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Abstract. Zinc (Zn) is an essential micronutrient for most eu-
karyotic phytoplankton. Zn uptake by phytoplankton within
the euphotic zone results in nutrient-like dissolved Zn (dZn)
profiles with a large dynamic range. The combination of key
biochemical uses for Zn and large vertical gradients in dZn
implies the potential for rapid rates of Zn removal from the
surface ocean. However, due to the ease of contamination at
sea, direct measurements of dZn uptake within natural envi-
ronments have not been previously made. To investigate the
demand for dZn and for dissolved cadmium (dCd; a closely
related nutrient-like element) within Southern Ocean phyto-
plankton communities, we conducted 67Zn and 110Cd tracer
uptake experiments within the Amundsen Sea, Ross Sea,
and Terra Nova Bay of the Southern Ocean. We observed a
high magnitude of Zn uptake (ρZn> 100 pmol dZn L−1 d−1)
into the particulate phase that was consistent with ambi-
ent depleted dZn surface concentrations. High biomass and
low partial pressure of carbon dioxide in seawater (seawa-
ter pCO2) appeared to contribute to ρZn, which also led to
increases in ρCd likely through the upregulation of shared
transport systems. These high ρZn measurements further im-
ply that only short timescales are needed to deplete the large
winter dZn inventory down to the observed surface levels
in this important carbon-capturing region. Overall, the high
magnitude of Zn uptake into the particulate fraction suggests
that even in the Zn-rich waters of the Southern Ocean, high

Zn uptake rates can lead to Zn depletion and potential Zn
scarcity.

1 Introduction

Zinc (Zn) is an essential trace metal micronutrient for ma-
rine phytoplankton with roles in carbon fixation, organic
phosphorus uptake, and transcriptional and translational pro-
cesses, among others (Morel et al., 2013, 2020; Shaked et
al., 2006; Twining and Baines, 2013). Nutrient-like depth
profiles of total dissolved Zn (dZn) are characterized by de-
pleted surface concentrations due to uptake by phytoplank-
ton within the euphotic zone, reflecting this high biological
demand (Fitzwater et al., 2000; Lohan et al., 2002; Mid-
dag et al., 2019; Zhao et al., 2014). Zn is particularly im-
portant as a catalytic cofactor in carbonic anhydrase (CA)
metalloenzymes, which catalyze the reversible dehydration
of HCO−3 to CO2. As HCO−3 constitutes about 90 % of
the dissolved inorganic carbon (DIC) pool in the surface
ocean, CAs in marine algae are a critical part of the carbon-
concentrating mechanism (CCM) that maintains a CO2 sup-
ply to the carbon-fixing enzyme ribulose-1,5-biphosphate
carboxylase/oxygenase (RUBISCO). Less abundant divalent
metal cations such as cobalt (Co2+) and cadmium (Cd2+) can
replace Zn2+ in some algal CA subtypes (Lane et al., 2005),
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conferring biochemical flexibility to algae confronted with
low Zn bioavailability.

While Cd is known to cause toxic effects in most organ-
isms (Brand et al., 1986; Das et al., 1997), dissolved cad-
mium (dCd) depth profiles are also nutrient-like. As noted
above, the biological use of Cd as a catalytic cofactor within
Cd-containing carbonic anhydrase (ζ -CA, or CDCA) likely
contributes to surface dCd depletion and thus to the observed
nutrient-like profiles, though this remains the only known bi-
ological use of Cd to date (Haas et al., 2009; Lee and Morel,
1995; Sunda and Huntsman, 2000). It has also been proposed
that phytoplankton may assimilate Cd abiotically – this mode
of Cd uptake is nonspecific, a case of “mistaken identity” in
which phytoplankton bind and store imported Cd inside the
cell to avoid toxicity, coupling the cycling of Cd to the bio-
logical cycle of nutrients (Horner et al., 2013). As the bene-
ficial effect of adding Cd to phytoplankton cultures has only
been observed when Zn is limiting (Lee et al., 1995; Price
and Morel, 1990; Xu et al., 2007), it has been speculated that
the ability to use Cd in place of Zn in CDCA may confer a
competitive advantage to Zn-limited algae under low pCO2.
To date, homolog cdca genes have been found exclusively in
diatom species (Park et al., 2007, 2008). However, since the
beneficial effect of Cd has also been observed in organisms
such as the green alga Tetraselmis maculata and the coccol-
ithophore Emiliania huxleyi that lack the cdca gene (Lee and
Morel, 1995), it is thought that Cd may have other biochem-
ical functions in phytoplankton still awaiting discovery.

Due to the generally high (> 1 nM) dZn concentrations ob-
served in Southern Ocean waters (Baars and Croot, 2011), Zn
has not been considered to be a limiting micronutrient in this
region, despite the fact that Southern Ocean diatom species
possess cellular Zn quotas that are 3–15× higher compared
to those of low-latitude species (Twining and Baines, 2013),
with model-inferred Zn uptake rates used to find that South-
ern Ocean phytoplankton account for 62 % of global Zn up-
take (Roshan et al., 2018). Substantial removal of dZn from
Southern Ocean surface waters appears associated with high
biomass blooms and low pCO2 conditions during austral
spring and summer, creating the potential for phytoplank-
ton growth to become Zn and carbon co-limited (Kell et
al., 2023; Morel et al., 1994). While phytoplankton growth
in the Southern Ocean is well known to be primarily limited
by Fe availability (Arrigo et al., 2008; Martin, 1990), melting
icebergs and ice shelves are known to act as external sources
of Fe (Hopwood et al., 2019; Person et al., 2021; Planquette
et al., 2013; St-Laurent et al., 2017) with larger Fe inputs ex-
pected from increased ice melt in a warming climate. The
majority of ice-melted Fe input is sourced from particu-
late lithogenic material (entrained during grounding of ice
shelves on the continent and sediments). Fe in crustal mate-
rial is more abundant than Zn (3.5 % as Fe versus 0.0071 %
as Zn) (Taylor and McLennan, 1985), creating a large in-
ventory of particulate Fe available that can be partially dis-
solved by biotic and abiotic processes. Increased dissolved

Fe (dFe) inputs to surface Antarctic waters may act to relieve
Fe stress but would simultaneously support the development
of other nutrient limitations. For example, low availabilities
of both dZn and vitamin B12 have been previously observed
to co-limit phytoplankton growth with Fe in the Ross Sea
(Bertrand et al., 2007; Kell et al., 2023). A high demand for
Zn naturally exists within eukaryotic phytoplankton due to
the requirement for Zn2+ in numerous metabolic functions;
therefore, without similarly enhanced inputs of dZn to the
water column, the alleviation of primary Fe limitation could
induce Zn stress as the next most in-demand metal micronu-
trient. Coastal polynyas that form within the Amundsen and
Ross seas during austral spring and summer are particularly
primed to experience Zn stress as these regions host highly
productive seasonal phytoplankton blooms that act as signif-
icant carbon sinks (Arrigo et al., 2012). This high produc-
tivity draws pCO2 down to low levels (< 200 ppm), putting
pressure on the carbon-concentrating mechanism of photo-
synthetic phytoplankton to acquire CO2 and thus to acquire
Zn as the predominantly utilized metal cofactor within car-
bonic anhydrases.

The present study enhances our knowledge of the rate of
dZn removal from the surface Southern Ocean and uptake
into the particulate fraction with empirical field data mea-
sured within native Southern Ocean phytoplankton commu-
nities. This study developed a field-based, stable Zn isotope
uptake rate method, building on a prior stable Cd uptake rate
method (Cox et al., 2014). While Zn uptake has been mea-
sured in laboratory cultures (Sunda and Huntsman, 1992,
1995, 2000), and the influence of grazing and tropic trans-
fer studies have been conducted using radioactive isotopes
(Hutchins and Bruland, 1995, 1994), to our knowledge di-
rect measurements of Zn uptake in natural marine phyto-
plankton communities have not been conducted previously,
despite interest in modeling the biogeochemical uptake and
cycling of Zn (Weber et al., 2018). We measured the total
uptake rates of Zn and Cd along the shelves of the Amund-
sen Sea and Ross Sea during the austral summer of 2017–
2018 (December–March). This was accomplished by intro-
ducing 67Zn and 110Cd (with natural abundances of 4.10 %
and 12.5 %, respectively) into short-term (24 h) incubation
experiments. The aim was to quantify the transfer of dis-
solved 110Cd2+ and 67Zn2+ into the particulate fraction ex-
ceeding 3 µm. Both stable isotopes can be used as uptake
tracers by analysis of isotope abundances that deviate from
natural abundances within the particulate phase. The transfer
of added isotopes into the particulate phase is the combined
result of (1) active transport of metal into cells, (2) nonspe-
cific metal adsorption to cell surfaces, (3) metal adsorption to
non-living particulate organic matter, and (4) metal adsorp-
tion to particulate inorganic matter, though we expect active
transport into cells to dominate the measured particulate iso-
topic signal due to the high abundance of actively growing
autotrophic cells in the photic zone observed in the Southern
Ocean during austral summer. These measurements of uptake
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rates were then used to infer timescales of surface dZn deple-
tion in these Antarctic environments. These uptake rates con-
tribute to understanding the biological demand and potential
for Zn limitation of primary productivity in highly produc-
tive coastal environments, such as the polynyas surrounding
Antarctica (Kell et al., 2023).

2 Methods

2.1 Study area and sample collection

Samples were collected during the CICLOPS (Cobalamin
and Iron Co-Limitation of Phytoplankton Species) expedi-
tion (NBP18-01) aboard the RVIB Nathaniel B. Palmer,
11 December 2017–3 March 2018, in the Amundsen Sea
and Ross Sea of the Southern Ocean (Fig. 1). Station meta-
data are given in Table S1 in the Supplement. Water sam-
ples were collected using trace metal clean (TMC) sam-
pling protocols described previously (Cutter and Bruland,
2012). A TMC rosette suspended on a Kevlar line and
equipped with 12 total 8 L X-Niskin bottles (Ocean Test
Equipment) was used to collect seawater at depths rang-
ing from 10–600 m. Continuous underway measurements of
pCO2 at ∼ 5 m depth were taken using a pCO2 measurement
system from Lamont–Doherty Earth Observatory (LDEO,
0.017 s−1 rate). Hydrography data were collected using sen-
sors deployed on a titanium trace metal rosette (TMR) in
tandem with TMC Niskin bottles. The TMR was equipped
with sensors to measure temperature, conductivity, pressure,
dissolved oxygen, chlorophyll (Chl) fluorescence, altime-
try, beam transmission, and photosynthetically active irra-
diance (PAR). Chl fluorescence was measured using a Wet-
Labs ECO-FL fluorometer. A complete data report and sen-
sor list are available at https://service.rvdata.us/data/cruise/
NBP1801/doc/NBP1801DATA.pdf (last access: 14 Decem-
ber 2024) (https://www.rvdata.us/, last access: 14 December
2024). Mixed-layer depth (MLD) was determined for each
station within Terra Nova Bay as the first depth at which the
difference between the potential density (σθ ) and reference
density (the potential density at 10 m, σref) was greater than
or equal to 0.125 kg m−3 (Bishop and Wood, 2009; Ohnemus
et al., 2017).

2.2 Preparation of plasticware

Polyethylene and polycarbonate sampling and incubation
bottles were rigorously cleaned to remove trace metal con-
taminants before use. Bottles with rinsed with Milli-Q water
(Millipore), soaked for 72 h in < 1 % Citranox detergent, ro-
tated, soaked for an additional 72 h, and then rinsed five times
with Milli-Q water. Bottles were then filled with 10 % HCl
(Baker Instra-Analyzed) by volume and soaked for a mini-
mum of 1 week, rotated, and soaked for another week. Bot-
tles were then rinsed five times with dilute acid (HCl, pH 2)
and stored double-bagged in plastic zip bags. All cleaning

work was conducted in a Class 100 clean room. Polypropy-
lene 15 mL centrifuge tubes used in sample processing were
cleaned of potential metal contamination by soaking in 10 %
HCl for 5 d and rinsing with pH 2 HCl prior to use.

2.3 Sampling for total dissolved metal analyses

Samples for the analysis of total dissolved Zn, Cd, Fe,
Mn, Cu, and Ni concentrations were collected shipboard by
pressure-filtering X-Niskin bottles through an acid-washed
142 mm, 0.2 µM Supor membrane filter (Pall) within 3 h of
rosette recovery using high-purity (99.999 %) N2 gas. Total
dissolved water samples were collected into 250 mL TMC
polyethylene bottles and stored double-bagged in plastic zip
bags. Seawater samples for 110Cd and 67Zn stable isotope up-
take experiments were collected in the same way but without
filtering. All sample collection occurred shipboard within a
TMC van containing laminar flow hoods and plastic sheet-
ing. Samples for total dissolved metal analysis were acidi-
fied to pH 1.7 with high-purity HCl (Optima, Fisher Scien-
tific) within 7 months of sampling and were stored acidified
at room temperature for over 1 year prior to analysis.

2.4 Analyses of total dissolved metals using isotope
dilution

Quantification of dissolved metals in samples and reference
seawater was performed for total dissolved Fe, Ni, Cu, Zn,
and Cd using isotope dilution. Following this, 15 mL of acid-
ified seawater sample was spiked with 50 µL of a stable iso-
tope spike solution artificially enriched in 57Fe, 61Ni, 65Cu,
67Zn, and 110Cd (“spike isotopes”). Reference isotopes used
in this study were 56Fe, 60Ni, 63Cu, 66Zn, and 114Cd. All
spike isotopes were received in solid form (Oak Ridge Na-
tional Laboratory). Initial dissolution and all subsequent di-
lutions were made using concentrated nitric acid (Optima,
Fisher Scientific). Concentrations and ratios of isotopes for
each metal in the spike solution were verified by induc-
tively coupled plasma mass spectrometry (ICP-MS) using a
multi-element standard curve (SPEX CertiPrep). The com-
position of the isotope spike addition was made such that
the target isotope ratios in the total 15 mL spiked sample
would be 57Fe/56Fe= 0.7, 61Ni/60Ni= 0.5, 65Cu/63Cu=
1, 67Zn/66Zn= 0.7, and 110Cd/114Cd= 1 and were verified
with ICP-MS. These ratios were chosen to minimize the un-
certainty introduced by error propagation through the isotope
dilution equation (Kato et al., 1990; Rudge et al., 2009; Tan
et al., 2020; Wu and Boyle, 1998). The same spike solution
was used to spike all samples from all depths. Because it
is monoisotopic, total dissolved Mn was calculated using a
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Figure 1. (a) Map showing the stations sampled over the course of the CICLOPS cruise. Stations marked by red triangles indicate those at
which stable 67Zn and 110Cd uptake rate experiments were performed. An expanded map of stations sampled in the Ross Sea is shown in
panel (b), while a further expansion of stations sampled in Terra Nova Bay is shown in panel (c).

modified isotope dilution equation:

Mn(nM) =
55Mnspl(cps)
57Fespl (cps)

×
57Fespike(nM)

×
57Feslope(cpsppb−1)

×
1

(55Mnslope) (cpsppb−1)
, (1)

in which 55Mnspl and 57Fespl refer to the blank-corrected
counts per second (cps) of 55Mn and 57Fe in the spiked sam-
ple, 57Fe spike is the concentration of 57Fe in the spike,
57Feslope is the slope of the external standard calibration
curve (SPEX curve) relating 57Fe cps to ppb, and 55Mnslope
is the slope of the external calibration curve (SPEX curve) re-
lating 55Mn cps to ppb. Due to the acidification of seawater
prior to ICP-MS analysis, Mn ICP-MS measurements do not
include contributions from humic-type Mn(III)-ligand com-

plexes (Oldham et al., 2021). Until the inclusion of Mn(III)
is resolved and intercalibrated, we report these Mn values
as Mn(II) and note that they are consistent with prior stud-
ies employing the same acidification technique (Gerringa et
al., 2020; Noble et al., 2013; Sedwick et al., 2000).

Preconcentration of spiked seawater samples for total dis-
solved metal analysis was performed using the automated
solid-phase extraction system seaFAST-pico (Elemental Sci-
entific) in offline concentration mode with an initial volume
of 15 mL and elution volume of 500 µL (Bown et al., 2017;
Jackson et al., 2018; Rapp et al., 2017; Wuttig et al., 2019).
The seaFAST contains a NOBIAS-chelate PA1 resin column
(ethylenediaminetriacete and iminodiacetate) suitable for the
simultaneous preconcentration of several trace metals (Fe,
Mn, Zn, Cu, Co, Cd, Ni) with high sensitivity and quantita-
tive recovery (Biller and Bruland, 2012; Sohrin et al., 2008).
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Adjusted seaFAST software settings were a 17 s load loop
time and a single 10 mL load cycle.

Reagents consisted of a 1.5 M ammonium acetate pH 6.0
buffer made using glacial acetic acid and ammonium hy-
droxide (20 %–22 %) of the highest purity (Optima grade,
Fisher Chemical), a 1 % nitric acid rinse solution (Optima
grade, Fisher Chemical), and a 10 % nitric acid elution buffer
(Optima grade, Fisher Chemical) with 10 ppb indium (115In,
SPEX CertiPrep) added as an internal standard. Solutions
were prepared with 18.2� Milli-Q water (Millipore).

Following offline seaFAST preconcentration, multi-
elemental quantitative analysis was performed using an
iCAP-Q inductively coupled plasma-mass spectrometer
(Thermo Scientific). To minimize oxide interference on
metal isotopes, a cooled spray chamber and helium colli-
sion gas were employed. Analytes were measured in single
quadruple mode (kinetic energy discrimination, KED). Con-
centrations of Mn, Fe, Ni, Cu, Zn, and Cd were determined
using a six-point external standard curve of a multi-element
standard (SPEX CertiPrep), diluted to range from 1–10 ppb
in 5 % nitric acid. An indium standard (SPEX CertiPrep) was
similarly added to these standard stocks, diluted to a range of
1–10 ppb. Instrument injection blanks consisted of 5 % nitric
acid in Milli-Q. Standard curve R2 values were≥ 0.98 for all
metals monitored. Method accuracy and precision were as-
sessed using the 2009 GEOTRACES coastal surface seawa-
ter (GSC) standard (n= 8; Table S2), which produced values
consistent with consensus results.

2.5 Procedural blanks and limit of detection (LOD)

Procedural blanks were quantified by pre-concentrating
30 mL of Milli-Q water adjusted to pH 2 with HCl (Optima,
Fisher Scientific) to 1 mL. Metal concentrations were deter-
mined using an external SPEX multi-element standard as de-
scribed above. The LOD was calculated as 3× the standard
deviation of the blank measurements (13.5 pM Fe, 2.9 pM Ni,
1.6 pM Cu, 38.1 pM Zn, and 0.3 pM Cd).

2.6 Uptake experiments: 67Zn and 110Cd spiking,
incubation, and sample collection

The 67Zn and 110Cd stable isotope uptake experiments were
modeled after those conducted by Cox et al. (2014), with the
addition of Zn uptake measurements. An overall schematic
detailing these experiment workflows is shown in Fig. 2. Up-
take experiments were performed at 18 stations total (Fig. 1).
Raw (unfiltered) seawater was collected shipboard over a
depth range of 10–600 m into 250 mL TMC polycarbonate
incubation bottles. All incubation bottles were filled with
minimal headspace such that the total culture volume was
∼ 275 mL. Two incubation bottles per depth were filled with
raw seawater – one was spiked with 67Zn, the other was
spiked with 110Cd. The Cd and Zn isotope spikes were pre-
pared by dissolving 110CdO and 67ZnO (Oak Ridge National

Figure 2. Diagram showing the overall workflow used to measure
particulate uptake of 110Cd and 67Zn and total dissolved Cd and Zn,
after Cox et al. (2014).

Laboratory) in 5 % HNO3 (Seastar Baseline) and were di-
luted using Milli-Q water to minimize added acidity. When
added to the filled incubation bottles, the total added (spiked)
concentration of Cd was 300 pM and the total added concen-
tration of Zn was 2 nM. The chosen total added concentra-
tions were based on the surface ratio of total dissolved Cd
(dCd) to total dissolved Zn (dZn) reported previously for the
Ross Sea (Fitzwater et al., 2000). Immediately after spiking,
incubation bottles were sealed, inverted to mix, and trans-
ferred to flow-through on-deck incubators for 24 h. Incuba-
tors were shielded by black net neutral density screening to
allow 20 % ambient light penetration.

Biomass was collected after 24 h by vacuum filtering the
entire volume of each incubation sample at 34.5 kPa (5 psi)
onto an acid-cleaned 3 µm, 50 mm acrylic copolymer (Ver-
sapore) filter (Pall) mounted on an acid-cleaned Teflon (Sav-
illex) filtration rig. Samples were filtered through 3 µm pore-
size filters rather than 0.2 µm in order to minimize filtration
time (and thus time exposed to potential contamination) and
to capture the bulk of eukaryotic phytoplankton biomass typ-
ically found in the Southern Ocean. An aliquot of 1 mL of
0.2 µm filtered surface seawater (collected at 10 m depth)
was used to rinse the sample before collecting the filter into
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an acid-cleaned 2 mL cryovial using acid-rinsed plastic for-
ceps. Filter blanks were duplicate 3 µm acid-cleaned Ver-
sapore (Pall) filters that were placed onto the filtration rig,
rinsed with filtered surface seawater, collected, stored, and
processed as samples to correct for any contaminating met-
als present on the filters themselves. Blanks were collected
at each station. Filters were stored frozen at −80 °C in acid-
cleaned cryovials until analysis. The filtration rig was rinsed
with pH 2 HCl between samples. Polycarbonate incubation
bottles were cleaned between stations with a 10 % HCl rinse
and several rinses in Milli-Q water, followed by a brief soak
in 10 % HCl followed by a pH 2 HCl rinse. All spike addition
and sample filtration procedures were completed in a fab-
ricated shipboard positive-pressure clean-room environment
made of laminar flow hoods and plastic sheeting.

We note that the total Zn and Cd uptake rate values pre-
sented in this study represent potential uptake rates rather
than true uptake rates. This naturally arises as a consequence
of adding the spiked tracer 67Zn and 110Cd into raw surface
seawater. As this seawater is naturally depleted in both met-
als, the spike addition artificially increases the total Zn and
Cd present and thus could perturb the response of biology to
these additions. It should also be noted that both 67Zn and
110Cd spikes were not equilibrated with natural seawater be-
fore their addition to incubation bottles to maintain exper-
imental consistency. Experiments of this nature have been
conducted previously using radioisotopes as tracers (Cullen
et al., 1999; Hutchins et al., 1999; Morel et al., 1994; Sunda
and Huntsman, 1995), though we chose to use stable isotopes
for ease of shipboard use and waste disposal.

2.7 Filter digestion and particulate ICP-MS analysis

All work was performed in a Class 100 clean room under
laminar flow hoods. Sample filters were retrieved from stor-
age at −80 °C, removed from cryovials using plastic acid-
washed forceps, and transferred into trace metal clean 15 mL
PFA vials with 4 mL of 5 % HNO3 (Optima) containing a
1 ppb Indium (In) internal standard. Filters were digested for
∼ 3.5 h at 140 °C using a HotBlock® heating block (Environ-
mental Express, USA). Filters were then removed and dis-
carded, leaving behind the liquid extract. After evaporating
the remaining solution to just dryness, the residue was resus-
pended in 2 mL of 5 % HNO3 (Optima) by light vortexing.
Process blank filters were digested and processed in the same
way as sample filters. Digests were analyzed in duplicate by
ICP-MS using a Thermo ICAP-Q plasma mass spectrome-
ter calibrated to a multi-element standard curve (SPEX Cer-
tiprep) over a range of 1–20 ppb. Duplicate values were in
good agreement (File 1 in the Supplement), and the average
value was used in further calculations. Natural Cd and Zn
isotope abundances of the standards were assumed to calcu-
late concentrations of 110Cd, 111Cd, 114Cd, 67Zn, 66Zn, and
68Zn. Digests were analyzed in KED mode after an 85 s sam-
ple uptake window, and element mass windows were scanned

three times during measurements. The 1 ppb In internal stan-
dard was used to correct for variation in sample delivery and
plasma suppression between samples. Process blanks were
subtracted from measured sample concentrations. Phospho-
rus concentrations were simultaneously measured by ICP-
MS and were calibrated to a standard curve ranging from
100–3200 ppb using a 1 ppm certified P stock (Alfa Aesar
Specpure). Equation (2) was used for the calculations de-
scribed above:

Mparticulate =

[
Msample

Insample
−
Mblank

Inblank

]
×

Indigestion

Mslope
×
Vdigested

Vfiltered
, (2)

where Vfiltered is the total spiked sample volume estimated to
have passed through the filter (275 mL), Vdigested is the final
volume the sample was resuspended in (2.0 mL), Msample is
the metal of interest measured in the sample in units of counts
per second (cps), Mblank is the metal of interest measured in
the process blanks (cps), Mslope is the slope of the metal of
interest obtained by the standard curve (cps ppb−1), Insample
is the In measured in the sample (cps), Inblank is the In mea-
sured in the process blanks (cps), Indigestion is the cps of In
measured in the 5 % HNO3+ 1 ppb In digestion solution, and
Mparticulate is the calculated concentration of the metal of in-
terest in ppb (µgL−1). This equation is the same as that used
by Noble et al. (2013) for the determination of particulate
metal concentrations using ICP-MS (Noble et al., 2013).

The Zn spike and Cd spike were also analyzed by ICP-MS
using a 10-fold dilution of spike solution into 5 % HNO3 con-
taining 1 ppb In to determine isotopic compositions and con-
centrations. When added to filled incubation bottles (275 mL
total volume), the added concentrations were 288 pM 110Cd,
4.51 pM 111Cd, and 1.69 pM 114Cd for Cd-spiked bottles and
1.91 nM 67Zn, 0.045 nM 66Zn, and 0.047 nM 68Zn for Zn-
spiked bottles (Table S3). For all stations and all depths, 67Zn
and 110Cd spike concentrations exceeded natural dissolved
67Zn and 110Cd concentrations, estimated by multiplying the
total dissolved Zn and Cd by the natural isotope abundance of
67Zn and 110Cd (0.0410 and 0.1249, respectively; see com-
parisons in Fig. S2).

2.8 Calculating zinc and cadmium uptake using 67Zn
and 110Cd

Total Zn and Cd uptake was calculated using Eqs. (3) and (4),
respectively. The 110CdSample and 67ZnSample values are the
particulate 110Cd and 67Zn measured by ICP-MS analysis
of the 3 µm sample filter (using the digestion protocol de-
scribed in Sect. 2.7) normalized to the total culture vol-
ume (275 mL) and 24 h of incubation. The 110CdSample and
67ZnSample values already in the particulate fraction (i.e., the
pCd and pZn that existed in the water column upon collec-
tion of the raw seawater samples) were accounted for by sub-
tracting these pre-existing particulate 110Cd and 67Zn values,
i.e., 110CdPEP and 67ZnPEP. The pre-existing particulate value
for 110Cd was obtained from incubation bottles that had Zn
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added but no Cd spike. Likewise, the pre-existing particu-
late value for 67Zn was obtained from incubation bottles that
had Cd added but no Zn spike. The 67Zn spike solution was
confirmed to contain virtually no 110Cd, 111Cd, or 114Cd.
The 110Cd spike was likewise confirmed to contain virtu-
ally no 67Zn, 64Zn, or 66Zn. As a result, we assumed that
the added 67Zn spike did not affect the pre-existing Cd and
that the 110Cd spike did not affect the pre-existing Zn. It is
assumed that the pre-existing particulate blank was in steady
state, meaning that it represented the Cd or Zn already in
the particulate fraction and that any possible natural uptake
that could occur during incubation for 24 h was negligible.
The total dissolved pool of each metal isotope (denominator
of each equation) is the sum of the dissolved 110Cd or 67Zn
added as the spike (110CdSpike, 67ZnSpike) plus the natural,
pre-existing dissolved 110Cd or 67Zn that was in the raw sea-
water (110CdNatural, 67ZnNatural) collected at each depth. To
calculate 110CdNatural and 67ZnNatural, the total dissolved Cd
or Zn measured by isotope dilution-ICP-MS (CdTotal, ZnTotal)
was multiplied by the natural abundance of 110Cd and 67Zn
(12.49 % and 4.10 %, respectively). Dividing the particulate
110Cd and 67Zn by the total dissolved 110Cd and 67Zn yields
the fraction of these metal isotopes that moved from the dis-
solved pool to the particulate pool per day (Eqs. 3 and 4,
respectively):

CdtotalUptake Rate
(

pmolL−1 d−1
)

=

[110CdSample
(
pmolL−1 d−1)

−
110CdPEP

(
pmolL−1 d−1)][

110CdSpike
(
pmolL−1

)
+ 110CdNatural

(
pmolL−1

)]
×Cdtotal(pmolL−1) , (3)

ZntotalUptake Rate
(

pmolL−1 d−1
)

=

[67ZnSample
(
pmolL−1 d−1)

−
67ZnPEP

(
pmolL−1 d−1)][

67ZnSpike
(
pmolL−1

)
+ 67ZnNatural

(
pmolL−1

)]
×Zntotal(pmolL−1) . (4)

2.9 Nutrient analyses

Seawater samples taken for macronutrient analysis were
filtered through 0.2 µm Supor (Pall) membrane filters and
frozen at sea in acid-washed 60 mL high-density polyethy-
lene (HDPE) bottles until analysis. Nutrient analyses were
conducted by nutrient autoanalyzer by Joe Jennings at Ore-
gon State University using previously described methods
(Noble et al., 2012).

2.10 Statistics and plotting

Dissolved ecological stoichiometries were obtained from
the slopes of two-way (type II) least-squares linear regres-
sions performed using the script lsqfitma.m rewritten from
MATLAB to Python by Rebecca Chmiel (https://github.
com/rebecca-chmiel/GP15, last access: 14 December 2024).
A correlation matrix of various parameters measured dur-

ing NBP18-01 was created with SciPy v1.5.2 using the
“scipy.stats.pearsonr” function, yielding Pearson correlation
coefficients and p values that were visually represented
using Seaborn v.0.11.1 and Matplotlib v3.3.2. Ocean sec-
tions were plotted using Ocean Data View v5.3.0 with grid-
ded bathymetry file ETOPO1_2min. Outliers (see the “Data
availability” section at the end of the paper) were excluded
from ocean sectional plots. Mixed-layer depth was calcu-
lated using the potential density function (pden) within the
python-seawater module (v3.3.4). Depth-integrated uptake
rates were calculated using the “auc” function within the
scikit-learn (v0.23.2) Python library. Figures were made
using Matplotlib (v3.3.2), Ocean Data View (v5.5.2), Ex-
cel (2019), and RStudio (v1.3.1093). Ocean Data Viewer
color palettes (https://doi.org/10.5281/zenodo.1243862) are
inverse “roma” for trace metal and macronutrient concentra-
tions, “thermal” for Zn and Cd uptake rates, and “algae” for
total fluorescence (Crameri, 2023).

3 Results

3.1 Amundsen Sea

Zn and Cd uptake rate experiments were conducted at 18 sta-
tions. We define 3 groups of stations based on location: the
Amundsen Sea, Ross Sea, and Terra Nova Bay (TNB) groups
(Fig. 1). Uptake rates were assessed at three stations (4, 11,
and 15) within the Amundsen Sea group, six stations (20,
29, 32, 35, 62, and 67) within the Ross Sea group, and nine
stations (22, 27, 41, 46, 52, 57, 72, 76 and 79) within the
TNB group, spanning∼ 10–250 m depth for a total of 18 sta-
tions and 125 samples. An overall schematic detailing these
experiment workflows is shown in Fig. 2. The experimen-
tal design was validated by comparison of surface particulate
67Zn:68Zn and 110Cd:114Cd ratios measured in spiked sam-
ples with natural abundance ratios. Samples spiked with 67Zn
had particulate 67Zn:68Zn ratios larger than natural abun-
dance ratios at all stations (as was also true for 110Cd spiked
samples and Cd natural abundances; Fig. S1), indicative of
uptake of the spike into the particulate phase.

The Amundsen Sea stations represented a linear cruise
track, and we report total dissolved metal concentrations
(dMetalT) and uptake rates (ρMetal) over time in order of
station sampling date (Fig. 3a). Among these stations, to-
tal Chl fluorescence was lowest at station 4 and increased
moving westward along the transect to a Chl maximum of
41.8 mg m−3 at station 15, 10 m (Fig. 3b). Maximum sur-
face concentrations of dZn, dCd, and dMn were highest at
station 4 (3.5 nM, 639 pM, and 2.6 nM at 10 m, respectively;
Fig. 3e, f, h), likely reflecting the relatively small amount of
total biomass (as indicated by total Chl fluorescence; Fig. 3b)
at this station. Concentrations of dZn, dCd, and dMn de-
creased moving westward along the transect (Fig. 3e, f, h)
as total Chl fluorescence increased (Fig. 3b). Total Zn up-

https://doi.org/10.5194/bg-21-5685-2024 Biogeosciences, 21, 5685–5706, 2024

https://github.com/rebecca-chmiel/GP15
https://github.com/rebecca-chmiel/GP15
https://doi.org/10.5281/zenodo.1243862


5692 R. M. Kell et al.: High metabolic zinc demand of Southern Ocean phytoplankton

take rates (ρZn) and total Cd uptake rates (ρCd) were high-
est at station 11 (158 and 21 pmol L−1 d−1, respectively, at
10 m; Figs. 3c, d; 4b). Among the three Amundsen Sea sta-
tions, the largest movement of both Zn and Cd into the par-
ticulate phase therefore occurred at station 11, concurrent
with the relatively high dFeT surface values observed at sta-
tion 11 (0.2 nM dFe compared to 0.01 nM at station 4, 10 m;
Figs. 3g, S3c). The dFe concentrations exceeding 1 nM near
the seafloor are consistent with a sedimentary or subglacial
source (Fig. S3c). Overall, ρZn and ρCd profiles exhibited
trends in which values were highest within the upper 50 m
at all three stations and decreased with depth, following the
trend in Chl a or total Chl fluorescence (Fig. 4). Vertical sec-
tions of dZn and dCd through the water column mirrored
these trends (Fig. 4), demonstrating the movement of these
dissolved metal micronutrients into the particulate phase.

3.2 Ross Sea

We next investigated the dissolved Zn and Cd demand of the
natural phytoplankton community at stations sampled over
the Ross Sea shelf. Data collected from this group are pre-
sented over time in order of sampling date (Fig. 5). We note
that unlike the Amundsen Sea sector, the stations sampled in
this group did not follow a linear cruise track, and thus we
cannot make inferences regarding latitudinal or longitudinal
changes. Surface Chl fluorescence was highest at stations 32
and 67 with maximum values of 15.8 and 14.6 mg m−3 at
25 and 10 m, respectively (Fig. 5b). With the exception of
station 20, dZn and dCd demonstrated high levels of sur-
face depletion within the upper 25 m (Fig. 5e, f), with av-
erage concentrations of 0.63± 0.13 and 0.19± 0.09 nM, re-
spectively, at ≤ 10 m. Compared to 100 m values (i.e., be-
low the MLD), concentrations at 25 m were equivalent to
87 %, 34 %, 85 %, 85 %, 77 %, and 88 % decreases in dZn
and 83 %, 19 %, 84 %, 67 %, 64 %, and 75 % decreases in
dCd at stations 32, 20, 67, 35, 29, and 62, respectively. Mea-
sured dMn concentrations were also highly depleted within
the upper 250 m at all Ross Sea stations (average 10 m
dMn= 0.18± 0.26 nM; Fig. 5h). While dFe was depleted
within the upper 10 m at all stations (average dFe concen-
tration at 10 m= 0.12± 0.12 nM), concentrations exceeding
1 nM were observed below 100 m at station 32 (Fig. 5g) and
extended down to 650 m (Fig. S4c), implying a sedimentary
source. The largest Zn uptake rate measured among all sta-
tions in this group (115 pmol L−1 d−1) was observed at sta-
tion 32 at 10 m (Fig. 6c). As observed in the Amundsen Sea,
ρZn, ρCd, and total Chl a or Chl fluorescence profiles ex-
hibited surface maxima and became depleted with depth and
were again mirrored by nutrient-like dZn and dCd depth pro-
files (Fig. 6), indicative of uptake of these metals into the
particulate phase in surface waters.

3.3 Terra Nova Bay

Zinc and Cd uptake rate data collected from stations sam-
pled in Terra Nova Bay (TNB) were visualized over time due
to repeated sampling within a small geographic region and
similar time frame (Fig. 7a). This allowed for an analysis of
how dissolved metal concentrations and metal uptake rates
changed throughout January–February 2018 within the same
spatial area. Station data are presented in order of sampling
date from earliest (station 22, sampled in early January) to
latest (station 79, sampled in late February).

Surface Chl fluorescence was highest in early January
(∼ 18 mg m−3) and waned into February (Fig. 7b), similar
to observed trends in Zn and Cd uptake rates (Fig. 7c, d).
Of all TNB stations, stations 22 and 27, sampled in Jan-
uary, had the highest maximum Zn uptake rates of 89.9
and 46.0 pmol L−1 d−1, respectively, at 10 m (Fig. 8a, b). Cd
uptake rates were also highest at these stations with val-
ues of 13.4 and 20.1 pmol L−1 d−1 (Fig. 8a, b). At the fi-
nal station (station 79, sampled in late February), maximum
uptake rates of both metals had sharply decreased to 24.7
and 5.0 pmol Zn L−1 d−1 (Fig. 8i). Overall, maximum up-
take rates of both metals decreased over time within TNB
(Fig. 7c, d), consistent with the decrease in total Chl fluores-
cence (Fig. 7b), likely due to the aging of and decline in the
phytoplankton bloom.

Surface depletion of dZn, dCd, and dMn was observed
at all stations, with average dissolved concentrations of
0.82± 0.47 nM Zn, 0.13± 0.06 nM Cd, and 0.08± 0.04 nM
Mn at 10 m depth (Fig. 7e, f, h). Notably, increased sur-
face concentrations of dZn, dCd, and dMn were apparent
at the late stations 72, 76, 78, and 79, with dZn∼ 2 nM,
dCd∼ 300 pM, and dMn∼ 0.2 nM (Fig. 7e, f, h; Fig. S5).
Dissolved macronutrient (phosphate, nitrate and nitrite, and
silicate) concentrations also followed this trend, with in-
creased surface concentrations at the late stations (Fig. S6).
As with the Amundsen and Ross Sea station groups, Zn and
Cd uptake rates within TNB tended to be highest at the sur-
face≤ 50 m as also observed in total Chl fluorescence trends,
and this mirrored the decrease in total dissolved Zn and Cd
(Fig. 8). Unlike the Amundsen and Ross Sea stations, where
Cd uptake consistently became negligible (∼ 0 pM L−1 d−1)
by 100 m (Figs. 4; 6), measurable Cd uptake persisted in
TNB to 150 m at stations 72 and 79 (Fig. 8g, i). Measurable
Zn uptake rates were also captured at deeper depths at these
late TNB stations (Fig. 8g, h, i).

The increased surface concentrations of dZn and dCd and
macronutrients, as well as the persistence of measurable up-
take rates at deeper depths, at these late TNB stations may
be attributed to the deepening of the mixed layer (Fig. S7).
Vertical mixing was evidenced by more uniform potential
densities, temperatures, dissolved oxygen (O2) concentra-
tions, salinity, and beam transmission measurements at the
late TNB stations within the upper 200 m (Fig. S7). Higher
(> 0.5 nM) dFe concentrations were also observed below
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Figure 3. Total fluorescence and trace metal concentrations measured at Amundsen Sea stations shown over time. (a) Map showing station
locations, (b) total chlorophyll (Chl) fluorescence, (c) total Zn uptake rates, (d) total Cd uptake rates, (e) total dissolved Zn, (f) total dissolved
Cd, (g) total dissolved Fe, and (h) total dissolved Mn measured in the upper 250 m represented on a color scale. Uptake experiments were not
performed at station 10. Metal concentrations measured to 500 m depth are shown in Fig. S3. The following abbreviations are used: dZnT is
total dissolved Zn, dCdT is total dissolved Cd, dFeT is total dissolved Fe, and dMnT is total dissolved Mn.

100 m at these late stations (Fig. 7g) and increased with depth
(> 2 nM), as did dZn and dMn concentrations, possibly due
to sedimentary inputs (Giordano et al., 1999) (Fig. S5). At
these late stations (station 76, 78, 79) mixing replenished sur-
face concentrations of both macronutrients (Fig. S6) and dZn
(Fig. S5a), but dZn was replenished to a lower extent. For
example, comparing 50 m “replenished” surface values of P,
N+N, and Si to deepwater (200 m) values at station 79, per-
cent changes from deep to surface values were −0.35 % for
P, −0.30 % for N+N, and −0.26 % for Si (where a percent
change of 0 would indicate complete replenishment; i.e., if
nutrient values at 200 and 50 m were equal). In contrast, the
percent change from deep (200 m) to surface (50 m) dZn at
station 79 was lower at−0.71 %. Hence, dZn was apparently
replenished to a lesser extent compared to macronutrients,
which may reflect a sustained high demand for Zn generating

a dearth of this micronutrient despite macronutrient replen-
ishment.

3.4 Overview of Zn and Cd uptake at 18 stations

We next summarize the maximum Zn and Cd uptake rates ob-
served at each station (all of which were observed at ≤ 10 m
depth; Fig. 9a, b) with uptake rates normalized to Chl a
(µgL−1) as a proxy for biomass (Fig. 9c, d). Overall, high
(> 25 pmol L−1 d−1 Chl a (µgL−1)−1) Chl a-normalized Zn
uptake rates were measured at station 11 in the Amundsen
Sea and at stations 20 and 32 in the Ross Sea (Fig. 9c). The
highest Chl a-normalized Cd uptake rates among all 18 sta-
tions were also measured at stations 20 and 32 (Fig. 9d).
Across TNB, Chl a-normalized maximum Zn and Cd up-
take ranged from 6.0–28.3 pmol L−1 d−1 Chl a−1 for Zn and
3.4–9.3 pmol L−1 d−1 Chl a−1 for Cd (Fig. 9c, d). Integrated
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Figure 4. Depth profiles of total Zn and Cd uptake rates, total
chlorophyll fluorescence (or chlorophyll a), and total dissolved
metal measured in the upper 250 m at (a) station 4, (b) station 11,
and (c) station 15 sampled along the Amundsen Sea shelf. Total
chlorophyll (Chl) fluorescence is reported for stations where chloro-
phyll a (Chl a) data were not measured.

(10–250 m) uptake rate values were highest for Zn at stations
11 and 32 and highest for Cd at station 32 (Fig. 9e, f). In-
creases in integrated Cd and Zn uptake at the late stations 72,
76, and 79 reflected the deeper depths to which uptake rates
of these metals remained measurable, likely reflecting deep-
ened mixed layers (Fig. S7) and/or sinking of the phytoplank-
ton community, as seen in the fluorescence data to beyond
150 m depth (Fig. 7b). The presence of Chl a (Fig. 8g, i) im-
plies these deep phytoplankton communities may have been
alive if not actively photosynthesizing. We previously iden-
tified ZCRP-B, a membrane-associated protein involved in
high-affinity Zn transport (Kellogg et al., 2022). These pro-
teins have a single transmembrane domain, implying func-

tion as a membrane-tethered ligand to assist in the acquisi-
tion of Zn from seawater in cooperation with adjacent zinc
transporters (ZIP transporters). Hence, ZCRP-B could be a
potential site of Zn binding and “uptake”, as our uptake rate
measurements do not discern between extracellular and in-
tracellular Zn, even if the phytoplankton are inactive due to a
lack of photosynthetic energy at these depths.

Notably, maximum Cd uptake rates measured in the
present study were 3.4, 3.7, and 3.3 times higher in
the Amundsen Sea, Ross Sea, and Terra Nova Bay, re-
spectively, compared to the maximum Cd uptake rate of
6.1 pmol L−1 d−1 measured previously within the Costa Rica
Dome using identical methods (Cox et al., 2014), demon-
strating the influence of high productivity and the native
community on the flux of dCd into the particulate phase.

4 Discussion

4.1 Use of metal uptake rates to determine depletion
time frames

The measurement of total dissolved metal concentrations
over large latitudinal or longitudinal areas allows for the
characterization of metal inventories, though these are snap-
shots of inventories observed at specific times. The measure-
ment of metal uptake rates allows us to gain new insight into
how these inventories came to be and the time frames over
which they are consumed and replenished. Due to the re-
setting of surface dissolved metal concentrations to those of
deepwater values during austral winter with deep winter mix-
ing, the Ross Sea of the Southern Ocean is particularly appli-
cable to this type of time frame study (Sedwick and DiTullio,
1997; Sedwick et al., 2011).

Using the Zn uptake rates measured in this study, we
can estimate the time required for the high levels of pri-
mary production observed in the Southern Ocean to draw
down surface dZn from high (deep-water) winter concen-
trations to the surface concentrations observed during aus-
tral summer 2017. The Southern Ocean growing season typi-
cally spans October–March, with primary productivity peak-
ing November–January and the area of open (ice-free) water
over the Ross Sea shelf linearly increasing from November to
mid-January (Sedwick et al., 2011). Vertical profiles of nutri-
ents and micronutrients in coastal Antarctic ecosystems such
as the Ross Sea are reset and become uniform with depth dur-
ing the winter months due to whole water column mixing and
an absence of photosynthetic activity during the dark winter
under the sea ice (Noble et al., 2013). As a result, the draw-
down of nutrients in the upper water column observed dur-
ing the spring and summer seasons is the result of less than
1 year’s biological influence. For this simple calculation, we
ignore the upward flux of Zn (upwelling= 0) and assume a
high export ratio of 0.8 due to bloom productivity being dom-
inated by diatoms and Phaeocystis antarctica, both of which
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Figure 5. Total fluorescence and trace metal concentrations measured at Ross Sea stations shown over time. (a) Map showing station
locations, (b) total chlorophyll (Chl) fluorescence, (c) total Zn uptake rates, (d) total Cd uptake rates, (e) total dissolved Zn, (f) total dissolved
Cd, (g) total dissolved Fe, and (h) total dissolved Mn measured in the upper 250 m represented on a color scale. Uptake experiments were
not performed at stations 31, 34, and 70. Metal concentrations measured to 800 m depth are shown in Fig. S4. The following abbreviations
are used: dZnT is total dissolved Zn, dCdT is total dissolved Cd, dFeT is total dissolved Fe, and dMnT is total dissolved Mn.

sink rapidly and thus contribute substantially to carbon ex-
port flux (Asper and Smith, 1999; DiTullio et al., 2000). The
depletion of dZn from a surface box was therefore estimated
as follows:(

dZn
dt

)
surface box

=−ρZn+ (Rf× ρZn)+ upwelling,

where Rf is the remineralization factor equal to 1− export
ratio.

When taking station 11, for which the highest Zn uptake
rate was observed, as an extreme case, with a maximum Zn

uptake rate of 158 pmol L−1 d−1, it would take only 25 d to
deplete a surface winter concentration of 4.8 nM (i.e., the av-
erage deepwater (< 200 m) dZn concentration for all stations
measured in this study) down to the observed surface concen-
tration of 1.7 nM at station 11 (Fig. 4b), assuming a constant
uptake rate and no additional inputs of dissolved Zn (Fig. 10).

Given that dZn surface depletion to sub-nanomolar lev-
els was observed throughout much of the CICLOPS expe-
dition, prolonged high levels of Zn uptake and export that
overwhelm replenishment by vertical mixing and/or reminer-
alization are likely key to giving rise to the observed ex-
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Figure 6. Depth profiles of total Zn and Cd uptake rates, total chlorophyll fluorescence (or, where available, chlorophyll a), and total dissolved
metal (dMetalT) measured in the upper 250 m at (a) station 20, (b) station 29, (c) station 32, (d) station 35, (e) station 62, and (f) station 67
sampled along the Ross Sea shelf. Total chlorophyll (Chl) fluorescence is reported for stations where chlorophyll a (Chl a) data were not
measured.

tent of seasonal surface dZn depletion. These calculations
were conducted as a proof-of-concept demonstration to de-
termine if uptake rates were sufficient to draw down the oth-
erwise abundant dZn inventory on seasonal timescales. An
important caveat to this calculation is that the regulation and
production of Zn sensors that modulate Zn uptake, export,
and storage will naturally fluctuate in response to changing
dZn and therefore cannot be assumed to be constant. Future
studies could conduct mesoscale modeling of the region, in-
cluding eddy diffusion and advection. Notably, any dZn up-
welling flux into the euphotic zone would require even higher
Zn uptake rates to create the seasonal surface Zn depletion
we observed on this expedition.

4.2 Influences on Zn and Cd uptake

We next consider the factors driving the magnitude of ρZn
and ρCd. As noted above, ρZn and ρCd were positively
correlated with total Chl fluorescence or Chl a at every sta-
tion (Figs. 4, 6, and 8), demonstrating the influence of total
autotrophic biomass on uptake rates. A Pearson correlation
analysis comparing the abundance of individual algal pig-
ments to ρZn and ρCd throughout the water column for all

stations revealed significant, positive correlations (Pearson
correlation coefficient> 0.50, p≤ 1.2× 10−4) between ρZn
and Chl a; Chl b; and Chl c1, c2, and c3. Pearson correlation
coefficients are normally symbolized as rho (ρ), but they are
herein referred to as “PCC” values to avoid confusion with
our uptake rate symbol (ρ) and p values (p). The correla-
tion between ρZn and Chl b was the strongest (PCC= 0.77,
p= 3.8× 10−10) of any pigment (Fig. 11e).

In bottle incubation experiments conducted at station 27,
the addition of Zn alone resulted in the positive growth
response of algae containing Chl b (small green algae
such as prasinophytes; Kell et al., 2023), corroborating
this finding. ρCd also positively correlated with these Chl
pigments but with slightly lower Pearson correlation co-
efficients (PCC= 0.3–0.51, p≤ 4.3× 10−2). Fucoxanthin
(fuco) concentrations were more highly correlated with ρCd
(PCC= 0.57, p= 4.3× 10−5) than with ρZn (PCC= 0.32,
p= 2.9×10−2), while the opposite was observed for 19′-Hex
(19′-hexanoyloxyfucoxanthin; PCC= 0.54, p= 1.1× 10−4

for Zn; not significant for Cd) (Fig. 11e). Fuco and 19′-
Hex are used as taxonomic indicators of diatoms and Phaeo-
cystis, respectively, in the Ross Sea (DiTullio et al., 2003,
2007; DiTullio and Smith, 1995; Wright et al., 2010). The
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Figure 7. Total fluorescence and trace metal concentrations measured at Terra Nova Bay (TNB) stations shown over time. (a) Map showing
station locations, (b) total chlorophyll (Chl) fluorescence, (c) total Zn uptake rates, (d) total Cd uptake rates, (e) total dissolved Zn, (f) total
dissolved Cd, (g) total dissolved Fe, and (h) total dissolved Mn measured in the upper 250 m represented on a color scale. Uptake experiments
were not performed at stations 70 and 34. Metal concentrations measured to 600 m depth are shown in Fig. S5. The following abbreviations
are used: dZnT is total dissolved Zn, dCdT is total dissolved Cd, dFeT is total dissolved Fe, and dMnT is total dissolved Mn.

higher correlation coefficient between ρZn and Phaeocystis
abundance (as indicated by 19′-Hex) implies that Zn uptake
was driven largely by Phaeocystis. This finding is consis-
tent with the detection of Phaeocystis ZCRP-A, a protein
characterized as an algal Zn2+ metallochaperone (Kellogg
et al., 2022), in metaproteomic data collected from both the
incubation experiment and throughout the water column at
station 27 (Kell et al., 2023). The positive correlation be-
tween ρCd and the abundance of diatoms (as indicated by

fuco) is consistent with the diatomic utilization of Cd as a
nutrient within CDCA metalloenzymes, as cdca genes have,
to date, been found exclusively in diatom species (Park et
al., 2007, 2008). While it is likely that both Phaeocystis and
diatoms contributed to the Cd and Zn uptake rates measured
here, it is currently unknown if Phaeocystis can utilize Cd
as a nutrient. Overall, any potential growth benefit conferred
by our Cd spike additions may only have been applicable to
diatoms that (1) possessed the cdca gene and (2) faced selec-
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Figure 8. Depth profiles of total Zn and Cd uptake rates, total chlorophyll fluorescence (or, where available, chlorophyll a), and total dissolved
metal (dMetalT) measured in the upper 250 m at (a) station 22, (b) station 27, (c) station 41, (d) station 46, (e) station 52, (f) station 57,
(g) station 72, (h) station 76, and (i) station 79 within Terra Nova Bay. Total chlorophyll (Chl) fluorescence is reported for stations where
chlorophyll a (Chl a) data were not measured.

Figure 9. Unnormalized (a) maximum Zn uptake rates (ρZnMax) and (b) maximum Cd uptake rates (ρCdMax) at each station grouped by
area (Amundsen Sea, Ross Sea, Terra Nova Bay). (c) ρZnMax and (d) ρCdMax normalized to chlorophyll a (µgL−1) measured at each
station. (e) Depth-integrated (10–250 m) ρZn and ρCd values at each station. ND indicates no data (chlorophyll a not measured).

tion pressure to utilize Cd as a cofactor in CDCA due to low
seawater pCO2 (as documented on this expedition), creating
enhanced demand for dZn. The presence of Cd-utilizing di-
atoms in the water column at station 27 was demonstrated by
the detection of CDCA transcripts with closest taxonomic
matches to the diatom genera Chaetoceros and Corethron
(Kell et al., 2023). Station 27 also exhibited high surface Chl
fluorescence (19.3 mg m−3 at 10 m), low pCO2 (221 µatm at

5 m), and high maximum Zn and Cd uptake rates (46 and
20 pmol L−1 d−1, respectively), demonstrating a high algal
demand for Zn that likely created pressure for Cd uptake.

We next consider the effect of the depleted seawater pCO2
levels induced by the high biomass conditions observed on
this expedition. Previously, a strong correlation between dis-
solved δ114Cd and dissolved CO2 was documented in the At-
lantic sector of the Southern Ocean (de Baar et al., 2017),
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Figure 10. A simple model estimating the time (in days) required to
deplete the estimated average winter surface concentration of dZn
(4.8 nM) over a range of various Zn uptake rates (ρZn). A value of
158 pmol L d−1 was the maximum Zn uptake rate observed in this
study (station 11, 10 m).

suggesting significant Cd isotope fractionation due to bi-
ological uptake into the particulate phase. A relationship
between total surface Cd uptake rates at 10 m and surface
pCO2 (underway, measured at 5 m) was not observed in the
present study (Fig. 11b). The present study includes mea-
surements of total Cd uptake (i.e., the sum of all Cd iso-
topes) using an added Cd isotope tracer, and hence we did
not explore natural isotope fractionation effects. However,
we did observe a significant negative linear relationship be-
tween total Zn uptake rates and seawater pCO2 (m=−0.58,
R2
= 0.63; Fig. 11a) consistent with an increased demand

for Zn2+ to power the carbon-concentrating mechanism of
photosynthetic algae under lower CO2 availability. ρZn and
ρCd furthermore shared a significant positive linear relation-
ship with each other (m= 0.13, R2

= 0.64; Fig. 11c) (as was
also reflected in the Pearson correlation test; PCC= 0.69,
p= 1.7× 10−7, Fig. 11d) implying that as demand for Zn
increased, demand for Cd also increased, consistent with lab-
oratory studies showing their co-transport in marine algae
(Sunda and Huntsman, 2000). We also note that ρCd : ρZn
uptake ratios were higher (> 0.4) at the surface where total
dissolved dCd : dZn ratios were comparatively high (> 0.3)
(Fig. S8a, b). The strong positive linear relationship shared
between these ratios (R2

= 0.82; Fig. S8c) further suggests
that dZn levels were depleted enough to induce increased Cd
uptake rates and is consistent with their known biochemical
substitution within marine algae.

Algal Cd uptake rates are known to be inversely related
to both Mn2+ and Zn2+ concentrations in cultures (Lee et
al., 1995; Sunda and Huntsman, 1996), which is thought to
reflect the uptake of Cd by two separate inducible transport
systems. Cd is taken up competitively by the high-affinity
Zn uptake system under low Zn2+ conditions, as demon-
strated above, while Cd, Zn, and Mn share the same low-
affinity Mn uptake system under high Zn2+ conditions (Lee

et al., 1995; Sunda and Huntsman, 1998b, a, 2000; Xu et
al., 2007). With the exception of the Amundsen Sea sta-
tions, dMn was consistently observed at concentrations of
only 0.1–0.5 nM within the upper 50 m (Figs. 3h; 5h; 7h).
Low surface dMn concentrations within the Southern Ocean
have been documented previously and were attributed to a
combination of biological uptake at the surface causing de-
pletion and low resupply due to few external sources (La-
tour et al., 2021). While ρCd was negatively correlated
with dMn (PCC=−0.34, p= 0.02) considering all stations
and all depths, ρCd was more strongly negatively corre-
lated with dZn (PCC=−0.76, p= 1.1× 10−9), which was
the strongest negative correlation when comparing all mea-
sured parameters to ρCd (Fig. 11d). This finding is consistent
with decreased dCd uptake where dZn availability is suffi-
cient. Overall, these results are consistent with biology (to-
tal biomass) and pCO2 acting as primary influences on ρZn,
with increases in ρZn leading to increases in ρCd through
the upregulation of a shared transport system.

4.3 Effects on dCo cycling

In addition to Cd, the intense Zn demand captured by these
uptake rates also appears to have shifted the demand for the
trace metal micronutrient cobalt (Co) (Chmiel et al., 2023).
Due to their similar charge and atomic radii, Zn2+, Co2+,
and Cd2+ cations often share the same transporter uptake
systems. An organism’s ability to utilize these metals as
metabolic cofactors is influenced by their environment and
the affinity of the uptake ligands for each metal cation (Irv-
ing and Williams, 1953; Sunda and Huntsman, 1992). When
dZn availability is low, more dCd and dCo are able to bind
transport ligands. Therefore, dZn concentrations and cycling
can influence the cycling of dCd and dCo, particularly in
low dZn environments, as documented for dCd in the present
study. The influence of dZn cycling on dCo distributions in
this region was also documented during this expedition, with
evidence for high rates of biological Co uptake in the Ross
Sea driven by dZn (and vitamin B12) scarcity (Chmiel et
al., 2023). The high Zn uptake rates measured in this study
therefore also reveal dynamic changes in the cycling of Cd
and Co as a consequence of high Zn demand.

4.4 The dZn and dCd relationships with
macronutrients

The growth of phytoplankton and bacteria in the shallow eu-
photic zone results in the removal of bioactive trace metals
and macronutrients from the dissolved phase into the partic-
ulate phase, resulting in dissolved-metal–macronutrient rela-
tionships that reflect their collective stoichiometry (Horner
et al., 2021). Positive linear slope results generally indicate
the co-cycling of the metal and the macronutrient via uptake
and remineralization, though slope values can vary widely by
basin as they are a function of the metal–macronutrient up-
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Figure 11. Relationships comparing seawater CO2 partial pressure (pCO2) at 5 m depth to (a) Zn uptake rates (ρZn; n= 15, R2
= 0.63)

and (b) Cd uptake rates (ρCd; n= 15) measured at surface(≤ 10 m) depths. (c) Relationship between ρZn and ρCd for all depths (n= 121,
R2
= 0.64). (d) Visual representation of the correlation matrix comparing all water column parameters measured with depth with warm and

cool colors indicative of positive and inverse correlations, respectively. Pearson correlation coefficients and p values are shown. (e) Rep-
resentation of the correlation matrix comparing ρZn and ρCd to various phytoplankton pigments. Fe, Mn, Ni, Cu, Zn, Cd, and Co labels
correspond to total dissolved metal concentrations. PO4, N+N, and Si correspond to total dissolved concentrations of phosphate, the sum
of nitrate+nitrite, and silicate. The following abbreviations are used: Temp is temperature, Cond is conductivity, O2 is dissolved oxy-
gen, Fsu is total fluorescence, PAR is photosynthetically active radiation, Sal is salinity, Chl_a is chlorophyll a, Chl_b is chlorophyll b,
Chl_c1 is chlorophyll c1, Chl_c2 is chlorophyll c2, Chl_c3 is chlorophyll c3, chl_lide is chlorophyllide, Fuco is fucoxanthin, Hex_19 is
19′-hexanoyloxyfucoxanthin, Diadino is diadinoxanthin, and Diato is diatoxanthin.

take and remineralization stoichiometry of the native com-
munity and overall nutrient availability. Two-way linear re-
gressions (see Sect. 2.10) were used to investigate the rela-
tionships between dZn and dissolved silicate (dSi), dZn and
dissolved phosphate (dP), and dCd and dP for the Amundsen
Sea, Ross Sea, and TNB station groups (Fig. 12).

The dZn–dP and dCd–dP relationships from this expe-
dition were originally presented in Chmiel et al. (2023)
for comparison to dCo : dP, while they are included in the
present study for ease of comparison with dZn–dSi relation-

ships presented for the first time. For these analyses, the
depth threshold that separates the surface and deep ocean
was manually defined in order to optimize the linear fit of
the surface versus deep trends. This threshold depth can be
thought of as an inflection point that represents the largest
change in trace metal concentration with respect to dP or dSi
concentration (Chmiel et al., 2023).

The near-linear global dZn–dSi relationship (Bruland et
al., 1978; Middag et al., 2019; Vance et al., 2017) has been
posited to arise in part from faster drawdown of Zn and Si
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Figure 12. Relationships between (a–c) total dissolved Zn and silicate (dSi), (d–f) total dissolved Zn and phosphate (dPO3−
4 ), (g–i) and

total dissolved Cd and dPO3−
4 for the surface (blue squares) and the deep ocean (orange circles) arranged by station group (Amundsen Sea,

Ross Sea, and Terra Nova Bay). Depth thresholds were manually chosen to optimize the linear fit of the surface and deep-ocean trends.
Regressions with R2

≥ 0.50 are shown as a solid line, and those with R2< 0.50 are shown as a dotted line. See Table S4 for stoichiometric
parameters and values. Regression outliers are marked with “×”. The data used here were originally plotted in Chmiel et al. (2023) and are
reprised here for ease of comparison with dZn : Si data.

relative to dPO3−
4 into Southern Ocean diatoms that leaves

surface waters depleted in Zn and Si (Vance et al., 2017). We
observed distinct differences in dissolved dZn : dSi ecologi-
cal stoichiometries comparing Amundsen Sea, Ross Sea, and
Terra Nova Bay station groups (Fig. 12; Table S4). A positive
linear dZn–dSi relationship with a steep (m= 0.23± 0.05;
Table S4) slope observed in the upper ocean of the Amund-
sen Sea contrasted starkly with the shallow slopes ob-
served in the upper ocean of the Ross Sea and Terra Nova
Bay. A bloom of non-silicifying Phaeocystis antarctica was
present during our passage through the Amundsen Sea, con-
sistent with abundant silicic acid but rapid drawdown of
Zn, which is known to be used by this organism (Saito
and Goepfert, 2008). In contrast, the shallow slopes in the
Ross Sea and Terra Nova Bay resulted from the persis-
tence of dSi concentrations≥ 30 µM in the upper 30 m, while
dZn was reduced to sub-nanomolar concentrations (average
dZn= 0.87± 0.42 nM in TNB at 10 m depth, n= 11), high-
lighting the intense drawdown of dZn by biota in this region
to meet a high metabolic dZn demand.

Similar trends were observed for dZn : dP and dCd : dP,
which exhibited shallow slopes within the upper ocean of the
Ross Sea and Terra Nova Bay. Southern Ocean diatoms are
known to have Zn : P uptake ratios that are up to an order of
magnitude greater than the average for oceanic phytoplank-
ton (Sieber et al., 2020; Twining and Baines, 2013; Vance et
al., 2017). The increased presence of diatoms (as indicated by
higher fucoxanthin concentrations) at the late stations within
Terra Nova Bay therefore likely exacerbated the surface de-
coupling of dZn and dP due to their high dZn demand. The
maximum uptake rates of 158, 115, and 89 pmol Zn L−1 d−1

measured in this study for the Amundsen Sea, Ross Sea,
and Terra Nova Bay groups, respectively, contextualize the
high Zn uptake rates hypothesized to contribute to the high
dZn : dP uptake ratios observed in Southern Ocean diatoms.
These rates are indicative of total potential biological uptake,
likely influenced by a depleted labile Zn pool and residual of
complexed Zn, which then results in low dZn : dP ratios in
shallow waters.

Like dZn and dSi, dCd and dP concentrations are known
to share strong correlations in both deep and surface seawater
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(de Baar et al., 1994; Boyle, 1988; Boyle et al., 1976), with
the vertical distribution of Cd controlled by phytoplankton
uptake in surface waters and sinking of particulate organic
matter and subsequent remineralization at depth. Observa-
tions of enhanced Cd uptake within the Fe-limited Southern
Ocean (Cullen, 2006) are consistent with observations of in-
creased Cd uptake by marine algal species under Fe limita-
tion both in the field (Baars et al., 2014; Cullen et al., 2003;
Cullen and Sherrell, 2005) and in cultures (Lane et al., 2009;
Sunda and Huntsman, 2000), which is thought to be due to
the increased use of Cd in biochemical processes or inad-
vertent uptake due to the upregulation of metal transporters
(Cullen, 2006; Sunda and Huntsman, 2000). In these coastal
regions, dCd : dP had the same regional and depth trends as
dZn : dP, further demonstrating their close biogeochemical
association.

5 Conclusions

We have quantified the movement of the trace metals Zn and
Cd from the dissolved to the particulate phase within the phy-
toplankton > 3 µm size fraction collected in the Amundsen
Sea, Ross Sea, and Terra Nova Bay of the Southern Ocean
during austral summer 2017–2018. Our study adapts the sta-
ble Cd isotope tracer uptake method (Cox et al., 2014) to
the measurement of Zn uptake and represents the first time
series measurements of dZn and Zn uptake in a coastal envi-
ronment during a bloom event. We have found that these high
observed uptake rates were sufficient to draw down the oth-
erwise abundant dZn inventory on seasonal timescales. Our
analysis suggests that enhanced total biomass and low pCO2
act as primary influences on ρZn and that high ρZn results
in dynamic changes in the cycling of both Cd and Co as a
consequence of high Zn demand. Low dZn : Si slope values
observed in the Ross Sea and Terra Nova Bay further high-
lighted the intense drawdown of dZn by biota to meet a high
metabolic dZn demand. Overall, our study demonstrates that
Zn demand is high and rapid enough to depress the inven-
tory of Zn available to phytoplankton, suggesting that Zn has
been overlooked as a dynamic limiting micronutrient in pri-
mary productivity modeling.
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temperature–depth (CTD) hydrography data (including pressure,
temperature, total dissolved oxygen, conductivity, fluorescence,
and beam transmission; https://doi.org/10.1575/1912/bco-
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