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ARTICLE INFO ABSTRACT

Keywords: We studied the impact of iron limitation on zinc uptake and the zinc isotope (8°6Zn) composition for Southern
Southern Ocean Ocean phytoplankton. We undertook laboratory culture and field incubation experiments, and linked these to in
Phytoplankton situ depth profiles of dissolved (dZn) and particulate (pZn) zinc collected from three sites in the Southern Ocean.
;izz 1153:)?: ©s For the laboratory experiments, diatom growth rates, cellular zinc accumulation, and 5%7n all responded to

changes in iron and zinc bioavailability. A significant increase in the cellular quota for zinc (expressed as zinc:
phosphorous (Zn:P)) occurred upon iron limitation and zinc enrichment. At the same time, 5%7n for organic
tissues became isotopically light under high zinc and low iron concentrations. The opposite occurred for frustule
§%7Zn values. Here 6662nfm5m1e_orgamc for cultured phytoplankton became isotopically heavier under high zinc
and low iron concentrations. For senescing and dead cells, Zn:P declined and 5%7n increased, indicating a loss of
isotopically light zinc from organic matter. For field incubation experiments, SE‘Sanmsmle was isotopically heavier
than seawater, except for added zinc treatments. The percentage of zinc associated with frustule material for
laboratory and field incubations encompassed a wide range with values between 1 and 57%. Depth profiles of
§%2n for dZn and pZn varied, with dZn being isotopically lighter than pZn in low dZn concentration subantarctic
waters, whereas the opposite occurred in polar waters where dZn was isotopically heavier than pZn at higher dZn
concentrations. Our results show that iron and zinc availability regulates the zinc content of phytoplankton and
the 5°°Zn composition of the Southern Ocean, which is propagated to other parts of the world ocean.

Iron limitation

1. Introduction

The Southern Ocean plays a significant role in the global carbon
cycle, influencing both ocean circulation and biogeochemistry (Rintoul,
2018). This influence results from its central role in ocean circulation by
connecting the Atlantic, Indian, and Pacific oceans. The Southern Ocean
also plays a crucial role in controlling many global oceanic processes (e.
g. formation of the Antarctic Intermediate Waters and the Subantarctic
Mode Waters), which are reflected in other parts of the global ocean
(Rintoul, 2018; Sarmiento et al., 2004). Thus, the processes that influ-
ence the biogeochemical composition of surface waters of the Southern
Ocean are reflected in other parts of the world ocean via these water
masses.

For large swaths of the Southern Ocean, phytoplankton growth is
sub-optimal because of limited iron supply to surface waters (e.g. Boyd

et al., 2000; Coale et al., 2004). The Southern Ocean is geographically
isolated and consequently has low aeolian dust deposition and riverine
or sedimentary source iron inputs, which, combined with its chemical
speciation and the dominance of insoluble iron species, makes
bioavailable iron a limiting growth factor for many phytoplankton
(Boyd and Ellwood, 2010; Deppeler and Davidson, 2017). Iron limita-
tion of Southern Ocean phytoplankton also weakens the efficiency of the
biological carbon pump and influences nutrient utilisation by phyto-
plankton. Increased phytoplankton productivity has been observed in
some areas of the Southern Ocean, where iron concentrations are
elevated due to the resuspension of continental shelf sediments and/or
meltwater input from sea ice (Graham et al., 2015).

Zinc is another important trace metal micronutrient because it acts as
a cofactor in several important enzymes within phytoplankton,
including carbonic anhydrase, alkaline phosphatase, RNA polymerase,
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tRNA synthetase, reverse transcriptase, carboxypeptidase and superox-
ide dismutase (Twining and Baines, 2013; Ye et al., 2022). The enzyme
carbonic anhydrase catalyses the reversible hydration of bicarbonate to
carbon dioxide; hence, it plays an important role in inorganic carbon
acquisition by phytoplankton (Morel et al., 1994). In 1994, Morel et al.
(1994) introduced the ‘zinc hypothesis’, which is analogous to the ‘iron
hypothesis’ of John Martin, whereby zinc, like iron, is hypothesised to
‘limit oceanic production and influence the global carbon cycle’ (Morel
et al., 1994). In the Southern Ocean, there has been no evidence of zinc
limitation. The dissolved zinc concentration in most parts of the
Southern Ocean is more than the concentration of zinc-binding ligands
due to the upwelling of zinc and nutrient-rich deep waters (Baars and
Croot, 2011; Ellwood, 2004). Indeed, the surface dissolved zinc con-
centrations are highest in the Antarctic Zone at ~4 nM, decreasing to
below 0.5 nM in the Subantarctic Zone (e.g. Ellwood et al., 2020a; Sieber
et al.,, 2020; Zhao et al., 2014). Consequently, the concentration of
bioavailable zinc is more than enough to support phytoplankton growth.
It is only in the northern reaches of the Subantarctic Zone where ligand
concentrations exceed that of dissolved zinc, thus reducing zinc
bioavailability (Baars and Croot, 2011; Ellwood, 2004; Sinoir et al.,
2016).

Dissolved zinc isotopes have proven to be an insightful tool for
tracing the processes involved in the cycling of zinc in the Southern
Ocean and beyond (e.g. Conway and John, 2014; Ellwood et al., 2020a;
Sieber et al., 2020; Sieber et al., 2023; Vance et al., 2019; Vance et al.,
2017; Wang et al., 2019; Weber et al., 2018). The main oceanic pro-
cesses that influence zinc isotope fractionation in the ocean appear to be
biological uptake and regeneration (John et al., 2007; Kobberich and
Vance, 2017, 2019; Samanta et al., 2018), ligand complexation
(Markovi¢ et al., 2017; Sieber et al., 2023; Weber et al., 2018) and
reversible scavenging (John and Conway, 2014; Sieber et al., 2023;
Weber et al., 2018). In the Southern Ocean, variations in the isotope
composition of dissolved zinc tend to be largest in the upper water
column (range: 0 %o to +0.93%o) (Ellwood et al., 2020a; Samanta et al.,
2017; Sieber et al., 2020; Wang et al., 2019; Zhao et al., 2014) while
deeper waters (<500 m) are relatively homogenous around +0.45%o
(Ellwood et al., 2020a; Samanta et al., 2017; Sieber et al., 2020; Zhao
et al., 2014). Sieber et al. (2020) and Ellwood et al. (2020a) noted that
changes in iron bioavailability influences zinc isotope fractionation
uptake by phytoplankton, although Sieber et al. (2020) noted increased
fractionation upon iron fertilisation whereas Ellwood et al. (2020a)
noted increased fractionation upon chronic iron limitation.

In culture studies, phytoplankton grown in replete zinc media typi-
cally have a lighter isotopic composition that those grown at low zinc
concentrations, as the zinc uptake transitions from “passive” equilib-
rium control to an “active” kinetic control (John et al., 2007; Kobberich
and Vance, 2017, 2019; Samanta et al., 2018). Zinc isotope fractionation
tends to be greater when free Zn?>" concentrations are high. This tran-
sition from passive to active zinc control also influences the zinc content
of cells, with the cellular Zn:P ratio recording this mechanistic change
(John et al., 2007; Samanta et al., 2018; Sunda and Huntsman, 1992).

Measurements of dissolved zinc and silicic acid concentration versus
depth reveal an almost congruent depletion of both elements in the
surface ocean and enrichment with depth (Bruland et al., 1978). The
similarity in the structure of the zinc and silicic acid profiles implies, at a
superficial level, that zinc is cycled through the ocean in an analogous
way to that of silicic acid. However, the zinc content of diatom frustule
silica is low at around 3% (Ellwood and Hunter, 2000a).

Recent modelling efforts have resulted in two hypotheses for the
coupling of zinc and silicic acid. The first idea is that this coupling is a
result of biogeochemical modification of these Southern Ocean waters
by diatoms combined with the physical circulation of waters through the
Southern Ocean to propagate these patterns to low latitudes (de Souza
et al., 2018; Vance et al., 2017). In tandem with this, reversible scav-
enging has also been modelled to explain the coupling of zinc and silicic
acid, where surface-dissolved zinc is scavenged onto sinking detritus and
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isreleased at depth (Roshan et al., 2018; Sieber et al., 2023; Weber et al.,
2018). While these modelling efforts are able to simulate the distribu-
tions of both zinc and silicic acid, they are primarily focused on the
dissolved phase, with less attention paid to isotope fractionation pro-
cesses associated with the particulate phase. This study aimed to culture
Southern Ocean phytoplankton under conditions similar to those in this
region to understand the pathways that might influence zinc uptake and
isotope fractionation, especially when iron is growth-limiting. We
complement these laboratory incubation experiments with a field
experiment and water column measurements from three Southern
Ocean sites.

2. Materials
2.1. Phytoplankton culturing

Two species of diatoms Proboscia inermis and Chaetoceros flexuosus
were grown under controlled nutrient, light and temperature conditions
with the only change variables being iron and zinc. P. inermis and
C. flexuosus were isolated from 57°51.1'S; 139° 50.7'E in 2001 (Strzepek
et al., 2011). Experimental cultures were grown at 3 + 1 °C under a
continuous irradiance of 60-70 pmol photons m~2 s~1, which was
optimal for these species. Irradiance was measured with a calibrated 4x
quantum meter (model QSL-2101; Biospherical Instruments).

All vessels used for growing cultures were acid-cleaned and micro-
wave sterilised. The cultures were acclimated in 28 mL polycarbonate
tubes and maintained in the exponential phase of growth. At least two
transfers (14-16 cell divisions) were undertaken before being trans-
ferred to 500 mL polycarbonate bottles. An artificial seawater medium
(Aquil) was used for our trace metal manipulation experiments (Price
et al., 1988). The base Aquil media was prepared using protocols
detailed in Price et al. (1988) as modified by Strzepek et al. (2011).
Synthetic seawater was prepared and gravity filtered through a Toyo-
peral AF-chelate-650 M (Tosoh Bioscience) ion-exchange resin to
remove contaminating trace elements. The base media had an iron
contamination concentration of 0.56 & 0.02 nmol L', which was
accounted for in subsequent iron culture experiments. This media was
sterilised through a 0.22 pm filter and microwaved. Background trace
metals added were buffered with 10 pmol L™} ethylene-diamine-tetra-
acetic acid (EDTA) as a chelating agent. Final trace metal concentra-
tions were for variable for ZnSO4, 2.0 nmol L™! for CuSO4, 5 nmol L™!
for CoCl,, 23 nmol L™! for MnCly, 10 nmol L™! for Na,SeOs and 100
nmol L™! for Na;MoO,. Final nutrient concentrations were 10 pmol Lt
for phosphate, 100 pmol L™! for silicate, 300 pmol L! for nitrate, 0.55
pg L™ for vitamin B12, 0.5 pg L™ for Biotin and 100 pg L ™! for thiamin.
The iron concentration of the media was manipulated using two
different chelators: EDTA and desferrioxamine B mesylate (DFB). For the
iron-replete media, hereafter referred to as pFe 19.4, iron was pre-
complexed with EDTA at concentrations of 58 nmol L~! (Fe) and 10
pmol L1 (EDTA), respectively. For iron limiting experiments, the con-
centration of iron was kept constant at 4.0 nmol L'"> and an increasing
concentration of desferrioxamine B mesylate (DFB) (4, 40, and 400
nmol L™) was added to the final Aquil media. Note that iron was pre-
complexed to DFB prior to addition to the Aquil media.

Final free metal iron concentrations (—log free-metal ion concen-
tration = pMetal) for the media were calculated using Visual MINTEQ
version 3.1 (https://vminteq.lwr.kth.se/). pMetal values were as fol-
lows: pCu = 14.1, pCo = 11.5, pMn = 8.2 and pZn = 9.7 (Zn?>" = 190
pM), 10.7 (Zn?*" = 24 pM), 10.9 (Zn** = 12 pM), 11.8 (Zn?* = 1.6 pM),
and 12.2 (Zn?* = 0.6 pM) for total zinc additions ranging from 0.3 to
100 nM. Inorganic iron (Fe’) concentrations for the p19.4 media were
calculated using methods described by Strzepek et al. (2011) for media
at 3 °C, under irradiance of 70 pmol quanta m~2 s~! and at a pH of 8.2.
Unlike the iron-EDTA complex, the iron-DFB complex is not photosen-
sitive, and hence iron speciation is not affected by light (Lis et al., 2015;
Sunda and Huntsman, 2003). The Fe’ for the iron limiting media was
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calculated according to the equation [Fe’] = [FeDFB] / [L] x K§nd,
where K§9 = 108 (Maldonado et al., 2005).

Growth rate data were collected from cultures acclimated to exper-
imental zinc and iron treatments for a minimum of three transfers.
Growth rate measurements were made on cells maintained in the
exponential phase of growth, which generally lasted between 10 and 20
days. Growth rates were determined from in vivo chlorophyll a fluo-
rescence using a Turner Designs model 10-AU fluorometer and
measured once every alternate day. Cultures were dark acclimated for
approximately 30 min prior to each fluorescence measurement. The
specific growth rate per day (p) was then calculated by determining the
slope of In(fluorescence) versus cumulative time during the exponential
growth phase.

2.2. Elemental and isotope analysis

Acid-cleaned polycarbonate filters (2 pm) were used to collect cell
material for silica and trace metal analysis. For silica analysis, between
50 and 70 g of culture water was filtered for analysis. For metal and
phosphorous analysis, approximately 350 g of culture water was filtered
for analysis under a low vacuum. Biogenic silica samples were stored in
50 mL acid-cleaned falcon tubes at -20 °C, and trace metal samples were
stored in 5 mL acid-cleaned Teflon vials (Savillex, USA) at 25 °C. The
organic and inorganic (frustule) fractions for trace metal analysis were
separated by adding 5 mL of 7 mol L ™! Teflon-distilled nitric acid to each
sample vial. Samples were mixed and left for 24 h, after which the filter
within each vial was carefully rinsed with Milli-Q water and removed.
The vials were then left to reflux for 12 h on a hotplate and then
uncapped and taken to dryness. The samples were then redissolved in 5
mL in 2% HNOs. After a suitable settling period, a 4 mL aliquot was
removed from each vial for organic material analysis. The remaining 1
mL, containing diatom frustule remains, was transferred to a 15 mL
centrifuge tube. Vials were then filled to 14 mL with 18.2 MQ Milli-Q
and shaken to ensure mixing. This solution was removed following
centrifugation for 10 min at 5000 rpm. This Milli-Q rinsing process was
repeated an additional two times. The zinc concentration of the final
rinse solution was tested and found to be comparable to blank concen-
trations. The remaining frustule was then dissolved in 0.1 mL of 2.6 mol
L~! sodium hydroxide (Suprapur, Sigma Aldrich) for 24 h in acid-clean
Teflon vials. After which, the volume was increased to 5 mL with Milli-
Q. The sodium hydroxide solution had a background zinc level of 1.35
+ 0.11 ng zinc. A 0.5 mL aliquot of the digest was removed for silica
analysis. The remainder of the inorganic fraction was then neutralised
using 8 mol L™! Teflon-distilled hydrochloric acid and then taken to
dryness. The resultant residue was prepared for metal analysis.

Biogenic silica concentrations were determined colourimetrically
following dilution to 10 mL (Strickland and Parsons, 1972). Working
standards were prepared by diluting a commercially available 1000 mg
Si L ™! standard (TraceCert, Merck). The working concentration range
was 0 to 20 pmol L2,

One mL aliquot from the organic material analysis fraction was
removed for zinc and phosphorus content determination by High-
Resolution Inductively Coupled Plasma Mass Spectrometry (Element
XR, TheromScientific). Five calibration standards were made from
certified trace metal, and phosphorus concentration standards (Trace-
Cert, Merck) with zinc to phosphorus of ratios of 2:20, 5:50, 10:100,
50:500 and 100:1000 (ng mL™%: ng mL™1); and were measured at the
beginning of the session. A blank measurement was done on 2% nitric
acid. Instrument drift was monitored by running standard every tenth
sample. The zinc:phosphorous error bars reported are for each treatment
and represent the standard deviation of three culture (biological) rep-
licates i.e. each biological replicate represents an independently grown
culture that then is fully processed for elemental and isotope analysis.

Zinc concentration for inorganic fractions was determined by High-
Resolution Inductively Coupled Plasma Mass Spectrometry (Element
XR, ThermoScientific) using a similar procedure for measuring the
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organic fraction. The zinc:silicon results were for the inorganic frustule
remains, and error bars reported are for each treatment and represent
the standard deviation of three biological replicates.

The remaining 3 mL of the organic material analysis fraction was
taken to dryness and then dissolved in 6 mol L™ hydrochloric acid in
preparation for anion exchange column chemistry. Zinc and iron were
isolated from the organic and inorganic fractions by using the AG MP-1
anion exchange resin following zinc double spike (DS) addition (Ell-
wood et al., 2020a; Samanta et al., 2018).

Zinc isotope measurements were made using the Multicollector-
ICPMS (Thermo Scientific Neptune Plus) along with a desolvating
sample introduction system (Apex IR, Elemental Scientific Inc.) with an
uptake rate of ~50 pL per minute. A standard nickel sampler cone and a
nickel X-skimmer cone were used to enhance instrument sensitivity. The
instrument was operated in medium resolution mode, and samples were
measured in groups of two, bracketed with a standard-DS mixture. A 2%
(v/v) nitric acid wash was introduced between sample and standards,
and blank measurements were made on 2% nitric acid solution before
every sample and standard measurements. All measurements were made
as 1 block of 45 cycles with a 4-s integration time. At the start of each
measurement session, the instrument was tuned for intensities on mass
62Ni, 63Cu, 65Cu, 64Zn, 66Zn, %77n and %®7Zn.

The zinc isotopic composition was expressed in delta notation
following the equation:

6“’Zn/(’“Zn .
8%zn = | —L "™ 1] x 1000 )}
6(’Zn/f"‘Zn

standard

All zinc isotope measurements in the study were measured relative to
the standard reference material IRMM-3702. Note field seawater isotope
values were corrected to the JMC Lyon standard (666ZnLyon) by adding
0.3 %o (Archer et al., 2017). Multiple measurements of an in-house check
standard (Koch) and the AA-ETH standard over multiple isotope sessions
between 2017 and 2022 produced values of —0.72 + 0.09 %o (n = 86, +
2x standard deviation (SD)) and 0.00 + 0.08 %o (n = 115, + 2SD),
respectively. The value we obtained for the AA-ETH standard is indis-
tinguishable from the published value of 0.00 £+ 0.02 %o (Archer et al.,
2017). The isotopic composition of zinc added to Aquil media was 0.06
+ 0.01 %o (n = 3, + 2SD) and well with the error representing two
standard deviations of three culture (biological) replicates and averaged
+0.22 %o (n = 28, + 2SD). These errors associated with triplicate cul-
tures were larger than the sample processing and instrumental error of
40.06 %o (n = 28, + 2SD).

2.3. Field incubation experiment

One deck-board incubation experiment involving various spike
combinations of zinc, iron and silicate, was conducted at the Southern
Ocean Time Series site (SOTS)(47°S; 142°E) in mid-March 2019. This
site is located in subantarctic waters and is characterised by low zinc and
silicic acid conditions with variable productivity depending on iron
supply (Boyd et al., 2001; Ellwood et al., 2020a; Eriksen et al., 2018;
Sedwick et al., 1999). A 50 L carboy was rinsed and then filled to surface
seawater using a trace metal (TM) clean towed ‘Fish’ system (Ellwood,
2004). The 1 L polycarbonate bottles were then rinsed 3 times with
unfiltered TM Fish water and then filled with 1 L of water from the 50 L
carboy. Ten treatments were undertaken in triplicate with varying
concentrations of zinc, iron and silicate (Table 1). Prior to its addition,
iron was pre-complexed to EDTA in a 1:1 ratio to prevent its precipita-
tion upon addition to seawater. The bottles were incubated in a flow-
through incubator at ambient surface seawater temperature (~11 °C).
Flow-through incubators were partial shading using green shade cloth,
which reduced light levels by about 85%, simulating ambient conditions
of the mixed layer. Treatments were sampled on days 4, 6, 8 and 10 for
F,/fm and Fy (fluorescence) to generate a growth curve from the natural
log of the initial fluorescence measurement versus time. Community
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Table 1
Summary of dissolved trace metal and nutrient additions for each incubation
treatment that were undertaken in triplicate.

Treatment ID Fe (nM) Si(OH)4 (pM) Zn (nM) 666Z1'1Ly0n(%0)
Control’ 0.18 + 0.07 1.6 0.58 + 0.15 —0.23 £+ 0.06
Si 0.18 102 0.58 —0.23 + 0.06
Zn 0.18 1.6 4.5 0.31 £ 0.08"
LFe 0.87 1.6 0.58 —0.23 £+ 0.06
LFeSi 0.87 102 0.58 —0.23 + 0.08
LFeSiZn 0.87 102 4.5 0.31 & 0.08"
HFe 5.8 1.6 0.58 —0.23 £+ 0.06
HFeSi 5.8 102 0.58 —0.23 £ 0.06
HFeZn 5.8 1.6 4.5 0.31 £ 0.08"
HFeSiZn 5.8 102 4.5 0.31 £ 0.08"

" Initial trace metal and isotope composition of the water used at the start of
the experiment. This is based on multiple (n = 4) measurements of the trace
metal clean “fish” water used for the experiment.

# The isotopic composition of seawater following the zinc addition. §°6Zn
values have been corrected to the JMC Lyon standard by adding 0.3 %o (Archer
et al., 2017).

growth rates were calculated by regressing sample fluorescence versus
time. At the end of the incubation, 900 mL of sample was collected on
acid cleaned 47 mm 0.2 pm polycarbonate membrane filter (Whatman
Nuclepore), under a low vacuum. Each sample was washed twice with
0.45 pm filtered TM Fish water and stored at -20 °C until analysis. Trace
metal, silica and phosphorous were determined as outlined in the
elemental and isotope analysis section. For particulate organic carbon
and nitrogen analysis (POC/PON), 60 mL of sample was syringe filtered
through a precombusted 13 mm GF/A filter and rinsed with a small
volume of filtered TM Fish water and stored at —80 °C until analysis.
POC and PON were determined using standard procedures (Andrew
et al., 2022).

2.4. Dissolved and particulate zinc profiles

Samples were collected for dissolved and particulate zinc concen-
trations and isotope analysis at three stations in the Southern Ocean
during the Southern Ocean Large Areal Carbon Export (SOLACE) voyage
over December 2020-January 2021 (https://solace2020.net/). The
stations were located at the SOTS, Southern Site 1 (SS1)(55°50'S
139°00'E) and Southern Site 2 (S$2)(58°00'S 141°30'E) (Fig. S1). All
three sites were characterised by high phytoplankton numbers with a
prevalence of diatoms (Boyd et al., 2023; Latour et al., 2022).

Dissolved and particulate sample collection protocols were similar to
those outlined by Ellwood et al., 2020a and Ellwood et al., 2020b.
Briefly, filtered samples were collected for trace metal, and zinc isotope
determination using acid-cleaned, Teflon-coated, externally-sprung, 12-
1 Niskin bottles attached to an autonomous rosette (SeaBird) equipped
with an SBE 911plus CTD unit (SeaBird). Particulate trace metal samples
were collected in situ onto acid-leached 0.2-pm PVDF (142 mm diam-
eter) filters (Sterlitech) using six large-volume dual-head pumps
(McLane Research Laboratories) deployed at various water depths. The
pumping volume range from 30 L in the surface water to over 300 L in
the deep. For several profiles, one pump depth was used as a blank check
whereby only 4-5 L of water was pumped through the filter.

Dissolved and particulate zinc concentration and isotope determi-
nation followed the protocols outlined by Ellwood et al. (2020a) and
above. Blanks for dissolved and particulate zinc were 3 + 2 ng and 20 +
2 ng, respectively. The 666ZnLyon composition of the particulate blank
was 0.11 £ 0.10 %o (2 SD). The main Zn contributor to the particulate
blank, based on water column deployment of pumps, came from the
PVDF filters (84%), with the remaining (16%) coming from sample
handling and processing reagents. The particulate blank contribution to
most samples was <10% of the total zinc concentration, except for some
SOTS samples where particulate concentrations were low. All particu-
late zinc isotope sample values were blank-corrected with a median
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correction of 0.02 %o (n = 37). Only four samples had a correction of
>0.1 %o. As an accuarcy check, we also measured the zinc isotope
composition of BCR414 using our particulate digestion protocol and
obtained a value of 0.33 & 0.07 %o, which is consistent with the values of
0.32 %o and 0.29 %o obtained by Druce et al. (2020) and Jeong et al.
(2021), respectively. The reproducibility for multiple analyses of a large
volume deep-water and shallow-water dissolved samples was excellent,
with average concentrations of 5.14 + 0.09 nmol kg’1 (n =4, 2xSD)
and 0.07 £+ 0.06 nmol kg’1 (n = 2, 2xSD), respectively, and average
isotope value of 0.37 + 0.08 %o (n = 4, 2x SD) and 0.10 £ 0.02 %o (n = 2,
2xSD), respectively.

3. Results
3.1. Cellular growth rate

The specific growth rates for cells grown under iron-replete (Fe’ =
3369 pmol L 1) across a range of conditions at a Zn®" concentration
ranged between 0.33 d~! and 0.51 d™! for P. inermis and 0.11 d~* and
0.42d7'c. flexuous (Fig. 1A, D and Table 2). Below a 7Zn>" concentration
of 12 pmol L1, P. inermis would not grow, indicating a high requirement
for zinc. Conversely, C. flexuous grew even at the lowest Zn?* concen-
tration of 0.6 pmol L1, These growth rates obtained at the two highest
Zn>" concentrations are comparable to that obtained in previous culture
studies involving these species under similar iron-replete conditions
(Andrew et al., 2019; Strzepek et al., 2011). The optimum growth rate
for both species was obtained for iron replete at a Zn?>" concentration of
around 24 pmol L1

3.2. Effect of iron on cellular the Zn:P ratio

Cellular Zn:P ratios for P. inermis and C. flexuosus declined as the
Zn?* concentration of the medium was reduced (Fig. 1B,E; Table 2). This
occurred for all iron treatments when Zn?* was varied. Interestingly, for
cells grown at a fixed Zn?" concentration, the cellular Zn:P ratio
increased when the iron concentration was reduced. For example, for
P. inermis cells grown at a Zn?* concentration of 190 pM, the cellular Zn:
P ratio increased 10-fold from 8.9 mmol:mol to 87.9 mmol:mol as Fe’
was lowered from 3369 nM to 0.02 nM. A similar increase in the cellular
Zn:P ratio was observed for C. flexuosus grown at a similar Zn?* con-
centration (Fig. 1). At the lower Zn* concentrations, the increase in the
cellular Zn:P ratio was more muted upon iron limitation. For example,
for C. flexuosus the Zn:P ratio increased approximately 1.2-fold at Zn?*
concentrations of 12 pM and 1.6 pM (Fig. 1; Table 2).

The cellular Zn:P ratios measured here are slightly high than that
determined for temperate phytoplankton grown across a similar range of
Zn?* values (Fig. 2) (e.g. Ellwood and Hunter, 2000a; John et al., 2007;
Sunda and Huntsman, 1992), but consistent with values estimated for
from the work of Koch and Trimborn (2019) for the polar species
C. simplex. Our cellular Zn:P values are similar to the range (2.14 mmol:
mol to 17 mmol:mol) obtained for Southern Ocean phytoplankton
collected from the field, although this range includes iron-replete and
iron-limited phytoplankton. The cellular Zn:P ratios for P. inermis and
C. flexuosus are also within the range measured for non-descript par-
ticulates collected from the Southern Ocean (Fig. 2B)(e.g. Collier and
Edmond, 1984; Cullen et al., 2003; Ellwood et al., 2020a; Twining and
Baines, 2013).

The specific zinc uptake rate for these P. inermis and C. flexuosus
showed a similar pattern to Zn:P ratios versus Zn%* concentration
(Fig. 2). Specific uptake rates for P. antarctica and P. inermis fall within
the bounds of the sigmodal relationship for zinc uptake obtained for the
coccolithophore E. huxleyi and diatom T. oceanica (Fig. 2A) (Samanta
et al., 2018; Sunda and Huntsman, 1992).
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Fig. 1. Variation in specific growth rate (A., D.), zinc normalised to phosphorous content (B., E.), and zinc isotope composition (C., F.) for C. flexuous and P. inermis
grown across a range of Fe’ concentrations and a range of free Zn?>" concentrations (Table 2).

Table 2

Growth rate, Zn:P ratio and zinc isotope composition of organic and frustule matter and the Zn:Si ratio of P. inermis (Pi) and C. flexuosus (Cf) grown across a range of
dissolved inorganic Fe and Zn?" concentrations. The values represent mean values for triplicate biological replicates. Errors are two standard deviations for isotope
values from biological replicates and one standard deviation for other values from biological replicates.

Species Zn%* Fe’ Growth rate Zn:P A“anganic_media A®CZn¢rustule-media Zn:Si

(pmol L™ 1) (pmol L™ 1) dah (mmol:mol) (%o) (%o) (umol:mol)
cf 190 3369 0.36 +0.02 22 +7 -0.57 +0.06 —-1.05 +0.34 188 +168
cf 190 30.1 0.26 +0.03 20 +11 —0.47 +0.08 —-1.03 +0.09 352 +210
cf 190 0.2 0.17 +0.01 65 +4 —0.74 +0.13 —0.90 +0.19 590 +592
cf 190 0.02 0.10 +0.02 118 +18 -1.27 +0.26 -0.98 +0.17 412 +364
cf 24 3369 0.42 +0.02 10 +3 —-0.38 +0.21 —0.80 +0.19 23 +4
cf 24 30.1 0.32 +0.02 13 +1 —0.52 +0.06 —0.50 +0.08 33 +14
cf 24 0.2 0.14 +0.02 23 +1 —0.70 +0.07 —0.49 +0.21 26 +8
cf 12 3369 0.28 +0.02 1.6 +0.7 —0.46 +0.09
cf 12 0.2 0.24 +0.02 2.1 +0.8 —0.56 +0.02
cf 1.6 3369 0.24 +0.03 1.2 +0.1 —0.55 +0.05
cf 1.6 0.2 0.21 +0.02 1.5 +0.2 —0.40 +0.09
cf 0.6 3369 0.11 +0.01 1.3 +0.2 —-0.35 +0.23
Cf 0.6 0.2 0.15 +0.02 0.9 +0.3 —0.53 +0.13
Pi 190 3369 0.46 +0.03 8.9 +1.7 -0.76 +0.12 —1.02 +0.39 90 +23
Pi 190 30.1 0.34 +0.02 10 +4 —-0.83 +0.02 —-0.83 100 +6
Pi 190 0.2 0.21 +0.01 24 +4 -1.07 +0.07 -0.71 +0.19 263 +41
Pi 190 0.02 0.18 +0.03 88 +2 -1.16 +0.04 —0.56 +0.27 239 +32
Pi 24 3369 0.46 +0.02 3.3 +0.4 —0.41 +0.25 -0.32 +0.06 20 +18
Pi 24 30.1 0.24 +0.01 6.9 +0.6 -0.39 +0.04 —0.40 +0.06 38 +17
Pi 24 0.2 0.16 +0.05 14 +2 —0.52 +0.04 —0.37 +0.10 56 +11
Pi 12 3369 0.33 +0.02 9 +4 —0.80 +0.09
Pi 12 0.2 0.32 +0.02 17 +2 —0.64 +0.10

3.3. Stationary phase experiments

For a few experiments, cells were allowed to reach the stationary
phase of growth (between 12 and 100 days after experiment initiation)
at two Zn?" concentrations; 23 and 190 pM. For these cultures, the
cellular Zn:P values were lower than cells harvested in the exponential
growth phase when cultured across a range of Fe’ concentrations (Fig. 3),
indicating a loss of zinc from organic material.

3.4. Effect of iron on the frustule Zn:Si ratio

Frustule Zn:Si ratio data were obtained for P. inermis and C. flexuosus
grown at the two highest Zn?* concentrations, 190 pM and 24 pM — at

lower Zn?* concentrations, we were not able to obtain enough zinc to
make reliable Zn:Si measurements. Zn:Si ratios ranged between 20 and
590 pmol:mol and scaled with changes in Zn?" and Fe’ concentrations
(Fig. 4A,C). Zn:Si ratios declined when the Zn?* concentration was
lowered from 190 pM to 24 pM; however, frustule Zn:Si ratios tended to
increase with increasing iron limitation Figure 4. For example, the Zn:Si
ratio for P. inermis grown at a Zn>* concentration of 24 pM was 20 + 18
pmol:mol at an Fe’ concentration of 3369 nM and increased to 50 + 11
pmol:mol when the Fe’ concentration was lowered to 0.2 nM (Figure 4,
Fig. 5 and Table 2).

The percentage of zinc with the frustule ranged between 5% and 18%
for P. inermis and C. flexuosus (with 3 outliers removed >3 o, n = 39)
with no apparent trends in the data. The percentage value for
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Fig. 2. A. Specific uptake rates for zinc normalised to phosphorus content for C. flexuosus and P. inermis and grown under iron-replete (Fe’ = 3369 nM) and iron-
limiting (Fe’ = 0.2 nM) conditions. Also presented are specific uptake rates for E. huxleyi, T. oceanica and C. simplex taken from Samanta et al. (2018), Sunda and
Huntsman (1992) and Koch and Trimborn (2019), respectively. The Sunda and Huntsman (1992) and Koch and Trimborn (2019) datasets were converted from Zn:C
to Zn:P by converting carbon to phosphorus using a Redfield stoichiometry of 106:1. SOTS 2019 incubation data for the control and + Zn only treatments. The free
Zn>* concentrations for the SOTS 2019 incubation experiment were calculated from the dissolved zinc concentration, assuming an organic ligand concentration of 2
nM, a conditional stability constant (K’zn;) equal to 10'° and an inorganic side-reaction coefficient between free Zn>* and inorganic Zn’ complexes of 2.1. The dashed
line represents the maximum uptake rate of Zn under diffusion control for Southern Ocean conditions. B. Zinc normalised to phosphorus for laboratory cultures, the
incubation (as in A) and upper water column (<100 m) field samples collected at the SOTS site and two polar sites, SS1 and SS2. The free Zn?* concentrations were

calculated as detailed in A.
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Fig. 3. Variations in the zinc normalised to phosphorus ratio and zinc isotope composition of organic matter for C. flexuous (A., B.) and P. inermis (C., D.) and grown
across a range of Fe’ concentrations, but at two fixed Zn>* concentrations (24 pmol L~ and 190 pmol L™1). Cells were either harvested during the exponential phase
of growth or once they were in the stationary phase of growth. Note the change in the isotope range for the colour bars between the two free Zn®* concentrations.

C. flexuosus is likely to be slightly underestimated as a result of siliceous
spine loss during frustule isolation.

3.5. Cellular zinc isotopes

The zinc isotope composition (AGGcheuS_media) for the organic

components of C. flexuosus and P. inermis was isotopically light relative
to the culture media (Figs. 2 and 6). At higher free Zn%* concentrations,
isotope fractionation was greater than for cells grown at lower free Zn?*
concentrations (Fig. 6). Zinc isotope fractionation also varied depending
on the Fe’ concentration of the media, with isotopically light values
obtained for cells grown at lower Fe’ concentrations compared to cells
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Fig. 5. Variations in the zinc normalised to silica content for C. flexuous and P. inermis frustules grown under iron-replete (Fe’ = 3369 nM) and iron-limiting (Fe’ =
0.2 nM) conditions and a field incubation undertaken at the SOTS site in 2019 (See Fig. 2 caption for details). The field incubation data are for the control and + Zn
only treatments. Also presented are results for T. pseudonana (E&H 2000). Data were taken from Ellwood and Hunter (2000a).

grown at higher concentrations (Fig. 1C and F). For example, for iron-
replete cultures of C. flexuosus and P. inermis cultured at a Zn?t con-
centration of 190 pM, A%®Zn el1s.media values declined from —0.57 & 0.06
and — 0.76 =+ 0.12 %o, respectively, to values of —1.27 + 0.26 %o and —
1.16 =+ 0.04 %o, respectively at an Fe' concentration of 0.02 pM. At lower
Zn%" concentrations, isotope fractionation was less pronounced but still
trended to light values with an increasing degree of iron limitation
(Fig. 4).

3.6. Frustule zinc isotopes

The zinc isotope composition for the frustule (A% Zngyrstule-media)
components of C. flexuosus and P. inermis were isotopically light relative
to the culture media when grown under iron-replete conditions (Fig. 4).
Interestingly, upon iron limitation, A®®Z g stule-media trended to heavier
values, which is the opposite of that observed for the organic fraction of

C. flexuosus and P. inermis where values trended to lighter values upon
iron limitation (cf Fig. 4B and E versus 1C and 1E). This was reflected in
the isotope difference of the frustule zinc relative to organic zinc
(A66anursmle_organic), which trended to have positive values upon iron
limitation (Fig. 4C and F).

3.7. Field incubations

For the incubation experiments, there was an increase in community
growth rate for the treatments with added silica, added iron and com-
binations of two nutrients relative to the control (Fig. 7, Table 3). The
main beneficiary of silica and iron addition was the large diatom com-
munity, with cell numbers visually increasing over that of the control.
The addition of zinc on its own did not significantly stimulate growth;
however, its addition and in combination with silica and iron (HZn,
HFeZn, LFeZnSi and HFeZnSi) led to higher cellular Zn:P ratios (Fig. 7).
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standard deviation for three biological replicates (Table 3).

Zn:Si ratios for the natural community were enhanced upon the addition
of iron from a control value of 125 + 41 pmol:mol to values that ranged
between 118 and 2257 pmol:mol for the added iron treatments (Fig. 7).

For all incubation treatments, the zinc isotope composition of
organic material was isotopically heavier than the biogenic silica com-
ponents of the community (Fig. 7). For the control, HSi, LFe, LFeSi
treatments, the zinc isotope composition for the organic and biogenic
silica components were significantly heavier than the incubation water.
For the other treatments, the zinc isotope composition of biogenic silica

material was either close to the seawater value or lighter than the
seawater composition. This was readily apparent for the HFeZn and
HFeZnSi treatments with A%®Zngyrstute-seawater values of —0.57 & 0.20
and — 0.50 + 0.42 %o, respectively. In contrast, the zinc isotope
composition of the organic components A66Znorganic_sea‘,,,ater for the HFe
and the HFeSi treatments was heavy, with values of 1.97 + 0.95 and
2.15 =+ 1.20 %o, respectively. While these errors are large, they represent
variability between biological replicates, with the analytical precision of
individual 8°°Zn measurements, typically below 0.1 %o.
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Field incubation growth rate, particulate zinc concentrations for organic and frustule components, zinc isotope composition of organic and frustule components and
zinc organic normalised to phosphorus and frustule zinc normalised to biogenic silica for each incubation treatment.

Treatment ID Growth rate PZNorganic A“angamc_sw PZn0frystule A66anmsm1e_sw pZn:pP pZn:pSi
ah (nmol L™Y) (%o0) (nmol L™1) (%o0) (mmol mol 1) (mmol mol 1)

Control 0.18 +0.04 0.41 +0.22 0.83 +0.10 0.056 +0.031 0.30 +0.25 3.25 +2.52 125 +41
HSi 0.35 +0.06 0.34 +0.14 0.81 +0.00 0.067 +0.074 0.46 +0.08 1.11 +0.65 101 +108
HZn 0.15 +0.05 3.41 +0.72 0.08 +0.02 0.028 +0.017 —0.24 +0.13 29.0 +8.5 161 +81
LFe 0.30 +0.02 0.36 +0.07 0.90 +0.20 0.477 +0.172 0.18 +0.22 1.57 +0.36 2257 +362
HFe 0.32 +0.02 0.45 +0.24 1.97 +0.95 0.242 +0.173 0.11 +0.20 1.76 +1.04 629 +273
LFeSi 0.41 +0.03 1.21 +0.89 0.62 +0.01 0.413 +0.236 0.34 +0.10 3.11 +2.96 478 +374
HFeSi 0.43 +0.05 0.48 +0.37 2.15 +1.20 0.250 +0.091 0.14 +0.22 1.11 +1.01 759 +982
HFeZn 0.17 +0.09 2.50 +0.18 0.17 +0.01 0.158 +0.066 —0.57 +0.20 15.8 +3.1 643 +361
LFeZnSi 0.29 +0.08 4.26 +0.47 0.06 +0.02 0.105 +0.020 —0.19 +0.01 12.9 +3.9 118 +38
HFeZnSi 0.38 +0.07 3.46 +0.36 0.11 +0.04 0.177 +0.080 —0.50 +0.42 10.5 +1.3 603 +515

3.8. Field profiles

Profiles of dissolved and particulate zinc concentration within the
upper 100 m increased in concentration with increasing latitude south,
with the SOTS site having lower concentrations compared to the two
polar sites, SS1 and SS2 (Fig. 8, S2, S3 and S4). This was also reflected in
the Zn:P ratio for particulate material. The lithogenic zinc contribution
to the Zn:P ratios was negligible for all samples (maximum = 2%,

dzn (nmol kg™1)

pZn (pmol L™1)

average = 0.4 + 0.5%, n = 39) based on the using a Zn:Al ratio of 0.36
mmol:mol for the lithogenic endmember.

Profiles of zinc isotope composition for dissolved and particulate zinc
were dynamic, with the zinc isotope composition of particulate zinc
isotopically heavier than dissolved zinc for profiles collected from the
SOTS site (Fig. 8). In contrast, particulate zinc was isotopically lighter
than dissolved zinc for profiles collected at the two polar sites, SS1 and
SS2.
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Fig. 8. Representative depth profiles of A. dissolved zinc (dZn) concentration; B. particulate (pZn) zinc (pZn) concentration and; C. particulate zinc to particulate
phosphorus ratios for the SOTS, SS1 and SS2 sites. D. E. and F. representative zinc isotope profiles for dissolved and particulate zinc for the SOTS, SS1 and SS2 sites,
respectively (Tables S2 and S3). The grey bars in the lower panels represent the deep ocean dissolved 5°°Zn average of +0.46 + 0.05%o (Sieber et al., 2023).
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4. Discussion

4.1. Variations in cellular Zn:P and 5%Zn ratios with iron limitation for
cultured diatoms

Proboscia sp. and Chaetoceros sp. are members of the Southern Ocean
diatom community that strongly influence the biogeochemical cycle of
carbon through its uptake and eventual export into the deep ocean. Iron
bioavailability strongly affects the growth of P. inermis and C. flexuosus
(Fig. 1)(Andrew et al., 2019; Strzepek et al., 2011) and dramatically
alters the elemental composition of their organic matter (Figs. 1B, E and
6B). The significant increase in the Zn:P ratio for the two phytoplankton
species cultured in this study (Figs. 1 and 2) and the field incubations
(Fig. 7) echo the trends seen by Cullen et al. (2003), whereby the Zn:P
ratio of cells increased with declining iron bioavailability.

The increasing Zn:P ratios in response to declining iron bioavail-
ability are likely coupled to physiological processes that enhance iron
acquisition by cells. Cellular iron acquisition can be enhanced through
the reduction of free and ligand-bound iron(III) to iron(Il) at the cell
surface (e.g. Coale et al., 2019; Shaked et al., 2005). Reduced iron can be
transported of iron(Il) into the cell is via the ZIP and NRAMP families of
divalent metal transporters (Blaby-Haas and Merchant, 2017; Coale
etal., 2019; Moreno et al., 2020) or reoxidised by ferridase and taken up
(Coale et al., 2019). The upregulation of the divalent metal transporters
under iron-limiting conditions is also likely to lead to increased zinc
transport into cells and hence an increase in cellular Zn:P ratios with
increasing iron limitation (Fig. 1B, D, Fig. 2B).

The enhanced removal of zinc relative to phosphorous for phyto-
plankton growing under iron-limiting conditions also needs to reconcile
the zinc isotope composition of both sinking cells and remnant waters.
The light zinc isotope composition measured in exponentially repli-
cating phytoplankton (e.g. John et al., 2007; Kobberich and Vance,
2019; Samanta et al., 2018) has been attributed to either one or a
combination of the following reasons: (i) lighter zinc being more readily
bioavailable due to the preferential binding of heavier zinc by strong
organic ligands present in seawater (or synthetic ligand EDTA in case of
culture work) (Ban et al., 2002; Ding et al., 2010; Markovic et al., 2017);
(ii) the preferential retention of the heavier zinc isotopes at the zinc
transport binding site(s) within the cell membrane (John et al., 2007);
and (iii) the faster diffusion of lighter zinc through cellular ion channels
resulting in lighter cellular zinc isotope composition (John et al., 2007;
Kobberich and Vance, 2017; Samanta et al., 2018).

We observed variation in A®®Zncejis.media values for exponential
replicating phytoplankton cells, whereby cells grown at the high Zn%*
concentration, e.g. 190 pM, tended to be isotopically lighter than cells
grown at the lower 7Zn%* concentrations (Fi g. 1C and F). This difference
is likely associated with increased isotope fractionation when zinc is
taken up via the ‘low affinity’ zinc uptake system, as has been reported
for the diatom T. oceanica (CCMP 1005) and the coccolithophore
E. huxleyi (CS-1016) (John et al., 2007; Samanta et al., 2018). The shift
in dominance from the ‘high affinity’ diffusion-controlled pathway to a
‘low affinity’ pathway occurs at Zn>* concentrations between 30 and
300 pM (John et al., 2007; Samanta et al., 2018; Sunda and Huntsman,
1992). The A®®Zn eiis.media values for P. inermis and C. flexuosus at Zn**
concentration at 24 pM and below likely reflect zinc taken up via the
punitive high-affinity zinc uptake pathway. Under equilibrium condi-
tions, the §°°Zn composition of the “free’ Zn?* ions in the media is be-
tween —0.16 and — 0.33 %o lighter than zinc bound to EDTA (Ban et al.,
2002; Ding et al., 2010; Markovic et al., 2017), thus A®OZ0 ells-media
values for P. inermis and C. flexuosus appear to reflect the §%Zn
composition of ‘free’ Zn?* ion pool in solution (Fig. 1D, F).

The role of DFB on zinc isotope fractionation in the incubation ex-
periments also needs to be considered. The free metal ion concentrations
for zinc, copper, manganese and cobalt in this study were maintained by
complexation with EDTA, except for the iron-limited treatments where
iron was mainly complexed to DFB. Quantum mechanical calculations
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suggest that heavier isotopes tend to form stronger bonds with ligands
than their light isotope counterparts (Criss, 1999); however, there is
limited knowledge of zinc isotope fractionation associated with zinc-
DFB complexation. It has been suggested that phytoplankton may be
able to take up zinc directly from the zinc-DFB complex via the forma-
tion of ternary complexes with zinc uptake ligands (Xu et al., 2012).
However, the concentrations of DFB used in this study were at least 500
times less than the concentration of EDTA used, and the estimated sta-
bility constant for the zinc-DFB complex (logK = 9.55-10.36) is much
lower than that of the zinc-EDTA complex (logK = 16.5) (Hernlem et al.,
1996). Thus, we assumed that the isotopic composition of bioavailable
zinc in the media would be the same at fixed concentrations of total zinc
and EDTA in the presence of DFB. That said, we did notice that
A66chells_media tend to have more negative valves for iron-limited cells
when expression of the divalent metal transporter is expected to be
higher (Fig. 1C, F). Note the trends that we observe for P. inermis and
C. flexuosus were different to Kobberich and Vance (2017), who
observed the uptake of heavy zinc isotopes occurs under iron-limiting
conditions. The change in zinc isotope fractionation we observe with
an increasing degree of iron limitation is likely associated with upre-
gulation of the divalent metal transport and not associated with isotope
partitioning between zinc-DFB complex and seawater.

Coupled with the increase in Zn:P ratios upon iron limitation, an
increase in the diatom frustule Zn:Si ratio for P. inermis and C. flexuosus
was noted. These Zn:Si values are higher than determined for temperate
phytoplankton grown across a similar range of Zn?" values under iron-
replete conditions (Fig. 5)(Ellwood and Hunter, 2000a) and Southern
Ocean sedimentary values, which range between 1 and 14 pmol:mol
(Andersen et al., 2011; Ellwood and Hunter, 2000a; Ellwood and
Hunter, 2000b; Hendry and Rickaby, 2008). That said, the Zn:Si ratio for
P. inermis and C. flexuosus are consistent with field incubation mea-
surements (Figs. 5 and 7). These differences likely result from species-
specific Zn:Si values (e.g. P. inermis vs C. flexuosus vs Thalassiosira
psuedonana). Southern Ocean sediments tend to be dominated by
pennate diatoms such as Fragilariopsis kerguelensis and Nitzschia sp. and
centric diatoms such as Thalassiosira sp., Coscinodiscus sp. and Eucampia
antarctica (Armand et al., 2005; Crosta et al., 2005) thus the sedimentary
Zn:Si ratio (range 1 to 10 pmol mol’l)(Andersen et al., 2011; Ellwood
and Hunter, 1999, 2000b; Hendry and Rickaby, 2008) may vary
depending on the relative composition of these species, although this
remains to be tested.

Zinc isotope values for the frustule material obtained from the in-
cubation experiment were heavier than the initial seawater composition
for iron-limited treatments (Fig. 7). The zinc isotope signature
approached the initial seawater composition for treatments with added
iron. This is consistent with the culture experiments where the isotope
composition of frustule material tended to light values at higher Fe’
values (Figs. 4 and 7). It is well known that changes in iron bioavail-
ability influences silicic acid uptake and frustule silicification in di-
atoms, which manifests through to changes in frustule size and silicon
isotope composition (Leynaert et al., 2004; Meyerink et al., 2017a;
Meyerink et al., 2017b). Increased zinc isotope fractionation between
frustule and organic material (AGGanmsmle_organic) for iron-replete cells is
likely tied to increases in silicic uptake rate and frustule silicification,
and not just zinc isotope fractionation associated with iron regulation of
divalent metal transporters.

Recently Ellwood et al. (2020a) and Cloete et al. (2021) noted that
zinc has a longer regeneration lengthscale to than of phosphorous,
leading to an increase in the Zn:P ratio with depth. An increase in the Zn:
P ratio is also observed for the SOTS, SS1 and SS2 stations (Fig. 8). When
calculating the regeneration lengthscale, one needs to be mindful that
the zinc content of the Southern Ocean diatom frustules appears to be a
significant zinc sink (range 9-18% for culture experiments and 1-57%
for the shipboard incubation experiment (Fig. 7)), which is much higher
than the ~3% reported for the temperate diatom T. psuedonana (Ellwood
and Hunter, 2000a). Additionally, zinc trapped within the frustule
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would resist regeneration, leading to a higher deep water concentration
that would not be present for phosphorous, increasing the regeneration
lengthscale for zinc relative to that of phosphorous.

4.2. Zinc adsorption and §°0Zn fractionation in the field incubation
experiment

A potential explanation of the heavy Aééznorgamc_sw values for the
field incubation experiment (Fig. 7D) cells could be attributed to the
adsorption of zinc on cell surfaces and the co-precipitation of zinc with
iron oxy-hydroxides when cultures are grown at high iron concentra-
tions (Gélabert et al., 2006; John et al., 2007; John and Conway, 2014).
John and Conway (2014) demonstrated in a culture experiment
employing the diatom Dunalliela tertiolecta, that isotopically heavier zinc
could adsorb onto dead and degrading cells. In our field study, increased
zinc isotope fractionation was observed in the incubation experiment for
treatments with high concentrations of added iron (Fig. 7), which might
be associated with zinc adsorption to surface iron oxy-hydroxides. It is
also possible the heavy isotope signal seen in the cells without added
zinc is due to a high utilisation rate of the dissolved zinc, increasing the
isotopic signature. However, this effect was not seen as strongly in the
samples with a small amount of added iron, which had a similar increase
in growth rate (Fig. 7). Thus, the heavy signal could result from zinc
being adsorbed onto the surface of particulate material within the
incubation.

Another possible explanation for the heavy zinc isotope composition
is for the release of light zinc from the cells as they senesce and die
(Fig. 3). Additionally, the field incubation is likely to have grazers pre-
sent that are also likely to help recycle zinc from biogenic material,
again with the faster release of light zinc. These processes would lead to
a heavier isotope composition of the cellular particulate zinc and a
reduction in the cellular Zn:P ratio, as zinc is released back into the
solution. This idea is relevant to the communities of phytoplankton that
have high biomass and are in steady state growth, like those found at the
end of large phytoplankton blooms.

The release of isotopically light zinc from particulate material is
supported by the significant decline in the Zn:P composition of cells
harvested in the steady-state phase of growth relative to cells harvested
during the exponential phase of growth and their heavier isotope
composition (Fig. 3). It also implies that in the open ocean, during the
initial phase of the phytoplankton bloom, cells would tend to have a high
Zn:P ratio with a lighter zinc isotope composition while the dissolved
pool would become isotopically heavier. In contrast, after the peak of
the bloom, the Zn:P ratio of particulate material would tend to decrease,
and the zinc isotope composition would likely increase due to the
presence of decaying organic matter, in addition to healthy cells, i.e.
senescing and dead cells releasing isotopically lighter zinc (Fig. 3). The
presence of senescing and decaying material would also enhance the
amount of zinc being scavenged from solution. Thus, the Zn:P ratio and
zinc isotope composition of the natural phytoplankton community may
also depend on when they are sampled relative to bloom initiation.

The rapid regeneration of isotopically light particulate zinc in surface
water was proposed by Vance et al. (2019). As mentioned above, in-situ
studies on Zn:P ratio of particulates in the Southern Ocean reveal that
particulate zinc may regenerate more slowly than particulate phos-
phorus (Cloete et al., 2021; Ellwood et al., 2020a), which would appear
to contradict the idea that zinc is regenerated at a fast rate than that of
phosphorous (Fig. 3)(Vance et al., 2019). We believe that this difference
results from zinc bound within frustule silica not being regenerated on
the same lengthscale as that of zinc within the organic tissue of diatoms,
thus resulting in an increase in the Zn:P ratio with depth (Fig. 8).

4.3. Dissolved and particulate 5°Zn depth profiles and oceanographic
relevance

The SOTS, SS1, and SS2 sites all had active growing cells at the time
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of occupation in 2020/2021, with diatoms dominating the phyto-
plankton community. The Zn:P ratios for organic matter within the
upper 100 m are similar to that of laboratory culture cells grown at a
comparable free Zn?" concentration, estimated from previously
measured ligand concentrations for SAZ and Polar waters (Fig. 2B)
(Baars and Croot, 2011; Ellwood, 2004; Sinoir et al., 2016). The isotope
difference between the particulate and dissolved phase (A66anart_diss)
for the upper 100 m was 0.56 + 0.24 %o, —0.36 & 0.14 %o, —0.56 + 0.30
%o for SOTS, SS1 and SS2, respectively.

The production of isotopically light particulate zinc in surface waters
at the two polar sites is consistent with zinc uptake by phytoplankton.
This is kinetically controlled, so particles are expected to be isotopically
light relative to uncomplexed zinc. Scavenging also involves the removal
of uncomplexed zinc (Sieber et al., 2023; Weber et al., 2018). Estimated
free Zn?* concentrations are about an order of magnitude higher for the
two polar sites compared to the SOTS site. If scavenging was dominating
at these two sites, the isotope composition of particulate zinc might be
expected to be heavier than dissolved zinc, which was not observed
(Fig. 8, S3, and S4). Rather, biological uptake appears to be the domi-
nant process influencing the particulate isotope composition at these
two sites.

Organic complexation of zinc can also influence the isotope
composition of the dissolved pool. In culture experiments, the
complexation of dissolved zinc by EDTA results in the free Zn?" being
isotopically lighter than complexed zinc (ezngpra ~ 0.33 %0) (Markovic
et al., 2017). However, the modelling efforts of Weber et al. (2018) and
Sieber et al. (2023) require the isotope composition of ligand-bound zinc
to be isotopically lighter (ezn;, & —0.42 %) than the unbound zinc pool.
Across all three field sites, complexation by natural organic ligands is
expected to be significant within the upper 100 m where dissolved zinc
concentrations are <1 nmol kg~ (Table S1), assuming ligand concen-
trations are similar to those determined for subantarctic and polar wa-
ters (range: 1.2 and 5.3 nmol Lfl)(Baars and Croot, 2011; Ellwood,
2004). Assuming ligand complexation results in the free Zn?>" pool being
isotopically heavy (as advocated by Weber et al. (2018) and Sieber et al.
(2023)), this should result in positive Assznpan_diss values. For the two
polar sites, A66anm_diss values are negative, suggesting that zinc frac-
tionation upon biological uptake dominates the signal.

In contrast to the two polar sites, A66anart_diss at the SOTS site was
positive. The transition from lighter A66znpart-diss values to heavier
values, going from higher to lower zinc concentration waters, is
consistent with our diatom A66Zn0rganic,media culture results (Fig. 1C, F,
and S2) and previous culture work (John et al., 2007; Samanta et al.,
2018). That said, if ez, is indeed negative, then ligand complexation
would help to explain the heavier A66anan_diss value for the SOTS site.
As mentioned, the challenge with ez;,;, being negative is that laboratory
experiments involving synthetic ligands indicated that ligand complex-
ation should result in positive ez, values (Markovic et al., 2017). The
scavenging of uncomplexed zinc from the solution might also explain
the observed positive A“anan_diss values. Finally, the loss of isotopi-
cally light zinc from sinking decaying organic material (Fig. 3) could
result in heavier AGGanart_diSS values at SOTS. Clearly, more work is
required to understand the fractionation processes and interactions be-
tween the dissolved and particulate pools.

The processes that influence the biogeochemical composition of
surface waters of the Southern Ocean are reflected in other parts of the
global ocean via water masses originating in this region (Sarmiento
et al., 2004; Sieber et al., 2020; Vance et al., 2017; Weber et al., 2018;
Zhao et al., 2014). These water masses include Subantarctic Mode Water
(SAMW), Antarctic Intermediate Water (AAIW) and the Antarctic Bot-
tom Water (AABW), which form in the Subantartic Zone (SAZ), the Polar
Front Zone (PFZ) and near the Antarctic continental ice shelf of the
Southern Ocean, respectively. Thus, the §°°Zn composition of global
water masses influenced by SAMW, AAIW and AABW will be affected by
the 8%6Zn composition of surface waters in their formation regions
(Roshan et al., 2018; Sieber et al., 2020; Vance et al., 2017; Weber et al.,
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2018; Zhao et al., 2014).

Our diatom culture result shows that zinc isotope fractionation is
strongly influenced by iron bioavailability, with isotope fractionation
tending to be lighter for organic tissue values under iron limitation and
heavier values under iron-replete conditions (Fig. 2). If applied to open
ocean waters where iron bioavailability is low, this would result in the
dissolved zinc pool becoming isotopically heavy, in contrast to the other
processes that have been identified to result in heavier values (e.g.
scavenging).

4.4. 55Zn composition of frustules

The work of Andersen et al. (2011) showed that the 5°6Zn isotope
composition of sediment-bound diatom frustules tended to increase with
decreasing zinc content. This is consistent with the incubation results for
C. flexuous and P. inermis where zinc isotope composition increased as
the free Zn®" concentration and Zn:Si ratio decreased (Fig. 4). A po-
tential reason for this is that zinc incorporation into frustules is kineti-
cally controlled as is for organic tissue when zinc bioavailability is low
(John et al., 2007; Samanta et al., 2018). Andersen et al. (2011) also
found that the zinc isotope composition of diatom frustules is isotopi-
cally heavier than the average seawater isotope composition. The results
from the field incubation are consistent with the findings of Andersen
et al. (2011), where the low zinc treatments are isotopically heavy
compared to the initial seawater isotope composition (Fig. 7E). Our
findings confirm the Zn:Si ratio and the zinc isotope composition of
diatom opal are useful for tracing zinc bioavailability with the caveat
that changes in iron bioavailability can also influence these two pa-
rameters (Fig. 4C and F).

Finally, this work has implications for the global ocean zinc budget.
Globally, biogenic silica burial flux associated with diatoms totals ~6.3
+ 3.6 x 10'2 mol y~! (Tréguer and De La Rocha, 2013). Using a Zn:Si
ratio of 3 to 590 pmol:mol from this work and previous studies would
result in a zinc burial flux ranging between 1.9 x 10” mol y~* and 3.7 x
10° mol y 1. This large range in burial flux values highlights that zinc
burial associated with biogenic silica might be substantial - current
organic zinc burial fluxes range from 9.67 x 10’ mol y ! to 4.8 x 10°
mol y*1 (Dickson, 2022) - but clearly, these flux estimates are subject to
an appropriate Zn:Si value for diatom frustules. The zinc isotope
composition of buried silica is expected to be similar to or lighter than
organic matter (—0.3 to —0.8 %o; e.g. Fig. 4F for no and low iron addi-
tions). The Zn:Si ratios obtained for P. inermis, C. flexuosus and the field
incubation experiments grown at relevant ranges for Zn*" for the
Southern Ocean, thus the oceanic budget may need to consider of the
role diatoms play in zinc loss from the ocean. The uptake and incorpo-
ration of zinc into the frustules of Southern Ocean diatoms also needs to
be reconsidered as this may be important in the biogeochemical
coupling of the zinc and silicon in the ocean along with the leakage of
isotopically light waters from the SAZ to low latitudes via subantarctic
mode water.

5. Conclusions

Iron limitation was shown to have a drastic effect on the Zn:P ratio of
phytoplankton, whereby the Zn:P ratio increased with an increasing
degree of limitation. These changes are likely related to the induction of
iron reduction processes by the iron-starved cells and the expression of
divalent metal transporters to aid iron acquisition. A comparison be-
tween the exponential and steady-state harvested cells revealed that zinc
is more labile than that of phosphorus during cellular regeneration, thus
resulting in a decline in the cellular Zn:P ratio. Coupled with this was a
significant change in the zinc isotope composition of cells, with cellular
zinc isotope composition becoming heavier with an increasing degree of
iron limitation. For our two diatoms P. inermis and C. flexuosus, we noted
that the Zn:Si ratio content of their frustules increased with increasing
Zn?* concentration and the degree of iron limitation. The upregulation
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of zinc acquisition under iron limiting conditions likely resulted in the
increased Zn:Si ratios for frustules. The percentage of zinc associated
with the frustule ranged between 9 and 13% for culture diatoms and up
to 50% for cells incubated in the field experiment — much higher than
previous estimates at 3%. The depth profiles of dissolved and particulate
zinc concentration and isotope composition vary; at the SOTS site, dis-
solved zinc was isotopically light relative to particulate zinc, while at
two Polar stations, dissolved zinc was isotopically heavier than partic-
ulate zinc. This work shows that biogenic opal is a more significant
removal vector of zinc from the surface ocean than previously thought,
which has implications for the biogeochemical coupling of zinc and
silicon in the global ocean. This work also indicated that iron plays a
pivotal role in regulating zinc uptake by phytoplankton and the isotope
of dissolved zinc in the surface ocean.
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