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Abstract 20 

Marine diatoms dominate the oceanic cycle of the essential micronutrient zinc (Zn). The stable 21 

isotopes of zinc and other metals are increasingly used to understand trace metal micronutrient 22 

cycling in the oceans. One clear feature of the early isotope data is the heavy Zn isotope signature 23 

of the average oceanic dissolved pool relative to the inputs, potentially driven by uptake of light 24 

isotopes into phytoplankton cells and export to sediments. However, despite the fact that diatoms 25 

strip Zn from surface waters across the Antarctic polar front in the Southern Ocean, the local 26 

upper ocean is not isotopically heavy.  Here we use culturing experiments to quantify the extent 27 

of Zn isotope fractionation by diatoms and to elucidate the mechanisms driving it. 28 

We have cultured two different open-ocean diatom species (T. oceanica and Chaetoceros sp.) in 29 

a series of experiments at constant medium Zn concentration but at bioavailable medium Fe 30 

ranging from limiting to replete. We find that T. oceanica can maintain high growth rates and Zn 31 

uptake rates over the full range of bioavailable iron (Fe) investigated, and that the Zn taken up 32 

has a δ66Zn that is unfractionated relative to that of the bioavailable free Zn in the medium. The 33 

studied representative of the genus Chaetoceros, on the other hand, shows more significantly 34 

reduced Zn uptake rates at low Fe and records more variable biomass δ66Zn signatures, of up to 35 

0.85 ‰ heavier than the medium. We interpret the preferential uptake of heavy isotopes at 36 

extremely low Zn uptake rates as potentially due to either of the following two mechanisms. 37 

First, the release of extracellular polymeric substances (EPS), at low Fe levels, may preferentially 38 

scavenge heavy Zn isotopes. Second, the Zn uptake rate may be slow enough to establish pseudo-39 

equilibrium conditions at the transporter site, with heavy Zn isotopes forming more stable surface 40 

complexes.   41 

Thus we find that, in our experiments, Fe-limitation exerts a key control that not only limits 42 

diatom growth, but also affects the Zn uptake physiology of diatoms. Uptake of heavy isotopes 43 

occurs under Fe-limiting conditions that drive extremely low Zn uptake rates. On the other hand, 44 

more rapid Zn uptake rates result in biomass that is indistinguishable from the external 45 

bioavailable free Zn pool. These experimental results can, in principle, explain the range of Zn 46 



isotopic compositions found in the real surface ocean, given the geographically variable interplay 47 

between Fe-limitation, Zn uptake rates, and the degree of organic complexation of oceanic Zn.  48 



1. Introduction  49 

Transition metals, such as zinc (Zn) and iron (Fe), show nutrient-like depth profiles in the ocean, 50 

characterized by extreme photic zone depletion and deep enrichment (e.g. Bruland, 1980; Martin 51 

et al., 1989). Zn cellular abundances exceed those of Fe in a key phytoplankton group, the 52 

diatoms (Morel et al., 2003; Twining and Baines, 2013). The jury is still out, however, on whether 53 

Zn concentrations in the photic zone of the oceans are ever low enough to limit phytoplankton 54 

growth (e.g. Crawford et al., 2003; Moore et al., 2013), as has been found to be the case for Fe 55 

in high nutrient low chlorophyll (HNLC) zones like the Southern Ocean (see review by Boyd 56 

and Ellwood, 2010). 57 

Recently, stable isotope systems have begun to be harnessed as tools in attempts to understand 58 

the oceanic distributions of transition metals and in particular their participation in 59 

biogeochemical cycles (e.g. Bermin et al., 2006; Abouchami et al., 2011; Conway and John, 60 

2014b, a; John and Conway, 2014; Zhao et al., 2014; Conway and John, 2015a, b). For Zn, the 61 

focus here, some important first-order features of the stable isotope distributions are emerging. 62 

The first is that Zn stable isotopes exhibit remarkable homogeneity beneath the permanent 63 

thermocline, with δ66Zn JMC 3-0749 around +0.5 ‰. This isotopic composition is slightly but 64 

significantly heavier than the known inputs to the oceans, but much lighter than some of the well-65 

characterized sedimentary outputs, such as those associated with Fe-Mn oxides, as well as 66 

carbonate and opaline sediments (Little et al., 2014). Recent findings of isotopically light 67 

authigenic Zn in organic-rich sediments (Little et al., 2016) could resolve the implied imbalance, 68 

but the extent to which this light output is driven by uptake of isotopically light Zn in the photic 69 

zone during photosynthesis versus diagenetic fixation of light Zn in sulfide within the sediment 70 

is currently debated (Little et al., 2016; Vance et al., 2016a).  71 

The variability that has been observed to date in the dissolved pool is confined to the upper ocean, 72 

consistent with biological cycling exerting an important control on oceanic Zn isotopes. 73 

However, within the surface ocean, an important difference has emerged. In the low latitude 74 

Atlantic, Zn isotopes show a shift towards lighter values in waters of the upper ocean (Conway 75 



and John, 2014a). By contrast, the surface Southern Ocean shows remarkably constant Zn isotope 76 

compositions (Zhao et al., 2014; Archer et al., 2016). This homogeneity in Zn occurs despite the 77 

fact that dissolved Zn concentrations drop by about a factor of 40 moving away from the 78 

upwelling zone in the Antarctic zone of the Southern Ocean, as water is rapidly depleted in 79 

nutrients in the Ekman flow northwards to the sub-Antarctic (Wyatt et al., 2014; Zhao et al., 80 

2014). 81 

There are a number of factors that might explain this important difference between the Southern 82 

Ocean and other parts of the global ocean. The first is that the ecology of the Southern Ocean is 83 

dominated by fast-growing diatoms (e.g. Armbrust, 2009). Marine diatoms not only account for 84 

as much as 40 % of oceanic CO2 fixation (Armbrust et al., 2004), but also appear to be responsible 85 

for more than half of export production, that portion of primary production that escapes recycling 86 

in the photic zone  (Smetacek et al., 2012). Given that Southern Ocean diatoms exhibit 87 

particularly high cellular Zn contents, with phosphate-normalized Zn abundances that are up to 88 

a factor of 10 higher than average oceanic phytoplankton (Twining and Baines, 2013), this region 89 

and these organisms must be key to the isotopic character of the biogenic output of Zn to sediment 90 

(Vance et al., 2017). 91 

Other features of the Southern Ocean are potentially relevant here. Over most of the photic zone 92 

of the global oceans, Zn in seawater solutions is predominantly complexed by organic ligands, 93 

with only a small fraction of the dissolved pool existing as the bioavailable Zn2+ species (e.g. 94 

Bruland, 1989; Donat and Bruland, 1990; Ellwood and Van den Berg, 2000; Ellwood, 2004; 95 

Lohan et al., 2005). The Southern Ocean is the only location as yet known where total dissolved 96 

Zn is in excess of the ligand concentration, so that the bioavailable Zn2+ concentration is high 97 

(Baars and Croot, 2011). Moreover, chronic Fe-limitation in the Southern Ocean might exert a 98 

key control that not only limits diatom growth, but might also affect the Zn uptake physiology of 99 

diatoms.  100 

The aim of this contribution is to explore these issues using a culturing approach. In particular, 101 

we seek to investigate the reasons why diatoms in the Fe-limited Southern Ocean display their 102 



distinctive characteristics in terms of uptake stoichiometry and Zn isotope systematics. To our 103 

knowledge, Thalassiosira oceanica is thus far the only marine diatom for which Zn isotope 104 

behavior during uptake has been studied (John et al., 2007), though there is a significant amount 105 

of information on the processes controlling elemental uptake patterns (see Section 2). Important 106 

environmental factors that may be relevant in the real ocean, such as, for example, the impact of 107 

external growth limiting factors such as low Fe concentrations, have not been explored. 108 

Specifically, here, we document Zn isotope systematics during uptake for another diatom species. 109 

Secondly, we seek to elucidate the physiological interplay between Zn and Fe uptake with respect 110 

to the distribution of Zn isotopes during uptake into cultured marine diatoms of two different 111 

species. Third, we aim to set the isotopic data in the context of variation in cellular Zn quotas, 112 

with particular emphasis on the variability of Zn/P ratios with decreasing Fe concentrations. 113 

2. Background 114 

The processes controlling uptake of micronutrient metals by phytoplankton have been studied in 115 

culture for three decades (e.g. Morel et al., 1979; Sunda and Huntsman, 1992, 1995b, 1997; Lis 116 

et al., 2015), and this work serves as a launching pad for the stable isotope work detailed in this 117 

contribution. It has long been known that the uptake of metals such as Fe by marine 118 

phytoplankton is controlled by the availability of an inorganically bound, unchelated, pool, 119 

denoted Feʹ (Sunda and Huntsman, 1997; Shaked et al., 2005; Shaked and Lis, 2012). In culturing 120 

experiments, this bioavailable pool of all non-organically bound ‘free metals’ is commonly kept 121 

at constant and low levels over the duration of the experiments using a transition metal buffer, 122 

typically strong organic chelators (Anderson and Morel, 1982; Sunda et al., 2005). The fact that 123 

the relationship between Feʹ and uptake rate holds only for surface area normalized rates (Sunda 124 

and Huntsman, 1995b, 1997; Lis et al., 2015) suggests that diatoms regulate their Fe uptake e.g. 125 

by modifying the number of transport proteins actively carrying metals across the cell wall. The 126 

light-induced dissociation of the Fe-EDTA complex (Sunda and Huntsman, 2003) and an 127 

extracellular Fe reduction step (Shaked et al., 2005) are further important influences on Fe uptake 128 

rates in culture. 129 



In the case of Zn, available knowledge goes beyond the simple observation that uptake rates 130 

correlate with the bioavailable Znʹ concentration. There is, for instance, evidence for at least two 131 

different uptake mechanisms, high- and low-affinity pathways (Sunda and Huntsman, 1992), 132 

previously suggested to cause different isotope effects (John et al., 2007). Whereas the first is 133 

active over the entire range of naturally occurring bioavailable Zn concentrations, an additional 134 

mechanism, which becomes active at Zn levels above the saturation level of the first pathway, 135 

may be able to further increase uptake. Previous research has also suggested that the binding rate 136 

to cell wall transporters is related to the water loss rate for the reacting aqueous species, and is 137 

thus largely independent of the chemical nature of the membrane transporter site (Hudson and 138 

Morel, 1990; Hudson, 1998; Sunda and Huntsman, 1998). In other words, the rate-limiting step 139 

in the entire Zn uptake kinetics, from the transition metal buffer to the inside of the diatom, is the 140 

formation of an inner-sphere from an outer-sphere complex at the membrane transporter (Figure 141 

1). Although such rate constants are important for marine life, their numerical values have not 142 

usually been measured, but theoretically predicted (Hudson and Morel, 1990). Stable metal 143 

isotopes offer an opportunity to quantitatively explore the molecular basis behind such uptake 144 

mechanisms.  145 

3. Materials & Methods 146 

Only ultrapure water, with a conductivity of 18.2 MΩ·cm, was used in this study and came from 147 

a Milli-Q® integral water purification system (Merck, Millipore, Germany). Reagent grade acids 148 

were twice purified by sub-boiling distillation (DST-1000, Savillex, USA). All salts used for the 149 

preparation of artificial seawater solutions were either of trace metal purity, or solutions made 150 

from them were cleaned using a chelating resin (Chelex® 100, Bio-Rad, USA). Handling of all 151 

reagents, solutions, and phytoplankton cultures was carried out under ‘Class 100’ clean 152 

laboratory conditions at constant humidity of around 10 % and a temperature of 21.2 ± 0.2 °C. 153 



3.1 Artificial seawater medium 154 

The artificial medium used in this study was designed to allow variation of the bioavailable Feʹ 155 

concentration from conditions that yield maximum growth of the studied organism down to those 156 

that significantly limit growth. The maximum inorganic Fe (Feʹ) concentration used was high 157 

enough to achieve intense growth and low enough to avoid the precipitation of extra Fe onto 158 

diatom surfaces (Sunda and Huntsman, 1995b, 1997). Since the principle aim here is to 159 

investigate the variation in Zn uptake and isotope fractionation as a function of bioavailable Fe, 160 

the bioavailable Zn concentration was kept constant.  161 

The culture medium we use here is similar to a medium whose history has previously been 162 

reviewed by Berges et al. (2001). The seawater base, however, has been adjusted to a final salinity 163 

of 35.93 ± 0.01 g kg-1 with NaCl. Whereas the concentrations of nitrate, phosphate, and all 164 

vitamin supplements follow these authors, silicate was kept at a slightly lower level according to 165 

Provasoli (1968). The trace elements manganese (Mn), molybdenum (Mo), and selenium (Se) 166 

were also adjusted to the values given by Berges et al. (2001), in contrast to cobalt (Co) whose 167 

concentration follows Harrison et al. (1980). 168 

The most important characteristics of the medium for the purposes of this study relate to the 169 

concentrations of the metals Fe, Ni, and Zn. Whereas Feʹ was varied in the range between 5.6 170 

and 111.5 pmol l-1, the inorganically bound (Meʹ) and free divalent (Me2+) concentrations of the 171 

two other metals (Me) have been kept constant. Ni was kept at low levels of 2.33 ± 0.02 and 1.31 172 

± 0.01 pmol l-1 (2 SD, n =18) and Zn at elevated concentrations of 158.8 ± 0.9 and 104.9 ± 0.6 173 

pmol l-1 (2 SD, n =18), of Meʹ and Me2+ respectively. Copper (Cu), which was not present in the 174 

previously described recipe, has been added as a hydrated sulfate salt at a final total concentration 175 

of 40 nmol l-1. This translates to bioavailable Cuʹ and Cu2+ concentrations as low as ~0.5 and 176 

<0.05 pmol l-1 (n =18). Aqueous speciation has been calculated according to Sunda et al. (2005) 177 

and references therein. 178 

This medium contrasts with that previously used by John et al. (2007) mainly in its Fe 179 

concentration, which here was kept several orders of magnitude lower. The rationale for this 180 



modification is further outlined in Section 3.3. The chosen bioavailable Zn level was such that 181 

uptake is dominated by the high-affinity pathway (Sunda and Huntsman, 1992), with only a small 182 

contribution via low-affinity uptake. The resulting choice of a fairly high Zn concentration, close 183 

to where low-affinity uptake also starts to become important, is a compromise between the 184 

attempt to avoid a second active mechanism and the necessity to incorporate a minimum Zn quota 185 

to allow isotope analysis (see Appendix). 186 

3.2 Diatom strains and culturing techniques 187 

Two different diatom strains were obtained from the National Center for Marine Algae and 188 

Microbiota (NCMA), formerly known as Provasoli-Guillard Center for Culture of Marine 189 

Phytoplankton (CCMP), Bigelow Laboratories, USA. Both strains were obtained and kept axenic 190 

by handling them using sterile techniques. These two strains were chosen as both originate in the 191 

open ocean oligotrophic surface waters of the Sargasso Sea, North Atlantic. In this study we 192 

compare the extensively studied diatom Thalassiosira oceanica (CCMP 1005), with a less well-193 

known representative of the genus Chaetoceros (CCMP 199). 194 

Light was supplied to phytoplankton cultures in 15- to 9-hour day to night cycles at a constant 195 

photon flux density of 40 μmol m-2 s-1, as mapped with a spherical quantum sensor LI-193 (LI-196 

COR®, Nebraska, USA). All cultures were acclimated to the given light intensity and to low Fe 197 

concentrations, for at least 5 transfer cycles. Cell numbers were quantified using light microscopy 198 

and a Reichert Bright-Line hemocytometer (Hausser Scientific, USA) with a Neubauer ruling, in 199 

which volumes of typically 0.1 μl were counted. Counting results were routinely complemented 200 

with Coulter counter cell numbers and volumes. The specific growth rate, μ, was determined by 201 

linear regression of the natural logarithm of cell counts in time versus cell number plots. Sterile 202 

techniques were used whenever diatom cultures or media solutions were handled. Diatom cells 203 

were separated from their residual culturing medium by 0.2 μm membrane filtration, using pre-204 

cleaned vertical twin-membrane centrifugal concentrators (Vivaspin 20, Sartorius, Germany). 205 

Media remnants were washed off the collected biomass with UV-treated equatorial Atlantic 206 

seawater, with notably low Zn in the range of 0.01-0.05 nmol kg-1 (Zhao, 2011). 207 



3.3 Fe-hydroxides removal from diatom surfaces 208 

All diatoms cultured in this study were washed only with metal-free equatorial Atlantic seawater. 209 

Cultured marine diatoms bear the potential to precipitate Fe-hydroxides on their surface and Zn 210 

has a generally high propensity to adsorb onto such Fe-phases. Considering the strong affinity of 211 

heavy Zn for Fe-hydroxides (Pokrovsky et al., 2005), their presence could affect the Zn isotope 212 

composition of the bulk biomass. Surface treatments that first remove Fe-hydroxides (Tovar-213 

Sanchez et al., 2003) have thus been considered essential to obtain cellular Zn contents or Zn 214 

isotope compositions (John et al., 2007). John et al. (2007) speculate that the potential problem 215 

of surface Fe-oxides could be avoided by simply lowering the total Fe concentration in the 216 

culturing medium Here we briefly summarize arguments in favor of a simple seawater wash. 217 

Much of what is known about intracellular Zn quotas and Zn uptake rates originates from early 218 

culturing work consistently conducted by washing cells only with seawater (Sunda and 219 

Huntsman, 1992; Ellwood and Hunter, 2000). More recently, it has become possible to image 220 

intracellular metal contents and to clearly separate these from surface-associated fractions, 221 

through methods such as synchrotron based X-ray fluorescence imaging techniques (Twining et 222 

al., 2003). The metal quotas found in early culturing work (c.f. Sunda and Huntsman, 1992; 223 

Twining et al., 2003) agree well with these found with these in-situ methods, for the same 224 

Thalassiosira strain, indicating that seawater washes indeed obtain accurate intracellular Zn 225 

concentrations. 226 

In previous work, whenever intracellular Fe quotas or Fe uptake rates have been the focus, 227 

surface-bound Fe-hydroxides were carefully dissolved (Hudson and Morel, 1989; Sunda and 228 

Huntsman, 1995b). The Fe uptake rates obtained in this study, presented later and all attained 229 

without any dissolution of solid Fe-phases, are in good agreement with those previously reported 230 

(Sunda and Huntsman, 1995b, 1997). We interpret this observation as further evidence for the 231 

fact that the total Fe concentrations in the culturing media were sufficiently low to avoid the 232 

precipitation of Fe-hydroxides. Six additional cultures per strain were deliberately grown at 233 

increased Feʹ levels to yield surface precipitates by design (Table 1).  234 



Tang and Morel (2006) extensively studied the impact of large quantities of surface-bound Fe-235 

hydroxides on the distribution of other transition metals associated with diatom biomass. The P 236 

normalized Zn quotas they obtained with NaCl washed diatoms were almost identical, over the 237 

entire observed range of Fe-precipitates, with those obtained from experiments in which surface-238 

bound Fe-hydroxides were carefully dissolved. In particular, at low total Fe concentrations, both 239 

methods gave identical results. The authors suggest that, under most circumstances, one obtains 240 

accurate cellular Zn concentrations just by the removal of media remnants (Tang and Morel, 241 

2006).  242 

John et al. (2007) found that unwashed diatom cells, cultured at the bioavailable Zn 243 

concentrations used here, were ~0.6 ‰ heavier than biomass samples from which surface-bound 244 

Fe, and possibly co-precipitated Zn, has been removed. These authors also suggest, however, that 245 

a simple solution to this problem could be achieved simply by lowering the total Fe concentration, 246 

and identified their total medium Fe concentration of 10 μmol l-1 as potentially too high to avoid 247 

the precipitation of Fe-hydroxides (John and Conway, 2014). If the empirical relationship 248 

between total medium Fe concentration and biomass Fe/P ratios (including surface-bound Fe) 249 

found by Tang and Morel (2006) for T. weissflogii also holds for the T. oceanica species cultured 250 

by John et al. (2007), then this total medium Fe concentration would imply Fe/P ratios in their 251 

biomass >200 mmol mol-1. As outlined later, the present study finds mean Fe/P ratios for T. 252 

oceanica of 1.8 mmol mol-1, at least a factor of 100 lower. Hence, we argue that the previously 253 

determined impact of surface-bound Fe-hydroxides is not significant for the present study. 254 

3.4 Elemental and stable isotope analysis 255 

All biomass samples were re-suspended in pre-cleaned NaCl solutions adjusted to the same 256 

osmolality found within diatom cells, to prevent cell lysis. The resulting cell suspensions were 257 

pipetted out of the centrifugal concentrator (c.f., previous section) and were dried down before 258 

digestion in double distilled 65% HNO3 at 120 °C for 16 hours. All experimental solutions were 259 

re-dissolved in 2 % HNO3 for elemental and isotopic analysis, after a final dry-down. 260 



The procedures used for elemental and stable isotope analysis are very similar to those in 261 

previous publications from this laboratory (Little et al., 2016; Vance et al., 2016a; Vance et al., 262 

2016b). In brief, a ThermoScientific Element XRTM inductively-coupled plasma mass 263 

spectrometer (ICP-MS) was used for elemental analysis, and all isotope analyses were performed 264 

on a Neptune PlusTM multiple-collector inductively-coupled plasma mass spectrometer (MC-265 

ICP-MS) of the same manufacturer. Sample purification for isotope analysis was done by anion 266 

exchange chromatography (Maréchal et al., 1999; Archer and Vance, 2004; Bermin et al., 2006). 267 

Mass fractionation occurring during ion exchange chromatography or associated with the mass 268 

spectrometer itself was corrected by using the double-spike approach as described by Bermin et 269 

al. (2006) and Zhao et al. (2014), in combination with a data reduction scheme presented by 270 

Siebert et al. (2001). The data presented here are given in the standard delta notation, in per mil, 271 

reported relative to JMC 3-0749 (Maréchal et al., 1999): δ66Zn (‰) = [(66Zn/64Zn) sample / 272 

(66Zn/64Zn) JMC 3-0749] – 1. Accuracy and precision were monitored relative to a secondary 273 

standard, IRMM-3702, previously reported to yield a value of +0.32 ‰ (Ponzevera et al., 2006; 274 

Cloquet et al., 2008), recently corrected to a value of +0.30 ‰ (Moynier et al., 2017). Relative 275 

to JMC-Lyon, we obtain δ66Zn = 0.30 ± 0.06 ‰ (2 SD, n = 163 over 380 days).  276 

All our culturing results are reported as the fractionation observed between the medium and the 277 

separated biomass, here denoted Δ66Zn biomass - medium (‰) = δ66Zn biomass - δ66Zn medium. All diagrams 278 

plot the external precision, based on replicate analyses of IRMM-3702 as noted above, except 279 

when internal errors on individual samples exceed long-term external reproducibility.  280 

4. Results 281 

The new Zn and Fe data presented here (Table 1) allow comparison of two distinct open ocean 282 

diatoms, both originating from the same oligotrophic surface waters of the Sargasso Sea, North 283 

Atlantic. Whereas T. oceanica (Hasle, 1983) has been extensively studied, little is known about 284 

the representative of the genus Chaetoceros studied here. The mean cellular volume of the two 285 

strains was found to be very similar, at 305 μm3 for T. oceanica and 315 μm3 for Chaetoceros. 286 

In contrast to T. oceanica cells, the volumes of Chaetoceros sp. decrease systematically with 287 



lower medium Feʹ, through the range 256 to 350 μm3. This finding conforms with theoretical 288 

predictions by Hudson and Morel (1990), suggesting that small cells are favored under Fe-289 

limiting conditions. 290 

4.1 Growth suppression due to Feʹ limitation  291 

Both diatom strains reach specific growth rates of about 0.85 d-1 at Feʹ concentrations in the range 292 

0.08 to 0.11 nmol l-1. Growth is increasingly limited at lower Feʹ, but the degree to which this 293 

occurs is clearly different for the two species studied. T. oceanica is able to maintain a growth 294 

rate that is almost half of its initial value (0.41 d-1) at a Feʹ level of 0.01 nmol l-1. At this Feʹ level 295 

Chaetoceros sp. suffers growth reduction of 80 %, decreasing to values as low as 0.16 d-1 (Figure 296 

2A). Growth suppression has thus been achieved by applying an external forcing, namely Feʹ 297 

limitation. Surface area-normalized Fe uptake rates decrease, for both studied species, with 298 

decreasing Feʹ concentrations made available to the diatom cell (Figure 2B). All Fe uptake rates 299 

reported in this study agree well with those previously reported for Feʹ-limited diatom cultures 300 

by Sunda and Huntsman (1997). 301 

4.2 Zn uptake rates and the distribution of Zn isotopes 302 

Mean biomass associated Zn quotas, here reported for T. oceanica and Chaetoceros sp., are in 303 

good agreement with those previously obtained for three different Thalassiosira strains (Sunda 304 

and Huntsman, 1992). The variability in Zn/C, however, is higher than previously reported, 305 

spanning a range between 7.4 and 25 μmol mol-1 (blue whisker in Figure 3A). It is shown later 306 

that this variation in Zn/C is correlated with Feʹ (Table 1). 307 

For Chaetoceros sp. surface area normalized Zn uptake rates were found to be in the range of 8.4 308 

to 46.9 nmol m-2 d-1. Those of T. oceanica, in contrast, were higher and consistently exceeded 309 

values of 45.2 nmol m-2 d-1, with the exception of a single aberrant value at 28.9 nmol m-2 d-1. 310 

Moreover, Zn uptake rates of Chaetoceros sp. decreased linearly with increasingly suppressed 311 

growth. Those of T. oceanica, in contrast, decrease with a similar slope from their maximum 312 



value to a specific growth rate of ~0.6 d-1, after which the slope of growth inhibition becomes 313 

steeper (Figure 3B). 314 

With respect to the bulk culturing medium, the T. oceanica biomass was slightly preferentially 315 

enriched in light Zn isotopes, yielding a mean Δ66Zn biomass - medium signature of -0.13 ± 0.11 ‰ that 316 

is constant across a wide range of generally high Zn uptake rates. The Zn isotope fractionation 317 

upon uptake is thus in the same direction as, but smaller than that found by, John et al. (2007), at 318 

Δ66Zn biomass - medium = -0.41 ± 0.09 ‰, for the same species at similar free Zn levels. It is within 319 

uncertainty of that found by John et al. (2007) at free Zn concentrations a factor of 5 lower. In 320 

contrast, comparatively low Zn uptake rates obtained with Chaetoceros sp. correlate with Δ66Zn 321 

biomass - medium fractionations that range from values as low as -0.42 ± 0.06 ‰ up to +0.85 ± 0.14 322 

‰, the latter at the lowest Zn uptake rates (Figure 3C). 323 

4.3 Physiological interplay between Zn and Fe 324 

The cellular Zn uptake rates of both studied diatom species are correlated with those of Fe, even 325 

though the absolute rates of Chaetoceros sp. are only about half those of T. oceanica (Figure 4). 326 

Given that cellular Zn uptake is a function of the specific growth rate (Figure 3B), which is again 327 

set by an external forcing, namely Feʹ (Figure 2A), it is valid to also explore Zn uptake 328 

dependence on Feʹ (Figure 5). 329 

The bioavailable Zn concentration was deliberately kept constant in all experiments, to ensure 330 

that Feʹ is the only variable changed in the system. The P-normalized Zn quota was found to be 331 

in the range 0.78 to 2.64 mmol mol-1 under varied degrees of Feʹ limitation, equivalent to 332 

concentrations from 0.01 to 0.11 nmol l-1 (Figure 5A). These numbers are in good agreement 333 

with previous culturing work reporting cellular Zn quotas, equivalent to Zn/P ratios in the range 334 

1 to 2 mmol mol-1 (Sunda and Huntsman, 1992, 1995a; reviewed in Twining and Baines, 2013). 335 

A few experiments conducted with Feʹ concentrations higher than 0.7 nmol l-1, a threshold above 336 

which Fe-hydroxides have previously been documented to occur in culturing solutions (Sunda 337 

and Huntsman, 1995b, 1997), gave much higher Zn/P ratios, in the range 4.2 to 5.1 and 3.4 to 338 

4.2 for Chaetoceros sp. and T. oceanica, respectively. 339 



Both diatoms show systematically reduced Zn uptake rates with decreasing levels of Feʹ (Figure 340 

5B). The gradient of Zn uptake rates is less steep than those of Fe. Chaetoceros sp., however, 341 

whose growth is more severely suppressed relative to that of T. oceanica, is also generally 342 

characterized by more rapid lowering of Zn uptake rates associated with Fe limitation. 343 

The mean Δ66Zn biomass - medium of -0.13 ± 0.11 ‰ for T. oceanica is independent of Feʹ, similar to 344 

the lack of dependence on Zn uptake rates, as described earlier (c.f., Figure 3C). Chaetoceros sp., 345 

on the other hand, shows increasingly heavy Zn isotope signatures with decreasing Feʹ 346 

concentrations (Figure 5C). The most negative Δ66Zn biomass - medium of -0.42 ± 0.04 ‰ observed for 347 

Chaetoceros sp. were found just below a previously described threshold of 0.7 nmol l-1 Feʹ, above 348 

which Fe-precipitates have been described to occur in diatom cultures (Sunda and Huntsman, 349 

1995b, 1997). Six full replicates of diatom strains cultured above this threshold were found to be 350 

more variable and to display more positive Δ66Zn biomass - medium than those cultured at the highest 351 

Feʹ investigated below this threshold (Figure 5C), consistent with previous findings concerning 352 

the impact of surface Fe-hydroxides on Zn isotopes in diatoms (John et al., 2007). 353 

5. Discussion 354 

5.1 Physiological interplay between Zn and Fe 355 

In the set of experiments reported here an external forcing, namely Fe-limitation, has been 356 

applied to suppress diatom growth to a variable extent. The physiological interplay between two 357 

intracellularly abundant transition metals can thus be studied. The interest in such an analysis 358 

originates in the observation that key diatom habitats in the ocean are often Fe-limited (Martin 359 

and Fitzwater, 1988; Boyd et al., 2000), but usually not Zn-limited (Moore et al., 2013). A 360 

conceptual understanding of these regimes is thus important. 361 

The approach taken here, for the first time, shows how species dependent differences in the 362 

degree to which Feʹ limits growth (Figure 2A) exerts a control on Zn uptake rates (Figure 5B). 363 

In contrast to previous work conducted with coastal diatoms (Sunda and Huntsman, 1997), the 364 

open marine species studied here exhibit severe growth limitation due to lower Feʹ concentrations 365 



(Figure 2A). Sunda and Huntsman (1997) demonstrated that cell surface area normalized Fe 366 

uptake rates of all four coastal species they studied can be described with a single saturation 367 

equation for nutrient uptake. Described with a kinetic model analogous to that of Michaelis and 368 

Menten (1913), the authors found that saturation was reached at a Vmax of 1276 nmol m-2 d-1 with 369 

a Ks of 0.51 nmol l-1. The surface area normalized Fe uptake rates for the oceanic species reported 370 

in this contribution can be described with the exact same relationship as for coastal species 371 

(Sunda and Huntsman, 1997). We interpret this observation as evidence for the same underlying 372 

control i.e., the external forcing from Fe-limitation. On the basis of this finding, the previous 373 

relationship can be extended by the two newly characterized oceanic species to yield an updated 374 

Vmax of 1289 ± 263 nmol m-2 d-1 with a corresponding Ks of 0.53 ± 0.19 nmol l-1 (Table 2). 375 

The Zn uptake rate is similarly positively dependent on Feʹ, though the quantitative nature of that 376 

dependency is also somewhat different (see the less steep gradients for the data plotted in Figure 377 

5B). There is also apparently a difference between the two organisms studied here. Cause and 378 

effect are unclear; it may, for example, be that the more severe suppression of growth in 379 

Chaetoceros simply reduces the cellular requirement for Zn, a metal that fulfills an important 380 

structural function as a cofactor in several essential enzymes (Morel et al., 1994). A prime 381 

candidate for an enzyme that might not be needed at reduced growth in the same high quantities 382 

as at maximum growth, is the Zn containing carbonic anhydrase (Morel et al., 1994), required 383 

for biomass buildup by fixation of atmospheric CO2. 384 

The general distribution of Zn isotopes exhibits features as a function of Feʹ (Figure 5C) that are 385 

analogous to those found for Zn uptake rates (Figure 3C). Whereas T. oceanica again shows little 386 

variability around a mean Δ66Zn biomass - medium of -0.13 ± 0.11 ‰, Chaetoceros cells were found to 387 

be increasingly heavy with decreasing Feʹ concentrations (Figure 5C). In this context it is 388 

important to note again that all these cultures have only been washed with metal-free equatorial 389 

Atlantic seawater. To avoid the problem of surface bound Fe hydroxides, the media used here 390 

were adjusted to extremely low total Fe concentrations (c.f., Section 3.3). The stronger affinity 391 

of heavy Zn for solid Fe-hydroxides (Pokrovsky et al., 2005) would be expected to cause the 392 



biomass to be increasingly more fractionated in Δ66Zn with increasing quantities of surface bound 393 

Fe phases. Contrary to this expectation, the most negative signatures of -0.42 ± 0.04 ‰ were 394 

observed at the highest Feʹ, with increasing Δ66Zn biomass - medium values progressively further away 395 

from a previously described threshold of 0.7 nmol l-1, above which Fe-precipitates have been 396 

documented to occur in diatom cultures (vertical dashed line in Figure 5; Sunda and Huntsman, 397 

1995b, 1997). We tested for the impact of Fe-hydroxides with six full culturing replicates of both 398 

strains above the threshold of precipitation, and found the results to be variable. The most 399 

negative Δ66Zn biomass - medium were in good agreement with the numbers observed just below the 400 

threshold. Consistent with Pokrovsky et al. (2005), the heaviest fractionation were found to be 401 

+0.18 to 0.28 ‰ heavier than the most negative (Figure 5C). 402 

5.2 Cellular Zn quotas and Zn/P ratios at low Feʹ 403 

The Monod (1949) and Michaelis and Menten (1913) equations are mathematical models that 404 

describe phytoplankton growth (Monod) and nutrient uptake (Michaelis-Menten) rates. Both 405 

equations, identical in their general form, relate growth rate (μ) and nutrient uptake rate (υ) to the 406 

nutrient concentration available in an aqueous environment surrounding the cell. In both 407 

descriptions, maximum growth (μmax) or saturation of uptake (Vmax) is reached at high ambient 408 

concentrations of a potentially limiting resource, in this case Feʹ. The rate of increase in growth 409 

or uptake below μmax and Vmax are conventionally described in terms of empirical half-growth (k) 410 

and half-saturation (KS) constants, defined as the limiting nutrient concentrations at which μ/μmax 411 

and υ/Vmax equals 0.5 (see Figure 6).  412 

The Droop (1973) equation (υ = μQ) contrasts with the above approaches in that it is the 413 

intracellular nutrient quota (Q) that is used to relate growth (μ) and nutrient uptake (υ) rates. This 414 

treatment accounts for the fact that any organism, even at infinitely low growth rates, will have 415 

an internal nutrient quota that is significantly larger than zero. The lower the ambient substrate 416 

concentrations, the more the cellular nutrient quota is likely to deviate from what would be 417 

expected if the latter is tied only to biomass build-up. In the following we use the Droop 418 



relationship to explore the cellular Zn quotas for known growth and metal uptake kinetics (Figure 419 

6), in order to understand their variability at progressively lower ambient Feʹ-levels. 420 

The specific growth rate of T. oceanica and Chaetoceros sp., described after Monod (1949) as a 421 

function of bioavailable Feʹ, yield maxima (μmax) of 0.99 ± 0.08 d-1 and 0.96 ± 0.07 d-1 with half 422 

saturation constants of 0.021 ± 0.004 nmol l-1 and 0.009 ± 0.004 nmol l-1, respectively (Table 2, 423 

Figure 6A). A similarly quantitative description of Zn uptake rates was obtained with a pseudo-424 

Michaelis-Menten kinetics (Figure 6B). With the prefix ‘pseudo’ it is emphasized that the Zn 425 

uptake rate is not expressed as a function of the bioavailable Zn concentration as is 426 

conventionally done (Michaelis and Menten, 1913), but instead as a function of Feʹ. The 427 

justification for doing so originates in the results described earlier, showing that Zn uptake rates 428 

are coupled to those of Fe (Figure 4), with both dependent on the concentration of Feʹ available 429 

in the medium (Figure 2B). It is important to note that the set of parameters obtained, i.e. a Vmax 430 

of 58.9 ± 8.6 nmol m-2 d-1 and 91.9 ± 2.2 nmol m-2 d-1 with half saturation constants of 0.038 ± 431 

0.013 nmol l-1 and 0.005 ± 0.001 nmol l-1 Feʹ, for T. oceanica and Chaetoceros sp., respectively 432 

(Table 2), are not universally valid. Instead, these numbers are specific to a Fe-limitation scenario 433 

at the given bioavailable Zn concentration. 434 

The intracellular Zn quota has been suggested to be linked to its uptake rate divided by the 435 

specific growth rate of the organism (Droop, 1973). With the aid of the Droop equation and our 436 

quantitative descriptions of specific growth rate and Zn uptake as a function of Feʹ, the cellular 437 

Zn quota is seen to change most significantly under Fe limiting conditions (Figure 6C). Cellular 438 

Zn quotas can be calculated to decrease by 38 % for the severely Fe limited Chaetoceros sp., 439 

while T. oceanica cells experience a much smaller change, with Zn increasing by 7.6 % at the 440 

lowest Feʹ. 441 

Droop quotas can furthermore help to elucidate the physiological peculiarities of the two distinct 442 

diatom strains when exposed to identical environmental constraints. T. oceanica can sustain high 443 

reproduction rates, even if Fe gets to low concentrations, and must contain an effective resource-444 

acquisition machinery to ensure consistently high cellular Zn quotas. Chaetoceros sp., in contrast, 445 



is best adapted for exponential growth in Fe-rich waters, but suffers from low Feʹ concentrations, 446 

at levels that do not affect T. oceanica. In contrast to T. oceanica, the growth rates of Chaetoceros 447 

sp. are considerably lower at reduced Feʹ levels. A lower expression of growth-related enzymes 448 

is required to sustain the observed reproduction rates. In other words, at high Feʹ, Chaetoceros 449 

holds a high proportion of growth machinery, significantly reduced when growth becomes 450 

limited. 451 

5.3 Zn uptake rates and Zn isotope fractionation upon uptake 452 

The new Zn stable isotope data presented here have two principal features. Firstly, a species 453 

whose growth is less affected by low Feʹ, T. oceanica (Figure 2A), is able to maintain relatively 454 

high Zn uptake rates (Figure 3B), with a nearly constant and slightly negative (-0.02 to  455 

-0.19 ‰) fractionation of Δ66Zn biomass - medium (Figure 3C). Secondly, the species whose growth is 456 

severely Fe-limited, the representative of the genus Chaetoceros studied here, shows more 457 

variable biomass Zn isotope signatures at a generally low Zn uptake rate (Figure 3B and C). For 458 

Zn uptake rates at the higher end of the range for Chaetoceros, those that overlap with those of 459 

T. oceanica, Chaetoceros also shows small negative Δ66Zn biomass - medium. But at the lower uptake 460 

rates that occur at low Feʹ, it records variably positive Δ66Zn biomass - medium, up to +0.85 ‰.  461 

With regard to the first of these observations, it is theoretically possible that that faster diffusion 462 

of light isotopes (Rodushkin et al., 2004) through the medium could contribute to the enrichment 463 

of light Zn isotopes within the phytoplankton cell, but in none of these experiments would 464 

transport to the cell have been diffusion limited. In fact, the constant and slightly negative 465 

fractionation for T. oceanica is consistent with negligible fractionation upon uptake, given the 466 

presence of EDTA as a transition metal buffer in the culturing medium. Previous experiments 467 

studying the equilibrium fractionation between chelating resins and free Zn found heavy Zn 468 

isotopes preferentially associated with this ligand. The corresponding enrichment of light 469 

isotopes in the non-chelated Zn pool is consequently in the range of -0.16 to -0.33 ‰ (Ban et al., 470 

2002; Ding et al., 2010a; Ding et al., 2010b; Markovic et al., 2017). As it is the free divalent 471 

metal that is bioavailable (Anderson et al., 1978; Anderson and Morel, 1982; Hudson, 1998), 472 



diatom extract Zn from a pool that is significantly lighter than an equilibrated bulk medium, used 473 

as a reference to calculate the fractionation upon uptake into cells. A biomass sample such as T. 474 

oceanica, here consistently found to show fractionations (Δ66Zn biomass - medium) of around -0.13 ‰, 475 

might consequently only reflect the aqueous equilibrium between the bioavailable free Zn and 476 

EDTA in the culturing medium, potentially implying no fractionation at all associated with Zn 477 

uptake, an interpretation that has previously been put forward for similar culturing results by 478 

John et al. (2007).  479 

A priori, the second observation could be explained in two different, though perhaps related, 480 

ways. One possible explanation of the heavy isotope signatures seen in Chaetoceros sp. at low 481 

Zn uptake rates could relate to the more severe growth limitation seen for this species at low Feʹ. 482 

Previous researchers have shown that molecules such as saccharides can enhance the 483 

bioavailability of Fe to marine phytoplankton (Hassler et al., 2011), including diatoms belonging 484 

to the genus Chaetoceros (Hassler et al., 2011; Raposo et al., 2013). The release of surface-bound 485 

organics is a survival strategy to scavenge Fe, which progressively becomes scarcer under the 486 

environmental conditions studied here. Such saccharides almost certainly scavenge heavy Zn 487 

(Coutaud et al., 2014). Thus, increasing amounts of such extracellular polymeric substances 488 

(EPS) excreted with decreasing Feʹ might represent a possible explanation for the observed heavy 489 

Zn isotope signatures. Alternatively, Zn associated with EPS could simply have greater relative 490 

importance at the decreased quantities of Zn that are internalized at low Feʹ. We are not aware of 491 

any published work on EPS associated with T. oceanica, but this does not mean that the diatom 492 

is unable to exude such components. Whether EPS could cause such heavy Δ66Zn biomass - medium is 493 

highly speculative at this stage and awaits further investigation, ideally directly comparing the 494 

two diatom strains.  495 

The second possible explanation is a switch from a kinetic control of Zn uptake at high uptake 496 

rates to an equilibrium control as uptake rate declines. In the following, the term ‘kinetic isotope 497 

effect’ refers to all those effects that cause the fractionation of stable Zn isotopes associated with 498 

incomplete and unidirectional processes, such as those typical for dissociation or biologically 499 



mediated chemical reactions. There is a distinct threshold in the variation of biomass Zn isotope 500 

signatures as a function of Zn uptake rate, with Δ66Zn biomass - medium increasing sharply at a surface 501 

area normalized uptake rate below 35 ± 10 nmol m-2 d-1. If the dehydration of the hexa-aquo Zn 502 

to form an inner-sphere surface complex at the transporter site (Figure 1) is the rate limiting step 503 

in the uptake kinetics (Hudson and Morel, 1990; Hudson, 1998; Sunda and Huntsman, 1998), 504 

light isotopes would undergo this transformation slightly faster than heavy Zn (Bigeleisen and 505 

Wolfsberg, 1958; and references therein). Zn uptake may be entirely under kinetic control above 506 

this threshold (Figure 7A), a situation in which every transport enzyme runs at its maximum 507 

turnover. This is supported by the fact that once the observed maximum preference for light 508 

isotopes is achieved, it remains constant. The cell can still increase the number of enzymes per 509 

unit area of cell wall to further facilitate higher Zn uptake rates, but the dehydration at individual 510 

transporter sites would remain constant, and governs the maximum achievable preference for 511 

lighter Zn isotopes (Figure 7B). 512 

If the cellular Zn uptake rate is down-regulated to values lower than the dehydration rate of the 513 

Zn hexa-aquo complex, the kinetically controlled preference for light isotopes at the transporter 514 

site would become progressively less dominant (Figure 7C). In our experiments, the observed 515 

fractionation (Δ66Zn biomass - medium) becomes increasingly positive with lower Zn uptake rates. 516 

Given the strength of bonds between Zn and many organic ligands, isotopically heavier biomass 517 

signatures at low uptake rates are consistent with an increasing equilibrium component 518 

(Bigeleisen and Mayer, 1947; Schauble, 2004; Fujii et al., 2014), and this has been observed 519 

experimentally for Zn (Jouvin et al., 2009). It is currently not entirely clear whether Zn uptake 520 

can be low enough that conditions close to thermodynamic equilibrium start to become relevant. 521 

The sharp increase in Δ66Zn biomass - medium is thus interpreted as a continuum that is likely to develop 522 

towards equilibrium, but in any case away from a purely kinetically controlled system.  523 

One could postulate that the data in Figure 3C represent a single relationship for both species. In 524 

this case, and consistent with the above explanation of heavy versus light Zn isotopes, it is Zn 525 

uptake rate itself that is the key controlling variable for biomass Zn isotope signatures. In this 526 



view, T. oceanica never shows heavy isotope signatures because it exhibits Zn uptake rates that 527 

are mostly higher than the threshold around 35 nmol m-2 d-1, even at the lowest Feʹ. Alternatively, 528 

both diatoms might follow their individual pattern. In this view, however, Chaetoceros sp. never 529 

reaches Zn uptake rates high enough to achieve a constant preference for light isotopes. Even 530 

though this view is currently only poorly supported by the available data, this would imply 531 

species-dependent differences in the maximum preference for light Zn isotopes. Such an 532 

observation, in consequence, suggests structural differences in the active site of the transporter 533 

proteins or two different uptake mechanisms. 534 

6. Concluding remarks: implications for oceanic Zn isotopes 535 

An important finding of the experiments documented here is that the extent to which growth is 536 

limited by an external forcing, such as Feʹ, controls the pace of Zn uptake (Figure 7D). If reduced 537 

Zn uptake is a physiological response to lower cellular Zn demands, it seems likely that other 538 

external forcings might cause a similar down-regulation of the Zn uptake rate, as an indirect 539 

consequence of growth suppression.  540 

These results potentially have important implications for the interpretation of the global oceanic 541 

distribution of Zn and its isotopes, though there are also open questions that require further 542 

experimentation. In terms of the global surface ocean, the Southern Ocean has already been noted 543 

to be unusual. Here diatoms dominate Zn cycling (Vance et al., 2017), and the lack of Zn isotope 544 

fractionation in the dissolved pool across a 40-fold drop in concentration as diatoms deplete it 545 

(Wyatt et al., 2014; Zhao et al., 2014; Vance et al., 2017) suggests a lack of fractionation upon 546 

uptake. The fact that this lack of isotope fractionation occurs in a region with severe Fe limitation 547 

is, at first sight, somewhat at odds with the experimental findings here. On the other hand, where 548 

Fe is supplied to the Southern Ocean, diatoms grow extremely rapidly, in blooms (Boyd et al., 549 

2000). Another key feature of the Southern Ocean is that it is the only known surface ocean 550 

location where total Zn concentrations far outstrip those of the complexing organic ligands, 551 

leading to very high bioavailable free Zn ions (Baars and Croot, 2011). This has two impacts. 552 

First, Zn uptake rates will be rapid in response, both to high bioavailable Zn (this study, Sunda 553 



and Huntsman, 1992) and to a diatom ecology that is characterized by fast growing blooms in 554 

the Southern Ocean. Second, if a substantial portion of the total Zn pool is represented by free 555 

Zn, then the isotopic composition of the latter pool will be close to the bulk dissolved pool itself. 556 

In this case, the lack of fractionation during uptake may simply suggest that Zn uptake is under 557 

kinetic control. 558 

Much of the low latitude upper Atlantic Ocean appears to exhibit light Zn isotope compositions 559 

in the dissolved pool (Conway and John, 2014a). Zhao et al. (2011; 2014) suggest that light sub-560 

surface Zn isotopes might be driven by very shallow regeneration of a light cellular signature 561 

created in the photic zone immediately above. In terms of the experimental data presented here, 562 

the light biomass signature could derive from a very small free Zn pool, which outside the 563 

Southern Ocean is tiny relative to the organically complexed pool and must be isotopically light 564 

relative to the total dissolved reservoir (Ban et al., 2002; Jouvin et al., 2009; Ding et al., 2010a; 565 

Ding et al., 2010b; Markovic et al., 2017), again without fractionation upon uptake. John and 566 

Conway (2014), on the other hand, favor scavenging of heavy isotopes onto organic matter, 567 

creating an isotopically light residual pool, as a possible explanation for a light upper ocean. It is 568 

also interesting that the most severely Fe-limited Chaetoceros cultures, with the lowest Zn uptake 569 

rates, show the heaviest Zn isotope signatures. The findings here allow consideration of another 570 

potential driver: residual light signatures in the surface ocean could be driven by preferential 571 

uptake of the heavy isotope at very slow rates of Zn uptake. 572 

Appendix 573 

The data re-evaluated in this appendix originates in Sunda and Huntsman (1992). The previous 574 

dataset was re-evaluated to more precisely identify the highest bioavailable Zn2+ concentration 575 

that is still likely to be explained by a single, high-affinity, uptake mechanism alone (Figure A.1), 576 

which is important for the experiments in this paper because we needed to identify the highest 577 

Zn2+ concentration that could be used without introducing the further complication of two uptake 578 

mechanisms. 579 



This question was addressed by assuming that high-affinity uptake can be described by the 580 

Michaelis-Menten equation. Furthermore, it was assumed that any additionally active 581 

mechanism, that is able to further increase uptake above the maximum of high-affinity uptake, 582 

would negatively impact a Michaelis-Menten curve fit. The previously reported dataset was 583 

incrementally explored by changing the number of samples in the evaluation scheme (Figure 584 

A.2). Zn/C ratios recorded at the lowest Zn2+ concentrations were always included in the 585 

calculated curve fits. Ratios obtained at the highest Zn2+ were incrementally taken out of the 586 

analysis. Datasets from the minimum up to Zn2+ concentrations of ~100, 10, 1, 0.3, and 0.1 nmol 587 

l-1 were evaluated in the given order. The root mean squared error (RMSE) of the Michaelis-588 

Menten equation has been used as the evaluation criterion to assess the goodness of fit. The 589 

dataset was assumed to be adequately described by the Michaelis-Menten fit corresponding to a 590 

single, high-affinity, uptake mechanism when the root mean squared error (RMSE) falls below a 591 

numerical value of 10, here considered a reliable measure for the accuracy of the fit 592 

(Supplementary Figure 2C and D). More conservative estimates would set a RMSE threshold of 593 

7.5 (Supplementary Figure 2E and F). The following root mean squared errors were achieved for 594 

the above listed Zn2+ concentrations: 630.4, 17.2, 10.94, 7.75, and 6.49 (Supplementary Figure 595 

2). On the basis of this analysis Zn2+ concentrations up to 0.1 nmol l-1, perhaps up to 0.3 nmol l-596 

1, can be explained with a single Zn uptake mechanism. Up to this concentration, uptake is likely 597 

to be dominated by high-affinity pathways with only a marginal contribution of an additionally 598 

active low-affinity pathway. Given this result, a Zn2+ concentration of 0.1 nmol l-1 was used here. 599 
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Figure captions 915 

Table 1. Measured Fe and Zn uptake rates, cellular Zn quotas, and Zn isotope results (Δ66Zn 916 

biomass - medium = δ66Zn biomass - δ66Zn medium) obtained for two different cultured marine diatoms. The 917 

specific growth rate (μ) has been suppressed to a different extent by the systematic variation of 918 

Feʹ at constant bioavailable Zn levels. 919 

Table 2. Results of all non-linear Monod (1949), Michaelis-Menten (1913), and pseudo-920 

Michaelis-Menten curve fits. The prefix ‘pseudo’ refers to the fact that the Michaelis-Menten 921 

equation is used to describe the Zn uptake rate as a function of Feʹ, rather than the Fe uptake rate 922 

(c.f., Figure 6). The superscript * refers to a previous fit result by Sunda and Huntsman (1997), 923 

which is here compared to an extended dataset, also including the new data reported here (Figure 924 

2B). 925 

Figure 1. Schematic illustration of Zn uptake into marine diatoms. Free Zn hexa-aquo complexes 926 

in the artificial seawater medium equilibrate with the transition metal buffer, here the organic 927 

chelator ethylenediaminetetraacetic acid (EDTA). The Zn fraction that is neither organically nor 928 



inorganically complexed is considered available for uptake across the cell wall by active 929 

transporters (Anderson et al., 1978). The rate limiting step in the uptake kinetics is considered to 930 

be the dehydration of the hexa-aquo Zn to form an inner-sphere surface complex at the transporter 931 

site (Hudson and Morel, 1990). 932 

Figure 2. Specific growth rate (A) and surface area normalized Fe uptake rates (B) as a function 933 

of the bioavailable Fe concentration (Feʹ) in the culturing medium. A). The open ocean species 934 

studied here are able to maintain higher growth rates at low Feʹ than the coastal diatoms 935 

previously studied by Sunda and Huntsman (1997). B). The observed Fe uptake rates under 936 

similar Feʹ-limiting conditions were found to be in good agreement with this previous work. 937 

Confidence (dark green) and prediction (light green) intervals of the previously published 938 

relationship are given at significance levels of 95 %. 939 

Figure 3. Distribution of Zn and its isotopes during uptake into cultured marine diatoms. A). 940 

Zn/C ratios in this study compared to literature data (grey symbols and green curves). In the 941 

present study, bioavailable Zn has been kept constant (vertical dashed blue line) at variable 942 

degrees of Fe-limitation. The variability in C-normalized Zn quotas found here is larger than 943 

previously reported (blue whisker) by Sunda and Huntsman (1992), and this variability is later 944 

shown to be related to medium Feʹ. The 25th and 75th percentiles of the dataset are marked by the 945 

bottom and top edges of the blue whisker box, and the most extreme data points are given as 946 

extended black lines and paler blue shading. B). Surface area normalized Zn uptake rate as a 947 

function of the specific growth rate. The growth rate of Chaetoceros sp. is strongly suppressed 948 

at low medium Feʹ (see later) and also generally showed surface area normalized Zn uptake rates 949 

that were about half of those for T. oceanica. C). Zn isotope fractionation (Δ66Zn biomass - medium = 950 

δ66Zn biomass - δ66Zn medium) as a function of surface area normalized Zn uptake rates. The generally 951 

high Zn uptake rates found for T. oceanica consistently come with a 0.2 ‰ preference for light 952 

isotopes associated with the biomass. The Chaetoceros sp. biomass was characterized by much 953 

more variable signatures, with the most negative values at high Zn uptake rates and an increasing 954 

preference for heavy Zn isotopes at lower uptake rates. 955 



Figure 4. Interdependence of Zn and Fe uptake rates of two different cultured marine diatoms in 956 

the set of Feʹ-limitation experiments undertaken in this study, all at constant bioavailable Zn. 957 

Figure 5. The physiological interplay between Zn and Feʹ in two different cultured marine 958 

diatoms. A). P-normalized intracellular Zn quota as a function of Feʹ. A few diatoms cultured at 959 

Feʹ levels higher than 0.7 nmol l-1, a threshold above which Fe-hydroxides have previously been 960 

described to occur in culturing solutions (Sunda and Huntsman, 1995b, 1997), show increased 961 

Zn/P ratios. B). Zn and Fe uptake rates as a function of Feʹ. The colored lines and band represent 962 

fits to the data using the Michaelis-Menten equation (c.f., Section 4.2). Confidence (darker color) 963 

and prediction (brighter color) intervals of the given relationship are given at significance levels 964 

of 95 %, with the exception of the Fe prediction band, given at 75 %. Fe-limitation has been 965 

applied as an external forcing to reduce diatom growth, causing the steep decline in Fe uptake 966 

rates at low Feʹ. C). The distribution of Zn isotopes with respect to the culturing medium, as a 967 

function of medium Feʹ. The impact of Zn adsorption to Fe-hydroxides is illustrated by six 968 

culturing replicates conducted above the threshold of 0.7 nmol l-1 Feʹ. Positive Zn isotope 969 

signatures associated with Chaetoceros sp. are unlikely to be caused by adsorption to Fe-970 

hydroxides in these Feʹ-limitation experiments, as increasingly heavy signatures were 971 

consistently recorded away from the threshold for precipitation.   972 

Figure 6. Cellular Zn quotas over a range of different Feʹ-limiting conditions. A). The 973 

relationship between the specific growth rate and Feʹ for two different cultured marine diatoms, 974 

described by the Monod equation (Monod, 1949). B). Data for Zn uptake rates as a function of 975 

Feʹ are fitted using pseudo-Michaelis-Menten kinetics, which differs from the original equation 976 

in that the Zn uptake rate is described as function of Feʹ rather than of bioavailable Zn (Michaelis 977 

and Menten, 1913). This approach is unusual, but justification for doing so comes from the tight 978 

coupling of Zn and Fe uptake rates as presented in Figure 4. C). Intracellular Zn quotas predicted 979 

by the Droop equation from specific growth rates and Zn uptake rates. The numbers beside the 980 

curves show the changes in calculated Zn quotas as Feʹ decreases from optimal to severely Fe-981 

limiting levels. 982 



Figure 7. Schematic illustration of proposed Zn isotope effects associated with uptake into 983 

cultured marine diatoms. A). Overview of the described effects as a function of the Zn uptake 984 

rate. B). If the dehydration of the hexa-aquo Zn to form an inner-sphere surface complex at the 985 

transporter site is the rate limiting step in the uptake kinetics (Hudson, 1998; Hudson and Morel, 986 

1990; Sunda and Huntsman, 1998), light isotopes are expected to undergo this transformation 987 

slightly faster than heavy Zn (Bigeleisen and Wolfsberg, 1958; Schauble, 2004; and references 988 

therein). The maximum preference for light isotopes is achieved as soon as the cellular Zn uptake 989 

rate exceeds the water loss rate at the transporter site. An increasing number of enzymes, per unit 990 

area of cell wall, facilitates higher Zn uptake rates, whereas the dehydration at every single 991 

transporter site is running at its maximum value with constant Zn isotope fractionation. C). If the 992 

cellular Zn uptake rate is down-regulated to values lower than the dehydration rate of the Zn 993 

hexa-aquo complex, the preference for light isotopes at the transporter becomes progressively 994 

less important, and the biomass signature become isotopically heavier. In other words, conditions 995 

close to those of an equilibrium situation between the free and surface bound Zn are established 996 

at low Zn uptake rates, significantly lower than the water loss rate. Preferential uptake of heavy 997 

Zn isotopes, under conditions that develop towards equilibrium at the transporter site with 998 

decreasing Zn uptake rates, are consistent with many organic ligands that might form the active 999 

site of this enzyme (Ban et al., 2002; Fujii et al., 2014; Jouvin et al., 2009). D). In the experimental 1000 

setup documented here, suppressed Zn uptake rates were promoted by reducing the availability 1001 

Fe to the phytoplankton cell.  1002 

Figure A.1. Cellular relationship between Zn/C ratios and bioavailable Zn2+. A). Literature data 1003 

for various phytoplankton species (Sunda and Huntsman, 1992). B). Schematic illustration on 1004 

how this dataset can be interpreted as evidence for two distinct uptake mechanisms of high- and 1005 

low-affinity. A second, additional, uptake mechanism (low-affinity) is turned on as soon as the 1006 

high-affinity pathway reaches its maximum level of saturation. 1007 

Figure A.2. Cellular relationship between Zn/C ratios and bioavailable Zn2+ in a linear (left 1008 

column) and logarithmic (right column) representation. Literature data for various phytoplankton 1009 



species (Sunda and Huntsman, 1992) are re-evaluated using an incremental curve-fitting 1010 

approach. In this approach curve fits have been obtained with incrementally fewer data included 1011 

in the evaluation scheme. The root mean squared error of the Michaelis-Menten equation has 1012 

been used as an evaluation criterion to assess the goodness of fit. The literature dataset from its 1013 

minimum value up to a Zn2+ concentration of 1 nmol l-1 has been included in the first curve fit 1014 

(A and B). Starting from the same minimum value concentrations up to a Zn2+ concentrations of 1015 

0.3 nmol l-1 (C and D) and up to 0.1 nmol l-1 (E and F) were included in the latter two calculations. 1016 

Confidence (dark green) and prediction (light green) intervals of the relationships are given at 1017 

significance levels of 95%, in addition to the solution of the Michaelis-Menten equation (red 1018 

line). The whisker (blue) is identical to that given in Figure 3A and shows the Zn2+ concentration 1019 

used in this study. 1020 
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Table 1

T. oceanica

Chaetoceros sp.

0.006

Fe’

0.008
0.010
0.019
0.029
0.042
0.056
0.084
0.112

nmol l-1

0.006
0.008
0.010
0.019
0.029
0.042
0.056
0.084
0.112

μ

0.41
0.48
0.50
0.61
0.65
0.69
0.74
0.84
0.80

d-1

0.16
0.28
0.32
0.52
0.56
0.65
0.73
0.84
0.85

Uptake rates

nmol m-2 d-1

Fe Zn

10.0
24.9
25.8
31.8
14.7
78.0
86.1
143.2
441.2

45.2
57.2
60.8
77.5
28.9
80.7
82.5
86.6
213.1

nmol m-2 d-1

12.8
14.9
18.9
41.8
36.4
75.4
76.6
105.4
136.3

8.44
13.9
15.4
19.4
17.1
33.9
36.7
36.4
46.9

Cellular Zn quotas

-1

Zn/C Zn/P

13.7
12.9
16.1
17.7
19.8
18.9
17.8
19.8
24.9

1.45
1.36
1.71
1.88
2.09
2.01
1.89
2.10
2.64

mmol mol-1

Droop

30.9
30.5
30.1
29.5
29.2
28.9
28.8
28.6
28.6

amol cell-1

20.0
16.6
16.7
11.1
7.36
11.2
16.0
18.8
18.5

2.12
1.76
1.77
1.18
0.78
1.19
1.69
1.99
1.96

9.5
9.7
10.0
10.7
11.2
11.8
12.2
12.8
13.1

-0.15 ± 0.04
-0.17 ± 0.04
-0.17 ± 0.05
-0.02 ± 0.04
-0.09 ± 0.05
-0.19 ± 0.05
-0.09 ± 0.05
-0.14 ± 0.04
-0.16 ± 0.04

‰

0.66 ± 0.14
0.85 ± 0.09
0.41 ± 0.07
0.34 ± 0.08
-0.06 ± 0.08
-0.09 ± 0.05
-0.23 ± 0.05
-0.34 ± 0.06
-0.42 ± 0.04

66Zn ± 

0.26 ± 0.04
-0.09 ± 0.03
0.14 ± 0.04
0.14 ± 0.04
0.02 ± 0.04
0.15 ± 0.04

4.2
3.6
3.7
3.4
3.4
3.5

1.55
1.72
1.72
1.76
1.82
2.13

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-
-

1.26
1.27
1.42
1.44
1.47
1.57

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-
-

-
-
-
-
-
-

4.2
4.8
4.9
4.6
5.1
5.0

-
-
-
-
-
-

-0.30 ± 0.03
-0.25 ± 0.03
-0.21 ± 0.04
-0.14 ± 0.03
-0.41 ± 0.03
-0.24 ± 0.03

(biom. - med.)



Table 2

Fit results

Michaelis-Menten

nmol m-2 d-1

0.81 ± 0.04

a b

Fe(Fe’), previous*

T. oceanica
Chaetoceros sp.

T. oceanica
Chaetoceros sp.

Monod

a · Fe’
b + Fe’ R2

adj.

max k

1.04 ± 0.08
0.006 ± 0.001
0.023 ± 0.004

Vmax KS

0.975
0.987

1276 0.51 n.a.

91.9 ± 2.2 0.005 ± 0.001 0.968
58.9 ± 8.6 0.038 ± 0.013 0.896

nmol l-1

Zn(Fe’) - kinetics Vmax KS

Fe(Fe’), this study 1289 ± 263 0.53 ± 0.19 0.803
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Figure A.2
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T. oceanica

Chaetoceros sp.
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0.029

0.042
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0.112

nmol l-1

0.006

0.008

0.010
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0.029

0.042

0.056

0.084

0.112

µ

0.41

0.48

0.50

0.61

0.65

0.69
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0.84

0.80

d-1

0.16

0.28
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0.52

0.56

0.65
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0.84

0.85

Uptake rates

nmol m-2 d-1

Fe Zn

10.0

24.9

25.8

31.8

14.7

78.0

86.1

143.2

441.2

45.2

57.2
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82.5

86.6

213.1

nmol m-2 d-1

12.8

14.9

18.9

41.8

36.4

75.4

76.6

105.4

136.3

8.44

13.9

15.4

19.4

17.1
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36.7

36.4

46.9

Cellular Zn quotas

μmol mol-1

Zn/C Zn/P

13.7

12.9

16.1

17.7

19.8

18.9

17.8

19.8

24.9

1.45

1.36

1.71

1.88

2.09

2.01

1.89

2.10

2.64

mmol mol-1

Droop

30.9

30.5

30.1

29.5

29.2
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28.8

28.6

28.6

amol cell-1

20.0

16.6

16.7

11.1

7.36

11.2

16.0

18.8

18.5

2.12

1.76

1.77

1.18

0.78

1.19

1.69

1.99

1.96

9.5

9.7

10.0

10.7

11.2

11.8

12.2

12.8

13.1

-0.15 ± 0.04

-0.17 ± 0.04

-0.17 ± 0.05

-0.02 ± 0.04

-0.09 ± 0.05

-0.19 ± 0.05

-0.09 ± 0.05

-0.14 ± 0.04

-0.16 ± 0.04

‰

0.66 ± 0.14

0.85 ± 0.09

0.41 ± 0.07

0.34 ± 0.08

-0.06 ± 0.08

-0.09 ± 0.05

-0.23 ± 0.05

-0.34 ± 0.06

-0.42 ± 0.04

Δ66Zn ± 2 σ

0.26 ± 0.04

-0.09 ± 0.03

0.14 ± 0.04

0.14 ± 0.04

0.02 ± 0.04

0.15 ± 0.04

4.2

3.6

3.7

3.4

3.4

3.5

1.55

1.72

1.72

1.76

1.82

2.13

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1.26

1.27

1.42

1.44

1.47

1.57

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

-

4.2

4.8

4.9

4.6

5.1

5.0

-

-

-

-

-

-

-0.30 ± 0.03

-0.25 ± 0.03

-0.21 ± 0.04

-0.14 ± 0.03

-0.41 ± 0.03

-0.24 ± 0.03

(biom. - med.)
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Fit results

Michaelis-Menten

nmol m-2 d-1

0.81 ± 0.04

a b

Fe(Fe’), previous*

T. oceanica

Chaetoceros sp.

T. oceanica

Chaetoceros sp.

Monod

a ·
Fe’

b + Fe’
R2

adj.

μ
max

k

1.04 ± 0.08

0.006 ± 0.001

0.023 ± 0.004

V
max

K
S

0.975

0.987

1276 0.51 n.a.

91.9 ± 2.2 0.005 ± 0.001 0.968

58.9 ± 8.6 0.038 ± 0.013 0.896

nmol l-1

Zn(Fe’) - kinetics V
max

K
S

Fe(Fe’), this study 1289 ± 263 0.53 ± 0.19 0.803

table 2
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