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Abstract

We report the distribution of cobalt (Co) in the Ross Sea polynya during austral summer
2005–2006 and the following austral spring 2006. The vertical distribution of total dis-
solved Co (dCo) was similar to soluble reactive phosphate (PO3−

4 ), with dCo and PO3−
4

showing a significant correlation throughout the water column (r2=0.87). A strong sea-5

sonal signal for dCo was observed, with most spring samples having concentrations
ranging from ∼45–85 pM, whereas summer dCo values were depleted below these lev-
els by biological activity. Surface transect data from the summer cruise revealed con-
centrations at the low range of this seasonal variability (∼30 pM dCo), with concentra-
tions as low as 20 pM observed in some regions where PO3−

4 was depleted to ∼0.1 µM.10

Both complexed Co, defined as the fraction of dCo bound by strong organic ligands,
and labile Co, defined as the fraction of dCo not bound by these ligands, were typically
observed in significant concentrations throughout the water column. This contrasts the
depletion of labile Co observed in the euphotic zone of other ocean regions, suggesting
a much higher bioavailability for Co in the Ross Sea. An ecological stoichiometry of15

37.6 µmol Co:mol−1 PO3−
4 calculated from dissolved concentrations was similar to val-

ues observed in the subarctic Pacific, but approximately tenfold lower than values in
the Eastern Tropical Pacific and Equatorial Atlantic. The ecological stoichiometries for
dissolved Co and Zn suggest a greater overall use of Zn relative to Co in the shallow
waters of the Ross Sea, with a Co:PO3−

4 /Zn:PO3−
4 ratio of 1:17. Comparison of these20

observed stoichiometries with values estimated in culture studies suggests that Zn is
a key micronutrient that likely influences phytoplankton diversity in the Ross Sea. In
contrast, the observed ecological stoichiometries for Co were below values necessary
for the growth of eukaryotic phytoplankton in laboratory culture experiments conducted
in the absence of added zinc, implying the need for significant Zn nutrition in the Zn-Co25

cambialistic enzymes. The lack of an obvious kink in the dissolved Co:PO3−
4 relation-

ship was in contrast to Zn:PO3−
4 and Cd:PO3−

4 kinks previously observed in the Ross
Sea. A mechanism for kink formation is proposed where Zn and Cd uptake in excess of
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that needed for optimal growth occurs at the base of the euphotic zone, and no clear Co
kink occurs because its abundances are too low for excess uptake. An unusual char-
acteristic of Co geochemistry in the Ross Sea is an apparent lack of Co scavenging
processes, as inferred from the absence of dCo removal below the euphotic zone. We
hypothesize that this vertical distribution reflects a low rate of Co scavenging by Mn5

oxidizing bacteria, perhaps due to Mn scarcity, relative to the timescale of the annual
deep winter mixing in the Ross Sea. Thus Co exhibits nutrient-like behavior in the Ross
Sea, in contrast to its hybrid-type behavior in other ocean regions, with implications for
the possibility of increased marine Co inventories and utility as a paleooceanographic
proxy.10

1 Introduction

The Ross Sea is a region of considerable biological and geochemical interest due to its
intense annual phytoplankton bloom and associated carbon export (Arrigo et al., 1998;
DiTullio et al., 2000). The sea overlies a continental shelf adjacent to the Antarctic con-
tinent and is mostly covered by sea ice in the austral winter. Seasonal melting forms15

the Ross Sea Polynya, which typically opens to the Southern Ocean in late summer.
The seasonal phytoplankton bloom in the Ross Sea Polynya is the largest such feature
in the Southern Ocean, and typically consists of an initial Phaeocystis antarctica bloom
followed by mixed assemblages dominated by diatoms (DiTullio and Smith, 1996; Ar-
rigo et al., 1999). This intense phytoplankton bloom results in a substantial seasonal20

drawdown of macronutrients and CO2 within the polynya (Smith et al., 2006; Gordon
et al., 2000).

There have been a number of trace metal-phytoplankton studies in the Ross Sea
(Coale et al., 2005; Fitzwater et al., 2000; Sedwick et al., 2000; Bertrand et al., 2007;
Martin et al., 1990). The Ross Sea Polynya exhibits nutrient-like depletion of dissolved25

iron to low concentrations (∼0.1 nM) that has been shown to limit algal growth rates
(Coale et al., 2003; Bertrand et al., 2007; Sedwick et al., 2000; Cochlan et al., 2002;
Martin et al., 1990). Enhanced iron concentrations have been observed in proximity to
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melting sea ice and the sea floor, implicating these as important regional sources of
dissolved iron (Coale et al., 2005; Fitzwater et al., 2000; Sedwick and DiTullio, 1997;
Sedwick et al., 2000, 2010). Zinc also shows a seasonal drawdown, with a significant
labile particulate fraction that allows recycling of Zn in the upper water column (Coale
et al., 2005; Fitzwater et al., 2000). However, bottle incubation experiments with zinc5

additions did not find evidence of zinc limitation of phytoplankton growth rates (Coale
et al., 2003). Cobalt measurements were included in a previous geochemical study of
the Ross Sea (Fitzwater et al., 2000), yet there was little discussion of its geochemistry
in that study. We recently documented colimitation of phytoplankton growth by iron
and the cobalt-containing vitamin B12 biomolecule in the Ross Sea during early austral10

summer 2005 (Bertrand et al., 2007), similar to reports of B12 colimitation of phyto-
plankton in other high latitude and coastal regions (Gobler et al., 2007; Panzeca et al.,
2006; Sañudo-Wilhelmy et al., 2006). The mechanism for this colimitation in the Ross
Sea appears to be related to the source of B12: the capacity for B12 biosynthesis is
only present in some bacteria and archaea and is absent in all eukaryotic phytoplank-15

ton, while this vitamin is required by a majority of phytoplankton (Droop, 1974, 2007).
The extent of the phytoplankton iron-B12 colimitation response was observed to be in-
versely related to bacterial abundances (Bertrand et al., in prep., 2007), consistent with
the notion that the B12 biosynthesizing community is at times inadequate to supply iron
replete phytoplankton in these experiments. The Ross Sea may be particularly prone20

to B12 colimitation due to the absence of B12-producing cyanobacterial populations in
polar waters and the low heterotrophic bacterial abundances in the Ross Sea during
austral spring (Ducklow et al., 2001), creating a temporal lag between B12 production
and phytoplankton demand. Additions of inorganic cobalt did not stimulate growth in
shipboard bioassay experiments (Bertrand et al., 2007), in contrast to other tropical25

regions where iron-cobalt colimitation has been observed (Saito et al., 2005, 2008). In
addition, cobalt has been suggested to limit B12 biosynthesis and community growth in
sea ice phytoplankton and microbial communities in the Southern Ross Sea (Gordon
and Sullivan, 2008).
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Recent studies have found that micronutrient drawdown can be an important process
in controlling the distribution of cobalt in ocean surface waters (Saito and Moffett, 2002;
Saito et al., 2004, 2005; Noble et al., 2008; Ellwood et al., 2005; Ellwood and van den
Berg, 2001). This contrasts with earlier reviews that characterized Co as controlled by
scavenging removal processes (Whitfield and Turner, 1987; Nozaki, 1997). Elements5

such as Co, Fe, Cu, and (at high latitudes) Mn are considered hybrid-type metals,
due to their oceanic distributions being strongly affected by both micronutrient uptake
and scavenging processes (Noble et al., 2008; Bruland and Lohan, 2003). Organic
ligands have been shown to bind cobalt very strongly, and are believed to provide
an important control on the biological availability of cobalt in the ocean (Saito and10

Moffett, 2001; Saito et al., 2002, 2005, 2008; Ellwood et al., 2005; Ellwood and van
den Berg, 2001). An experiment that compared Co enrichment incubations with and
without the natural phytoplankton and microbial community demonstrated a biological
origin of these cobalt ligands in the Costa Rica Dome region (Saito et al., 2005).

The water column geochemistry of cobalt has been shown to be connected to the15

geochemical cycles of Zn, Cd, and Mn. In the case of Co, Zn and Cd, these elements
are capable of substituting in the active site of two important marine carbonic anhy-
drase metalloenzymes, while maintaining enzymatic activity (Saito et al., 2008; Lane
et al., 2005; Roberts et al., 1997). Such biochemical substitution, known as cambial-
ism, appears to be an important adaptation to life in ocean surface waters where these20

micronutrients are often depleted. In addition, low pCO2 is known to cause several
fold increases in the Cd:P ratio of particulate material in field experiments off the coast
of California, likely due to upregulation of carbonic anhydrase enzymes (Cullen and
Sherrell, 2005; Lane and Morel, 2000). In the case of Co and Mn, it has been shown
that Co can be co-oxidized by manganese-oxidizing bacteria, and this is likely a critical25

pathway for the scavenging removal of Co from seawater (Moffett and Ho, 1996; Tebo
et al., 1984).

Here we report measurements of total dissolved cobalt and cobalt speciation from
two cruises in the Ross Sea, in austral spring of 2006 and austral summer of 2005.
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Together these data provide information on the seasonal influences of sea ice retreat
and phytoplankton succession on the distribution and cycling of cobalt in these Antarc-
tic shelf waters. This first detailed examination of cobalt biogeochemistry in the Ross
Sea serves as a companion study to our previous work on iron-B12 colimitation in this
region.5

2 Materials and methods

2.1 Cruise track

Samples were collected on two cruises aboard the icebreaker RVIB Nathaniel B.
Palmer in the Ross Sea as part of the CORSACS program (Controls on Ross Sea Algal
Community Structure; see www.whoi.edu/sites/corsacs). The first cruise (NBP0601,10

CORSACS-1) occurred in austral summer 2005–2006, sampling the Ross Sea from
27 December 2005 to 23 January 2006 (Fig. 1a); the second cruise (NBP0608,
CORSACS-2) occurred in austral spring-early summer 2006, sampling the Ross Sea
from 8 November 2006 to 3 December 2006 (Fig. 1b), as well as in the Southern
Ocean en route to and returning from the Ross Sea (Fig. 1c). The southern transect15

of CORSACS-1 entered the Bay of Whales (Station NX9), a natural indentation in the
Ross Ice Shelf created by Roosevelt Island, which was the southernmost point reached
by any ship at the time of our expedition.

2.2 Sampling methodologies

Seawater samples for trace metals analysis were collected using either 5 L Teflon-20

coated external spring Niskin-X samplers (General Oceanics Inc., described as NX
samples) or 2.5 L and 10 L Go-Flo samplers (General Oceanics Inc.). The Niskin-X
and 10 L Go-Flo bottles were deployed on a non-metallic line (Spectra) and closed
using solid PVC messengers, whereas the 2.5 L Go-Flo samplers were mounted on
an 11-position rosette unit modified for trace metal sampling, which was deployed25
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on the Spectra line. The rosette unit was programmed to close the samplers at pre-
determined times on the upcast, with the precise depth of sampler closure determined
using an integrated pressure sensor. The NX vertical profiles typically consisted of
samples obtained from 9 Niskin-X samplers and two additional 10 L Go-Flo samplers;
two vertical profiles (Station 54 and JR23) were obtained using only the Go-Flo sam-5

plers. Upon recovery, seawater samples were filtered through either 0.2 µm Supor
Acropak filter cartridges (Pall Corp., for NX samples) pre-rinsed with filtered surface
seawater, or 0.4 µm 144 mm polycarbonate membrane filters (GE, Osmonics, for Go-
Flo samples) pre-cleaned with hydrochloric acid and Milli-Q deionized water. Cobalt
was also measured in samples from three surface transects during CORSACS-1, col-10

lected using a trace-metal clean towed fish sampler deployed at ∼3 m depth while
underway at ∼5 knots, with samples filtered using in-line 0.2 µm Supor Acropak filters
(Bruland, 2005). All sample bottles were washed by soaking in 1% citranox overnight,
rinsing thoroughly with Milli-Q, soaking in 10% Instra-analyzed HCl (Baker, Inc) for
two weeks, followed by thorough Milli-Q rinsing and soaking with dilute (pH 2) Instra-15

analyzed HCl overnight. Bottles were rinsed with seawater prior to filling, and samples
were refrigerated in darkness until analysis.

2.3 Total dissolved cobalt analyses

Total dissolved cobalt (dCo), which is defined as total Co determined in filtered UV-
irradiated seawater samples, was analyzed using a cathodic stripping voltammetry20

(CSV) protocol modified from our previous studies (Saito and Moffett, 2001, 2002;
Saito et al., 2004, 2005), with the addition of an automated titration system and a slight
decrease in reagent usage. Briefly, seawater samples were digested in quartz tubes
for 1 h at ambient pH using a Metrohm UV digestor cooled with a Brinkmann water
chiller. After this treatment, 9.25 mL of sample were pipetted into a Teflon sample cup25

that had been pre-rinsed with a small aliquot of sample; to this was added 50 µL of
0.5 M N-(2-hydroxyethy)piperazine-N-(3-propanesulfonic acid) buffer (EPPS, Sigma),
30 µL of 0.1 M dimethylglyoxime (DMG; Sigma-Aldrich), and 0.75 mL of 1.5 M sodium

6393

http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/7/6387/2010/bgd-7-6387-2010-print.pdf
http://www.biogeosciences-discuss.net/7/6387/2010/bgd-7-6387-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/


BGD
7, 6387–6439, 2010

Cobalt in the Ross
Sea

M. A. Saito et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

nitrite (Fluka). These three reagents were purified as previously described (Saito and
Moffett, 2001; Saito et al., 2004, 2005). Instrumentation consisted of two Metrohm
663 hanging mercury drop stands, each interfaced to an Eco-Chemie µAutolab III, IME
interface device, and portable Windows XP computer running GPES Electrochemical
software (Eco-Chemie). Samples were purged for 3 min with filtered ultra high purity5

nitrogen gas, and voltammetric scans were performed at stirrer speed 5 using the large
drop size. The CSV analysis involved deposition for 180 s at −0.6 V followed by a high
speed scan from −0.6 V to −1.4 V at 10 V s−1. Total dissolved cobalt was quantified
by standard additions with a Metrohm Dosimat, using a 5×10−9 M CoCl2 standard so-
lution prepared from a 1000 ppm Co atomic absorption standard (Fisher Scientific).10

A GPES script was programmed for three replicate scans of the sample prior to adding
Co, followed by a scan after each of four automated 25 pM Co additions. Cobalt con-
centrations were calculated by dividing the mean of the triplicate sample scans by the
standard addition slope determined by linear regression analysis, followed by reagent
dilution and blank corrections for each set of reagents: 5.5±1.0 pM for the CORSACS-15

1 dCo profiles (sample set analyst M.A.S.), 13.4 pM for the CORSACS-1 dCo surface
transects and labile Co measurements (sample set analyst A.E.N.), and 8.3±1.3 pM
for the CORSACS-2 dCo and labile Co measurements, (sample set analyst T.J.G.)
as determined by running blank seawater as previously described (Saito and Moffett,
2001). Triplicate analysis of a surface sample from the Ross Sea using this automated20

method yielded 27.8±0.7 pM (2.6% RSD). Linear regressions of the standard additions
data typically yielded r2 values of 0.99 or greater, with samples being reanalyzed if
r2<0.99. Analyses were primarily conducted at sea, although some refrigerated sam-
ples from CORSACS-2 were analyzed in our shore-based laboratory within two months
after the cruise. This analytical method is identical to that used for our submitted analy-25

ses of the intercalibration samples and vertical profile from the US GEOTRACES inter-
calibration program (Bruland, 2010), with the exception that these CORSACS samples
were run “fresh” at ambient pH, while GEOTRACES samples were acidified, stored,
and neutralized prior to analysis.
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2.4 Cobalt chemical speciation: labile cobalt

The chemical speciation of dissolved cobalt was determined using a high-throughput
labile Co method as previously described (Saito et al., 2004, 2005). Briefly this ap-
proach involves the analytical system described above for total dissolved cobalt, now
with overnight equilibration of filtered seawater with 3×10−4 M DMG, which allows for5

quantification of ligand within the detection window for KCoL of 1013.7 to 1015.7, calcu-
lated using an estimated 50 pM natural organic cobalt ligand concentration and 10-fold
range above and below a side reaction coefficient of αCoHDMG2 of 28 460 (Saito et
al., 2005). Conditional stability constants are not calculated in this high-throughput
method. After equilibration, EPPS and nitrite are added and the sample is titrated with10

a Co standard as described for the dCo determinations above, but without the UV-
irradiation treatment. The result is an estimation of what we refer to as labile cobalt,
which is the dissolved cobalt that is not bound by the natural strong organic ligands
following equilibration.

2.5 Cobalt uptake rates15

Addition of the radiotracer 57Co to natural seawater samples was used to measure the
rate of cobalt uptake by phytoplankton (>2 µm) communities. 57CoCl2 (Isotope Prod-
ucts Laboratories, Valencia, CA; 99% radionuclide purity in 0.1 M HCl) was diluted in
pH 2 Milli-Q water to 1.7 µCi mL−1 (4.3 nM), and then again diluted to ∼0.1 nM 57Co in
0.4 µm-filtered seawater. The radiotracer was then allowed to equilibrate with the sea-20

water for at least 24 h before beginning the rate measurements. For these measure-
ments, 60 or 150 mL polycarbonate bottles were filled with unfiltered seawater collected
in the trace-metal clean Niskin-X or Go-Flo bottles, deployed as described above. The
polycarbonate bottles were initially cleaned as described above, and then re-used for
additional measurements after successive rinses with 10% HCl, pH 2 Milli-Q water, and25

seawater. Within half an hour of the seawater collection, approximately 0.5 pmol L−1 of
57CoCl2 was added to each bottle, then bottles were placed in a deckboard incubator
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shaded to ∼20% ambient surface irradiance with neutral density screening material.
Ambient temperature (−1±1 ◦C) was maintained by a constant flow of surface sea-
water through the incubators. After 24 h, the incubations were filtered through 2 µm
polycarbonate filter membranes and rinsed with 1–2 mL of 0.4 µm-filtered seawater.
The filter was centered in a a tight-lid Petri dish (Fisher Scientific) sealed with Parafilm.5

The 57Co radioactivity on each filter was determined using a Canberra Germanium
Gamma detector within 20 months of sample collection. Counts per minute at 122 keV
were corrected for decay and normalized to % uptake per day, calculated by dividing
the activity on each filter by the total activity added to each incubation bottle. Samples
were counted long enough to achieve a counting error <5%. Cobalt concentrations10

and organic speciation were determined at each sampling depth for which a Co uptake
rate measurement was made. Cobalt uptake rates were then calculated by multiplying
the percent uptake per day by the total dissolved cobalt concentration. Control stud-
ies were conducted by killing the biological community with gluteraldehyde (1% final
concentration; Co added 3 h after gluteraldehyde added) or heat (180 mL sample mi-15

crowave heated for 3×5 min; Co added 3 h after heat killed). Killed control treatments
were filtered after 24 h incubation at 0 ◦C in the dark.

2.6 Pigment and nutrient analyses

Phytoplankton pigment samples (0.5–2 L) were filtered (Whatman GF/F filters), flash
frozen in liquid nitrogen, and stored at −80 ◦C prior to analysis by HPLC as previ-20

ously described (DiTullio and Geesey, 2002), with a slight modification using the Zapata
method (Zapata et al., 2000). Water column samples for pigments were collected us-
ing a standard CTD rosette system at the same locations as trace-metal water sample
collections. Filtered samples for macronutrients were taken from the Niskin-X and Go-
Flo trace metal samplers and analyzed at sea using an autoanalyzer method modified25

from standard WOCE protocols (Gordon et al., 1993).
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2.7 Data analysis and repository

Dissolved ecological stoichiometries were obtained from the slope of linear regres-
sions. One-way and two-way least squares regressions were used for the vertical
profile dCo dataset, with the former assuming one dependent and one independent
variable, and the latter assuming two dependent variables and performed in MATLAB5

using the script lsqfitma.m. Previous studies used here for comparisons used one-way
linear regressions, but the differences between slopes are small relative to the environ-
mental variability discussed. The cobalt and nutrient data presented in this manuscript
(a total of 463 dCo and labile cobalt values) have been deposited into the Biological
and Chemical Oceanography Data Management Office database under the CORSACS10

program (BCO-DMO, http://bcodmo.org/).

3 Results and discussion

The Ross Sea of Antarctica serves as an ideal end member in the study of the ma-
rine biogeochemistry of cobalt. With its extreme low temperatures, seasonal sea ice
cover, high biological productivity, and low atmospheric dust inputs, this sea presents15

an environment quite distinct from other oceanic regimes where Co has been studied.
Here we consider total dissolved and cobalt speciation data from cruises in austral
summer 2005 and austral spring 2006 that together provide a seasonal perspective on
the distribution of this micronutrient element. The Ross Sea Polynya was almost com-
pletely open during the summer 2005–2006 cruise, but was only in the early stages of20

formation during the spring 2006 cruise, as revealed by the geographic distribution of
stations occupied during the cruises (Fig. 1a,b) and estimated sea ice coverage shown
by Sedwick et al. (2010). In this study we observed four salient features with regard
to the geochemistry of cobalt: 1) nutrient-like vertical profiles, 2) correlations between
cobalt and soluble reactive phosphorus, 3) no evidence of scavenging removal in inter-25

mediate waters, and 4) non-saturating concentrations of strong cobalt-binding ligands
resulting in the presence of significant concentrations of labile cobalt.
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3.1 Dissolved cobalt: vertical profiles and surface transects

Total dissolved cobalt profiles from 11 stations in austral summer 2005–2006
(CORSACS-1 cruise) and 7 stations in austral spring 2006 (CORSACS-2 cruise) are
presented in Figs. 2 and 3. All profiles from the summer cruise (Fig. 2) reveal surface
depletion that likely reflects biological uptake and export. The Bay of Whales station5

NX9 showed the least surface depletion, likely due to lower productivity and recent
retreat of sea-ice cover. Surface depletion was also evident in most profiles from the
austral spring cruise (Fig. 3), but to a lesser extent than observed in the preceding
summer. Almost all dCo profiles showed strong similarity in vertical structure to soluble
reactive phosphate, consistent with biological uptake and vertical export of dCo due10

to phytoplankton. The dCo profiles from each cruise were used to create quasi-zonal
sections that clearly reveal the surface depletion of dCo across the Ross Sea region
(Fig. 4, top panels). The phytoplankton assemblage present when dCo and PO3−

4 were
both drawn down included Phaeocystis antarctica and diatoms, as determined by pig-
ment analyses (Fig. 4, bottom panels). The vertical sections in Fig. 4 do not suggest15

any obvious sources of dissolved cobalt to the water column, such as atmospheric,
sedimentary or meltwater inputs. In contrast, evidence for the latter two sources were
seen in the water column iron data from these cruises (Sedwick et al., 2010). This re-
sult is not particularly surprising since atmospheric deposition tends to produce surface
maxima in dCo in regions of high dust deposition, such as the Western Philippine Sea20

(Wong et al., 1995; Saito and Moffett, 2002). Similarly, large plumes of dissolved cobalt
appear in oceanic oxygen minimum zones, likely due to a combination of escape of Co
from sediments exposed to low bottom water oxygen as well as stabilization of Co in
the low oxygen water column (Heggie and Lewis, 1984; Saito et al., 2004, 2005; Noble
et al., 2008). Since the Ross Sea is a relatively well oxygenated region these pro-25

cesses may not be as important here. However, our sampling strategy did not include
samples in close proximity to the sea floor that might reveal concentration anomalies
associated with small input fluxes. Also, given the low Co:Fe ratio (∼1:2600) of crustal
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material (Taylor and McLennan, 1985), the accumulation and release of terrigenous
material from sea ice would likely have a more subtle effect on the distribution of cobalt
relative to iron, depending on relative solubilities of these two elements in lithogenic
particles (Thuróczy et al., 2010; Sedwick et al., 2007).

Four surface-water transects of cobalt from the austral summer cruise were obtained5

using the underway towed fish. Trends in surface dCo (∼3 m depth) were broadly
similar to the macronutrients, as shown in Fig. 5. In transect 2, for example, dCo
concentrations varied between 17 and 59 pM, but were typically between 20–40 pM,
with an average of 33±7.2 pM. The very western edge of the transect was near the
seasonal ice edge, and showed lower salinity, nutrients, and dCo, particularly along10

76 ◦S and 76.5 ◦S. The western portion of the surface transects also coincided with
elevated primary productivity, particularly along the 75 ◦S transect near Terra Nova Bay.

3.2 Evidence for micronutrient behavior: correlation of cobalt with phosphate

The similarities in the vertical and horizontal distributions of cobalt and phosphate were
statistically significant based on a two-way linear regression of 164 vertical profile sam-15

ples from CORSACS-1 and 2 (Table 1 and Fig. 6a, both seasons together r2=0.87;
CORSACS-1 data only r2=0.88). This analysis revealed a strong seasonal signal,
with most of the spring cruise samples having total dissolved cobalt values greater
than ∼45 pM and phosphate greater than ∼1.75 µM, while for the summer cruise sam-
ples some cobalt and phosphate concentrations overlapped with those of the spring,20

although many were depleted well below the spring concentrations due to biological ac-
tivity and export from the euphotic zone (Fig. 6a). The surface transect samples from
the summer cruise fall at the low end of the seasonal variability (∼30 pM dCo, ∼1.5 µM
PO3−

4 , Fig. 6b), with a thread of data plateauing at ∼20 pM dCo while phosphate contin-
ues to be depleted to ∼0.1 µM, perhaps due to a residual amount of complexed cobalt25

with low resultant bioavailability. A number of samples from surface transects yield data
that lie off the linear dCo vs. PO3−

4 trend, suggesting an external input such as melting
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sea ice. Input from sea ice melt might be expected to cause deviations from the lin-
ear dCo:PO3−

4 relationship, since lithogenic aeolian material should have an elevated

Co:P ratio relative to biogenic matter. In addition, seawater metal:PO3−
4 relationships

(Cd:PO3−
4 in particular) do not appear to be preserved within sea ice (Hendry et al.,

2009), and sea ice can be quite depleted in phosphorus (McMinn et al., 1999). In5

general, deviation from the seawater metal:P relationship is expected to result from
processes other than biological uptake and remineralization, such as aeolian deposi-
tion, particle scavenging, and oxidation/precipitation by Mn-oxidizing bacteria (Tebo et
al., 1984), which should produce vectors in metal:phosphate space that are vertical
rather than diagonal, as indicated in Fig. 7 (Noble et al., 2008). This type of vector10

analysis in Co:PO3−
4 space appears to be useful in identifying sporadic and/or sub-

tle influences by their deviation from the coherent uptake and remineralization signal
within large datasets such as this. In contrast to this micronutrient behavior for dCo in
the Ross Sea, the vertical structure of dCo at two Southern Ocean stations NX12 and
JR23 (Fig. 1, right panel) showed increasing deviation from the observed Ross Sea15

phosphate relationship moving northward, where NX12 showed increased Co relative
to PO3−

4 at ∼100 m and JR23 showed little coherence with phosphate (Figs. 3 and 6b).

3.3 Chemical speciation of cobalt

Cobalt speciation measurements revealed that while strong cobalt-binding ligands
were present in all of the samples, a significant fraction of the total dissolved cobalt20

was not complexed by these ligands (Figs. 3 and 6c). We have previously described
this unbound fraction as “labile” cobalt, with the assumption that it is bound by in-
organic ligands or weak organic ligands (Saito et al., 2004, 2005). Comparison of
total dissolved Co and labile Co in the Ross Sea shows that labile Co was usually
detectable in significant concentrations (Fig. 6d). These cobalt-binding ligands were25

strong enough to be measured within our conditional stability constant detection win-
dow of 1013.7 to 1015.7, with experiments suggesting that the ligand strength exceeded
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our detection window (Kcond≥1015.7, data not shown), as we have observed elsewhere
(Saito et al., 2005). The concentration of labile cobalt is likely important in determin-
ing the biological availability of cobalt to eukaryotic phytoplankton (Saito et al., 2002,
2004). Moreover, the presence of measurable labile cobalt throughout the water col-
umn of the Ross Sea contrasts with observations in tropical and subtropical regions,5

where cobalt is often completely bound by strong ligands in the upper euphotic zone
(Noble et al., 2008; Saito and Moffett, 2001; Saito et al., 2004, 2005). Exceptions to
this appear to be related to significant sources of cobalt, such as in the Peru Upwelling
Region, where a large flux of cobalt is thought to enter the system as labile cobalt,
and where large phytoplankton community shifts occurred concurrently with changes10

in cobalt speciation (Saito et al., 2004).
It seems likely that cobalt-binding ligands are produced as a by-product of vitamin

B12 biosynthesis and perhaps subsequent photochemical alteration. By this logic, the
presence of microbes capable of producing the cobalt-containing vitamin B12 should
be important to the generation of cobalt-binding ligands. Of the microbes potentially15

present in seawater, all publicly available marine cyanobacteria with genomes se-
quenced thus far appear to have components of the biosynthetic pathway (30 genomes
as of July 2010, including Crocosphaera, Trichodesmium, Synechococcus, Prochloro-
coccus, and UCYN-A; pers. obs.; Rodionov et al., 2003), while only some heterotrophic
bacteria (SAR11 cannot) and no eukaryotic phytoplankton are capable of making B1220

(Croft et al., 2005; Bertrand et al., 2007; Giovannoni et al., 2005). Moreover, none of
the Antarctic heterotrophic bacteria with genomes currently sequenced contain the B12
biosynthetic pathway (Bertrand et al., in prep.). In the Ross Sea, the marine cyanobac-
teria are numerically non-existent based on microscopy and pigment analysis (Bertrand
et al., 2007; Caron et al., 2000; DiTullio, 2003), whereas they comprise a significant25

component of the microbial community in tropical and subtropical environments (Camp-
bell et al., 1994; DiTullio, 2003). In addition, the heterotrophic bacterial community is
known to be less numerous and exhibit a strong seasonal cycle in the Ross Sea, in
contrast to temperate and tropical oceans (Ducklow et al., 2001). Amplification of the
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cbiA cobalamin biosynthesis gene from DNA purified from the Ross Sea microbial
community and the detection of the associated protein via mass spectrometry reveals
an active population of heterotrophic bacteria capable of B12 biosynthesis (Bertrand et
al., 2010). The relationship between B12 and these cobalt-binding ligands is still uncer-
tain, although we have observed that each has distinctly different chemical properties5

(Saito, unpublished data, July 2010), suggesting they are not identical, but rather are
linked via chemical transformation. If cobalt ligands are indeed a degradation product
of vitamin B12, we hypothesize that the lack of cyanobacteria and low abundance of
heterotrophic bacteria in the Ross Sea in the austral spring results in a low production
rate of vitamin B12 and perhaps a commensurate low cobalt ligand production rate in10

the Ross Sea relative to temperate and tropical oceans. As mentioned above, we and
others have observed phytoplankton colimitation by iron and vitamin B12 in the Ross
Sea, Southern Ocean, and coastal environments (Bertrand et al., 2007; Gobler et al.,
2007; Panzeca et al., 2006; Sañudo-Wilhelmy et al., 2006). Yet the heterotrophic bac-
teria cell numbers do increase by the end of austral summer in the Ross Sea (Ducklow15

et al., 2001; Bertrand et al., 2007): the presence of labile cobalt in the Ross Sea water
column suggests that either the population of microbes present does not have com-
parable B12 production rates relative to the high summer phytoplankton B12 demand,
and/or that the Ross Sea microbial community is not being lysed and grazed as rapidly
as in low latitude microbial loop environments to allow the saturation of cobalt by lig-20

ands that we observe in regions such as the Costa Rica Dome and Sargasso Sea
(Saito and Moffett, 2001; Saito et al., 2005). Thus, the distinctiveness of the polar
bacterial community of the Ross Sea provides a likely explanation for both the lack of
saturating concentrations of cobalt-binding ligands and the colimitation of phytoplank-
ton growth by vitamin B12 in these waters.25

We have previously reported a biological origin for cobalt-binding ligands, through
field experiments with a cyanobacterially-dominated microbial community (with ma-
rine Synechococcus cellular abundances >106 cells mL−1) in the Costa Rica Dome
region of the Eastern Tropical North Pacific (ETNP). In that study, control treatments
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where the microbial population was removed by filtration did not show production of
cobalt-binding ligands (Saito et al., 2005). Recently, Ellwood et al. have argued that
the presence of increased abundances of cobalt-binding ligands south of the South
Atlantic sector of the Antarctic Polar Front (APF), compared to a station north of the
APF, contradicts our assertion that cyanobacteria contribute to the production of cobalt-5

binding ligands since Synechococcus populations largely disappear south of the APF
(Ellwood et al., 2005). The results of the present study may reconcile our previous
results from the ETNP and elsewhere with the data reported by Ellwood et al. (2005)
based on three lines of reasoning. First, in our previous study we were careful to ar-
gue that the cyanobacterially-dominated microbial community was a source of ligands10

rather than solely the Synechococcus population since this field experiment could not
differentiate the microbial source. Second, if the cobalt-containing vitamin B12 molecule
is the source of cobalt-binding ligands, then populations of bacteria or archaea capable
of biosynthesizing B12 are required to produce cobalt-binding ligands. The Costa Rica
Dome and the Ross Sea then represent opposite extremes: very high cyanobacteria15

and heterotrophic cell abundances in the former, and no measurable cyanobacteria
population and seasonally varying heterotrophic bacteria abundances in the latter, as
described above (Ducklow et al., 2001). Ellwood et al.’s (2005) observation of a higher
abundance of cobalt-binding ligands south of the APF relative to north of the APF could
reflect increased heterotrophic bacterial abundances that accompany the three-fold in-20

crease in primary productivity they observed between their southern and northern APF
sites. Third, in this study we measured cobalt speciation at two oceanic stations in the
Southern Ocean (NX12 and JR23; Figs. 1 and 3) that showed labile cobalt (∼20 pM)
throughout the water column, similar to our findings in the Ross Sea. Together these
observations are consistent with the notion of a relationship between B12 biosynthe-25

sizing bacterial populations and cobalt-binding ligands: In the Ross Sea and our two
oceanic Southern Ocean stations, cobalt-binding ligands are observed (Fig. 3), yet
the cobalt ligands do not exist in saturating concentrations, resulting in much greater
bioavailability of Co than is observed in tropical and subtropical regions (Saito et al.,
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2005). The highly productive interfacial waters near the APF would then represent
a situation intermediate between the Ross Sea and the tropics.

3.4 Ecological stoichiometry of cobalt inferred from correlation with
phosphate, and comparison with Cd and Zn stoichiometries

Phytoplankton uptake and subsequent remineralization of biomass result in the re-5

moval and addition of bioactive metals and phosphorus at ratios reflective of the ag-
gregrate stoichiometry of the phytoplankton and microbial community. The sinking of
organic material creates a biochemical circulation of elements that is superimposed
upon physical circulation processes (Redfield et al., 1963). Based on the extent to
which this biochemical circulation modifies the composition of seawater, the slope of10

the dissolved nutrient to phosphate relationship can reflect the aggregate stoichiome-
try of biological processes. For example, Redfield et al. observed similarities between
the ratios of seawater NO−

3 :PO3−
4 distributions and the elemental N:P composition of

marine plankton (Redfield et al., 1963), and more recently the cellular metal contents
of phytoplankton have been compared with trace metal abundances in seawater (e.g.,15

Fitzwater et al., 2000; Lane et al., 2009; Noble et al., 2008; Saito and Moffett, 2002;
Saito et al., 2004; Sunda and Huntsman, 1995, 2000). This characterization of ele-
mental stoichiometries in nature has been termed “ecological stoichiometry”, defined
broadly as “the balance of multiple chemical substances in ecological interactions and
processes” (Sterner and Elser, 2002). Correlations between dissolved Cd and PO3−

420

or between dissolved Zn and silicic acid, have long been recognized as oceanograph-
ically important relationships (Boyle et al., 1976; Bruland, 1980), leading to the appli-
cation of Cd as a paleoproxy for seawater phosphate (Boyle, 1988). However, the bio-
chemical basis for these relationships is only partially characterized (Lane et al., 2005;
Ellwood and Hunter, 2000). Recent studies have observed correlations between dis-25

solved cobalt and phosphate concentrations in shallow waters (e.g., Noble et al., 2008;
Saito and Moffett, 2002; Saito et al., 2004; Sunda and Huntsman, 1995), implying the
importance of micronutrient processes over earlier suggestions that atmospheric input
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and scavenging processes dominate the oceanic distribution of cobalt (Whitfield and
Turner, 1987). Yet explanations for these linear metal:macronutrient relationships and,
in particular, apparent “kinks” in these linear relationships (de Baar et al., 1994; Boyle
et al., 1981; Boyle, 1988; Cullen, 2006; Frew and Hunter, 1992, 1995; Saager and de
Baar, 1993), have arguably not reached a consensus due to the presence of multiple5

processes and subtle complexities such as: 1) limited knowledge of the underlying bio-
chemistries; 2) the influence of iron deficiency, which depresses phytoplankton growth
rate but not metal uptake, resulting in changes in metal:P ratios through a process
called growth rate dilution (Cullen et al., 2003; Cullen, 2006; Lane et al., 2009; Sunda
and Huntsman, 2000), as well as causing upregulation of ferrous iron transporters that10

also transport other divalent cations (Lane et al., 2008); 3) biochemical substitution of
Zn, Cd, or Co, for example, in the active sites of metalloenzymes (Morel et al., 1994;
Saito et al., 2008); and 4) the role of organic ligands in controlling metal bioavailability
(Bruland and Lohan, 2003). These issues will be discussed below in the context of our
Ross Sea data.15

In the Ross Sea we estimate a seawater Co:PO3−
4 ecological stoichiometry of

37.6 µmol mol−1 based on a two-way linear regression of the dissolved species concen-
trations using the vertical profile datasets inclusive of all depths and both sampling sea-
sons (Fig. 6a, Table 1; a one-way regression yields a similar value of 28.3 µmol mol−1

with r2 of 0.75). This value is quite similar to the dissolved Co:PO3−
4 ratios of 35–20

40 µmol mol−1 observed in the upper 150 m of the subarctic Pacific (Martin et al., 1989;
Sunda and Huntsman, 1995). However, other regions such as the Eastern Tropical
Pacific and Equatorial Atlantic display Co:PO3−

4 stoichiometries that are approximately
an order of magnitude higher than the Ross Sea and subarctic Pacific ratios (248 and
560 µmol mol−1; Saito and Moffett, 2002; Saito et al., 2004). The juxtaposition of an25

inter-seasonal coherence for seawater Co:PO3−
4 ecological stoichiometry (where both

seasons data falls along a single line) in the Ross Sea relative to the large geographic
variability in Co:PO3−

4 stoichiometries described above (Table 1) implies that the orga-
nization of dissolved cobalt in the water column occurs on timescales that are longer
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than seasonal processes, but shorter than that of large-scale circulation processes.
This rough timescale is also consistent with the observations of lack of scavenging and
uptake rates described below.

The ecological stoichiometry of Co needs to be considered in conjunction with those
of Zn and Cd because of the biochemical substitution within enzymes as described5

in the Introduction. Correlations of both dissolved Zn and Co with phosphate were
observed in shallow waters of the subarctic Pacific, and were described as evidence
for biological uptake and remineralization (Sunda and Huntsman, 1995; Martin et al.,
1989). In that region the dissolved Zn and PO3−

4 relationship showed a distinct kink

causing two stoichiometries: a dissolved Zn:PO3−
4 ratio of ∼4600 µmol mol−1 below10

∼150 m depth (where PO3−
4 >∼1.2 µM), and a much lower Zn:PO3−

4 ratio of ∼250 in
shallow waters (see Fig. 8 and Table 2; data from Martin et al., 1989). Interestingly,
dissolved cobalt was correlated with PO3−

4 only in the shallow waters, which Sunda
and Huntsman (1995) attributed to the biochemical substitution of Co for some of the
biological Zn demand in the euphotic zone. These workers estimated a larger nutri-15

tional role of Zn relative to Co in shallow waters, based on ecological stoichiometry
ratios for dissolved Zn:PO3−

4 /Co:PO3−
4 of 6:1–10:1. However, they also pointed out

that the >100-fold increase in dissolved Co:Zn concentrations between the nutricline
and surface waters could also contribute to growth of phytoplankton with distinct Co
requirements, such as the coccolithophore E. huxleyi and cyanobacteria (Sunda and20

Huntsman, 1995; Saito et al., 2002). No linear relationship between Co:PO3−
4 was

observed in deeper waters of the subarctic Pacific, likely due to the influence of sca-
venging (see below).

We have performed a similar comparison of ecological stoichiometries in the Ross
Sea, using our dissolved Co data and the dissolved Zn and Cd data reported from the25

austral summer of 1990 by Fitzwater et al. (2000). Here Zn and Cd both showed
correlations with phosphate, with Zn showing a kink at ∼1.5 µM PO3−

4 to a lower

Zn:PO3−
4 ratio and Cd showing a kink at ∼1 µM PO3−

4 (Fig. 8g and h; Table 2).
The calculated dissolved phase ecological stoichiometries were roughly similar to
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those of the subarctic Pacific values, with values of 7580 µmol mol−1 (Zn:PO3−
4 ) and

606 µmol mol−1 (Cd:PO3−
4 ) in the nutricline and below, and of 509 µmol mol−1 (Zn:PO3−

4 )

and 178 µmol mol−1 (Cd:PO3−
4 ) in shallow waters (≤40 m; Table 2). Cobalt analyses

were also included in the Fitzwater et al. study; however, no clear relationship be-
tween Co and P was observed. This may reflect limited analytical precision for Co5

or the recently documented artifact arising from cobalt-binding ligands, which neces-
sitate UV-irradiation of samples prior to dissolved Co determination since the com-
plexes do not dissociate at pH 2 (Saito and Schneider, 2006; Bruland, 2010), although
this analytical issue would presumably apply to the subarctic Pacific dataset as well
(Martin et al., 1989). While dissolved Zn:PO3−

4 and Cd:PO3−
4 ratios are much lower in10

shallow waters relative to depth, the dissolved Co:PO3−
4 stoichiometry is relatively low

(37.6 µmol mol−1) and constant throughout the water column based on our 2005/2006
data, in contrast to the subarctic Pacific data where the Co:PO3−

4 relationship breaks
down below shallow waters (Figs. 8d and 9b). While the Fitzwater et al. data (2000) are
from an earlier expedition (summer 1990), we assume some consistency of the Ross15

Sea phytoplankton stoichiometry for the purpose of our comparisons.
The estimated ecological stoichiometries for dissolved Co, Cd, and Zn in the Ross

Sea can be compared to the trace metal requirements of phytoplankton measured by
physiological studies (Sunda and Huntsman, 1995, 2000), as shown in Fig. 10. Of
particular interest, the deep water dissolved Zn:PO3−

4 stoichiometries of both the Ross20

Sea and subarctic Pacific were in great excess of the minimum Zn quotas required
for optimum growth of three eukaryotic phytoplankton (Emiliania huxleyi, Thalassiosira
oceanica, and Thalassiosira pseudonana), while the shallow Zn:P ratio was in excess
of the requirements of the small diatom T. oceanica but not those of the larger diatom
T. pseudonana. These variations in dissolved Zn requirements have been shown to be25

related to the higher surface area to volume ratio that accompanies smaller cell size,
where uptake rates approach diffusion limitation at low Zn2+ concentrations (Sunda
and Huntsman, 1992, 1995). This comparison suggests that the Zn availability could
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influence phytoplankton species composition in the Ross Sea by selecting for smaller
diatoms that have lower cellular Zn requirements. In contrast, our estimated Co:PO3−

4
ecological stoichiometry value was found to be below the phytoplankton growth re-
quirements when in the absence of added Zn in the three strains listed above (∼200–
1000 µmol Co:mol P; Sunda and Huntsman, 1995). These observations imply the need5

for Zn nutrition in the Zn/Co cambialistic enzymes due to low Co abundance in the Ross
Sea. Similarly, Zn and Co physiological studies with a culture of Phaeocystis antarctica
showed optimal growth rates and cell yields with Zn rather than Co (Saito and Goepfert,
2008). Together these calculations provide evidence for a greater overall use of zinc
relative to cobalt in the shallow waters of the Ross Sea, with a ratio of dissolved Zn:Co10

stoichiometries of 17:1 (Zn:PO3−
4 /Co:PO3−

4 ). This ratio suggests that Ross Sea phy-
toplankton have an even greater nutritional reliance on Zn versus Co, relative to the
subarctic Pacific (Co:Zn ∼1:6–1:10, see above).

An intriguing aspect of the Co and PO3−
4 relationship in the Ross Sea is the lack of

an obvious kink in the vertical profile dataset (Fig. 6a), in contrast to Cd and Zn which15

both showed clear kinks in the Ross Sea (Fig. 8g and h; Fitzwater et al., 2000). The
causes of the kink in the relationship between Cd and phosphate has been the sub-
ject of significant discussion in recent years (Boyle, 1988; de Baar, 1994; Sunda and
Huntsman, 2000; Cullen, 2006; Cullen et al., 2003; Elderfield and Rickaby, 2000). Two
compelling mechanistic explanations involve the influence of either Zn or Fe on Cd up-20

take by phytoplankton. The Zn mechanism involves depletion of Zn by phytoplankton
uptake, resulting in an increase in Cd uptake through induction of phytoplankton Cd/Co
transporters and replacement of Cd or Co for Zn within enzymes (Sunda and Hunts-
man, 2000). Zn binding ligands also likely contribute to this effect: as dissolved Zn falls
below the Zn-binding ligand concentration, the free zinc concentrations will decrease25

precipitously. An alternative (or additional) mechanism involves decreases in the up-
take of major cellular elements (e.g., C or P) due to iron growth rate limitation, while
maintaining (or increasing) Cd uptake rates, to create the enhanced cellular Cd:P ratios
(Cullen et al., 2003, 2006; Sunda and Huntsman, 2000). This process is described as
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a growth rate dilution effect, where phosphate uptake is more sensitive to growth rate
than metal uptake. A recent study expanded on this mechanism where iron limitation of
a diatom was found to cause an upregulation of ferrous iron transporters, which concur-
rently resulted in increased transport of other divalent cations such as cadmium (Lane
et al., 2008). Both the Zn depletion and Fe limitation mechanisms result in increased5

Cd:P ratios in phytoplankton that in turn should deplete dissolved Cd relative to P in
the upper water column with export and remineralization of particulate material below
the euphotic zone. These mechanisms are not necessarily mutually exclusive: while
the Zn mechanism may occur in non-iron limited oceanic areas, both could exist in iron
limited regions. These mechanisms are also broadly consistent with Elderfield and10

Rickaby’s “fractionation” concept for the global dissolved Cd:PO3−
4 relationship (2000).

Those workers suggested that a preferential incorporation of Cd relative to P into the
particulate organic matter (POM) occurs ((Cd:P)POM/(Cd:P)Seawater=α, ∼2.5), admit-
tedly without invoking a specific mechanism. Elderfield and Rickaby further argue that
the kinks are actually better described as curves that can be fit by a modified version15

of the Raleigh isotope fraction model.
The finding that Co:PO3−

4 does not show an obvious kink in the vertical profile data
from the Ross Sea (Fig. 6a) seems inconsistent with the two mechanisms described
above, both of which should result in enhanced Co:P ratios in phytoplankton similar
to that of Cd:P. Although the inclusion of the surface transect dCo (Fig. 6b) suggests20

a plateau of ∼20 pM, perhaps due to depletion of labile Co and a residual of complexed
cobalt that is less bioavailable (Fig. 6c and d). There are potentially three explanations
for this lack of kink observation in the vertical profile dCo datasets. First, perhaps it
is an artifact of temporal variability where a Co kink might have occurred during the
1990 expedition, but was not analytically resolvable at the time. We think this scenario25

is unlikely given the general similarity of Co, Cd, and Zn abundances between these
two expeditions. Second, perhaps it is an artifact of comparing a regional Co:PO3−

4

relationship to the global Cd:PO3−
4 relationship, and that a kink might be observed

within a larger Co dataset. We also do not think this is the case: while the Co:PO3−
4
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relationship is clearly more variable (Table 1) than Cd:PO3−
4 , the Cd:PO3−

4 kinks are
evident in numerous individual site-specific studies. Third, the most likely explanation
is that there is an accumulation of Zn and Cd by phytoplankton in excess of their bio-
chemical requirements (at either optimal growth rate or iron-limited growth rate) near
the base of the euphotic zone, while cobalt is too scarce to allow excess uptake, as5

shown in the previous comparison to culture studies (Fig. 10). This is consistent with
the observation that the Ross Sea dissolved Zn:PO3−

4 ecological stoichiometry below
the nutricline was in great excess of phytoplankton requirements (Fig. 10), and the as-
sumption that the metal requirements for cambialistic enzymes can be considered as
the sum of the substitutable metals (Zn+Cd+Co), albeit with varying efficiencies for10

each metal. By this mechanism, excess uptake beyond growth limiting requirements
of Zn (and Cd) by phytoplankton at the base of the euphotic zone and/or near the
chlorophyll maximum followed by sinking and remineralization of high Zn:P particulate
material out of the euphotic zone would result in eventual surface waters with a lower
dissolved Zn:PO3−

4 ratio, and resultant lower phytoplankton cellular Zn:P. Because phy-15

toplankton cellular metal quotas are highly plastic relative to P quotas, varying by four
orders of magnitude for Zn versus one order or less for P (Droop, 1974; Sunda and
Huntsman, 1992; Bertilsson et al., 2003), this mechanism of excess Zn uptake seems
a plausible explanation for depleting surface waters in Zn relative to PO3−

4 . Evidence
for excess Zn uptake in the Ross Sea is shown in Fig. 9c and d, where both dis-20

solved Zn:PO3−
4 and Cd:PO3−

4 stoichiometries decrease by ∼30-fold in the subarctic
Pacific and ∼3-fold in the Ross Sea towards surface waters. In contrast, dissolved
Co:PO3−

4 and NO−
3 :PO3−

4 ratios do not change appreciably throughout the water col-

umn, although there is some decrease in Co:PO3−
4 ratios in the shallowest samples

(Fig. 9a and b). We suggest two interrelated reasons for this: First, the high ratio of25

dissolved Zn:Co in the Ross Sea described above likely results in high Zn uptake and
resultant minor Co uptake and use in the cambialistic enzymes within the phytoplankton
community, as observed in laboratory culture studies (Lane and Morel, 2000; Sunda
and Huntsman, 1995). Second, as mentioned above, these low dissolved Co:PO3−

4
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ratios are less than that required for optimal phytoplankton growth without supplemen-
tation with Zn (Sunda and Huntsman, 1995). The result of these two factors is a lack
of excess Co uptake relative to PO3−

4 at the base of the euphotic zone resulting in the

relatively uniform dissolved Co:PO3−
4 ratio throughout the water column (Fig. 9), and

hence no clear Co:PO3−
4 kink in the vertical profile data (Fig. 6a).5

This excess stoichiometry mechanism for Zn:P and Cd:P kink formation is not mu-
tually exclusive to the Fe-limitation and Zn-depletion mechanisms suggested for Cd:P
kink formation described above. Iron limitation was observed in the Ross Sea during
both CORSACS cruises (Bertrand et al., 2007, 2010) and the 1990 expedition (Coale et
al., 2003), consistent with the iron-induced Cd:PO3−

4 growth rate dilution kink formation10

mechanism. Moreover, we measured Zn speciation in the Ross Sea and found that, in
contrast to the North Pacific (Bruland, 1989; Jakuba et al., 2010), Zn-binding ligands
were not present in excess of total dissolved Zn (Saito et al., unpublished data, Novem-
ber 2006). This results in higher concentrations of bioavailable Zn in shallow waters
and with that a lessened contribution to Cd:PO3−

4 kink formation by the Zn mechanism.15

This speciation effect is also consistent with dissolved Zn:PO3−
4 ecological stoichiome-

tries found in the Ross Sea as well as the Southern Ocean (Sunda and Huntsman,
2000) being higher than the subarctic Pacific (Table 2). In addition, the observation of
gradually decreasing metal:phosphate ratios higher in the water column (Fig. 9c and d)
is more compatible with Elderfield and Rickaby’s assertion for a Raleigh-type fraction20

model than the simplistic two-slope kink model. Together these observations, in par-
ticular our analysis of Co:PO3−

4 ratios, suggest that the excess metal:P stoichiometry
mechanism may be an important contributor in metal:phosphate kink formation in the
oceans.

The proximity of the nutricline to the surface in high nutrient low chlorophyll regions25

is particularly conducive to both the excess metal uptake and iron-limitation mecha-
nisms for metal:phosphate kink formation. This presents a concern with the premise of
an iron-limitation mechanism for Cd-kink formation, in the degree to which the global
dissolved Cd:P database biases against shallower depths from the low nutrient low
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chlorophyll regions (LNLC). While nitrate and phosphate accumulate in surface waters
in the iron limited regions due to upwelling, they exist at very low concentrations in
surface waters of the subtropical gyres (Wu et al., 2000). This feature could prevent
the excess metal uptake mechanism from occurring in the subtropical gyres where
Cd, Zn, and phosphate are all very low in abundance due to the long vertical diffu-5

sion/advection distances prior to entering the euphotic zone. Low abundances may
test the uptake capabilities of phytoplankton transporters and prevent excess Cd and
Zn uptake (fractionation) relative to phosphate from occuring. This suggests that the
excess metal uptake mechanism could provide an alternate mechanism for observa-
tions of Cd:P kinks occurring primarily in the iron-limited oceanic regions. However,10

a profile from coastal waters in the Bering Sea was shown to be consistent with the
iron limitation mechanism, where iron and macronutrient replete waters did not show
a Cd:PO3−

4 kink (Cullen, 2006). It would be useful for future studies to examine the influ-
ence of ocean circulation processes on metal:phosphate relationships to differentiate
between the contribution of these two mechanisms.15

One curiousity related to metal:phosphate kinks is the presence of a convex dis-
solved Cd:PO3−

4 relationship in the subarctic Pacific data of Martin et al. (1989; Fig. 8f).

This phenomenon is also evident in the dissolved Cd:PO3−
4 ratios that occur between

100–250 m that are higher than deep water values (Fig. 9d). We suspect this phe-
nomenon is caused by the trifeca of relatively shallow remineralization of sinking par-20

ticulate organic matter, a small inventory of dissolved cadmium at that depth, and re-
gional upwelling that resupplies micronutrients to the surface. This mechanism is the
same as the “biological concentrating mechanism” that we argued causes small but
distinct peaks of dCo in the upper water column (∼100 m) within a mesoscale cyclonic
eddy, coincident with the depth of significant particulate organic matter remineralization25

(Noble et al., 2008). The subarctic Pacific Zn:PO3−
4 data (Fig. 9c; Martin et al., 1989) is

consistent with this line of reasoning, where at the Cd:PO3−
4 maximum (150 m), the dis-

solved Zn:PO3−
4 also shows an increase relative to depths above and below it (green
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symbols in Fig. 9c, ∼120 µmol mol−1 higher than at 200 m). This Zn:PO3−
4 positive

excursion is of a similar absolute magnitude (∼100 µmol mol−1 for both Zn:PO3−
4 and

Cd:PO3−
4 ), but a much smaller relative magnitude in comparison to the large deepwa-

ter inventory of Zn (and P) that effectively masks this process. The strong euphotic
zone Zn depletion that occurs (Fig. 9c) likely results in enhanced Cd use as suggested5

by Sunda and Huntsman (1995). Shallow recycling with continued upwelling could
then concentrate Cd:P in both dissolved (Fig. 9d) and particulate phases to create the
elevated dissolved Cd:PO3−

4 stoichiometry. The lack of such a convex Cd:PO3−
4 rela-

tionship in the Ross Sea might be related to the lack of a continual upwelling supply
source and the higher bioavailability of Zn, which would decrease the drawdown of Cd10

as observed in Fig. 9d (Zn:PO3−
4 and Cd:PO3−

4 both reach lower ratios in the subarctic
Pacific surface waters than the Ross Sea).

Together these observations are consistent with an emerging picture of high latitude
environments that are supplied by upwelled nutrient and metal-rich (Zn, Cd) waters
with Zn nutrition being of primary importance relative to Co. The large differences in15

the deepwater inventories of Zn, Cd, and Co span more than two orders of magnitude,
7580:606:38 relative to PO3−

4 respectively in the Ross Sea (Tables 1 and 2; Fig. 9b,c,d).
This dynamic range appears to play a major role in influencing both their vertical distri-
butions and their ecological stoichiometries, as described in the sections above. This
situation is in contrast to tropical/subtropical regimes, where deeper nutriclines and/or20

an enhanced supply of cobalt from oxygen minimum zones appear to have much larger
impacts on the ecological stoichiometry of Co (Table 1). These results are also con-
sistent with observations that Chaetoceros calcitrans, an algal species related to those
abundant in sea ice, lacks the ability to substitute Co for Zn (Timmermans et al., 2001),
where the significant concentrations of bioavailable Zn would obviate the need for cam-25

bialistic biochemical substitution of Co for Zn in the austral spring prior to the seasonal
depletion of nutrients and micronutrients.
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3.5 Lack of cobalt scavenging in the mesopelagic of the Ross Sea

An unusual characteristic of Co geochemistry in the Ross Sea is the apparent lack of
removal of dissolved Co from waters below the euphotic zone. This process, gene-
rally termed scavenging, can be caused by abiotic particle adsorbtion or biotic Mn co-
oxidation (Lee and Tebo, 1994; Moffett and Ho, 1996; Tebo et al., 1984). As mentioned5

above, Co, Fe, Mn and Cu, are all considered to be “hybrid-type” elements because
their oceanic distributions are thought to be affected by both nutrient-like biological up-
take and scavenging removal. A lack of scavenging removal for Co in the Ross Sea
is evident in the vertical profiles from the summer and spring cruises (Figs. 3 and 4),
which show no appreciable decrease in dissolved Co concentrations with depth, even10

to a depth of ∼800 m (station NX10). Scavenging removal of cobalt is typically observed
at mesopelagic depths (Martin et al., 1989; Noble et al., 2008; Saito and Moffett, 2002),
as seen for example in Fig. 8c from the subarctic Pacific. The lack of scavenging in the
Ross Sea is reflected in the dissolved Co:PO3−

4 relationship that is maintained through-
out the water column (Fig. 6a). In contrast, scavenging removal is clearly apparent in15

the subarctic Pacific, where the Co:PO3−
4 relationship breaks down below the euphotic

zone creating a “cobalt curl” downward in Co versus PO3−
4 space, as scavenging re-

moves dissolved Co without stoichiometric removal of PO3−
4 as shown in Figs. 8d and

7. We hypothesize that the lessened role of scavenging removal of Co in the Ross Sea
is due to a lack of Mn oxidizing activity (and hence lack of co-oxidation of Co), due to20

the low concentrations of Mn in Southern Ocean waters (Martin et al., 1990; Sedwick
et al., 2000). Alternatively (or additionally), the lack of observed scavenging may be
related to the Ross Sea’s seasonal winter deep mixing: for scavenging to successfully
imprint itself on cobalt distributions here, the process must occur on timescales of less
than a year. These observations show that cobalt behaves as a “nutrient-like” element25

rather than a “hybrid-type” element in the Ross Sea. Further research into the apparent
cause of Co scavenging in the Ross Sea may illuminate other oceanic settings where
Co may have a solely nutrient-like behavior. For example, if sea-ice extent was greatly
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expanded during the last glacial maximum, as suggested by Elderfield and Rickaby
(2000), the extent of the oceans where the effects of Co scavenging was absent may
also have expanded, potentially increasing regional or oceanic cobalt inventories.

3.6 Cobalt uptake rates

Measurements of cobalt uptake from the dissolved phase to the >2 µm size fraction5

particulate phase approached 2.5 pmol L−1 d−1 (Table 3, Fig. 11). Gluteraldehyde-killed
control treatments showed little abiotic uptake (∼2–4%, Table 3). The observed bio-
logical uptake could be due to assimilation into cellular material and/or biologically-
mediated co-oxidation with manganese into oxide minerals (Moffett and Ho, 1996).
However, given the apparent lack of scavenging removal of dissolved Co from the10

mesopelagic zone and low Mn euphotic zone abundances (Sedwick et al., 2000), it
seems likely that biological oxide mineral formation was not an important process in
the Ross Sea surface waters. As a result, these uptake rate measurements can be
interpreted as approximations of the rate of assimilation of dissolved Co by the phyto-
plankton community and any particle-associated bacterial communities.15

We can use these uptake rates and total dissolved cobalt concentrations to esti-
mate the loss rate of Co with respect to biological uptake, assuming that Co uptake
can be approximated by a first order rate law and that the system remains in steady
state, these rates fall between 0.16 and 0.001 d−1. This yields residence times with
respect to biological uptake on the order of several days in shallow waters to more than20

a year at depths deeper in the euphotic zone. Figure 11 shows that high Co uptake
rates were generally found at depths shallower than 20 m (gray dots, Fig. 11a and b).
Since the uptake rate incubations were all conducted at the same irradiance (∼20%
surface), it is possible that uptake rates in deeper samples may reflect some photoin-
hibition. However, higher biological algal pigment concentrations in the Ross Sea are25

generally found in shallower depths, (Figs. 4 and 11), hence higher Co uptake rates
in near-surface waters are not unexpected. As shown in Fig. 11, higher Co uptake
rate was generally correlated with elevated pigment concentrations. There were some
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areas where high 19-hexanolyoxyfucoxanthin (19-Hex), a haptophyte indicator pigment
that is strongly correlated with Phaeocystis antarctica in the Ross Sea (DiTullio et al.,
2003), coincided with high Co uptake rates (e.g. Fig. 11c, NX1), but generally, Co up-
take rates appeared to correlate most strongly with fucoxanthin concentrations (fuco,
a proxy for diatom biomass in the Ross Sea, Fig. 11a). This might suggest that diatoms5

are responsible for a greater uptake of Co than Phaeocystis antarctica and that on bal-
ance, Co uptake by diatoms may be more efficient than uptake by Phaeocystis. As
discussed above, P. antarctica and several diatom species have been shown to use Co
in place of Zn, although the degree to which Co can replace Zn varies among diatom
species (Saito and Goepfert, 2008; Sunda and Huntsman, 1995). However, even those10

diatoms that do not substitute Co for Zn still actively assimilate dissolved Co (Timmer-
mans et al., 2001). Also, the Co requirements of P. antarctica are satisfied at lower
concentrations relative to some diatoms (Saito and Goepfert, 2008), supporting the
idea that diatoms may be responsible for more cobalt uptake than P. antarctica. Due to
the interrelated biochemistries of Co and Zn, it is likely that Co uptake rates may also15

be driven in part by Zn concentrations. Since biological uptake and utilization of Co
and Zn are so closely tied, future research on Zn abundances, uptake rates, and the
proteins responsible for biological substitution between these micronutrients in polar
environments would improve our understanding of cobalt uptake in the Ross Sea.

3.7 Potential applications of cobalt as a paleooceanographic proxy20

The comparative analysis of Co, Cd, and Zn ecological stoichiometries is useful in un-
derstanding their modern biological and geochemical processes. Given the importance
of the Cd:PO3−

4 relationship for paleooceanographic studies, it seems that significant
insight could also be gained by adding Co, similar to the addition of Zn (Marchitto et
al., 2000), to foraminiferal Cd/Ca measurements. In particular, the lack of a kink in25

the Co:PO3−
4 relationship could provide an ability to constrain the potential influence

of aeolian dust deposition in creating an iron-limitation effect on the Cd:PO3−
4 and
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Zn:PO3−
4 relationship, as well as serve as an alternate P proxy. Finally, foraminiferal

studies of Zn, Cd, and Co incorporation into tests may not only have utility as proxies
for P, but also valuable proxies for the elements Zn, Cd, and Co themselves, which
are of increasing interest for their influence on community composition. Hence, the
measurement of this trio of metals in preserved biominerals may provide insight into5

not only the oceanic phosphate inventory, but also changes in phytoplankton species
composition, regional signals of upwelling in oxygen minimum zones (e.g., Co, Saito
et al., 2004), and perhaps Southern Ocean sea-ice cover (Co; through effects on sca-
venging), although further study is needed to constrain these signals in the modern
ocean.10

4 Conclusions

In this study of Co geochemistry in the Ross Sea, we observed a strong seasonal
biological influence and a lack of scavenging removal on vertical structure. Together,
these processes served to define the spatial and temporal distributions of cobalt in
the category of nutrient-like, in contrast to previous observations of hybrid-type behav-15

ior elsewhere in the oceans. Labile Co was measured in significant concentrations
throughout the Ross Sea, suggesting a diminished source of Co-binding ligands and
a correspondingly high biological availability of dissolved Co relative to other oceanic
regions. The linkage between bioactive metals and phytoplankton appears strong in the
Ross Sea, and a comparison of the ecological stoichiometries of Zn and Co suggests20

that Zn is likely influencing diatom diversity. No clear Co:PO3−
4 kink was observed in the

vertical profile datasets, leading to the hypothesis that observed Zn:PO3−
4 and Cd:PO3−

4
kinks are caused by the confluence of their much higher inventories compared to Co
and the resultant excess metal stoichiometric uptake by phytoplankton. Finally, if the
nutrient-like behavior of Co throughout the Ross Sea water column is caused by de-25

creased Co scavenging rather than solely by annual deep mixing, it suggests that there
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may have been instances during Earth history where Co scavenging was similarly di-
minished, for example by expanded sea-ice cover or decreased Mn aeolian deposition,
possibily leading to regional increases in Co inventories.
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Table 1. Relationship between cobalt and phosphate in the Ross Sea and elsewhere.

Geographic Location Depth range (m) Co (pM) ∆Co:∆P r2

µmol mol−1

Ross Sea, Antarctica (this study) 5–500 19–71 37.6 0.87
NE Pacific (Martin et al., 1989) 50–150 7.9–32 39.8 0.98
NE Pacific (Martin et al., 1989) 50–150 28–40 35.5 0.99
NE Pacific (Martin et al., 1989) 8–50 25–55 38.4 0.97
Peru Upwelling Region (Saito et al., 2004) 8 21–315 248 0.83
Equatorial Atlantic (Saito and Moffett, 2002) 5 5–87 560 0.63
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Table 2. Relationship between cadmium and zinc versus phosphate in the Ross Sea∗.

Geographic Location Depth range ∆M:∆P r2

(m) µmol mol−1

Ross Sea (PO3−
4 <1 µM)∗∗ 0.5–40 178 (Cadmium) 0.79

Ross Sea PO3−
4 >1µM)∗∗ 15–375 606 (Cadmium) 0.91

Ross Sea PO3−
4 <1.5µM)∗∗ 0.5–40 509 (Zinc) 0.95

Ross Sea PO3−
4 >1.5µM)∗∗ 20–375 7580 (Zinc) 0.72

Subarctic Pacific∗∗∗ PO3−
4 <1.2 µM) 20–150 450 (Cadmium) 0.87

Subarctic Pacific∗∗∗ PO3−
4 >1.2 µM) >150 280 (Cadmium) 0.93

Subarctic Pacific∗∗∗ PO3−
4 <1.2 µM) 20–150 251 (Zinc) 0.77

Subarctic Pacific∗∗∗ PO3−
4 >1.2 µM) >150 4620 (Zinc) 0.86

∗ Relationships shown in Fig. 8.
∗∗ Data from Fitzwater et al. (2000).
∗∗∗ Data from Martin et al. (1989); inclusive of T5, T6, T8; based on Sunda and Huntsman (1995).
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Table 3. Cobalt uptake rates and associated parameters. Errors given are one standard devi-
ation unless noted.

Station Local date Lat Long depth (m) Avg.% 57Co total Co conc. labile Co Co uptake Pigment Fuco 19-Hex Chl-a
uptake d−1 (pM) conc. (pM) (pmol L−1 d−1) Depth [m] (ng/L) (ng/L) (ng/L)

CORSACS-1 NX1 29.12.2005 77.40◦ S 179.56◦ E 10 5.56±0.69 34.07±0.78 n.d. 1.90±0.24 10 360 1257 3459
30 0.70±0.07 24.62±1.35 n.d. 0.17±0.02 36 186 2810 7788

Stn18 31.12.2005 76.44◦ S 169.43◦ E 10 0.48±0.09 28.22±0.37 n.d. 0.13±0.02 8 91 75 669
40 0.43±0.13 32.63±0.64 n.d. 0.14±0.04 36 140 277 1426
75 0.18±0.08 51.39±0.71 n.d. 0.09±0.04 83 81 234 1044
130 0.02±0.01 n.d. n.d. n.d. 100 59 160 694

Stn 37 5.1.2006 76.30◦ S 169. 60◦ W 10 4.61±1.22 35.34±2.09 n.d. 1.63±0.44 10 347 1255 1900
30 2.13±0.27 35.89±1.60 n.d. 0.76±0.10 33 321 1040 1894

Stn 43/NX6 7.1.2006 75.60◦ S 176.37◦ W 10 1.22±0.11 32.98±1.22 n.d. 0.40±0.04 11 796 466 3148
30 0.99±0.24 34.68±2.41 n.d. 0.34±0.09 25 619 419 2514

Stn 51/NX7 9.1.2006 75.60◦ S 170.59◦ E 10 1.32±0.26 26.28±2.74 n.d. 0.35±0.07 11 406 217 1458
30 1.52±0.05 29.86±1.53 n.d. 0.45±0.01 35 454 282 1722

Stn 61/NX8 12.1.2006 77.30◦ S 175.44◦ W 10, live 1.41±0.14 27.14±3.26 n.d. 0.38±0.04 12 196 266 723
10, glut kill 0.03±0.001∗ 0.01±0.00
10, heat kill 0.11±0.005∗ 0.03±0.00

30, live 0.25±0.02 38.58±1.33 n.d. 0.10±0.01 26 133 345 819
30, glut kill 0.01±0001∗ 0.00±0.00
30, heat kill 0.15±0.007∗ 0.06±0.00

Stn 67/NX9 14.1.2006 78.39◦ S 64.45◦ W 10 0.32±0.21 40.10±2.70 n.d. 0.13±0.09 12 136 329 727
30 0.15±0.04 39.60±2.66 n.d. 0.06±0.02 26 100 354 854

Stn 86 20.1.2006 74.40◦ S 168.52◦ E 10 3.16±0.16 32.02±2.55 n.d. 1.01±0.06 10 1174 46 1377
30 3.28±0.88 24.94±1.23 n.d. 0.82±0.22 38 559 60 897

Stn 95 22.1.2006 75.00◦ S 166.00◦ E 10 16.14±0.70 14.38±0.60 n.d. 2.32±0.10 8 1612 37 1572
30 1.14±0.05 31.67±0.31 n.d. 0.36±0.02 28 713 93 1082

Stn 97 22.1.2006 74.50◦ S 166.00◦ E 10 12.82±1.04 13.75±1.53 n.d. 1.76±0.16 8 805 25 861
30 0.81±0.07 35.33±2.59 n.d. 0.29±0.02 33 634 66 1093

CORSACS-2 NX14 18.11.2006 75.93◦ S 178.36◦ E 17 0.69±0.14 47.23±1.94 14.88 0.33±0.07 15 195 484 1348
37 0.99±0.06 49.47±2.08 17.45 0.49±0.03 35 215 439 1379
57 1.06±0.34 45.73±1.94 19.59 0.49±0.15 60 192 445 1256
97 0.40±0.06 52.86±1.65 24.66 0.21±0.03 100 50 121 477

NX15 20.11.2006 76.93◦ S 173.96◦ E 17 0.34±0.01 50.97±2.61 28.16 0.17±0.01 15 161 352 1816
37 0.45±0.07 47.25±3.45 15.93 0.21±0.03 35 202 370 1822
57 0.33±0.08 50.09±2.40 45.18 0.17±0.04 60 123 284 1488
97 0.42±0.01 41.44±0.92 28.14 0.17±0.00 100 143 276 1383

NX17 26.11.2006 76.50◦ S 178.55◦ E 17 0.58±0.13 42.64±1.33 5.49 0.25±0.06 15 884 1827 3881
37 0.39±0.11 40.83±1.79 11.81 0.16±0.04 36 894 1394 3667
57 0.50±0.01 52.39±2.10 11.54 0.26±0.01 60 520 593 2385
97 0.23±0.01 57.37±3.23 9.73 0.13±0.01 100 182 251 1210

NX20 3.12.2006 76.50◦ S 180.0◦ W 17 0.98±0.05∗ 51.08±3.53 10.82 0.50±0.03 17 527 2134 5394
37 0.71±0.04∗ 42.15±2.61 6.55 0.30±0.02 39 143 683 2514
57 0.33±0.02∗ 51.08±3.74 10.13 0.17±0.01 60 164 873 2807
97 0.11±0.06∗ 51.77±2.16 16.28 0.06±0.00 100 145 856 2422

∗ denotes where only single incubations were conducted. Error given is 5% counting error rather than

standard deviation.

n.d. denotes no data available.
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Fig. 1. Geographic locations of trace metal sampling sites in the Ross Sea of Antarctica and the
Southern Ocean. (A) Locations of CORSACS-1 stations NX1-11 sampled during the austral
summer (27 December 2005–22 January 2006). (B) Locations of CORSACS-2 stations NX13-
20 sampled in the spring-early summer (16 November 2006–3 December 2006). (C) Locations
of stations NX12 and JR23 in the Southern Ocean during CORSACS-2. The polynya was
smaller during CORSACS-2 as shown by the smaller sampling area compared to CORSACS-
1. Station NX9 was in the Bay of Whales area, the southernmost point reached by any ship at
the time. Areas enclosed in the red boxes are presented as vertical sections in Fig. 4.
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Fig. 2. Vertical profiles of total dissolved cobalt (dCo, circles) and soluble reactive phosphate
(triangles) from austral summer in the Ross Sea (CORSACS-1). Note the similarity in vertical
structure for both nutrients throughout the water column.
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Fig. 3. Vertical profiles of total dissolved cobalt (dCo, circles), labile cobalt (downward triangles,
dashed line) and soluble reactive phosphate (upward triangles, solid line) from late spring/early
summer in the Ross Sea (CORSACS-2). The abundance of both nutrients is higher than in late
summer. Southern Ocean stations NX12 and JR23 showed the effects of scavenging of cobalt
below the euphotic zone.
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Fig. 4. Zonal sections of total dissolved cobalt and phosphate during summer (CORSACS-1;
top left panel) and spring/early summer (CORSACS-2; top right panels). Stations enclosed
within the red line in Fig. 1a and b are included in the zonal sections. Late summer shows the
cumulative effects of cobalt and phosphate removal by phytoplankton uptake export. Repre-
sentative vertical phytoplankton pigment distributions during the summer CORSACS-1 cruise
across the section showed large haptophytes populations (19-Hexanolyoxyfucoxanthin, primar-
ily Phaeocystis antarctica) and smaller diatom populations (Fucoxanthin) within the center of
the region of nutrient drawdown.
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Fig. 5. Surface transects for total dissolved Co (dCo, top), soluble reactive phosphate (middle)
and silicic acid (bottom) from CORSACS-1 1–22 January 2006. Total dissolved cobalt showed
a general similarity to macronutrients throughout the transect. The very western edge of the
transect was near the ice edge and showed a decrease in salinity, nutrients, and cobalt, par-
ticularly along 76◦ S and 76.5◦ S. The western portion of the transects also had high primary
productivity, particularly along the western edge of the 75◦ S transect near Terra Nova Bay.
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Fig. 6. (A) Total dissolved cobalt and phosphate were correlated throughout the water column
of the Ross Sea. Both were noticeably higher in the early summer than late summer, indica-
tive of phytoplankton utilization and export. Linear regressions are shown for vertical profile
datasets of both seasons (solid) and only CORSACS-1 (dashed). (B) Surface transects in the
late summer also showed a relationship between Co and phosphate, overlapping with and ex-
tending lower than the summer profile samples. Southern Ocean profiles NX12 and particularly
JR23 showed less coherence with phosphate. (C) Labile cobalt from both spring and summer
showed significant amounts of cobalt present as labile cobalt in the water column. (D) Labile
cobalt from vertical profiles of CORSACS-1 and 2 versus total dissolved cobalt, with 1:1 line
shown, shows how dCo is not saturated by cobalt binding ligands.
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Fig. 7. A schematic showing vectors for processes influencing hybrid-type metals relative to
phosphate, where hybrid-type metals refers to those that have the combination of micronu-
trient uptake and scavenging processes influencing vertical structure. Biologically influenced
processes such as phytoplankton uptake and remineralization of particles create diagonal vec-
tors (variable individual species metal quotas are aggregated for a community quota). Abiotic
processes (or non-nutritive processes in the case of microbial manganese oxidation) such as
aeolian deposition and scavenging result in near vertical vectors (Fig. 8d). Upwelling should re-
sult in a diagonal vector with a lower slope than the biotic vectors due to the effect of scavenging
on removal of hybrid-type metal relative to phosphate. After Noble et al.(2008).
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Fig. 8. Examination of relationships between Co, Cd, and Zn and phosphate in the subarctic Pacific and Ross Sea in
previous studies (Martin et al., 1989; Fitzwater et al., 2000). (A–C) Vertical profiles of Co, Zn, and Cd in the subarctic
Pacific/Gulf of Alaska (Station T8) from Martin et al. (1989) with Co showing the influence of scavenging at intermediate
depths. (D) A correlation of subarctic Pacific cobalt with phosphate was present in the upper 100 m of several vertical
profiles (red outline), whereas Co from below the euphotic zone to 4000 m depth showed the influence of scavenging
with a downward curl relative to phosphate (see scavenging vector in Fig. 7). (E–F) The subarctic Pacific Zn vs. PO3−

4

and Cd vs. PO3−
4 showed a concave and convex kink, respectively, where the datasets were separated into shallow

(red outline) and deep (black) and the estimated stoichiometries are shown in Table 2. (G–H) Shallow (red outline) and
deep (black) Zn vs. PO3−

4 and Cd vs. PO3−
4 relationships in the Ross Sea using data from Fitzwater et al. (1990), with

linear regressions shown.
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Fig. 9. (A) Comparison of NO−
3 : PO3−

4 and (B) Co:PO3−
4 ratios with respect to depth from this study (vertical profiles of

CORSACS-1 and 2 for Co:PO3−
4 ) show relatively modest variability, with some dissolved Co:PO3−

4 decreases in surface

waters. The slope of NO−
3 plotted against PO3−

4 here was 13.4, lower than Redfield ratio consistent with previous Ross

Sea findings (Arrigo et al., 1999). Co:PO3−
4 ratios from the subarctic Pacific show the influence of scavenging removal

at below the euphotic zone. (C–D) In contrast, dissolved Zn:PO3−
4 and Cd:PO3−

4 ratios in the subarctic Pacific (Martin et
al., 1989) and Ross Sea (Fitzwater et al., 2000) show large decreases in surface waters, consistent with our argument
for a higher Zn:P phytoplankton stoichiometry at the base of the euphotic zone contributing to the formation of the Zn
and Cd kinks. Note the elevated Cd:PO3−

4 ratios at ∼100 m and corresponding small maximum in Zn:PO3−
4 values in

the subarctic Pacific shown in green, the former of which we attribute to a biological concentrating mechanism (Noble
et al., 2008).
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Fig. 10. Ecological stoichiometries from dissolved Zn, Cd, and Co in shallow water (<40 m)
and intermediate depths (50–500 m) in the Ross Sea (horizontal bars, Tables 1 and 2; Co data
from this study, Zn and Cd data from Fitzwater et al., 2000) compared to laboratory estimates
of cellular stoichiometries of Zn:P below which phytoplankton growth limitation is observed
(vertical lines, when no cobalt is added; data from Sunda and Huntsman, 1995). Co:P growth
limiting stoichiometries (when no zinc is added) are quite similar to the Zn:P stoichiometries
shown, with the exception that both diatoms (T. oceanica and T. pseudonana) do not reach the
maximal growth rates with no zinc added (Sunda and Huntsman, 1995). These results imply
that low Zn:PO3−

4 stoichiometries in shallow waters could phytoplankton community composition
in the Ross Sea.
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Fig. 11. Cobalt uptake rates and phytoplankton pigment concentrations from CORSACS-
1 and 2. (A) Means of triplicate cobalt uptake rate measurements at three depth inter-
vals (error bars are one standard deviation) versus the diatom indicator pigment fucoxanthin
(Fuco) from the nearest depth. (B) Cobalt uptake versus the haptophyte indicator pigment
19-hexanolyoxyfucoxanthin (19-Hex). (C) Three representative profiles of Co uptake rates,
Fuco and 19-Hex concentrations from NX1 and station 97 from CORSACS-1 and NX20 from
CORSACS-2. Cobalt uptake rates show weak correlation with fucoxanthin (A, r2=0.35) and no
correlation with 19-Hex (B, r2=0.003); although some high cobalt uptake rates co-occur with
high 19-Hex abundance (C, NX1).
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