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We analyzed the cellular content of C, N, P, S, K,
Mg, Ca, Sr, Fe, Mn, Zn, Cu, Co, Cd, and Mo in 15
marine eukaryotic phytoplankton species in culture
representing the major marine phyla. All the
organisms were grown under identical culture
conditions, in a medium designed to allow rapid
growth while minimizing precipitation of iron
hydroxide. The cellular concentrations of all me-
tals, phosphorus, and sulfur were determined by
high-resolution inductively coupled plasma mass
spectrometry (HR-ICPMS) and those of carbon and
nitrogen by a carbon hydrogen nitrogen analyzer.
Accuracy of the HR-ICPMS method was validated
by comparison with data obtained with **Fe radio-
active tracer and by a planktonic reference material.
The cellular quotas (normalized to P) of trace metals
and major cations in the biomass varied by a factor
of about 20 among species (except for Cd, which
varied over two orders of magnitude) compared with
factors of 5 to 10 for major nutrients. Green algae
had generally higher C, N, Fe, Zn, and Cu quotas
and lower S, K, Ca, Sr, Mn, Co, and Cd quotas than
coccolithophores and diatoms. Co and Cd quotas
were also lower in diatoms than in coccolithophores.
Although trace element quotas are influenced by a
variety of growth conditions, a comparison of our
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results with published data suggests that the
measured compositions reflect chiefly the intrinsic
(i.e. genetically encoded) trace element physiology
of the individual species. Published field data on the
composition of the planktonic biomass fall within
the range of laboratory values and are generally
close to the approximate extended Redfield formula
given by the average stoichiometry of our model
species (excluding the hard parts):

(C194N16P1S15K 1 7Mg 56Cao.5) 1000 ST5.0Fe7 5Zn0.80
Cuyg 38C00.19Cdg.21 M0y 03

While clearly this elemental stoichiometry varies
between species and, potentially, in response to
changes in the chemistry of seawater, it provides a
basis for examining how phytoplankton influence
the relative distributions of the ensemble of major
and trace elements in the ocean.

Key index words: culture medium; elemental com-
position; ICPMS; marine phytoplankton; nutrients;
quotas; Redfield ratio; trace elements; trace metals;
trace nutrients

Abbreviation: HR-ICPMS, high-resolution induc-
tively coupled plasma mass spectrometry

Over the past two decades, both culture and field
studies have revealed that trace metals can be impor-
tant in controlling primary production and regulating
the community structure of marine phytoplankton. For
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example, on the basis of large- and small-scale field
experiments, iron is now known to limit phytoplankton
growth in some areas of the ocean (Martin and
Fitzwater 1988, Price et al. 1991, Martin et al. 1994,
Coale et al. 1996, Boyd et al. 2000). Culture studies
have shown that several trace metals can limit the
growth of model phytoplankton species at unchelated
concentrations in the range estimated for surface
seawater (Anderson et al. 1978, Brand etal 1983,
Morel et al. 1994, Sunda and Huntsman 1995a, b, Saito
et al. 2002). The differential effects that are observed on
various species imply that metals influence the physiol-
ogy and ecology of marine primary producers.

Despite growing interest in the subject, there is
limited information regarding the trace element con-
tent of marine phytoplankton. A number of publica-
tions provide cellular quotas for a few trace elements in
some species (particularly the estuarine diatom Tha-
lassiosira weissflogit) under specific culture conditions
(Harrison and Morel 1986, Price and Morel 1990, Lee
and Morel 1995). Sunda and Huntsman published
detailed studies on the trace metal concentrations of
a few model species, particularly the open ocean
coccolithophore Emiliania huxleyi and the diatoms
Thalassiosira pseudonana (neritic) and Thalassiosira ocea-
nica (oceanic) in addition to 7. weissflogii under a wide
range of conditions (Sunda and Huntsman 1995b,
1998a, 2000). But there are no synoptic data for all the
elements that are known to be used by phytoplankton
and for representatives of major phytoplankton taxa.
The most widely cited reference on the elemental
composition of marine phytoplankton is based on a 30-
year-old field study of the composition of suspended
particulate matter collected by plankton tows in
Monterey Bay (Martin and Knauer 1973).

There are two reasons for the paucity of such data.
First, radiotracer experiments, usually carried out in

TABLE 1.

Species, taxa, clones, specific %rowth rate p(d
synthesis (

F,/F,,) for the marine phytop
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the laboratory, do not allow more than a few metals to
be measured simultaneously. Further, we know that the
cellular concentration of a given element in phyto-
plankton is affected by its bioavailable concentration in
the medium and also by the concentrations of major
nutrients and other trace elements (Bruland et al.
1991). Hence, the very design of experiments to
measure a representative trace element composition
of phytoplankton is difficult.

Here we take advantage of the progress in analytical
instrumentation and in our understanding of the trace
metals physiology of marine phytoplankton to obtain
systematic data on the composition of 15 marine
species, 4 oceanic and 11 neritic, representing five
eukaryotic phyla (Table 1). High-resolution inductively
coupled plasma mass spectrometry (HR-ICPMS) pro-
vides a means for simultaneous and extremely sensitive
multielemental analysis. In addition, previous studies
show that cellular quotas for individual elements are
normally regulated over a range of medium concen-
trations. This allows us to choose culture conditions
that provide meaningful data while being mindful of
the complex effects of the concentrations of major
nutrients and other trace elements. We discuss the
variations in elemental quotas among species and
compare our data with previous detailed laboratory
studies of a few individual species. A further compar-
ison of the range and average of the average composi-
tion measured in the laboratory with available field
data provides insight into the variations in phytoplank-
ton composition in seawater.

MATERIALS AND METHODS

All apparatus for medium preparation, algal culturing and
sampling, and elemental analysis was prepared according to
rigorous acid cleaning procedures (Cullen and Sherrell 1999).
Filters and filtration apparatus were precleaned with 10% trace

~1), cellular volume (um)*, and maximum quantum yields of photo-
ankton measured in this study.

Cellular
Species Taxa Clone* Authority Provenance pd—1 volume (pm)* Fv/Fm
Dunaliella tertiolecta Chlorophyceae CCMP 1320 Butcher Unknown  0.72 227 0.69
Pyramimonas parkeae Prasinophyceae CCMP 724 Norris and Pearson Coastal 0.69 587 0.66
Nannochloris atomus Chlorophyceae CCMP 509 Butcher Coastal 0.69 14 0.63
Pycnococcus provasoli Prasinophyceae CCMP 1203 Guillard Coastal 0.64 10 0.50
Tetraselmis sp. Prasinophyceae CCMP 1639 Lewin Estuarine 0.27 300 0.68
Gymnodinium Dinophyceae DIN 3 Elbrichter & Schnepf Coastal 0.20 3410 0.72
chlorophorum
Prorocentrum mimimum Dinophyceae CCMP 1329 (Pavillard) Schiller Coastal 0.52 833 0.56
Amphidinium carterae Dinophyceae CCMP 1314 Hulburt Estuarine  0.52 514 0.53
Thoracosphaera heimii Dinophyceae CCMP 1069 (Lohm.) Kamptner Oceanic 0.33 1353 0.57
Emiliania huxleyi Prymesiophyceae ASM 1 Probert Oceanic 0.64 142 0.58
Gephyrocapsa oceanica Prymesiophyceae JSIA Probert Oceanic 0.79 142 0.64
Ditylum brightwellii Bacillariophyceae =~ CCMP 358 (West) Grunow Oceanic 0.43 6995 0.61
Thalassiosira weissflogti Bacillariophyceae ~ CCMP 1336  (Gru.) Fryxell et Hasle Coastal 0.98 930 0.56
Nitzschia brevirostris Bacillariophyceae =~ CCMP 551 Hustedt Estuarine  0.67 119 0.51
Thalassiosira eccentrica Bacillariophyceae ~ CCMP 1800 (Ehr) Cleve Estuarine  0.27 6627 0.62

*CCMP clones were purchased from the Culture Collection of Marine Phytoplankton (CCMP), Bigelow Laboratory for Ocean
Sciences, West Boothbay Harbor, ME, USA. DIN 3 and coccolithophores were provided from Dr. Ian Probert (Universite de Caen
Basse Normandie, France). The provenance information of all CCMP clones were obtained from the CCMP website http:/
ccmp.bigelow.org; the information of ASM1 and JS1A were given by Robert Guillard (Bigelow Laboratory for Ocean Sciences).
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metal grade hydrochloric acid (1.2N, Fisher, Fairlawn, NJ,
USA) at 70° C overnight and were rinsed with Milli-Q H,O
(Millipore, Billerica, MA, USA) thoroughly.

Preparation of the culture medium. Cells were cultured in the
medium Aquil prepared and sterilized according to Price
et al. (1988/1989). Synthetic ocean water was enriched with
sterile and metal-free 150 uM NaNOg, 10 uM Na,HPO,, and
40 uM NaoSiOs, plus 0.1 pM vitamin B, 0.1 pM biotin, 20 pM
thiamin, and 100 nM NayMoO,. In the presence of 100 pM
EDTA, total trace metal concentrations were as follows: Mn-,
120nM; Zny 80nM; Cuyp 20nM; Cop 50nM; and Cdy
15nM. These concentrations were calculated to yield un-
chelated concentrations of Mn’, 10nM; Zn’, 20 pM; Cu/,
0.2 pM; Co’, 20 pM; and Cd’, 20 pM (Westall et al. 1986, Price
et al. 1988/1989). These choices of unchelated (total inor-
ganic) metal concentrations are explained in the Results and
Discussion, which also describes an experiment to determine
a suitable Fe’ for the culture medium. Because the constants
for metal complexation by EDTA and major anions in
seawater are not all precisely known, there is uncertainty
regarding the exact unchelated concentrations in the med-
ium (in particular, Cd’ may be higher than calculated).
Comparison with other data sets requires careful matching
of total metal and ligand concentrations. The unchelated
Fe concentration, which depends on the light intensity
because of the photoreduction of the FeEDTA complex, was
calculated as Fe’ =2.4 x 10 % x Fer under the light condi-
tions of the experiments of Table 2 (250 pmol photo-
ns-m~%-s~ ') up to a saturating value of approximately
1000 pM (Hudson and Morel 1990, Sunda and Huntsman
1995a). In the dark, the Fe’ was calculated as Fe’ = 1.2 x
10 -2 x Fer (Sunda and Huntsman 1995a). Thus, under a
12:12-h light:dark cycle, the average Fe’ was calculated as
Fe’=1.8 x 10~ % x Fep.

Culturing and sampling. Phytoplankton species investi-
gated in this study included six “green algae” (Dunaliella
tertiolecta, Pyramimonas parkeae, Nannochloris atomus, Pycnococ-
cus provasoli, Tetraselmis sp., and Gymnodinium chlorophorum),
three “red” dinoflagellates (Prorocentrum minimum, Amphidi-
nium carterae, Thoracosphaera heimii), two coccolithophores
(Emiliania huxleyi, Gephyrocapsa oceanica), and four diatoms
(Ditylum brightwellit, Thalassiosira weissflogit, Nitzschia breviros-
tris, Thalassiosira eccentrica) (Table 1). The algae were grown
at 194+1°C using a 12:12-h light:dark cycle with a cool
white 250 pmol photons-m~%-s~ ! light intensity. Replicate
culture samples (n =3-6) were maintained in exponential
growth through a minimum of six generations before
harvesting. Cell density and size were determined daily
with a Coulter (Beckman Coulter, Hialeah, FL, USA) particle
counter to calculate growth rates and cell volumes.
The maximum quantum yield of photochemistry in PSII
(F./F,,) was measured using a Fast Repetition Rate fluorom-
eter (Chelsea Instruments, Surrey, U.K.) (Kolber et al. 1998).
We used F,/F,, as a proxy for the physiological status
of the cells during the experiments (Falkowski and Raven
1997).

Harvesting and digestion of samples. Cells were harvested
around noon (10 a.m. to 3 p.m.) with a six-channel plastic
filtration manifold consisting of polypropylene Swinnex 25-
mm in-line filter holders with Teflon o-rings (Millipore,
Billerca, MA, USA) and 60-mL polypropylene syringes as
funnels. Nuclepore (Whatman, Maidstone, UK) or Poretics
(GE Osmonics, Minnetonka, MN, USA) polycarbonate filters
with either 0.8- or 5-um pore size were used depending on
cell size. Samples (100-150mL) were filtered under low
vacuum (50-150 mm Hg, depending on the rigidity of the
cells) and rinsed three times with 20 mL of 0.45M NaCl
solution or synthetic ocean water previously cleaned through
a Chelex-100 column (Chelex, Rochester, NY, USA). Filtered

samples were then digested in 10-mL Teflon (Teflon,
Rochester, NY, USA) centrifuge vials (Nalgene) or 20-mL
Teflon bottles with 90% HNOj (Fisher, trace metal grade or
Optima grade) and 10% hydrofloric acid (Optima grade) at
120° C for 4 h (Cullen and Sherrell 1999).

HR-ICPMS. All elements but carbon and nitrogen were
determined with a sector field HR-ICPMS (Element 2,
ThermoFinnigan, San Jose, CA, USA) fitted with a self-
aspiring microflow Teflon nebulizer (PFA-100, Elemental
Scientific Inc, Omaha, NB, USA) and a quartz Scott-type
double-pass spray chamber. Except for K, which was analyzed
at high resolution (m/Am=13,000), the analysis was con-
ducted at medium resolution (m/Am=5000). Sensitivity and
stability of the machine were adjusted to optimize conditions
before sample analysis. The sensitivity was around 1-2 x 10°
counts per second for 10 ppb In under medium resolution.
For the elements with more than one stable isotope, two
isotopes were measured to confirm low interference: Mg 24/
26, Ca 42/44, S 32/34, Fe 56/57, Cu 63/65, Zn 64/66, Sr 86/88,
Mo 95/98, and Cd 110/111. The concentration differences
between the two isotopes were less than 5% for all these
elements. For the two coccolithophores and T. heimii samples,
which had extremely high Ca contents, the matrix effect of Ca
on the analysis of other trace metals was determined and
corrected (approximately 5%—20% signal suppression).

Calibration, accuracy, and precision of the HR-ICPMS meth-
od. The HR-ICPMS instrument was calibrated using multi-
element standard solutions prepared by mixing and diluting
single element standards (High-Purity Standards, Charles-
ton, SC, USA). Analysis of plankton reference material
CRM414 (BCR, Commission of the European Communities)
gave values that were within 10% the certified values (Mn
93%, Co 100%, Cu 102%, Zn 100%, Cd 100%, Fe not certified
in CRM 414). The detection limits for the trace metals of
interest—determined as three times the SD of filter blanks
(n = 6) digested and analyzed as above—were as follows: Mn
0.09nM, Fe 3nM, Co 0.06 nM, Cu 1 nM, Zn 1 nM, Mo 0.2 nM,
and Cd 0.03nM. More than 95% of the concentrations
measured in this study were at least one order of magnitude
higher than the detection limits.

To verify the accuracy of the method from the growth of the
cultures to the analysis of the elements, we compared Fe quotas
obtained by HR-ICPMS with those obtained by liquid scintilla-
tion counting (LS counter 1801, Beckman, Palo Alto, CA, USA)
of °Fe used as a tracer following the method of Granger and
Price (1999). The cultures were grown under continuous light
at 120 pmol photons-m=-s™" (so that the formula for un-
chelated Fe is Fe’ =1.8 x 102 Fet up to the point of preci-
pitation). Both total cellular Fe (without Ti-citrate-EDTA rinse)
and intracellular Fe (with Ti-citrate-EDTA rinse) were mea-
sured in triplicate 7. weissflogii cultures grown at five Fe'
concentrations (0.05, 0.14, 0.5, 1.4, and 14 nM) and harvested
in late exponential phase by the two independent methods. As
seen in Figure 1, the precision of the HR-ICPMS data (relative
SE, 11%) is somewhat better than the precision of the
radiotracer data (relative SE, 21%). The results for the two
techniques follow the 1:1 line, thus validating the accuracy of
the two methods.

Carbon and nitrogen analysis. Triplicate samples for carbon
and nitrogen analysis were obtained by filtering 25- to 50-mL
culture samples onto precombusted 13-mm GF/F filters or
Gelman AE GF filters (ThermoFinnigan, San Jose, CA, USA).
These were analyzed using a Carlo Erba elemental analyzer
(Whatman, Maidstone, UK). Additional C and N analysis
were performed for species whose cell walls contain calcium
carbonate (T. heimii, E. huxleyi, and G. oceanica) or carbonhy-
drate (P parkeae). The filters were fumed for 24h with
concentrated HCI to remove extracellular calcium carbonate
or carbohydrate before C and N analysis.



TabLE 2. Elemental quotas and cellular concentrations of the marine phytoplankton.
mol/mol P+1 S.E.
mmol/L (bold and italics)
Species c* N P S K Mg Ca Sr* Fe Mn Zn Cu Co Cd Mo
Dunaliella tertiolecta 222+32 38456 1 0.2840.030.36+0.08 0.374+0.03 0.019+0.002 0.0814+0.02 11.3+0.48 1.940.07 1.49+0.08 0.67+0.034 0.010£0.0004 0.10+0.006 0.011+0.003
11000 1900 49 14 18 18 0.94 40 560 93 74 33 0.51 5.1 0.52
Pyramimonas parkeae 475/(209+43) 17.644.6 1 1.44+0.280.85+0.12  N.A. 1.69+40.30 1240.81 1544218 7.7+1.03 1.4740.12 0.6240.039 0.2440.028 0.65+0.057 0.03540.003
15454/(6800) 570 32 47 27 NA. 55 390 500 250 48 20 7.6 21 1.1
Nannochloris atomus 173+8 25+14 1 0.3640.020.97+0.02 0.24+0.01 0.028+0.002 0.0464+0.01 13.6+£0.42 1.2+0.05 1.68+0.14 0.23+0.006 0.081+0.002 0.00740.0008 0.009+0.001
14000 2000 81 29 78 19 2.3 3.7 1100 93 140 19 6.5 0.60 0.76
Pycnococcus provasoli 191+34 27+5.0 1 1.0740.03 1.234+0.09 0.27+0.01 0.055+0.006 0.11£0.01 12.6+0.85 2.14+0.04 0.92+0.062 0.53+0.039 0.090+0.002 0.029+0.0016 0.017+0.001
14000 1900 72 77 89 19 3.9 7.9 910 150 66 38 6.5 2.1 1.2
Totraselmis sp. 199443 26453 1 1.3340.01 14740.04 0.2340.01 0.86+0.019 25+1.01 3.9+0.42 4.040.250.44+0.075 0.51£0.009 0.11240.018 0.1540.007 0.02840.006
N.A. NA. NA. NA. N.A. NA. NA. NA. N.A. N.A. N.A. NA. NA. NA. N.A.
Gymnodinium chlorophorum — 137+40  16.6+3.4 1 N.A. N.A. N.A. N.A. N.A. 14.4+0.90 1.940.08 0.87+0.070 1.36+0.18 0.24+0.02 0.097+0.010 0.11£0.02
18000 2000 120 N.A. N.A. NA. N.A. N.A. 1700 220 110 160 29 12 13
Prorocentrum mimimum 135+21 11+£1.9 1 21840.051.2940.01 0.99+0.16 0.384+0.070 2.9+0.5 6.8+1.72 6.1+0.18 0.89+0.063 0.28+0.012 0.46+0.0053 0.12+0.005 0.025+0.01
22000 1800 16 350 210 160 61 470 1100 980 140 440 73 19 4.0
Amphidinium carterae 126424 18438 1 1.3440.090.1540.05 0.5740.04 0.27+0.027 1.240.08 13.340.37 5.140.16 1.26+0.310 0.54+0.059 0.35+0.010  0.73+0.037  0.11+0.010
1200 160 9.1 12 1.4 53 2.5 11 120 47 12 5.0 3.2 6.7 0.98
Thoracosphaera heimii® 112/(814+20) 6.4+14 1 1.3140.041.01+£0.01 0.48+0.01 45+1.1 79+1.7 1.8+0.2 1.34+0.09 0.11+0.07 0.06+£0.014 0.0954+0.013 0.11£0.0057 0.039+0.026
5100/(5100) 400 63 82 63 30 2800 5000 110 79 7.0 3.5 5.9 6.8 2.5
Emiliania huxleyi* 237/(76+23) 8.8+29 1 0.77+0.02 0.84+0.02 0.13+0.004 142+7.0 336+10 3.5+0.07 7.1+0.36 0.38+0.002 0.07+0.013 0.29+£0.020 0.36+0.0097 0.022+0.0003
31000/(10000) 1200 130 100 110 18 19000 44000 460 940 50 8.9 39 48 2.9
Gephyrocapsa oceanica® 224/(64+12) 7.3+1.3 1 1.00+0.07 0.95+0.02 0.13+0.01 127+3.1 278+3.3 4.0+0.87 7.1+£0.13 0.41+0.088 0.114+0.007 0.360+0.010 0.31+0.011 0.023+0.005
31150/(8900) 1000 140 140 130 18 18000 39000 560 990 57 16 50 13 3.2
Ditylum brightwellii 45+ 18 54+1.0 1 282+40.133.31+£0.11 N.A. 1.05+0.11  6.840.8 0.3+(NA) 1.94£0.08 0.07+0.023 0.06+0.004 0.17+0.005 0.184+0.008 0.014+0.002
5700 690 130 360 420 NA. 130 870 43 250 9.2 8.0 22 23 1.8
Thalassiosira weissflogii 86+7 13.6+1.1 1 1.3440.185.304+0.26 N.A. 0.404+0.11 2.240.74 1.7+0.18 5.340.08 0.75+0.027 0.174+0.005 0.1084+0.0014 0.066+0.0008 0.020+0.002
12000 1800 140 180 720 NA. 54 300 230 720 100 23 15 8.9 2.7
Nitzschia brevirostris 42+ 11 6.8+2.1 1 1.15+0.1224340.18 0.60+0.1 0.27+0.062 1.3+0.48 3.1+2.0 2.34+0.04 0.2740.041 0.18+£0.007 0.056+0.0014 0.019+0.0028 0.014+0.002
11000 1700 250 290 610 150 67 330 790 590 69 46 14 1.8 3.6
Thalassiosira eccentrica 75410 78410 1 1.9440.12325+022 2.1440.32 0.65+0.035 3.9+045 6.740.18 2.1+£0.06 1.00+0.41 0.28+0.069 0.240£0.039 0.1540.006 0.02040.002
18000 1900 240 470 790 520 160 950 1600 500 240 68 59 36 4.8
Average 147(124)a 16 1 1.3 1.7 0.56 23a 54a 7.5 3.8 0.80 0.38 0.19 0.21 0.033
11000 1400 120 170 250 100 3100 7000 700 420 80 35 24 17 3.1
Relative SE (n = 11-16) 13% 16% 14% 23% 31% 57% 55% 18% 16% 17% 24% 17% 28% 25%
13% 13% 17% 26% 31% 53% 61% 61% 20% 23% 21% 31% 26% 25% 28%

For each element and species, the upper number is the elemental quota that is normalized to P; the lower italic number is the cellular concentration that is normalized to cellular volume. The units of

quotas and concentrations for C, N, P, S, K, Mg, and Ca are mol/mol and mmol/L, respectively. The units for all other trace metals (Sr, Fe, Mn, Zn, Cu, Co, Cd, and Mo) are mmol/mol and umol/L,

respectively.

“The carbon data with brackets were obtained from samples treated with HCI. The average Ca and Sr data reported in the table are the values without HCl treatment. Without including the three high
Ca/Sr species (1. heimit, E. huxleyi, and G. oceanica), the average quotas for Ca and Sr are 0.52 mol/mol and 5.0 mmol/mol P, respectively.N.A., not available.
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Fic. 1. Comparison of Fe quotas measured by two independent methods: HR-ICPMS and *°Fe tracer. Triplicate Thalassiosira
weissflogii cultures were grown at five different Fe’ concentrations (0.05, 0.14, 0.5, 1.4, and 14 nM) with either natural isotopes or 55Fe. The
Fe:P ratios for the HR-ICPMS method were directly obtained by HR-ICPMS. The Fe:P ratios of the **Fe tracer experiment were
determined by multiplying the Fe:C ratio (determined from liquid scintillation counter and carbon hydrogen nitrogen elemental
analyzer) by C/P = 106. These experiment were carried out under 24-h continuous light (120 pmol photons- m~2-s~1).

RESULTS AND DISCUSSION

Choice of medium composition. To obtain systematic
and meaningful data, we chose to use the same
culture medium for all phytoplankton species and to
buffer the unchelated trace metal concentration at
relatively low values—generally near what are
thought to be the unchelated concentrations in
surface seawater—but not so low as to severely limit
growth rates. Thus, as in the medium Aquil (Price
et al. 1988/1989), the unchelated concentrations of
Zn and Co (Zn’ and Co’ were maintained at 20 pM
and that of Cu (Cu’) at 0.4 pM. We also added Cd to
maintain at Cd’ =20 pM. In previous studies of the
effects of trace elements on a few species of phyto-
plankton, these concentrations have been shown to
allow maximum growth rates (Brand et al 1983,
1986, Brand 1991, Sunda and Huntsman 1995b).
The low Cu’ concentration was chosen to avoid
inhibition of uptake of other metals such as Mn
(Sunda and Huntsman 1983). The typical unchelated
concentrations reported for these metals in surface
waters of the open ocean are in the range of 1-20 pM
for Cd’ and Zn’ (Bruland 1989, 1992), 0.4-5 pM for
Cu’ (Moffett 1995), and 0.1-100 fM for Co’ (Saito and

Moffett 2001). To avoid limiting the growth of coastal
species, Mn’ was set at 10 nM, a value that is typical of
coastal waters and about 10 times higher than in the
open ocean (Landing and Bruland 1980).

The most critical and difficult choice was that of an
appropriate Fe concentration. On the one hand, low
unchelated Fe concentrations buffered with EDTA
usually lead to less than maximum growth rates even
when they are higher than is estimated for open ocean
surface water—approximately 0.05-1pM (Rue and
Bruland 1995). [This is presumably a reflection of the
fact that some organically bound Fe in seawater is
available to phytoplankton (Maldonado and Price
1999, Hutchins et al. 1999).] On the other hand, high
Fe concentrations unavoidably result in precipitation of
hydrous ferric oxide, FeOy, onto cell surfaces (Morel
and Hering 1993). Because FeO, adsorbs other ele-
ments, this precipitation can lead to an overestimation
of quotas of several trace metals in addition to Fe. Altho-
ugh it is possible to wash cells with a titanium-citrate-
EDTA solution to remove the extracellular Fe before
measuring the cellular metals (Hudson and Morel
1989), the wash solution contains high concentrations
of trace metals like Ti, Cu, and Zn, which is problematic
for multielemental analysis of phytoplankton. Other
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washing procedures can be used, but all run the risk of
not being sufficiently efficient, lysing the most fragile
cells and contaminating the sample.

We thus measured the total and intracellular iron
content (mol Fe per cell) in 7" weissflogic growing over
a range of Fe concentrations. The intracellular iron
content (i.e. the cellular content measured after
titanium-citrate-EDTA wash) increased with Fe’ be-
tween 0.1 and 1.0 nM and plateaued at approximately
15mmol Fe/mol P as the total Fe concentration
increased in the medium above the point of saturation
of FeO, (Fig. 2B). In contrast, the measured total
cellular content kept increasing up to 1000 mmol/mol
P, indicating that most of the measured cellular Fe was

TUNG-YUAN HO ET AL.

indeed extracellular and precipitated on the cell
surface. To obtain good growth rates and minimize
the problem of extracellular precipitation, we chose to
use for our culture medium a total Fe concentration of
82 nM, corresponding to an unchelated Fe concentra-
tion, Fe’=0.14nM (0.2nM in the following experi-
ments, which were performed at a higher light level).
At this concentration, 1. weissflogii grew at 85% of its
maximum rate (Fig. 2A) and the extracellular Fe
amounted to no more than 30% of the total Fe quota
measured (Fig. 2C). [Note that about 5% of that 30% is
not precipitated but bound to surface ligands and
eventually taken up by the cells (Hudson and Morel
1990).] This choice of Fe’ thus allows one to obtain
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Fic. 2. Variations of growth rates and intracellular and total Fe quotas in Thalassiosira weissflogii grown at different Fe’. (C) Ratios of
extracellular Fe quotas (on cell surface) to total Fe quotas. The black bar indicates the range of Fe’ over which hydrous ferric oxide is
saturated. These experiment were carried out under 24-h continuous light (120 pmol photons-m~2-s™ ).
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reasonably accurate values of cellular concentrations
with no treatment of the cells other than a chelated salt
water wash before digestion and measurement.

As can be seen in Table 1, most of the species we
tested grew well under the conditions chosen for this
study. Even the five species that grew relatively slowly
(<0.5 day™) were photosynthesizing efficiently as
evidenced by their high maximum quantum yields
(FJ/Fp).

Elemental composition of phytoplankton. The elemen-
tal compositions measured for 15 species of marine
phytoplankton are presented in Table 2 as mol ratios
normalized to P (mol of element per mol P, referred
to as “quotas”) and, in italics, as molar concentrations
(mol per liter of cell volume, referred to as “cellular
concentrations”). Phosphorus normalized quotas are
most often used by oceanographers (following Red-
field 1934, 1958) and provide an easy comparison
among organisms and with natural plankton samples
independent of cell volumes. Significant interspecies
variability of the quotas is observed for all elements
with the variability (n = 15) ranging from 55%-57%
(relative SE) for Sr and Ca to 13%—-14% (relative SE)
for C and S (see box and whisker graphs in Fig. 3). In
addition, there appears to be systematic differences in
the composition of the various phyla (Fig. 4).

Major cations: K, Mg, Ca, and Sr. The cellular quota
of Na could not be measured in this study because we
rinsed the cells with either an NaCl solution or
synthetic ocean water before analysis. The cellular
quotas of K and Mg in marine phytoplankton, which
range over more than one order of magnitude, are
surprisingly variable in view of the constant concen-
trations of these metals in seawater. The cellular
concentrations of K are higher than in seawater,
whereas those of Mg are generally lower. Diatoms
have remarkably high concentrations of both K and
Mg, their cellular Mg concentrations being in fact
higher than in seawater.

Not surprisingly, a very high quota is observed for
Ca in calcifying species. The calcium carbonate in the
cell walls of these organisms augments markedly
both their Ca and their C quotas. For example, the
“hard parts” of coccolithophores may contain as
much C as their “soft parts.” To get a better elemental
stoichiometry for organic biomass, we reanalyzed
the C content of the calcifying species after fuming
the samples with concentrated HCIl (parenthetical
values in Table 2). The resulting average C quotas
and the average Ca quotas calculated for noncalcifying
species (without including 7. heimii, E. huxleyi, and G.
oceanica) provide an estimate of the stoichiometric
composition of organic biomass for the average
phytoplankton (parenthetical numbers in the “aver-
age” of Table 2).

The Sr quotas of the coccolith-forming species are
much higher than those of other species. Indeed, the
coccoliths have been shown to contain relatively high
Sr concentrations. The Sr:Ca ratio we observed in
E. huxleyi (2.4 mmol/mol) is similar to that previously

reported for the same organism (2.5-3.2 mmol/mol;
Stoll et al. 2002). The average Sr quota of 5.0 mmol/
mol P in noncalcifying species presumably provides a
good approximation of the Sr content of the organic
biomass. [In the following discussion, we assume
implicitly that the other elements of interest, contrary
to Sr, are present chiefly in the soft parts of phy-
toplankton. This assumption has been shown to be
correct for a few elements in a few species of diatoms
and coccolithophores; e.g. Fe and Zn in frustules
(Ellwood and Hunter 2000) and Cd in coccoliths
(unpublished data).]

Major nutrients: C, N, B and S. The quotas for the
major nutrients, C, N, and S, in the organic biomass
are quite variable, with differences by factors of 5, 7,
and 10, respectively, among individual species. None-
theless, the average quotas of the organic biomass
(C:N:P:S=124:16:1:1.3) are close to those reported
by Redfield et al. (1963), based on the data of Fleming
(1940).

The good match between our average N quota and
the “canonical” Redfield quota of 16 may seem
surprising given that a recent compilation of the
published data on the composition of marine phyto-
plankton in culture showed that the average measured
N:P ratios are markedly lower (Geider and La Roche
2002). A perusal of the references cited in Geider and
La Roche (2002) reveals that most of the species in
these previous studies were diatoms and dinoflagel-
lates, which we also found to have relatively low N:P
ratios (Fig. 4). The high average quota we obtained
may thus simply represent a difference in the collection
of species we studied compared with previous investi-
gations, in particular the inclusion of five species of
green algae (Chlorophyceae and Prasinophyceae) that have
high N:P ratios. Thus, the good match between our
average N:P ratio and the canonical Redfield value,
which comes from measurements of nutrients dis-
solved in seawater and in field samples of suspended
material, seems to be fortunate.

Under our culture conditions, the C:P ratios of
green algae, like their N:P ratios, are much higher than
those of diatoms and of the soft parts of coccolitho-
phores. But as noted by Geider and La Roche (2002),
the C:N ratios in the organic fraction of all species are
relatively constant in the range 6 to 9. Some dino-
flagellates with carbohydrates in their cell walls have
somewhat higher C:N ratios.

Our average S quota of 1.3 is significantly higher
than that estimated from the limited literature
(0.3540.16; Payne and Price 1999) and somewhat
lower than reported by Redfield et al. (1963, S/P = 1.7)
for field samples. The S content of the cells reflects
chiefly the concentration of cysteine, glutathione, and
derived compounds in addition to dimethylsulfonio-
propionate. Because these S-containing compounds
are often involved in metal binding, their concentra-
tion may be influenced by the trace metal chemistry of
the medium. It may thus be significant that high S
quotas were observed in both our cultures and field
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Box and whisker graphs of individual elemental quotas for all phytoplankton analyzed in this study. The value of the Redfield

ratio and the elemental quotas in planktonic or suspended particular materials in the field studies listed in Table 4 are also labeled on the
graphs with the letters R (Redfield ratio), N (quotas from the neritic study), and O (average quotas from the three oceanic studies). Details
of these studies are explained in Table 4. The units are mol/mol P for C, N, S, K, Mg, and Ca and mmol/mol P for Sr, Fe, Mn, Zn, Cu, Co,
Cd, and Mo. The two ends of each bar represent 10th and 90th percentiles for all data points. The two ends of each box represent the 25th
and 75th percentiles of all data points. The solid lines in each box represent the means for the data in each box (25th to 75th percentiles)
but not the mean of all data points. The dashed lines in each box represent the means of all data points. The data lying outside the 10th

and 90th percentiles are plotted as circles.

samples but not in previous studies where the trace
metal concentrations were presumably much higher.
Given the variability of the individual values, it is
perhaps surprising that our average quotas for major
nutrients (particularly the N:P ratio) are so close to the
Redfield values. This is partly the result of averaging a
sufficiently large number of data as remarked by
Redfield in 1934: his C:N ratios for plankton samples
varied from 4.6 to 14.4 and his N:P ratios from 13.3 to

53.5 (at a time when the corresponding “Redfield
ratios” were 7 and 20). Newer field data also show
considerable deviations from Redfield, with C:N ratios,
for example, reaching values of 14 (Sambrotto et al.
1993) but N:P ratios being somewhat less variable. The
question of why the N:P ratio is approximatelyl6 in
seawater and how it is maintained at this particular
average value is still clearly of interest to oceanogra-
phers (Falkowski 2000, Geider and La Roche 2002).
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Fic. 4. Comparison of the average elemental quotas among different phyla. The bar graphs of C:P, C:N, and N:P are adapted from
Quigg etal. (2003). Except for C:N, all elements are normalized to P (mol/mol or mmol/mol). For n>2, the error bars represent 1 SE; for
n = 2, the error bars represent 1 average deviation. Chlorophyceae, n = 3; Prasinophyceae, n = 3; Dinophyceae, n = 4; Prymesiophyceae,

n = 2; Bacillariophyceae, n = 4.

Trace metals: Fe, Mn, Zn, Cu, Co, Cd, and Mo. As
expected, the trace metal quotas exhibit greater
variability among species than the major nutrients.
Nonetheless, for each element, most of the quotas
(10th to 90th percentile) are within a factor of 20
of each other, except for Cd quotas, which range
over two orders of magnitude. In most species
tested, the cellular concentrations follow the order

Fe>Mn>Zn>Cu>Co~xCd>Mo. The average cel-
lular concentrations of Fe, Cu, and Mo in phyto-
plankton (Table 2) are similar to those reported for
Escherichia coli (Outten and O’Halloran 2001), but the
concentration of Mn is almost 100 times higher and
that of Zn 10 times lower. As discussed below, the high
Mn concentrations in our samples may reflect in part
the high unchelated Mn concentration in our growth
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medium. In addition, a high cellular Mn concentra-
tion in phytoplankton compared with bacteria is
expected in view of the high Mn requirements for
the oxygen-evolving complex of PSII. The low
cellular Zn concentrations presumably reflect the
extremely low concentration of Zn in our medium
and in seawater. The average quotas for Co and Cd,
which are about one third of the average cellular Zn
concentration, seem quite high in view of the few
documented biochemical use of Co and Cd compared
with Zn. Both these high Co and Cd quotas and the
low Zn quotas may reflect in part a biochemical
substitution of Co and Cd for Zn in marine phyto-
plankton (Price and Morel 1990, Morel et al. 1994,
Sunda and Huntsman 1996).

The most systematic differences in trace element
quotas among classes of phytoplankton are seen
between the green algae and the diatoms and
coccolithophores: The green algae, particularly the
chlorophytes, have relatively high Fe, Zn, and Cu
quotas and low Mn, Co, and Cd quotas compared with
the diatoms and coccolithophores. These differences
between the “green” and ‘“red” superfamilies of
phytoplankton have been discussed by Quigg et al.
(2003) in the context of evolutionary histories. Also
of interest are the higher Mn, Co, and Cd quotas in
coccolithophores compared with diatoms. Because all
our coccolithophore isolates are from open ocean
waters and most of our diatom isolates are from coastal
or estuarine waters, these differences could also reflect
the known differences in metal requirements between
oceanic and neritic species (Brand et al. 1983). The one
diatom isolated from open ocean waters (Ditylum
brightwelliz, i1solated from the Gulf of Mexico) has
markedly lower Fe, Mn, and Cu quotas than the other
diatoms and relatively high Co and Cd quotas. Low Fe
and Mn requirements and quotas for oceanic isolates
have been previously reported (Sunda and Huntsman
1997).

Because they have been obtained from cultures
growing under identical conditions, our data provide
useful information on the relative elemental composi-
tion of various phytoplankton species. But to what
extent do these data reflect the biochemistry of the
organisms rather than the composition of the growth
medium or the culture conditions? Further, is the
variability in elemental composition that is seen among
species under one set of conditions greater or smaller
than the variability within one species under a range of
growth conditions? The answer to these questions is
provided by laboratory studies in which the quota of a
given trace metal in a given phytoplankton species is
measured under a variety of conditions, most impor-
tantly over a range of unchelated metal concentrations.
Such detailed studies have been performed by Sunda
and Huntsman (1995b, 1998b, 2000), who provided
extensive trace metal data for two of the species that are
included in our study—the estuarine diatom 7. weiss-
flogii and the open ocean coccolithophore E. huxleyi—
and very complete data for the coastal diatom

Thalassiosira pseudonana. To compare our data with
their results, we converted the -log free metal
concentrations (pM) given by Sunda and Huntsman
to unchelated concentrations (M’) (Table 3). Because
the cellular P concentrations were not measured in the
studies of Sunda and Huntsman, we also converted the
reported cellular metal:C molar ratios to metal:P ratios
by multiplying by 106.

As seen in Table 3, the cellular trace metal quotas in
phytoplankton are generally well regulated over a
certain range of bioavailable metal concentrations. For
example, an increase by a factor of 100 in an
unchelated metal concentration typically results in a
much smaller increase in the corresponding cellular
quota: a factor of only 8 for Fe in E. huxleyi and factors
of 6 and 3, respectively, for Zn and Cd in 7. weissflogit.
The least regulated metals in Table 3 appear to be
Co and Cd in E. huxleyi for which increases by factors
of 30 in Co’ and 100 in Cd’ in the culture medium lead
to increases in the corresponding quotas by factors
of 6 and 20.

With the exception of Cd, our metal quotas for the
same species fall within or quite near the regulated
values reported by Sunda and Huntsman (or in the
range reported for 1. pseudonana if there is no range of
values available for 7. weissflogit). Our quotas are also
generally close to those reported by (or extrapolated
from) Sunda and Huntsman for the same unchelated
metal concentrations, again with the exception of our
Cd quotas, which are roughly a factor of 2 lower. It
must be noted that an agreement within a factor of 2 is
not unreasonable in such experiments for, in addition
to analytical difficulties, a large number of culture
parameters affect the measured cellular quotas, as now
discussed.

In addition to the bioavailable metal concentration
in the medium, the quota of a trace metal in
phytoplankton may depend on the light regime, the
concentrations of major nutrients, and the concentra-
tions of other trace metals. Light affects chiefly the
cellular concentration of Fe, which is an integral part of
a host of electron carriers involved in photosynthesis.
For example, a change in light intensity from 50
to 500 pmol photons - m™-s™' was observed to result in
a decrease by a factor of 2 in the Fe quota of the
dinoflagellate  Prorocentrum minimum (Sunda and
Huntsman 1997). The concentration and chemical
form of nitrogen in the medium also influences Fe
requirements and quotas in phytoplankton. For ex-
ample, T. weissflogii cultures growing on nitrate were
found to have a 60% higher Fe quota than cultures
grown on ammonium (Maldonado and Price 1996).

The concentrations of trace metals that compete for
cellular uptake or that can substitute, in particular,
biochemical functions also affect metal quotas. For
example, the cellular concentration of Mn is highly
dependent on the external concentrations of Cu, Zn,
and Cd that interfere with Mn uptake. But this effect
have only been seen in culture at high concentrations
of unchelated metals (Cu’, Cd’, or Zn’ > 5 nM). Because
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TasLt 3. Comparison of measured trace metal quotas for T weussflogii, T. pseudonana, and E. huxley: with values reported by
Sunda and Huntsman.

Thalassiosira weissflogit (T. w.) or

Thalassiosira pseudonana (T. p.) Emiliania huxleyi

M’ and quota Sunda and Huntsman This study Sunda and
Element (mmol/mol P) (T w.) (T p.) (T w.) Huntsman This study
Fe Fe' (pM) 271-750 244-760 150 7-750 150
Qre 2.3-3.8° 3.1-7.4° 1.7 0.6-4.8" 3.5
Mn Mn' (nM) N.A. 5-140 10 N.A. 10
Qwnn 2.3-3.4%4 5.3 7.1
Zn Zn’ (pM) 25-2500 8-245 20 0.3-100 20
Qzn 0.5-3.2¢ 0.36-0.86° 0.75 0.03-5" 0.38
Cu Cu’ (pM) 18 0.2-200 0.4 0.03-6 0.4
Qcu 0.05% 0.24-2.18 0.17 0.10-0.5% 0.07
Co Co' (pM) N.A. 0.06 20 0.5-17 20
Qco 0.01f 0.11 0.07-0.41 0.29
Cd cd’ (pM) 8-81% 389 20 8-813 20
Qca 0.19-0.60" 0.1-0.3" 0.07 0.9-19" 0.36

Only data with u>80% . were selected. The range of unchelated (M') metal concentrations in the studies of Sunda and
Huntsman was calculated from free metal concentrations (pM) given in their papers and the conversion factors® listed in the footnote.

*The values of Fe’ were reported in the Table 1 of Sunda and Huntsman (1995a). The conversion formulae between M’ and pM for
other metals are Mn’ = 1Q(~PMu+0-19) G/ = [ (—PCu+18) 71/ = [((~PZn+039) o/ = ]((~PCo+0-29) and Cd’ = 10(~PCd+092 Agsume
C/P =100.

"Data are from Table 1 in Sunda and Huntsman (1995a).

“Mn quota for T. pseudonana was obtained at pCu = 12.8 from Figure 3 in Sunda and Huntsman (1983).

4Data from Figures 1 and 2 in Sunda and Huntsman (1996). Mn quotas for T. pseudonana were obtained as pZn ranging from 9.99 to
8.99 and pCd ranging from 9.3 to 12.7.

T weissflogit data are from Figure 3 in Sunda and Huntsman (1992). 70 pseudonana data are from Table 1 in Sunda and Huntsman
(1995b).

Zn quotas were obtained under pCo ranging from 11.03 to 12.49 in Table 1 of Sunda and Huntsman (1995b). Co quotas for
T. pseudonana were obtained at pZn = 10.99. Co quotas for E. huxley: were obtained at pZn = 12.

8Sunda and Huntsman (1995c¢)

"Cd quotas both for T. weissflogii and E. huxleyi were obtained at pZn=11.38 (Zn’ = 10 pM) from the Table 1 in Sunda and
Huntsman (2000). Cd quotas for T. pseudonana were obtained from Figure 4 of Sunda and Huntsman (1996) under pMn ranging
from 7.8 t0 9.3, pCo = 10.9, and pZn = 8.33 (Table 1).

of biochemical metal substitution, the cellular concen- bioavailable concentration of a trace metal usually has a
trations of Zn, Co, and Cd in phytoplankton are relatively modest effect on its cellular quota that is
interdependent. For example, the Co quota of regulated within a factor of 5 to 10 when the free metal
E. huxleyi decreased by a factor of 2 as Zn’ increased concentration varies over a “regulated range” span-
from 1 to 25 pM (Sunda and Huntsman 1995b) and the ning up to two or three orders of magnitude. Table 2
Cd quota of T. weissflogii decreased 5-fold when Zn' can thus be taken as a first approximation of the
increased from 10 to 100 pM (Sunda and Huntsman “normal” elemental quotas of various species of
2000). In the case of diatoms, Zn, Co, and Cd are phytoplankton. In particular, the differences that are
known to substitute for each other in carbonic seen among species, which span one or two orders of
anhydrases that are involved in inorganic carbon magnitude depending on the metal, should reflect the
acquisition (Morel et al. 1994, Lee et al. 1995, Yee individual biochemical requirements for essential ele-
and Morel 1996). The Co and Cd quotas in these ments as well as the ability of the organisms to take up
organisms thus also depend on the Pcos in the growth and store these elements.
medium. Under elevated Pcos (750 ppm), the Co Average composition and comparison with field da-
quotas of diatoms typically decrease by a factor of 2 ta. The species included in Table 2 should not
(unpublished data). As a result of such metal substitu- be considered representative of the planktonic bio-
tions, we should expect relatively high cellular con- mass in the oceans. As noted by Redfield in 1934,
centrations of Co and Cd in open ocean phytoplankton “unfortunately no adequate means of obtaining a
growing at very low Zn concentrations. truly representative sample of the entire population is
Overall, it appears that in most instances the trace available.” But the range of biochemical possibilities
metal quotas of individual phytoplankton are highly represented by the species included in our study may
regulated. The concentrations of major nutrients and approximate the variability found in nature. This is
other trace elements in the medium or the light particularly true of the photosynthetic machinery
intensity rarely change the cellular quota of a given that, as implied by the analysis of Quigg et al. (2003),

trace metal by more than a factor of 2 to 5. Even the may be responsible for much of the trace metal
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requirements of phytoplankton. This can be verified
by comparing our data with the composition of
suspended particulate matter in seawater reported
by various authors (Table 4). We selected for
comparison the data sets that had sufficient informa-
tion (e.g. P concentrations along with trace element
concentrations) and, within those data sets, the
samples that had a low fraction of lithogenic material
as witnessed by low Al concentrations. [Following
Bruland et al. (1991), we chose a cutoft of A1<100 pg/
g dry weight, which corresponds to approximately
1 umol Fe/g dry weight in crustal rock, equal to the
lowest cellular Fe concentration in Table 2.]

The coastal data set of Martin and Knauer (1973)
came from plankton tows, as did the open ocean
samples of Martin etal. (1976) and Collier and
Edmond (1984). The data of Kuss and Kremling
(1999) came from samples collected via pumping and
centrifugation. As can be seen in Table 4, these newer
open ocean data are nonetheless remarkably consistent
with the earlier values. (One should note that all of
these studies must have undersampled the picoplank-
ton and thus the cyanobacteria, no species of which is
included in this study.)

For comparison with the laboratory data, we
included in Figure 3, for each cation and trace metal,

TasLE 4. Compa
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the coastal water quota (indicated by the letter N for
“neritic”’) and the average of the open ocean quotas
(indicated by and the letter O for “oceanic”), along with
the Redfield ratios (R) for the major nutrients. As can
be seen, the field quotas for the major nutrients and for
the major cations fall well within the range of the
laboratory data, except for Mg, the field quotas of
which are significantly higher than the laboratory
values. The reason for the discrepancy in Mg quotas
is unknown but may have to do with the very high
concentration of this metal in seawater and differences
in washing procedures between the laboratory and
field studies.

With the notable exception of Mn, the field quotas
for trace elements also fall within the range of
laboratory values. The range of quotas observed in
the laboratory can thus be taken as a first approxima-
tion of the range expected for the trace element
composition of phytoplankton in the sea. Moreover,
because the coastal and open ocean quotas effectively
bracket the average of the laboratory values, the
average composition of our laboratory cultures pro-
vides an approximate extension of the Redfield
formula for the elemental composition of marine
phytoplankton. This formula extends further and,
perhaps, refines earlier extensions of Redfield by

arison of elemental composition of natural plankton assemblages and suspended particulate materials

collected from the field (coastal and open oceans) with the results of this study.

Dissolved metal Martin and Martin et al. Collier and Kuss and
concentration, Knauer 1973 1976 (n = 6)°, Edmond 1984 (n =2)¢,  Kremling 1999 (n = 9)°, This study
Pacific deep (n =4)", Coastal Oligotrophic Oligotrophic open Oligotrophic open (n = 15) Nutrient

Element  Quota to P water” upwelling water  open ocean water ocean water ocean water replete culture
K mol/mol 10mM 1.5 (0.22) 0.91 (0.27) NA. N.A. 1.7 (1.4)
Mg mol/mol 54 mM 2.8 (N.A) 1.4 (0.31) N.A. N.A. 0.56 (0.58)
Ca mol/mol 10 mM 0.65 (0.01) 1.8 (0.68) 5.1 (0.1) 5.4 (2.1) 0.52 (0.51)"
Sr mmol/mol 92 uM 6.4 (0.6) 247 (111) N.A. N.A. 5.0 (7.4)
Fe mmol/mol  0.8-1.0nM 7.4 (5.5) 3.6 (1.32) 4.6 (0.66) 4.6 (1.3) 7.5 (5.3)
Mn mmol/mol  0.5-1.0nM 0.39 (0.21) 0.36 (0.11) 0.34 (0.04) 1.6 (0.18) 3.8 (2.4)
Zn mmol/mol 8nM 0.86 (0.63) 1.86 (1.18) 3.08 (1.27) 1.9 (0.69) 0.80 (0.52)
Cu mmol/mol  2-5nM 0.18 (0.10) 0.38 (0.06) 0.52 (0.05) 0.37 (0.058) 0.38 (0.35)
Co mmol/mol 20-30 pM N.A. N.A. N.A. 0.19 (0.021) 0.19 (0.13)
Cd mmol/mol  0.8-1.0nM  0.068 (0.016) 0.53 (0.08) 0.54 (0.10) 0.51 (0.085) 0.21 (0.22)
Mo mmol/mol 100 nM N.A. N.A. N.A. N.A. 0.03 (0.03)

All particulate metal concentrations are quotas normalized to P. Numbers in the parentheses represent one SD. Dissolved metal
concentrations in the Pacific deepwater are given in the third coloumn for reference.

“References: K, Mg, Ca, and Sr (Culkin and Cox 1966); Fe (Martin and Gordon 1988); Mn (Landing and Bruland 1980); Zn, Cu,
and Cd (Bruland 1980); Co (Knauer et al. 1982).

PData are obtained from the group I raw data in Table 1 of Martin and Knauer (1973). Samples were collected in Monterey Bay,
California, with 76 pm aperture phytoplankton net during blooming condition. Only data with Al content less than 100 pg/g (dry
weight) are included. High Al concentration in the samples indicates that the data may be biased by the presence of alumino-silicate
minerals (Bruland et al. 1991). The phosphorus concentration was obtained from Bruland et al. (1991).

“Raw data from Table 7-3 in Martin et al. (1976). Samples were collected in the oligotrophic water of North Pacific open ocean with
64 pm aperture plankton net. Only data with Al less than 100 ng/g are included, i.e. data from Station 69, 73, 75, 77, 78, and 85. The
data of Station 54, 81, and 88 are not included as P concentrations were too low (81, 88) or some elements (esp. Fe) were abnormally
high (54).

4Data from Table 3 in Collier and Edmond (1984). Samples were collected in the open ocean of North Pacific with 44 pm aperture
net. Only data of MANOP C (Tow 1 and Tow 2) in the table are included. Other samples had either high Al contents (> 100 ng/g) or no
Al data reported.

“Suspended particulate matters were collected in the surface water of the Atlantic open ocean with pump and large volume
centrifuge system.

The Ca and Sr average quotas do not include the concentrations of the three species (T. heimii, E. huxleyi, and G. oceanica).



ELEMENTAL COMPOSITION OF PHYTOPLANKTON 1157

Morel and Hudson (1985) based on scant data and by
Bruland et al. (1991) based on the three older data sets
in Table 4. The unweighted mean of the quotas in Table
2 vyields the following formulae. For whole cells,
including hard parts (and omitting Mn),

(C147N16P1S13K 1 7Mg) 56Casgs) oo
Srs4Fes 5Zn9.80Cug 38C00.19Cdo.21 Moo 03

And for organic biomass (C quotas after the samples
were fumed with HCI and not including the high Ca
and Sr quotas of the three CaCOjs-forming species,
T. heimii, E. huxleyi, and G. oceanica),

(C194N16P1S13K1 7Mg) 56Ca0.5) 1000
Srs.0Fe7 5210 80Cug.38C00.19Cdo.21Mog 03

A simultaneous examination of the various elemental
quotas measured in the field and the average quotas
measured in the laboratory (Table 4) gives insight into
the variability of phytoplankton composition in sea-
water. The few data available for K and Mg seem to
indicate higher concentrations in neritic compared
with oceanic phytoplankton. This is consistent with the
high K and Mg quotas we measured in diatoms (Fig. 4)
because the coastal samples were apparently collected
during a diatom bloom (Bruland et al. 1991). Conver-
sely, the open ocean data show high quotas for Ca and, in
alone sample, a very high quota for Sr. These results are
probably due to the presence of calcite precipitating
organisms in the samples because high Ca and Sr quotas
were also measured in the cultures of the three coccolith-
forming species, including the hard parts.

Unsurprisingly, because our culture isolates are
dominated by coastal species and we used a relatively
high Fe concentration in the culture medium, our
average Fe quota is similar to the reported coastal
value. More surprising are the consistently high Fe
quotas also reported for the open ocean samples. It
may be that field samples include a sizable fraction of
particulate Fe that is not (intra)cellular. For example,
Tovar-Sanchez et al. (2003) reported that an average of
47% of the nonlithogenic particulate Fe in southern
ocean samples could be dissolved via an oxalate
treatment and was thus not “intracellular.” These
authors reported corrected Fe quotas between 1 and
4 mmol/mol (recalculated using a C:P ratio of 103), in
accord with the data of Sunda and Huntsman (1995a)
for cultured oceanic phytoplankton. Such low quotas
are also in accord with our data for open ocean species
(Table 2) and with the open ocean data of Table 4 if
these are decreased by a factor of 2.

The disagreement in the Mn quotas between the
laboratory and the field are a bit perplexing. In
retrospect, the chosen unchelated Mn concentration
in our growth medium, Mn’ = 10 nM, must have been
too high. As noted earlier, this Mn’, which is typical of
coastal waters (and about 10 times larger than in the
open ocean) was chosen to not limit the growth of
coastal species. But even the Mn quota from the coastal
sample is about 10 times lower than our laboratory

average (which is based on rather tightly clustered
data; Fig. 3) and is consistent with open ocean data. It
may be that this discrepancy comes from a combination
of high Mn' and low Cu’ and Zn’ in our cultures: The
Mn quotas of coastal species may be normally kept low
by competitive inhibition of Mn uptake by high
ambient Cu’ and Zn’ (Sunda and Huntsman 1983,
1996) and that of the open ocean species by low
ambient Mn’.

For the remaining trace elements, the most note-
worthy features of Table 4 are the high quotas of Co
and, particularly, Cd in the open ocean samples. The
lone Co quota reported for the open ocean is a perfect
match for our average laboratory value. The open
ocean Cd quotas are remarkably consistent with each
other and much larger than the reported coastal value.
These high values for the oceanic Cd quotas, which are
higher than all but two of those measured in our
individual cultures, presumably reflect extensive sub-
stitution of Cd for Zn in the species that live in the Zn-
poor open ocean.

In conclusion, it appears that the range and the
average of the composition of marine phytoplankton
measured in the laboratory—including both major and
trace nutrients—are consistent with the composition of
the planktonic biomass in the field. Further, the
differences in phytoplankton composition that result
from variations in both intrinsic physiological proper-
ties of individual species and in medium composition
(particularly as a result of trace metal interactions and
replacement), appear also to be reflected in the
differences between the composition of coastal and
open ocean samples.
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