples range between modern and late
regime and the higher latitude portion governed by westerlyHolocene (Baumann et al., 2004) although there is no di-
winds and eastward-directed Antarctic Circumpolar Currentrect age control on many of the samples analyzed. The sed-
(ACC) (e.g., Toggweiler et al., 2006; Rintoul, 2009). The imentary data that we generated is then directly compara-
ACC is a complex structure with the demarcation of threeble with preindustrial surface ocean physicochemical prop-
main fronts, the Subtropical Front (STF), the Subantarcticerties. For example, samples with availall€ and/or?1%Pb
Front (SAF) and the Polar Front (PF) (Fig. 1), each asso-data (i.e., 1413-2, 1414-2, 1415-1, 1417-1, CD154-01-01K,
ciated with an intense cross-stream gradient in temperature;D154-02-03K, CD154-03-05K, CD154-05-07K, CD154-
salinity and (biogeo)chemical properties (Orsi et al., 1995;10-10K, and MD02-2594) are proven to have modern- to
Rintoul, 2009). The fronts of the ACC define thermal and late-Holocene ages (Martinez-Mendez et al., 2010; Jonkers
biological boundaries, representing a wide latitudinal bandet al., 2012; Mollenhauer et al., 2004). In addition, the basic
ranging from subtropical nutrient-depleted water to nutrient-evidence that the remaining samples from the wider South
rich polar waters that enhance the productivity (Orsi et al.,Atlantic region are at least of Holocene age (and not older)
1995; Banse, 1996). They create biogeographic zones witltomes from nearb¥*C- and/or?1%Pb-dated core tops (Mol-
a dominance of coccolithophores and small zooplankton atenhauer, 2002; Mollenhauer et al., 2003, 2004, 2006, 2007),
the north of the SAF (Popp et al., 1999; Rintoul, 2009). Theand from a number of investigated sediment cores from the
higher biological productivity near fronts is due to advection entire study region, all yielding Holocene ages at the top
of nutrients by the currents and injection of nutrient-rich wa- (e.g., various articles in Wefer et al., 2004). Despite this large
ters from below (Sokolov and Rintoul, 2007; Rintoul, 2009). variability in age, the available data collectively rule out the
Another important circulation feature in the study area is possibility of “contamination” by sediments of glacial age,
the South Equatorial Current (SEC), a cross-equatorial surwhen physicochemical conditions in both the surface- and
face current that transports waters from the South Atlanticdeep ocean were indeed substantially different from the mod-
Gyre to the North Atlantic Ocean (Peterson and Strammagrn Holocene (e.g., Honisch and Hemming, 2005; Foster,
1991). The study area also comprises the Agulhas Curren2008; Yu et al., 2010). In Table 1, we provide the informa-
a strong western-boundary current that reaches the southetion on sedimentation rates (or their estimation from nearby
tip of Africa, where it retroflects, leaking warm and saline records) as available in the published literature. Since the age
waters into the South Atlantic (Lutjeharms, 2006). of the samples analyzed here is (late) Holocene to preindus-
trial, we corrected the modern values of the carbonate system
parameters for the influence of anthropogenioC&abine et
2 Materials and methods al., 2004) (see Sect. 3.2).

Coccolith calcite plates of coccolithophores are formed in the
upper photic zone and are eventually exported to the sea roo%'
via macroaggregates and fecal pellets (Honjo, 1975; Young,
1994: Fischer and Karakas, 2009). Such particles contairBmear slides of surface sediment samples were prepared fol-
high amounts of coccoliths and can reach sinking rates ofowing standard procedures (e.g., Bown and Young, 1998).
up to several hundred meters per day (Ploug et al., 2008)\We used a Leica DM6000B cross-polarized light micro-
allowing comparison between the coccoliths retrieved in thescope withx 1000 magnification fitted with a SPOT Insight
surface sediments and the properties of the surface wateitSGamera. For each sample, we took on average 50 pictures
just above them. that were analyzed with SYRACO, an automated system of
The studied region has up to 80 % of the carbonate sedeoccolith recognition (SYstéme de Reconnaissance Automa-
iment originating from coccolith calcite (Baumann et al., tique de COccolithes) that is able to make the distinction
2004, Frenz et al., 2005). We assessed the carbonate mabstween the different species composing the assemblages
and distal shield length of individual coccolith specimens of (Dollfus and Beaufort, 1999; Beaufort and Dollfus, 2004).
the family Noélaerhabdaceae (includiBghuxley) in 70 sur-  Although a morphological study was performed on the coc-
face sediment samples taken in the South Atlantic and southeoliths belonging to the family Noélaerhabdaceae (includ-
western Indian oceans. A total of 62 samples were retrievedng the gener&Emiliania, Gephyrocapsaand Reticulofen-
above the modern lysocline (Volbers and Henrich, 2002)estrg), we specifically focused on the speciEs huxleyi
from water depths ranging between1000 and~4400m;  The coccolith length in relation to the distal shield was con-
only 8 samples were from deeper depths (up to 5260 m)erted from pixels to micrometers: the pictures having a res-
(Fig. 1). The samples were obtained during several cruiseslution of 832 pixelsx 832 pixels, 1 pixel corresponding to
from 1989 to 2004 and are listed in Table 1. Generally, the~ 0.15 um. The masses of single coccoliths were estimated
uppermost centimeter of the sediment column was sampledjsing the method developed by Beaufort (2005) based on
with the exception of two samples from cruise CD154, for the brightness properties of calcite particles (with a thickness
which the interval of 1-2 cm below the surface was selected<1.55 um) when viewed in cross-polarized light.

1 Calibration slides and coccolith mass estimation
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pg of CaCOs / pixel slides containing a portion of membrane filter while a lower

0d® 10° 107 luminosity is needed for smear slides. For more details about

3) those settings, refer to Fig. S1 of the Supplement.

2.2 Environmental parameters

The environmental parameters discussed in this study were
extracted from existing databases. The temperature and
salinity data were retrieved from the World Ocean Atlas
(WOA) 2009 fttp://www.nodc.noaa.gov/OC5/WOAQ9/pr_
woa09.htm), while the concentrations of phosphate and ni-

R?=0.95
y =2275.14x

o

Grey Level / pixel

K 1*° trate were retrieved from the WOCE (World Ocean Cir-
725 culation Experiment) Global Hydrographic Climatology
| 3' database (Gouretski and Koltermann, 2004). The modern to-
15 tal alkalinity and total dissolved carbon data were extracted

from the global alkalinity and total dissolved carbon esti-
mates database (Goyet et al., 2000). We used the anthro-
‘ ‘ ‘ ‘ ‘ ‘ ] pogenic CQ data set from the GLODAP (Global Ocean Data
2 2122 huxféiimccji-; Iengthz-(im) 26 27 Analysis Project) websiteh(tp://cdiac.e_sd.ornl.gov/oceans/
glodap/index.htmlto correct the total dissolved carbon val-
Fig. 2. Method calibration and validatioa) Relation betweenthe ues from the anthropogenic “footprint”; the values of the
mass of calcite and the average GL values. Ttendy axes are  anthropogenic C®were removed from those of the total
both on a logarithmic scale. The regression line (black) is forced todissolved carbon. Finally, we used the total alkalinity and
the axis origin. The vertical error bars give the 2tandard devi-  the corrected total dissolved carbon to calculate the pH, the
ation (b) E. huxleyicoccolith length versus mass, with black line [CO%‘] and the pCO; in seawater, using CO2sys (Lewis
indicating the linear regression. and Wallace, 1998). The data sets were processed with Ocean
Data View (ODV, Schlitzer, 2009) and the values closest to
. I . ... the sample locations were extracted at different depths (0, 10,
A total of nine calibration slides were prepared with .
; . : 20, 30, 40 and 50 m) and averaged between 0 and 50 m in or-
known amounts of pure crystalline calcite particles, the same : .
as used by Beaufort (2005). Those particles have an elon(-jer to characterize the upper water column. Flnally thg mean
: annual data of chlorophyl (Chl a) concentration, which

gated shape W'th a_length ranging from 10 5 um and ath'Ck'is used here as an indicator of the surface productivity, was
ness compatible with our purpose .55 pm). We used cel-

. extracted from the Seaviewing Wide Field-of-view Sensor
lulose acetate membrane filters and a low-pressure Vacuur(éeaWiFS) roiect. The Chldata are distributed as a Level-
pump to have an even particle distribution. A total of 100 project.

ictures in grey level (GL) were taken for each calibration 3 Binned file product (BIN), reprocessing no. 5, October
P grey . ; 2011 (Feldman and McClain, 2011). The annual composites
slide. Then, for each amount of calcite, we estimated the av- )
) ) were downloaded from thbttp://oceancolor.gsfc.nasa.gov/
eraged GL for 1 pixel and compared it to the averaged mass

. . . . website in Hierarchical Data Format (HDF). The images
of calcite for 1 pixel (Fig. 2a). It was then possible to calcu- . 2 , .
late the mass of a single coccolith as follows: have a reso_luhon of 9_|< (432¢/2160 plxels) and were
' analyzed using Sea-WiFS Data Analysis System (SeaDAS;
Baith et al., 2001). Information was extracted from the pix-
Mcoc= GLlcoc/227514, 1 ! . .
coe =), Glcoc/ @) gis closest to the location of the surface sediment sample

where Mcoc is the mass of a coccolith, expressed in pg angsites. A surface distribution map of all the environmental pa-

S GLcoc is the sum of the GL composing the picture of this rameters discussed in this study is presented in Fig. S2 of

coccolith. The constant 2275.14 is the slope of the linear refn€ Supplement. These parameters were selected since they

gression presented in Fig. 2a. The correlation between lengt'® important in controlling coccolith ecology and calcifica-
and mass is shown in Fig. 2b. tion. Even if the coccolithophore production layer depth in

The luminosity of the microscope plays a significant role (€ 0pen ocean expands towards the Equator, Exdaixleyi

in both methods (SYRACO and calcite mass estimation),pmd“c“o” occurs in the surface (Okada and Ho_njo, 1973;
since the measurements are based on the brightness of tirékada and Mcintyre, 1977). We therefore use environmental
coccoliths when viewed in cross-polarized light. The lumi- Parameters extrapolated from the upper 50 m.

nosity is routinely checked in order to prevent any change

due to the aging of the light bulb (see Supplement). Then the

luminosity of the microscope was adjusted depending of the

type of sample. Indeed a higher luminosity is required for

(6d) ynj00009 iheixny "3 jo ssep
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Fig. 3. (a)Distribution map of the samples according to the results of the cluster analysis performed of the environmental parameters (cluster
#1 blue circles, cluster #2 open circles and cluster #3 filled black circles). For more details concerning the cluster analysis, see Fig. S2 of
the Supplementb) — (i) Relations between the mass®fhuxleyi coccoliths and the environmental parameters for the three clusters (the
symbols are the same as(&): (b) temperature(c) salinity, (d) chlorophylla, (e) nitrate,(f) phosphate(g) pH, (h) pCO, and(i) [CO%‘].

The error bars give theslstandard deviation calculated for each cluster. The blue, grey and black lines show the linear regression between
the average mass &. huxleyicoccoliths and the considered environmental parameters for clusters #1, #2 and #3. The green dotted line
shows the linear regression between the mads. @fuxleyicoccoliths and the considered environmental parameters for the entire data set
(for ther values refer to Table 2).

clidian distance in order to minimize the total within-cluster
variance (Ward, 1963). The dendrogram is presented in the
] ] ] Supplement, Fig. S3 and the derived map of the main clus-
In order to identify the environmental parameters that gov-ters shown in Fig. 3a. Then we performed principal compo-
e the mass d&. huxleyi coccoliths in the surface-sediment ent analyses (PCA) on the standardized values of the envi-
samples, we first performed a hierarchical cluster analysisonmental parameters and the mas&€ohuxleyi In a first
(HCA) on the standardized values of the environmental Pastep, the PCA was conducted on the entire data set in or-
rameters in seawater (temperatur.e and salinity; nitrate, phojer to have an overview, and in a second step we conducted
phatze_ and chlorophyl concentrations; and pthCO, and  he same analyses on the parameters of the different clusters.
[CO57]). This first step was necessary to highlight the ar- gigyre S4 of the Supplement presents the results of the PCA,

eas (clusters) with characteristic physicochemical propertiesynile Table 2 presents the correlation between the mass of
We used the Ward method (Ward, 1963) and squared Eu-

2.3 Statistical methods
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E. huxleyiand the environmental parameters. The correlation(2.69—25.18 mmol m®), phosphate (0.47—-1.77 mmofim

coefficients between each environmental parameter and thand [CC%‘] (131.32—240.70 umol kg') (Fig. 3b, c, e, f, i),

mass ofE. huxleyifor the different clusters and the entire but not pH (8.205-8.286) andCO, (203.03—251.83 patm)

data set is provided in the Supplement (Table S1). All thesgFig. 3g, h).

analyses were performed using SPSS (Statistical Package for When we compare the averaged mask dfiuxleyiwithin

the Social Sciences; version 10.1) statistical software. the different clusters, it appears that the mass is highest
within cluster #3 (3.6:0.82pg) followed by cluster #1
(3.1+0.48 pg) and cluster #2 (240.49 pg). Further, a sim-

3 Results ilar pattern is observed when considering the whole range
of values covered by the massBf huxleyiwithin the three
3.1 Coccolith calcite mass and clustering clusters (Fig. 3b-i): cluster #3 presents the highest range of

values (1.73-4.85 pg), since the two samples with the lowest

A total of 19 982 coccoliths belonging to the family Noélaer- and highesE. huxleyimass belong to this cluster, followed
habdaceae were analyzed from surface sediment samples 18y cluster #1 (2.02 pg) and cluster #2 (1.7 pg).
trieved from the South Atlantic, the subantarctic, the Agulhas
System, and the southwestern Indian oceans (Fig. 1). Among.2 PCA
them 10 333 wer&. huxleyiwhile the remaining 9649 were
placoliths belonging to the gene@ephyrocapsaandRetic-  Results of the PCA conducted on the entire data set show that
ulofenestra Although results discussed below focus exclu- ~ 80 % of the variance can be explained by two factors (see
sively onE. huxleyj we also measured the average mass ofSupplement, Fig. S4a). The first factor (F1), which explains
all the specimens belonging to the family Noélaerhabdaceae- 60 % of the variance, is driven (in order of importance)
(presented in the discussion) in order to compare our resultpy temperature (18% of F1), phosphate (16.3 %), nitrate
with those of a recent study that uses a similar approach fronf15.6 %), salinity (15.3 %), [C§T] (14.7 %), and the mass
other oceanic regions (Beaufort et al., 2011). For each cocof E. huxleyi(2.7 %). The second factor (F2) explains 20 %
colith, the length (in um) and the mass of calcite (in pg) wereof the variance within the samples and is driven by 0,
measured. The calcite masskfhuxleyicoccolith is on av-  (33.6 % of F2), the pH (32.9 %) and the Gh(16.4 %), the
erage 3.12 pgn(= 10 333,0 = 0.66), with values ranging other parameters having very low scores. Interestingly, these
between 1.73 pgi(= 101,0 = 0.69) in sample ANT2606-3  results show that the massBf huxleyipresents a significant
(6%°22'S, 4721 E, 2552 m water depth) and 4.85pg=£  correlation (at the 95 % confidence level) with all the param-
209, 0 = 2.23) in sample ANT2561-1 (426'S, 2857 E,  eters, except nitrate and phosphate (Table 2): the most impor-
4471 m water depth) (Figs. 1, 3b—i). For coccoliths belong-tant being, according to thevalues, Chlz, pCO, salinity,
ing to Noélaerhabdaceae (also includighuxley), the av-  pH, temperature, and [C';o].
eraged mass of calcite is 10.17 pg=£ 9.92). Results of the PCA conducted on the samples of cluster

The results of the HCA performed on the environmental#1 (Agulhas System and South Atlantic Gyre edges) show
parameters show that the 70 samples can be divided into that~ 73.5 % of the variance within the samples can be ex-
clusters (Figs. 3a, S3): cluster #1 encompasses a total of 3glained by 2 factors (see Fig. S4b). The first factor (F1),
samples distributed along the Agulhas System, between the/hich explains~ 43 % of the variance, is driven (in order
subtropical front and the South Atlantic Gyre, and north to of importance) by temperature (22.9 % of F1), pH (20 %),
the Atlantic Gyre (Fig. 3a). These samples are characterizeg CO, (19.5 %), salinity (12.8 %) and the massEfhuxleyi
by the highest range of values for Gh(0.07-0.43mgm?®), (8.5 %). The second factor (F2) explaing0.4 % of the vari-
pH (8.07-8.23) angpCO, (231.51-354.51 patm) (Fig. 3d, ance within the samples and is driven by nitrate (25 % of F2),
g, h), and the lowest range of values for [§© (222.54—  phosphate (19.6 %), Clal (18.8 %), and [C@‘] (14.9 %).
260.21 pmol kg?) (Fig. 3i). Cluster #2 encompasses a to- These analyses show that the massEothuxleyipresents
tal of 19 samples, all situated within the South Atlantic a significant correlation (within a 95 % confidence interval)
Gyre (Fig. 3a) with the smallest range of values in tem-with pH, pCO,, and temperature (Table 2). This suggests a
perature (22.64—-24.4Z), salinity (36.42—36.92 psu), Chl  possible influence of both carbonate system parameters (i.e.,
(0.04-0.08 mg m®), nitrate (0.1-1.39 mmol i?) and phos- [CO%f]) and temperature on the calcite mas&ohuxleyi
phate (0.16-0.23 mmoln?) (Fig. 3b—f). The very low vari- Results of the PCA conducted on the samples of cluster
ability of nutrient concentrations within cluster #2 reflects #2 (South Atlantic Gyre) show that 75.6 % of the vari-
the oligotrophic conditions that prevail in the South At- ance within the samples can be explained by two factors (see
lantic Gyre (Morel et al., 2010). Finally, cluster #3 includes Supplement, Fig. S4c). The first factor (F1), which explains
the remaining 18 samples all situated south of the sub-—~ 48 % of the variance, is driven (in order of importance) by
tropical front (Fig. 3a). This cluster corresponds to a re-nitrate (17.2% of F1), phosphate (16.9 %), @h{16.2 %),
gion with the largest physicochemical gradients in temperathe mass oE. huxleyi(14.5 %) and [C@‘] (10.5%). The
ture (from 1.80-16.45C), salinity (33.86—35.25 psu), nitrate second factor (F2) explains 27.7 % of the variance within
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Table 2. Coefficients of correlation between the masg&ohuxleyiand the environmental parameters for the three clusters and the entire data
set. The values in bold are significapt £ 0.0001).

Temperature  Salinity Chl  Nitrate Phosphate pH pCO, [CO%‘]
Cluster #1 —0.537 -0.225 -0.155 -0.116 0.022 0.621 -0.605 0.018
Cluster #2 0.252 0.197 —0.652 —0.660 —-0.704  0.383 -0.391 0.371
Cluster #3 0.609 0.562 0.557 —0.632 —0.620 -0.163 0.090 0.554
Entire data set —0.305 -0.359 0.406 0.088 0.134 0.356 -0.372 —0.268

the samples and is driven by the&€O, (21.8% of F2), pH  Beaufort et al., 2008). However, our results tend to show the
(21.7 %), temperature (19.9 %) and salinity (16.8 %). Theseopposite within cluster #1 (Table 2). Moreover, the correla-
analyses show that the mass Bf huxleyipresents a sig- tion between the mass and these parameters within the two
nificant correlation (within a 95 % confidence interval) with others clusters is different: it is positive in cluster #3 and not
phosphate, nitrate, and Chi(Table 2), highlighting a possi-  significant within cluster #2 (Table 2). It is then hard to de-
ble nutrient influence on the calcite mas$ofhuxleyi cipher if and how temperature could influence the mads of
Finally, the results of the PCA conducted on the samples ohuxleyi However, it has been shown that elevapetio, can
the cluster #3 (Southern Ocean) show th&®0 % of the vari-  have a negative impact on the coccolith morphogenesis in
ance within the samples can be explained by two factors (seeulture experiments (de Bodt et al., 2010; Bach et al., 2012),
Fig. S4d). The first factor (F1), which explains68.2% of  which is in agreement with our findings (Table 2).
the variance, is driven (in order of importance) by tempera- The South Atlantic Gyre (cluster #2) presents the lowest
ture (16 % of F1), nitrate (15.8%), phosphate (15.7 %), salin-variability in temperature, salinity, Cll, and nutrient con-
ity (15.5 %), [CC%‘] (15.3%), Chla (14 %) and the mass of centrations of the entire data set (Fig. 3b—f). The results of the
E. huxleyi(7.4 %). The second factor (F2) explam22.5%  PCA show thakE. huxleyicalcite mass is exclusively (nega-
of the variance within the samples and is driven f0, tively) correlated to the surface productivity and the nutrient
(49.1% of F2) and pH (48.4 % of F2). These analyses showconcentrations (Table 2). The oligotrophy characterizing the
that the mass oE. huxleyipresents a significant correlation South Atlantic Gyre (Morel et al., 2010) (Fig. 3e, f) could
(within a 95 % confidence interval) with all the parameters lead to an increase &. huxleyicalcite mass. Indeed, such
except pH anghCO, (Table 2), the most important being ni- impact of nutrient limitation ork. huxleyi calcite mass has
trate, phosphate, temperature, salinity, @hlnd [C@‘]. already been observed (Paasche, 1998; Miller et al., 2008;
This suggests a possible influence of the surface hydrogra©viedo et al., 2014), and it is likely related to the impact of
phy, the nutrients and to a lesser degree theé[(}@n the  nutrient limitation on different phases of the cell cycle during

calcite mass oE. huxleyi mitosis (Muller et al., 2008). In this particular cage,hux-
leyi appears to be very sensitive to small variations in nutrient
) ) concentrations.
4 Discussion Finally, the samples of the Southern Ocean (cluster #3) are

characterized by the highest range in values for temperature,

We investigated the variations &. huxleyi calcite mass salinity, nutrient concentrations and [@Q (Fig. 3b, ¢, e, ,

in sediment samples deposited under late-Holocene to preij of the entire data set. Within this clustdt, huxleyical-

gnthropo'genllﬁ cogdn;ons n ;he S?hUth ,;Atlan'ilca_Souct)herncite mass shows high correlations with all these parameters
cean, Aguihas system, and southwestern Indian Cealz’l'able 2); an increase of temperature, salinity,&:f[CO%f]

and compared them with environmental parameters (temperénd a decrease of nitrate and phosphate are concomitant to an

ature, salinity, nutrients and carbonate chemistry). According1 : : ;
! ! A . ) ncrease oE. huxleyicalcite mass. Such impact of temper-
to the HCA, the entire data set can be divided into three re- y P b

: . ature (Beaufort and Heussner, 2001; Beaufort et al., 2008),
gional clusters (Fig. 3a). The PCA performed on the Samplessalinity (Bollmann and Herrle, 2007; Bollmann et al., 2009),

of the Agulhas system and the South Atlantic Gyre edgesnutrient concentrations (Paasche, 1998; Miller et al., 2008;

(cluster #1) _show high correlation between the calcite Mas$,iedo et al., in review) and [C@] on the averaged calcite
of E. huxleyiand temperaturezCO, and pH; whereby low mass ofE. huxleyihas been previously documented.

calcite mass is associated to high temperature, pigH, If the entire data set is considered, most of the environmen-

and low pH (Table 2). This area is characterized by the high- - )
est variability in surface productivity (Chl), pCO,, and pH tal parameters (temperature, salinity and carbonate chem

Fia. 3d ). Previ wdi how that t ¢ istry) present a significant correlation with huxleyicalcite
.( ig. 3d, g, h). revious studies snow that temperature cafl, o (Table 2), suggesting the importance of synergistic ef-
influencekE. huxleyicoccolith mass or size: more heavily cal-

- . . . fects of the environmental factors. Although the environmen-
cified specimens were observed in regions where sea surfa

81 parameters are often correlated with each other, leadin
temperature was the highest (Beaufort and Heussner, 2001; P ’ 9
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18 2011; Riebesell and Tortell, 2011 and references therein). A
e st N reduction of~ 25 % coccolith mass has been linked to an in-
16|~ & Famiy Noslacrhabdaceas (Beaort et al, 2011) A crease by 100 ppmv of the atmosphericqBeaufort et al.,
0 2011); that is, the amplitude of the change in atmospheric
14 o CO, concentrations seen across the late-Pleistocene glacial—
@ A interglacial transitions (M6nnin et al., 2001; Luthi et al.,
» 12- 2008).Emiliania huxleyiis present with numerous ecotypes
g 10l that likely justify its dominance in the coccolith assemblages
< over the last~ 80 000 yr (Thierstein et al., 1977; Read et al.,
Kl 8l 2013). The calcification of its coccoliths appears strongly
§ biologically regulated and genetic analyses may likely pro-
S 5l vide further insights into the mechanisms controlling the coc-
2 colith mass in differenk&. huxleyi strains (Paasche, 2001).
4l An open issue is to understand the combined environmental
conditions that can prompt different feedbacks during calci-
20 fication (e.g., Mlller et al., 2012). The seawater carbonate
chemistry impact on coccolith mass has been mainly studied
0 ‘ ! ‘ ‘ ‘ in experimental culture settings and secondarily with in situ
50 100 150 200 250 300 350

S observations. These studies highlight the uneven responses
COs (umol/kg) of coccolith calcification (Ridgwell et al., 2009). The envi-
ronmental conditions of seawater induce changes in coccol-

. ... ithophore cell division rate and calcification, and in the par-
study, open blue diamonds), the averaged mass of the coccolith . . . . .
belonging to the family Noélaerhabdaceae in the surface sedimen culate organic and inorganic carbon productlon.(MuIIelr et
(including E. huxleyj this study, green open squares), the averagedal" %908,)' Th? seawater carbonate system, and in pa”'CFJ'ar
mass of the coccoliths belonging to the family NoélaerhabdaceadCO35 1, is an important regulator of coccolithophore calci-
in the plankton (includingE. huxleyj Beaufort et al., 2011, black fication and the understanding of its role in this process is
triangles) and the carbonate ion concentration @Cp The blue, ~ currently a subject of intense debate (Bach et al., 2011 and
green and black lines show the linear regression for the three datéeferences therein). We compare here the data compilation of
sets. Beaufort et al. (2011) based on living coccolithophore water
samples to the present study (Fig. 4). Since the authors com-
pare the mass of coccolith belonging to the family Noélaer-
to a multiple correlations (Table 2 and Table S1 of the Sup-habdaceae (including the gendtmiliania, Gephyrocapsa
plement), we interpret this evidence as indicative of a com-andReticulofenestrato [CO%‘], we provide the estimation
bined influence of productivity, carbonate system, and theof the averaged mass of the coccoliths belonging to the fam-
surface ocean hydrography on the masg ofiuxleyi How- ily Noélaerhabdaceae (Fig. 4). Despite the fact that the two
ever, follow-up studies, involving culture experiments and data sets (Beaufort et al., 2011 and this study) present a very
in situ measurements (e.g., Henderiks et al., 2012; Charamsimilar range of coccolith calcite mass, no significant cor-
popolou et al., 2011; Poulton et al., 2013), are needed to betrelation between [C@] and the calcite mass of the family
ter constrain the synergistic effects of these environmentaNoélaerhabdaceae is found in our data set (Fig. 4). Indeed,
parameters of. huxleyicalcite mass variations. water samples reproduce local and seasonal oceanographic
We cannot rule out the possibility that the variability of conditions of living specimens, a “snapshot” in time. How-
the calcite mass that we observed reflects the regional distriever, sediment samples are a multidecadal-weighted average
bution in E. huxleyi morphotypes (Boeckel and Baumann, of the physicochemical influence of overlying water masses
2008; Smith et al., 2013). In our study, huxleyi morpho-  on the calcification oE. huxleyi(Ziveri et al., 2000; Broerse
types are not differentiated since they cannot be identifiecet al., 2000), and a recent comparison of plankton and surface
when using a light microscope; this is as true for the hu-sediments by Boeckel and Baumann (2008) revealed that the
man eye as for SYRACO. However, previous results basedlistribution of the morphotypes is reflected in the sedimen-
on SEM investigation of surface sediment samples along dary archive.
N-S transect from the South Atlantic Subtropical Gyre to Our study provides statistical evidence for a relationship
the subantarctic zone show that the most soluble resiBtant betweerE. huxleyi calcification and physicochemical prop-
huxleyi morphotype (type A) (Boeckel and Baumann, 2008) erties of seawater under preindustrial conditions, i.e., when
largely dominates the morphotype composition. the carbonate chemistry forcing on the calcifying organisms
Current knowledge of the factors that control the coccol-was plausibly much weaker than today (Feely et al., 2004).
ith mass variability suggests a prominent role of the seawateil he results emphasize the potential role of nutrients (phos-
carbonate system (e.g., Riebesell et al., 2000; Beaufort et alphate and nitrate) and carbonate chemistry (pH p8@,)

Fig. 4. Comparison between the averaged masE.dfuxleyi(this
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5 Conclusions

There is currently much debate on the response of calcifyin
planktonic organisms (e.g., coccolithophores, foraminifera,’
pteropods) to the ongoing seawater aC|d|f|_ca}t|on (DO!"ey o the EU FP7 project: Mediterranean Sea Acidification under a
al., 2009; Kroe}(er et al., 2013). By examining a su!te of changing climate (grant agreement no. 265103).

70 surface sediment samples from the South Atlantic, the

Agulhas System, and the Southern Ocean we found that igdited by: C. Klaas

is the combined effect of nutrients and seawater carbon-

ate chemistry controlling coccolithophore mass in preanthro-

pogenic conditions. There is a regional difference in terms of

dominant controlling environmental parameters on coccolith
mass. For example in the Agulhas Current and the sample
surrounding the South Atlantic Gyre the main factor is car-

bonate chemlstr.y (largest rc_ange plCOz and pH) and for planktonic foraminiferaGlobigerina bulloideslinked to phos-
the South Atlantic Gyre nutrients (oligotrophy) are key. Fur- oo concentrations in surface waters of the North Atlantic
ther south is characterized by large physicochemical gradi- cean, Biogeosciences, 9, 17251739, ibB194/bg-9-1725-
ents, and the combined effects of seawateéC@wd nutri- 2012 2012.
ents governing coccolith mass. Bach, L. T., Riebesell, U., and Schulz, K. G.: Distinguishing be-
Although it is clear that these environmental gradients tween the effects of ocean acidification and ocean carbonation in
can have a profound impact on coccolithophore calcification, the coccolithophor&miliania huxleyi,Limnol. Oceanogr., 56,
the combined effects of these abiotic factors makes singu- 2040-2050, doi0.4319/l0.2011.56.6.2042011.
lar cause—effect relations difficult to be conclusively deter-Bach, L. T., Bauke, C., Meier, K. J. S., Riebesell, U., and
mined. The ongoing human-influenced climatic and environ- Schulz, K. G.: Influence of changing carbonate chemistry on
mental changes, such as global warming, increased stratifi- hmor|ph9lg_gy and We'ghtgog:fgcgzgh; ;ggf&/?gl_'gzz"g_
cation, and ocean acidification (Gruber, 2011) have impor- uxieyl slogeosciences, =, a T 9

. 2012 2012.
tant consequences for calcification processes. Because of thgi, k. Lindsay, R., Fu, G., and McClain, C. R.: Data analysis

ongoing rapid physicochemical alterations of the ocean, the gystem developed for ocean color satellite sensors, EOS Trans-
evidence we report of multiple environmental factors affect-  actions AGU, 82, 202-202. d40.1029/01e00010@vailable at:

ing coccolithophore calcification provides important infor-  http://oceancolor.gsfc.nasa.gov/sead2@01.

mation for projecting the response of (bio)calcification in the Banse, K.: Low seasonality of low concentrations of surface chloro-
near future. Finally, our results suggests that paleostudies on phyll in the Subantarctic water ring: underwater irradiance, iron,
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