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Abstract. The reaction between ozone and iodide at the sea

surface is now known to be an important part of atmospheric

ozone cycling, causing ozone deposition and the release of

ozone-depleting reactive iodine to the atmosphere. The im-

portance of this reaction is reflected by its inclusion in chem-

ical transport models (CTMs). Such models depend on ac-

curate sea surface iodide fields, but measurements are spa-

tially and temporally limited. Hence, the ability to predict

current and future sea surface iodide fields, i.e. sea surface

iodide concentration on a narrow global grid, requires the

development of process-based models. These models require

a thorough understanding of the key processes that control

sea surface iodide. The aim of this study was to explore

if there are common features of iodate-to-iodide reduction

amongst diverse marine phytoplankton in order to develop

models that focus on sea surface iodine and iodine release to

the troposphere. In order to achieve this, rates and patterns

of changes in inorganic iodine speciation were determined in

10 phytoplankton cultures grown at ambient iodate concen-

trations. Where possible these data were analysed alongside

results from previous studies. Iodate loss and some iodide

production were observed in all cultures studied, confirm-

ing that this is a widespread feature amongst marine phyto-

plankton. We found no significant difference in log-phase,

cell-normalised iodide production rates between key phyto-

plankton groups (diatoms, prymnesiophytes including coc-

colithophores and phaeocystales), suggesting that a phyto-

plankton functional type (PFT) approach would not be ap-

propriate for building an ocean iodine cycling model. Io-

date loss was greater than iodide formation in the majority

of the cultures studied, indicating the presence of an as-yet-

unidentified “missing iodine” fraction. Iodide yield at the

end of the experiment was significantly greater in cultures

that had reached a later senescence stage. This suggests that

models should incorporate a lag between peak phytoplank-

ton biomass and maximum iodide production and that cell

mortality terms in biogeochemical models could be used to

parameterise iodide production.

1 Introduction

Interest in marine inorganic iodine has increased in recent

years due to the realisation that ozone deposition to iodide

(I−) at the sea surface plays an important role in ozone cy-

cling and the release of reactive iodine into the troposphere

(Carpenter et al., 2013). Once tropospheric ozone reacts with

iodide, both hypoiodous acid and molecular iodine are pro-

duced in the sea surface microlayer and are then released into

the atmosphere (Carpenter et al., 2013; MacDonald et al.,

2014):

H+
+ I− + O3 → HOI + O2, (1)

H+
+ HOI + I− ↔ I2 + H2O. (2)

Prados-Roman et al. (2015) suggest that up to 75 % of to-

tal iodine oxide found in the marine troposphere may origi-

nate from this reaction. Once in the troposphere reactive io-

dine takes part in numerous chemical cycles and reactions
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which impact the HOx and NOx cycle and ozone cycling

(Saiz-Lopez et al., 2012). Iodine is also known to be involved

in new particle formation (Ehn et al., 2010; O’Dowd et al.,

2002; Sellegri et al., 2016). Ozone deposition to iodide at the

sea surface is now considered to be an important component

of atmospheric chemistry and is incorporated into large-scale

chemical transport models (CTMs; Luhar et al., 2017; Sher-

wen et al., 2016).

Given the link to atmospheric processes there is now an

increased need for accurate maps of global ocean sea surface

iodide fields (Carpenter et al., 2013; Helmig et al., 2012).

As highlighted by Chance et al. (2014) direct measurements

of iodide in surface seawater are sparse. Hence, for the pur-

pose of estimating large-scale ozone deposition and iodine

emissions, sea surface iodide concentrations have been esti-

mated as a function of oceanographic variables such as ni-

trate (Ganzeveld et al., 2009), temperature (Sherwen et al.,

2016; Luhar et al., 2017) and chlorophyll a (Helmig et al.,

2012; Oh et al., 2008) and more recently using combinations

of variables (Sherwen et al., 2019). Improving the ability to

predict current and future sea surface iodide fields requires

the development of process-based models, and that in turn

requires a better understanding of the key processes control-

ling inorganic iodine cycling in marine systems.

Existing measurements show that total inorganic iodine,

mainly consisting of iodide and iodate (IO−

3 ), is found

throughout the oceans at a fairly constant concentration of

450–500 nM (e.g. Elderfield and Truesdale, 1980; Truesdale

et al., 2000) but that the ratio of iodide and iodate has consid-

erable spatial variability. In general, iodate occurs at higher

concentrations in seawater than iodide throughout most of

the water column, but elevated iodide concentrations are

found towards the surface (Chance et al., 2010). The highest

sea surface iodide concentrations (greater than 100 nM) oc-

cur in low-latitude waters, while latitudes greater than about

40◦ N or S are characterised by concentrations of less than

50 nM (Chance et al., 2014). Chance et al. (2014) also re-

ported that a number of studies have observed a decrease in

the proportion of dissolved iodine present as iodate in coastal

waters. Given that ozone deposition is proportional to the

concentration of iodide at the sea surface (Carpenter et al.,

2013), this spatial variability will have a major impact on at-

mospheric ozone cycling.

Iodide concentrations in seawater are thought to be pre-

dominantly controlled by loss due to oxidation to iodate, pro-

duction due to iodate reduction (see overview – Eq. 3) and

physical mixing (reviewed by Chance et al., 2014):

IO−

3 + 6H+
+ 6e−

→ I− + 3H2O. (3)

The mechanism by which iodate is oxidised to iodide is

currently still under debate and highly uncertain. Oxidative

species such as hydrogen peroxide or ozone may play a cru-

cial role in this process. Hydrogen peroxide has been sug-

gested to oxidise molecular iodine and then interact with

emerging iodide to eventually form iodate (e.g. Truesdale

and Moore, 1992). However, the oxidation of iodide to io-

date in the mentioned reaction scheme has been postulated to

be the slowest among all of the reactions in this scheme oc-

curring in seawater (Wong and Zhang, 1992, and references

therein). Furthermore, ozonation has been shown to form io-

date from iodide within seconds to minutes (Bichsel and von

Gunten, 1999), whereas Teiwes et al. (2019) suggested that

hydrated iodide may be oxidised much more effectively to

iodate than the bare oxidation of bare iodide, showing that

this process is still under debate. There is currently hardly

any knowledge if and how this process takes place in natural

seawater. Estimates of the lifetime of iodide due to oxida-

tion in natural seawater range between less than 6 months

and 40 years (Campos et al., 1996; Edwards and Truesdale,

1997; Tsunogai, 1971). Reported abiotic rates are too slow

to explain the shorter lifetimes, so biogenic iodide oxida-

tion driven by phytoplankton (Bluhm et al., 2010) or bacteria

(Amachi, 2008; Fuse et al., 2003; Zic et al., 2013) has been

suggested, but there remains great uncertainty surrounding

this process (Truesdale, 2007). Studies have revealed that

both photochemical (Miyake and Tsunogai, 1963; Spokes

and Liss, 1996) and biological processes (Bluhm et al., 2010;

Chance et al., 2009, 2007; Küpper et al., 1997) are involved

in iodate-to-iodide reduction. Calculations suggest that the

photochemical reduction of iodate is too slow to be of sig-

nificance (Truesdale, 2007). Hence we need a greater un-

derstanding of biological iodine cycling in order to develop

ocean cycling models that can inform studies of ozone depo-

sition to seawater and sea-air iodine emissions.

The reduction of iodate to iodide has been observed in

unialgal cultures representative of a wide range of differ-

ent phytoplankton groups, including diatoms, prymnesio-

phytes and cyanobacteria (Bluhm et al., 2010; Chance et

al., 2007; Moisan et al., 1994; van Bergeijk et al., 2016;

Waite and Truesdale, 2003; Wong et al., 2002; see also

an overview of rates determined in Table 1). Whilst this

demonstrates that the process is widespread amongst ma-

rine primary producers, the patterns and rates observed are

hugely variable. To date, the highest rates of iodate-to-

iodide conversion observed at ambient iodate concentrations

(300 nM) have been seen in the cold-water diatom Nitzschia

sp. (CCMP 580), which has been found to mediate produc-

tion at 123 amol I− cell−1 d−1 (Chance et al., 2007), but there

is currently insufficient coverage to establish which (if any)

algal groups dominate. There is some evidence to suggest

that iodate-to-iodide reduction in marine phytoplankton is to

some extent controlled by environmental conditions (e.g. io-

date concentration; van Bergeijk et al., 2016), but to date no

systematic study has been undertaken to establish the dom-

inant controls. Hence we are unable at present to establish

if there are common features of iodate-to-iodide reduction

amongst diverse marine phytoplankton or identify the envi-

ronmental drivers.

The exact processes involved in iodate-to-iodide reduction

and its metabolic function (if any) in marine phytoplankton

Biogeosciences, 17, 2453–2471, 2020 www.biogeosciences.net/17/2453/2020/
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Table 1. Logarithmic-phase cell-normalised rate of iodate removal and iodide production in a range of marine phytoplankton species investi-

gated in this study and previous studies. Experimental conditions are also listed for comparison. Errors for this study are standard deviations

of three replicate cultures.

Growth conditions Rate (amol cell−1 d−1)

Algal group Species (strain) IO−
3

T Light Media IO−
3

I− Source

(nM) (◦C) intensity

(µmol m−2 s−1)

Diatoms Chaetoceros gelidus 286 ± 7 4 50 K + Si −4.1 ± 4.6 1.5 ± 1.4 This study

(RCC 4512)

Chaetoceros sp. 280 ± 2 15 75 K + Si −26.9 ± 1.8 16.6 ± 2.4 This study

(RCC 4208)

Chaetoceros sp. 297 ± 13 25 100 f/2 + Si −10.8 ± 1.4 7.9 ± 0.9 This study

(CCMP 1690)

Chaetoceros debilis 5000 4 50, 100 f/2 + Si – 16 ± 3, Bluhm et al. (2010)

(EIFEX) 14 ± 4

Nitzschia sp. 300 4 60 f/2 −148 123 Chance et al. (2007)

(CCMP 580) 10.3 × 103 −6840 8600

Thalassiosira pseudonana 300 15 40–50 f/2 −2.18 −1.65 Chance et al. (2007)

(CCMP 1335)

Pseudo-nitzschia turgiduloides 5000 4 50, 100 f/2 + Si – 493 ± 182, Bluhm et al. (2010)

(EIFEX) 643 ± 179

Fragilariopsis kerguelensis 5000 4 50, 100 f/2 + Si – 80 ± 17, Bluhm et al. (2010)

(EIFEX) 93 ± 19

Eucampia antarctica 5000 4 50, 100 f/2 + Si – 500 ± 207, Bluhm et al. (2010)

(CCMP 1452) 853 ± 124

Phaeodactylum tricornutum 500 20 100 f/2 −0.01 – van Bergeijk

(CCMP 1055/15) 2.5 × 104 −0.4 10.85 et al. (2016)

2.5 × 106 −38.29 338.3

Prymnesiophytes Calcidiscus leptoporus 326 ± 7 20 100 K/2 −114.9 ± 27.6 95.5 ± 19.5 This study

(RCC 1164)

Gephyrocapsa oceanica 284 ± 11 17 25 K/2 −12.0 ± 4.9 2.8 ± 1.6 This study

(RCC 1318)

Emiliania huxleyi 293 ± 20 17 25 K/2 −5.6 ± 3.6 1.3 ± 0.4 This study

(RCC 1210)

Emiliania huxleyi 354 ± 14 20 100 K −11.0 ± 2.5 0.7 ± 0.6 This study

(RCC 4560)

Phaeocystis antarctica 321 ± 18 4 50 K/2 −5.2 ± 1.1 3.5 ± 0.9 This study

(RCC 4024)

Phaeocystis sp. 273 ± 5 20 100 K/2 −93.9 ± 25.0 60.9 ± 22.5 This study

(RCC 1725)

Emiliania huxleyi 300 15 40–50 f/2 −18 66.3 Chance et al. (2007)

(CCMP 373)

Emiliania huxleyi 5000 18 50, 100 f/2 – 11 ± 2, 9 ± 5 Bluhm et al. (2010)

(CCMP 371)

Tisochrysis lutea 500 20 100 f/2 −0.2 0.7 van Bergeijk

(CCAP927/14) 2.5 × 104 −2.4 13.8 et al. (2016)

2.5 × 106 −91.0 195.1

Cyanobacteria Synechococcus sp. 341 ± 20 20 100 SN −2.3 ± 0.3 0.0 ± 0.0 This study

(RCC 2366)

www.biogeosciences.net/17/2453/2020/ Biogeosciences, 17, 2453–2471, 2020



2456 H. Hepach et al.: Senescence as driver of biogenic iodide release

remain uncertain, but suggestions include links with nitrate

reductase (Tsunogai and Sase, 1969) and senescence (Bluhm

et al., 2010). Indications for the link with nitrate reductase

come from correlations between iodide concentration and ni-

trate reductase activity in the field (Wong and Hung, 2001)

and from laboratory studies with enzyme extracts (Hung et

al., 2005; Tsunogai and Sase, 1969). There is, however, also

evidence from culture studies which suggests that nitrate re-

ductase is not involved in iodate-to-iodide conversion. For in-

stance, Waite and Truesdale (2003) deactivated the nitrate re-

ductase enzyme in a haptophyte species which was still able

to reduce iodate to iodide, and Bluhm et al. (2010) did not

see a link between iodide production with nitrate limitation

in their monoculture studies. They instead suggested a link of

iodide production with senescence mediated by reduced sul-

fur leaked from lysing cells. To date, this was the only study

that tied iodide release to a specific growth phase of microal-

gae. Studies (Küpper et al., 1997, 2008) have suggested that

iodate-to-iodide reduction in marine macroalgae is linked to

light-induced oxidative stress. Whilst iodide has been shown

to control oxidative stress in microalgae (Hernández Javier et

al., 2018), a link between iodate reduction and light-induced

oxidative stress has yet to be demonstrated in this group of

organisms. A better understanding of the purpose and mech-

anism of iodate-to-iodide reduction in marine phytoplankton

would help with the development of process-based models of

inorganic iodine cycling in the oceans.

The aim of this study was to establish if there are any

general trends of iodate-to-iodide reduction across a diverse

range of phytoplankton species to assist with future predic-

tive model development. We studied growth-stage-specific

and overall changes in iodate-to-iodide conversion at am-

bient iodate concentrations (∼ 300 nM) in 10 polar, temper-

ate and tropical phytoplankton species from three microalgal

groups including diatoms, prymnesiophytes and cyanobac-

teria. Where possible, we compiled the rates observed with

those from the literature to provide an overall view of pat-

terns of iodate-to-iodide conversion across the marine phyto-

plankton cultures studied to date.

2 Materials and methods

2.1 Phytoplankton strains

The 10 phytoplankton strains (Fig. 1) used in this study

were obtained from the Roscoff Culture Collection (RCC)

and the National Center for Marine Algae and Microbiota

Bigelow (CCMP). The strains include the diatoms (blue

shades) Chaetoceros gelidus (RCC 4512), Chaetoceros sp.

(RCC 4208) and Chaetoceros sp. (CCMP 1690); the prym-

nesiophytes (yellow to red shades) Emiliania huxleyi (RCC

1210, coccolithophore), Emiliania huxleyi (RCC 4560, coc-

colithophore), Calcidiscus leptoporus (RCC 1164, coccol-

ithophore), Gephyrocapsa oceanica (RCC 1318, coccol-

ithophore), Phaeocystis antarctica (RCC 4024, phaeocys-

tales) and Phaeocystis sp. (RCC 1725, phaeocystales); and

the cyanobacterium Synechococcus sp. (RCC 2366; depicted

in dark green). Where we studied strains of the same genus or

species, they were from different climate zones. All cultures

were non-axenic but checked for bacterial growth in the be-

ginning and the end of the experiments using flow cytometry

(see Sect. 2.2.2).

2.2 Experimental set-up

Each strain was grown under the conditions (i.e. temperature,

light intensity, media; Table 1) specified by the culture col-

lection from which they were obtained (Fig. 1). All media

were prepared in ESAW – enriched seawater, artificial wa-

ter (Berges et al., 2001), which was autoclaved before use.

Concentrations of nutrients in media can be found in Ta-

ble 2. Handling of all sterile media and cultures was done

in a biosafety cabinet to reduce the risk of bacterial contam-

ination. Each experiment included triplicate phytoplankton

cultures and triplicate media-only controls. The duration of

the experiment was dictated by the growth dynamics of the

specific strain. Each experiment was carried out until the re-

spective culture reached the senescent phase, but due to time

constraints cultures were at different stages of senescence

when each experiment was terminated.

Experiments were performed in either 2 or 4 L borosilicate

glass flasks, which contained 1 or 2 L of medium, respec-

tively. The experimental as well as the control flasks were

spiked with iodate at a final concentration between 300 and

400 nM (Tables 1 and 2), reflecting lower to average natural

concentrations (Chance et al., 2014). Initial iodide concentra-

tions in the flasks ranged on average between 1.32±0.23 nM

(Phaeocystis sp., RCC 1725) and 20.77±20.49 nM (Chaeto-

ceros gelidus, RCC 4521). Iodate solutions were prepared

in Milli-Q water using solid potassium iodate (KIO3; Fisher

Scientific, SLR grade, ≥ 99.5 %) and were autoclaved be-

fore being added to the ESAW. At the start of each experi-

ment experimental flasks were inoculated with 15–30 mL of

stock culture, depending on the stock culture cell density and

volume of the flasks. Flasks were then incubated under red

and blue LED lights with a 12 h : 12 h light–dark cycle in a

temperature-controlled room. Regular (weekly or bi-weekly)

sampling was performed for inorganic iodine species (I−,

IO−

3 ), cell counts and in vivo chlorophyll fluorescence read-

ings. Methods used for the determination of these parameters

are described in Sect. 2.2.1 to 2.2.2.

2.2.1 Determination of iodide and iodate

Samples for iodide and iodate analyses were gently hand-

filtered through a 25 mm GF/F (Whatman) filter into sterile

15 mL falcon tubes and then stored at −20 ◦C until further

analysis within 6 months of collection. Our storage tests re-

Biogeosciences, 17, 2453–2471, 2020 www.biogeosciences.net/17/2453/2020/
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Figure 1. All strains used in the incubation experiments and the original location where they were isolated. Blue colours indicate strains

that belong to the group diatoms, yellow to red refers to strains from the class of prymnesiophytes (yellow to orange denotes species from

the order of coccolithophores, while red stands for species from the order of phaeocystales) and dark green refers to the only cyanobacteria

studied here, Synechococcus sp.

Table 2. Overview of results for the control data for the incubation experiments. Start and end points are shown for each measured parameter

per type of medium. Values shown are mediums and standard deviations derived from all replicates. Media-only controls were carried out for

each incubation set-up with three replicates each and were treated the same way as the inoculated flasks. No significant variations between

start and end points were detected in any of the parameters shown with respect to detection limits and precision of the methods. Note that

the standard deviations from start and end points are within measurement precision. Additionally, start concentrations of nutrients for each

medium are shown (NO−
3

– nitrate, PO3−
4

– phosphate, SIO2−
3

– silicate, NH+
4

– ammonium). Please note that concentrations of these

nutrients were not measured but correspond to the concentrations as stated in the original publications for these media (K; K/2; K + Si:

Keller et al., 1987; f/2: Guillard and Ryther, 1962; SN: Waterbury et al., 1986).

Medium Time point IO−
3

(nM) I− (nM) NO−
3

(µM) PO3−
4

(µM) SiO2−
3

(µM) NH+
4

(µM)

f/2 + Si
Start 295.8 ± 6.7 3.3 ± 0.7

882.0 36.2 106.0
End 304.2 ± 26.2 3.7 ± 2.1

K/2
Start 236.5 ± 55.4 2.7 ± 0.7

441.0 5.0 25.1
End 237.4 ± 37.5 2.9 ± 0.3

K
Start 245.6 ± 27.87 2.2 ± 0.9

882.0 10.0 50.1
End 247.3 ± 13.9 9.8 ± 0.4

K + Si
Start 251.5 ± 38.9 2.8 ± 0.7

882.0 10.0 106.0 50.1
End 249.5 ± 35.5 4.6 ± 0.3

SN
Start 327.9 ± 35.7 4.5 ± 2.1

9000.0 9.9
End 323.1 ± 27.0 11.6 ± 3.8

vealed that inorganic iodine speciation was maintained dur-

ing this period of storage.

Iodide analysis was performed using cathodic stripping

square-wave voltammetry as described in Campos (1997) us-

ing a Metrohm voltammeter and NOVA software. The sam-

ple volume was 12 mL, and nitrogen was used as purging gas

to remove oxygen; 90 µL of 0.2 % Triton X-100 was added

to the sample before purging to increase the sensitivity of the

method. Quantification of iodide was achieved by perform-

ing standard additions. Potassium iodide (KI; Acros Organ-

ics, extra pure, trace metal basis, 99.995 %) standards were

prepared in Milli-Q water with a final concentration of about

1×10−5–2×10−5 M. Final concentrations were determined

by applying linear regression. Precision of the technique was

5 %–10 % based on repeat measurements of aliquots from the

same sample.

Iodate was determined spectrophotometrically accord-

ing to Truesdale and Spencer (1974) using a PerkinElmer

www.biogeosciences.net/17/2453/2020/ Biogeosciences, 17, 2453–2471, 2020
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Lambda 35 UV/Vis spectrometer with a 1 cm quartz cuvette.

During analysis 50 µL of 1.5 M sulfamic acid (Fisher Sci-

entific, analytical reagent grade, ≥ 99.9 %) was added to

2.3 mL of sample, and absorbance at 350 nm was measured

after 1 min. Following this, 150 µL of 0.6 M KI solution was

added and mixed, and the absorbance at 350 nm was read

after 2.5 min. Quantification was achieved by performing a

standard curve on every measurement day using potassium

iodate (see Sect. 2.2) in Milli-Q water. Final iodate concen-

trations were then retrieved using the difference of the second

reading and the first reading and by linear regression from

the standards. Sample precision was between 5 % and 10 %

based on regular measurements of triplicates from the same

sample. A standard in the measured concentration range was

measured every five samples to determine the daily instru-

mental drift.

2.2.2 Biological measurements: in vivo chlorophyll

fluorescence and cell counts

In vivo chlorophyll fluorescence was measured at every sam-

pling point for each culture and control replicate. A sample

of 5 mL was transferred into a 1 cm cuvette, and fluorescence

(excitation / emission: 460 nm / 685 nm) was measured us-

ing a Turner Trilogy Designs fluorometer.

Automated cell counts were performed using a Vi-CELL

XR (Beckman Coulter); 500 µL of the sample was transferred

into a vial. The Vi-CELL takes up the sample and mixes it

1 : 1 with trypan blue; dead cells take up the dye, while live

cells do not, and deliver it to a flow cell for camera imaging,

where differences in grey scale between the live and dead cell

are determined by the software. Fifty images were analysed

to determine the cell concentration and viability. The ESAW

sample had to be acidified with 5 µL of concentrated hy-

drochloric acid directly prior injecting into the Vi-CELL due

to the alkaline nature of the trypan blue and consequential

precipitation of sea salt that complicated the measurement

using the Vi-CELL without pre-acidification. Pre-tests with

acidification and in vivo chlorophyll fluorescence of differ-

ent algal cultures showed no change in the fluorescence with

pre-acidification in this short time period. The precision of

these measurements was on average 10 %, determined from

triplicates from the same culture. No cells were detected in

the control treatments. Bacterial contamination was evalu-

ated using flow cytometry. Samples were stained with DAPI

(1 µg mL−1) for 30 min at room temperature and analysed us-

ing a CytoFLEX S cytometer (Beckman Coulter), using an

event rate of less than 1000 events per second, at flow rate

of 60 µL min−1 for a minimum of 1 min. DAPI was excited

using the 405 nm laser and emitted photons detected in the

wavelength range 450/50 nm. A sterile sample diluent buffer

was used to set the detection threshold, and a sterile medium

was used as a negative control.

2.3 Calculations and data analysis

Iodide production and iodate incorporation rates were cal-

culated from slopes applying linear regression analysis of

iodide and iodate concentration versus time according to

Bluhm et al. (2010). Pearson’s linear correlation coefficients

(R2) were generally larger or equal to 0.7, with the exception

of one culture replicate of Emiliania huxleyi (RCC 4566),

where R2 was 0.5. Iodine production and incorporation rates

per cell were normalised to time-averaged cell numbers.

All statistical tests applied in this study were conducted

in MATLAB® and SigmaPlot Version 13. Datasets that were

correlated to each other were first tested for normal distribu-

tion using the Liliiefors test. Depending on the outcome of

the test, linearity was calculated using the Pearson’s linear

correlation coefficient (R) or the Spearman’s ρ (rs). The sig-

nificance level applied here was p ≤ 0.05. Further statistical

tests applied include the t test, the two-sided Wilcoxon rank

sum test and one-way ANOVAs. One-way ANOVAs were

used when the means of more than two datasets were inves-

tigated at the same time.

Normal distribution of datasets used in the one-way

ANOVAs was tested using the Shapiro–Wilk test. Since

most datasets were not normally distributed, we performed

Kruskal–Wallis one-way ANOVAs, since they require nei-

ther normal distribution nor equal variances. The specific

purpose of each test is introduced at relevant points in Sect. 3.

3 Results and discussion

The results of the phytoplankton growth curve experiments

are summarised in Figs. 2–5. It can be seen that a decline

in iodate concentrations and increase in iodide were detected

in all strains studied. Concentrations of iodide in the media-

only controls (Table 2) were very close to the detection limit,

and thus the small changes observed are within our measure-

ment error (please note: the standard deviation here repre-

sents the variation between culture replicates). Additionally,

any changes in iodate observed in the controls were within

the precision of the spectrometric method. This confirms that

the observed changes in inorganic iodine in the cultures were

biologically mediated. It is apparent from Figs. 2–5 that there

is variability in the time series and magnitude of changes

in iodate and iodide concentrations between cultures, but

growth rates, biomass levels and the growth stage reached

also differed between strains. The data are explored further

in Sect. 3.1 to 3.3 to identify if any common features or pat-

terns of inorganic iodine speciation change can be identified

once these other factors are taken into account.

This study did not set out to identify the mechanism of

iodate-to-iodide conversion in marine phytoplankton, but we

can say that it is unlikely that nitrate reductase (Hung et al.,

2005) was the mechanism responsible. It was postulated that

the responsible enzyme switches to iodate once nitrate is de-
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Figure 2. Total cell counts (black – total) and fluorescence readings (green) as well as inorganic iodine speciation (red – iodate, yellow –

iodide) over the course of the growth curve experiments of diatoms for Chaetoceros gelidus (RCC 4512) in (a) and (b), Chaetoceros sp.

(RCC 4208) in (c) and (d), and Chaetoceros sp. (CCMP 1690) in (e) and (f). The colour-shaded bars on top of each graph indicate where

the logarithmic phase (green), the stationary phase (yellow) and the senescent phase (red) began and ended based on total cell counts and

fluorescence. Values depicted are means from culture replicates, with error bars indicating the standard deviations of these means.

pleted (Tsunogai and Sase, 1969). Media that used to grow

each strain in this study, however, contain high levels of ni-

trate (see Table 2), so the cultures were not limited in this

nutrient at the beginning of the experiments, when produc-

tion of iodide could already be observed. The other proposed

mechanism for iodate reduction to iodide involves the release

of reduced sulfur during the senescence phase (Bluhm et al.,

2010). Our further analysis in Sect. 3.1 to 3.3 explores the im-
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Figure 3. Total cell counts (black – total) and fluorescence readings (green) as well as inorganic iodine speciation (red – iodate, yellow –

iodide) over the course of the growth curve experiments of calcifying prymnesiophytes for Calcidiscus leptoporus (RCC 1164) in (a) and

(b), Emiliania huxleyi (RCC 1210) in (c) and (d), Gephyrocapsa oceanica (RCC 1318) in (e) and (f), and Emiliania huxleyi (RCC 4560) in

(g) and (h). The colour-shaded bars on top of each graph indicate where the logarithmic phase (green), the stationary phase (yellow) and

the senescent phase (red) began and ended based on total cell counts. Values depicted are means from culture replicates, with error bars

indicating the standard deviations of these means.
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portance of the growth stage on changes in inorganic iodine

speciation and hence in some way explores if the mechanism

described in Bluhm et al. (2010) can explain the observed

changes.

3.1 Logarithmic stage rates of iodate-to-iodide

reduction

3.1.1 Cell-normalised rates

Log-phase, cell-normalised iodide production rates were cal-

culated (Table 1) to assess if normalising to biomass allows

any patterns to be identified across phytoplankton strains.

Our rates are presented in Table 1 alongside those reported

in previous studies for comparison. Rates observed in Syne-

chococcus sp. (RCC 2366) are not discussed further here,

as it was the only cyanobacterium strain studied. Overall

we observed the highest rate of iodide production (95.5 ±

19.5 amol I− cell−1 d−1) in the prymnesiophyte Calcidiscus

leptoporus (RCC 1164). The warm-water (20 ◦C) Phaeocys-

tis sp. (RCC 1725) also had high rates of change of inor-

ganic iodine speciation (60.9 ± 22.5 amol I− cell−1 d−1), but

the cold-water Phaeocystis antarctica (RCC 4024) had rela-

tively lower rates (3.5 ± 0.9 amol I− cell−1 d−1). The Emil-

iania huxleyi strains investigated here (RCC 1210, RCC

4560) were both found to drive low rates of change in inor-

ganic iodine speciation (< 2 amol I− cell−1 d−1). Other stud-

ies have found rates of iodide production in Emiliania hux-

leyi of 66.3 amol I− cell−1 d−1 (CCMP 373, 300 nM iodate;

Chance et al., 2007) and 9 ± 5 to 11 ± 2 amol I− cell−1 d−1

(CCMP 371, at 5 µM iodate; Bluhm et al., 2010). The only

other Prymnesiophyte investigated to date (Tisochrysis lutea,

CCAP927/14) has been found to produce iodide at rates of

0.7 amol I− cell−1 d−1at 500 nM iodate and 195.1 nM iodate

at 2.5 mM (van Bergeijk et al., 2016).

For the sake of comparability, we concentrate only on

studies that reported iodide production and iodate con-

sumption rates normalised to phytoplankton cell numbers

in the following. Across all studies on iodate-to-iodide re-

duction by phytoplankton undertaken to date that also in-

clude phytoplankton cell numbers, the highest rates of io-

dide production have been observed in diatoms, but this

was not the case in our study. The highest rate of io-

dide increase we observed amongst the diatoms studied

was in the temperate Chaetoceros sp. (RCC 4208; 16.6 ±

2.4 amol I− cell−1 d−1). Relatively lower rates were ob-

served in the other two cold-water and temperate Chaeto-

ceros strains (Table 1: Chaetoceros gelidus, RCC 4512;

Chaetoceros sp., CCMP 1690). Similar low rates have

been found in other marine diatoms (e.g. Phaeodactylum

tricornutum, CCMP 1055/15; van Bergeijk et al., 2016),

and some diatom cultures (e.g. Thalassiosira pseudonana,

CCMP 1335; Chance et al., 2007) have not been found to me-

diate iodate-to-iodide reduction at all. Previous studies have

found some diatom species to be among the main produc-

ers of iodide. The cold-water Nitzschia sp. (CCMP 580) has

been found to mediate 123 amol I− cell−1 d−1 at 300 nM io-

date (Chance et al., 2007). The very high rates of diatom

iodate-to-iodide conversion reported in Table 1 from other

studies were observed when the cultures were presented

with super-ambient concentrations of iodate (e.g. Nitzschia

sp., CCMP 580, 8600 amol I− cell−1 d−1 at 10 µM iodate;

Chance et al., 2007; Pseudo-nitzschia turgiduloides, 643 ±

179 amol I− cell−1 d−1; Fragilariopsis kerguelensis, 93 ±

19 amol I− cell−1 d−1, both at 5 µM iodate; Bluhm et al.,

2010). Whilst the increased iodate-to-iodide reduction at the

higher levels of iodate is of interest, such rates are unlikely

to occur in the natural environment, especially since iodide

release rates have been shown to increase with increasing

initial iodate concentrations (e.g. Wong et al., 2002; van

Bergeijk et al., 2016). A similar wide range in iodide produc-

tion and iodate consumption rates was found for monoculture

batch experiments where no cell-normalised rates were pre-

sented (Butler et al., 1981; Moisan et al., 1994; Wong et al.,

2002; Waite and Truesdale, 2003). For example, while Wong

et al. (2002) present high iodide production rates in mono-

cultures of the green alga Dunaliella tertiolecta, Butler et

al. (1981) did not see any changes in iodide levels in their

experiments with the same species.

Overall, when all cell-normalised iodide production rates

for all strains studied to date are brought together (this study

and rates from the literature), there is no clear difference be-

tween phytoplankton groups (where there are sufficient data

to make comparisons). For diatoms, rates at ambient levels of

iodate (300–500 nM) range from −1.65 amol I− cell−1 d−1

in Thalassiosira pseudonana (CCMP 1335; Chance et al.,

2007) to 123 amol I− cell−1 d−1 in Nitzschia sp. (CCMP 580;

Chance et al., 2007). In the prymnesiophytes, rates range

from 0.7±0.6 amol I− cell−1 d−1 in Emiliania huxleyi (RCC

4560; this study) to 95.5 ± 19.5 amol I− cell−1 d−1 in Cal-

cidiscus leptoporus (RCC 1164; this study) at ambient io-

date. There was no significant difference in iodide produc-

tion rates between diatoms and prymnesiophytes (Mann–

Whitney rank sum test: p > 0.05, n = 20 for diatoms and

n = 22 for prymnesiophytes) or between diatoms, prym-

nesiophytes and phaeocystales (Kruskal–Wallis: p > 0.05,

n = 20 for diatoms, n = 15 for prymnesiophytes and n = 6

for phaeocystales) when data from this study and previous

studies are considered together. These results were the same

whether only data from experiments conducted at ambient

iodate were included or data from all experiments (including

those at super-ambient iodate levels) were considered.

3.1.2 Iodine-to-carbon ratios

An alternative way to compare iodide production rates be-

tween species and groups is to normalise against activity,

such as the carbon-fixation rate, rather than cell density. As

the photosynthetic rate was not measured, we use known

literature values for cellular carbon (Table 3) to calculate
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Figure 4. Total cell counts (black – total) and fluorescence readings (green) as well as inorganic iodine speciation (red – iodate, yellow

– iodide) over the course of the growth curve experiments of prymnesiophytes for Phaeocystis antarctica (RCC 4024) in (a) and (b) and

Phaeocystis sp. (RCC 1725) in (c) and (d). The colour-shaded bars on top of each graph indicate where the logarithmic phase (green), the

stationary phase (yellow) and the senescent phase (red) began and ended based on total cell counts. Values depicted are means from culture

replicates, with error bars indicating the standard deviations of these means.

Table 3. Ratios of IO−
3

removal and I− production to increase in cellular carbon (net primary production – NPP). Also presented are the

cellular carbon levels used to make these calculations. Errors are the standard deviations of three replicate cultures.

Species (strain) pg C cell−1 IO−
3

: C SD I− : C SD

Diatoms

C. gelidus (RCC 4512) 8.2a 4.2 × 10−4 2.2 × 10−4 7.1 × 10−5 6.2 × 10−5

Chaetoceros sp. (RCC 4208) 8.2a 2.3 × 10−4 2.8 × 10−5 1.5 × 10−4 4.4 × 10−5

Chaetoceros sp. (CCMP 1690) 8.2a 8.4 × 10−5 3.0 × 10−5 2.0 × 10−5 1.2 × 10−5

Prymnesiophytes

Calcidiscus leptoporus (RCC 1164) 32.5b 5.3 × 10−4 9.0 × 10−5 4.5 × 10−4 1.2 × 10−4

Gephyrocapsa oceanica (RCC 1318) 13.8c 7.4 × 10−5 2.6 × 10−5 1.8 × 10−5 1.0 × 10−5

Emiliania huxleyi (RCC 1210) 10.7d 6.5 × 10−5 4.0 × 10−5 1.5 × 10−5 5.7 × 10−6

Emiliania huxleyi (RCC 4560) 10.7d 6.1 × 10−5 1.5 × 10−5 3.8 × 10−6 3.1 × 10−6

Phaeocystis antarctica (RCC 4024) 9.0e 1.0 × 10−4 1.6 × 10−5 6.8 × 10−5 1.3 × 10−5

Phaeocystis sp. (RCC 1725) 9.0e 8.1 × 10−4 3.1 × 10−4 1.1 × 10−3 4.7 × 10−4

Cyanobacteria Synechococcus sp. (RCC 2366) 0.3f 2.7 × 10−3 2.2 × 10−4 2.9 × 10−5 2.3 × 10−5

a Degerlund et al. (2012). b Heinle (2013). c Jin et al. (2013), Baumann (2004). d Blanco-Ameijeiras et al. (2016). e Vogt et al. (2012). f Buitenhuis et al. (2012).
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log-phase rates of carbon incorporation into cellular biomass

(equivalent to net primary production – NPP). These rates

are then used to calculate the molar ratio of iodate removed

or iodide-produced (I : C) conversion ratios for each phy-

toplankton strain used in this study. Ratios are presented

in Table 3 and vary between 10−6 and 10−3 for I : C. The

range of rates found in this study are variable but do en-

compass the I : C ratios found in field studies, which are

on the order of 10−4 (Chance et al., 2010; Elderfield and

Truesdale, 1980; Wong et al., 1976). With our estimated

I : C ratios lying within the ranges reported from field stud-

ies, it can be assumed that the processes that we observe in

our monoculture studies are likely transferable to the field.

Whilst there are insufficient data to undertake statistical anal-

ysis, it is clear that, as with the cell-normalised rates, the

I : C in diatoms and phaeocystales / coccolithophores over-

lap significantly. Amongst the diatoms, the I : C ratio ranged

from 2.0 × 10−5 (±1.2 × 10−5) in Chaetoceros sp. (CCMP

1680) to 1.5×10−4 (±4.4×10−5) in Chaetoceros sp. (RCC

4208). In the prymnesiophytes it was found to range from

1.5×10−5 (±5.7×10−6) in Emiliania huxleyi (RCC 1210) to

1.1×10−3 (±4.7×10−4) in Phaeocystis sp. (RCC 1725). The

highest I : C amongst the coccolithophores was 4.5 × 10−4

(±1.2 × 10−4) in Calcidiscus leptoporus (RCC 1164).

3.1.3 Relationship between iodate uptake and iodide

production

Figure 6 shows the relationship between the log-phase iodate

removal and iodide production rates in 30 phytoplankton cul-

tures from our study and an additional 11 strains from two

studies (Chance et al., 2007; Wong et al., 2002), in which the

cultures were also supplied with ambient iodate concentra-

tions. Note, however, that we were not able to identify any

studies where initial iodate was introduced to the cultures in

the ambient level that also covered the growth stages beyond

the log phase. Thus, only cultures from this study were in-

cluded in Fig. 6b. Log-phase iodate consumption and iodide

production rates correlate significantly (Fig. 6a; Spearman’s

rank: rs = −0.37, p = 0.018, n = 41), but the correlation for

the overall experimental rates is stronger (Fig. 6b; Spear-

man’s rank: rs = −0.72, p = 0.000, n = 30). Also shown

in the figure are the 1 : 1 lines. Data points below the line

suggest higher iodate removal rates than iodide production,

while data points above suggest the opposite. Data points be-

low the line after the end of the experiments (Fig. 6b) in-

dicate loss of iodine during the experiment (or missing io-

dine). A least-squares regression line on top of the 1 : 1 line

would indicate that all iodate consumed is converted into io-

dide in the majority of the cultures. The flatter slope of the

regression line (grey line) in Fig. 6a in comparison to that

in Fig. 6b suggests higher incorporation of iodate compared

to iodide production during the logarithmic phase. This im-

plies that iodate taken up during active growth is not imme-

diately converted to iodide. Whilst the slope is steeper, the

least-squares regression line in Fig. 6b still does not sit over

the 1 : 1 line, suggesting incomplete conversion of iodate to

iodide and missing iodine. The existence of missing iodine is

explored further in Sect. 3.3.

3.2 Comparison of log-phase and post-log-phase rates

of iodide production

To investigate if the growth stage is an important determi-

nant of the rates of inorganic iodine speciation across diverse

phytoplankton groups, we compared logarithmic and post-

logarithmic rates of change in iodide (Fig. 7). It is clear from

Fig. 7 that there is no general pattern across the strains stud-

ied. Of the 30 cultures studied, 14 demonstrated higher io-

dide production rates in the log phase and 16 in the post-log

phase. A paired t test revealed that there was no consistent

difference between log- and post-log-phase rates of change

in iodide across the phytoplankton strains included in this

study (p > 0.05, n = 30).

It is interesting to note that declines in iodide con-

centrations were observed during the post-log phase

in two strains (Chaetoceros sp., CCMP 1680, −2.6 ±

0.5 amol I− cell−1 d−1; Phaeocystis antarctica, RCC 4024,

−1.1 ± 1.4 amol I− cell−1 d−1). There is also evidence from

the growth curve data that there was a decline in iodide con-

centrations during the later stages of the growth curve ex-

periment for Emiliania huxleyi (RCC 4560; Fig. 3). It has

been established in previous studies that phytoplankton also

takes up iodide (de la Cuesta and Manley, 2009; Bluhm et al.,

2010; van Bergeijk et al., 2013), and this could explain these

declines. Two of the cultures (Chaetoceros sp., CCMP 1690

– Fig. 2; Emiliania huxleyi, RCC 4560 – Fig. 3) had very

low iodate (< 10 nM) during the period when iodide concen-

trations decreased, so the cultures may have switched their

iodine source to iodide. However, one of the cultures where

a decline was observed (Phaeocystis antarctica, RCC 4024

– Fig. 4) still had substantial levels of iodate (∼ 180 nM)

when iodide decline was observed. In addition to uptake

the disappearance of iodide may have also indicated con-

version into other organic or inorganic forms. Volatile or

low-molecular-weight organoiodine compounds are usually

found in concentrations in the picomolar range both in mono-

cultures (Hughes et al., 2006) and in the field (Hepach et al.,

2016). Dissolved organic iodine (DOI) has been suggested

to be a possible intermediate step in the reduction of iodate

to iodide. DOI is found in nanomolar ranges in coastal re-

gions with high riverine input, but concentrations are lower

in open ocean regions (Wong and Cheng, 2001). To date,

evaluations of DOI in monocultural batch experiments have

not been conducted. However, Wong and Cheng (2001) sug-

gested that DOI could form from microalgal exudates, which

could, for example, apply to species such as Phaeocystis sp.
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Figure 5. Total cell counts (black – total) and fluorescence readings (green) as well as inorganic iodine speciation (red – iodate, yellow –

iodide) over the course of the growth curve experiments of Synechococcus sp. (RCC 2366). The colour-shaded bars on top of each graph

indicate where the logarithmic phase (green) and the stationary phase (yellow) started and ended based on total cell counts. Values depicted

are means from culture replicates, with error bars indicating the standard deviations of these means.

Figure 6. Relationship between (a) IO−
3

removal and I− production rate, including other studies with similar initial IO−
3

concentrations

(Chance et al., 2007; Wong et al., 2002) during the logarithmic growth phase, and (b) the overall (whole experiment) removal and production

rates in the 30 phytoplankton cultures (three cultures per strain) from only this study (note: we were not able to find studies of iodide

production that were conducted over all growth phases of the cultures and that additionally were carried out with iodate at ambient levels; thus

only our cultures are included). Rates are calculated as the change in the inorganic iodine species normalised to experimental duration. Dashed

line is the 1 : 1 line. Grey lines are the least-square lines (p = 0.018, n = 41; p = 0.00001, n = 30). The marker symbol gives information

on whether the shown culture was a diatom (circle), calcifying prymnesiophyte (square), other prymnesiophytes (diamond), cyanobacteria

(upward-pointing triangle), green algae (downward-pointing triangle) or dinoflagellate (star). Note that the calcifying prymnesiophyte outlier

in (a) is from Chance et al. (2007), in which the I− production rate for Emiliania huxleyi (CCMP 373) in the log phase was calculated over

the course of fewer days than the IO−
3

consumption rate due to loss of I− during the log phase.

3.3 Net changes in iodine speciation across

experimental duration

The rates of change (normalised to the total experimental

duration) and composition of iodine speciation at the end

of the experiments in each replicate are shown in Fig. 8.

The largest overall net decrease in iodate (mean ± standard

deviation from the culture set-up; −313.2 ± 18.1 nM) was

seen in Calcidiscus leptoporus, while the smallest (−78.6 ±

26.1 nM) was seen in Emiliania huxleyi (RCC 1210). Con-

sistent with this, Fig. 8a shows that the largest overall rate

of decline in iodate was observed in Calcidiscus leptoporus

(−6.4 ± 0.4 nM d−1), with the smallest again seen in Emil-

iania huxleyi (RCC 1210; −1.1 ± 0.4 nM d−1). The high-

est net increase in iodide was seen in Calcidiscus lepto-
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Figure 7. Comparison of the average net change in (a) I− and (b) IO−
3

concentrations during logarithmic (light grey bar) and post-logarithmic

(white bar) stages of growth in 10 marine phytoplankton cultures averaged over the length of the respective growth phase. Error bars show

the standard deviation from three replicate cultures.

porus (RCC 1164; 272.3 ± 17.6 nM), and the lowest was

seen in Synechococcus sp., in which some changes in in-

organic iodine speciation were observed, but no signifi-

cant net increase in iodide was observed across the exper-

iment (−0.5 ± 1.3 nM). The highest overall rates of iodide

increase (Fig. 8a) were observed in Calcidiscus leptoporus

(5.6 ± 0.4 nM d−1), and the lowest were observed in Syne-

chococcus sp. (0.0 ± 0.0 nM d−1).

Figure 8b shows the composition of iodine speciation at

the end of each experiment, with blue bars indicating missing

iodine (difference of net iodate decline and iodide increase).

It is apparent that in 23 of the 30 studied culture replicates,

there is significant missing iodine (i.e. less iodide produced

compared to iodate lost from the media). Here “significant”

is defined as more than 10 % of initial iodate, given that 10 %

is the precision of the measurement (see Sect. 2.2.1). In 8

out of 30 replicates, this missing iodine is more than 50 %

of the initial iodate concentrations. The missing iodine levels

range from 46.9±33.3 nM in Emiliania huxleyi (RCC 1210)

to 257.8 ± 10.9 nM in Chaetoceros sp. (CCMP 1690). This

suggests that there is not always an immediate conversion

of iodate to iodide in the medium and that some of the io-

date taken up is retained by the cells or converted into (and

stored) another form. Previous studies have also observed

missing iodine in its phytoplankton cultures (Chance et al.,

2007; van Bergeijk et al., 2016; Wong et al., 2002). It is possi-

ble that the missing iodine was converted into organic forms

(including volatile organics); other inorganic forms such as

hypoiodous acid and molecular iodine, which, however, are

very short-lived in the ocean due to reaction with, for exam-

ple, organic matter (Luther et al., 1995); or particulate io-

dine. Establishing the location or form of the missing iodine

will require confirmation from future studies which include

measurements of all forms of iodine (iodate, iodide, partic-

ulate iodine, volatile organoiodine compounds, DOI, molec-

ular iodine and hypoiodous acid). Another explanation for

missing iodine is the storage of iodine as iodate, iodide or an-

other form in the cell itself, which is released after a certain

trigger. For example, the release of stored iodine compounds

has been linked to light stress in macro-algae (e.g. Küpper

et al., 1997). Overall observations of missing iodine are not

consistent with the mechanism of iodate reduction to iodide

proposed by Bluhm et al. (2010), who suggested that iodate

discharged during the senescent phase is converted to iodide

in the external media following the release of reduced sulfur

species upon cell lysis. This conclusion is based on the fact

that we found iodide release during all stages of growth and

that iodate is taken up and not immediately transformed into

iodide, as would be expected from the mechanism proposed

by Bluhm et al. (2010). However, our study shows that senes-

cence plays a significant role in releasing iodide to some ex-

tent. Assuming that missing iodine is linked to storage of io-

dide in the cells themselves, cell senescence could still play

a significant role in releasing iodide in the latter stages of

growth, which would also explain why missing iodine de-

creases with progressing stage of senescence.

It is apparent from Figs. 2–5 that although each culture

had entered the senescence stage by the end of the experi-
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Figure 8. Changes in inorganic iodine speciation in 10 marine phytoplankton cultures: (a) overall (whole experiment) rate of change in

IO−
3

(red) and I− (yellow) normalised for the duration of each experiment. Error bars show the standard deviation of three replicate cultures

and (b) total IO−
3

(red bar), I− (yellow bar) and missing iodine (blue bar) for all three replicates for each experiment at the end of each

experiment.

ment, the length of time spent in this stage and the proportion

of dead cells present varied between experiments. Given the

potential for a link between iodate reduction and cell death

(Bluhm et al., 2010), it is important to consider this when ex-

ploring differences in the net changes in inorganic iodine spe-

ciation across the experimental duration. Figure 9 presents

the ratio of iodide produced to iodate taken up (I− : IO−

3 ),

average rate of change in iodide across the experimental du-

ration and the net increase in iodide produced across each ex-

periment grouped by senescence stage. Here the senescence

stage is defined as the percentage of maximum cells remain-

ing at the end of the experiment, and the two groups are late

senescence (0 %–50 % cells remaining) and early senescence

(51 %–100 % cells remaining). Figure 9a shows that there is

a significant difference in I− : IO−

3 (Wilcoxon rank sum test:

p = 0.014, n = 30, significance level p < 0.05). The aver-

age I− : IO−

3 (Fig. 9a) is significantly higher in cultures at

a late stage of senescence (median of ratio is 0.57) com-
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Figure 9. Box plot of the ratio of I− produced to IO−
3

removed in cultures of a range of marine phytoplankton at different stages of senescence

in (a), net rate of change in iodine over the whole length of the experiment (b) and the total change in iodide at the end of each experiment (c).

Senescence status is defined as the percentage of the maximum cell number remaining at the end of the experiment: 0 %–50 % indicates that

there are 0 %–50 % of cells remaining indicating late senescence, and a senescence status of 51 %–100 % indicates that there are 51 %–100 %

of cells remaining indicating early senescence. Ratios are significantly different between the 0 %–50 % and 51 %–100 % groups (Wilcoxon

rank sum test: p = 0.014, n = 30), as is the total net iodine change (p = 0.005, n = 30) and the total change in iodide (p = 0.006, n = 30).

pared to those in early senescence (median of ratio is 0.12).

This suggests that across a diverse range of phytoplankton

cells, a greater proportion of the iodate taken up is released

as iodide as senescence progresses. This is supported by the

Wilcoxon rank sum tests performed on the average rate of

change in iodide across senescent stage groups (p = 0.005,

n = 30; Fig. 9b) and total net change in iodide (p = 0.006,

n = 30). The link with cell senescence would not have been

apparent from the log or post-log analysis (Sect. 3.2), as this

did not consider senescence stage. Although our observations

do not support the idea that immediate conversion of iodate to

iodide is the dominant production process, this analysis still

suggests that there is some link to senescence, which needs

to be explored in further studies. For example, cell lysis may

cause stored iodide to diffuse into the medium.

Overall our findings suggest that cell death is an impor-

tant factor controlling iodide production. Considering this

and the observation of missing iodine across all phytoplank-

ton groups, we propose that phytoplankton takes up or con-

verts iodate to other organic or inorganic forms during ac-

tive growth and that the taken-up or converted iodate is re-

duced or released to iodide during cell death or senescence.

Part of the reduction that occurs upon cell death could be ex-

plained by the reduced sulfur mechanism proposed by Bluhm

et al. (2010), but our results suggest that there will be a

myriad of other chemical changes that could occur as cells

lyse that could also be involved. Iodide production during

the active growth (log) phase can be explained by the low

level of cell death that is known to take place even during

active growth. Whilst the environmental stress (e.g. nutri-

ent availability) that occurs in a batch culture over time will

clearly enhance the rate of cell death, natural cell death due to

(for example) exhaustion of division potential (age) or pro-

grammed cell death can occur at any time (Franklin et al.,

2010). Assuming that iodide could be stored within the cells,

the release of iodine during earlier growth phases could also

be a response of algal cells to changing ambient parameters

such as light or temperature.

3.4 Implications for process-based models of inorganic

iodine cycling in the oceans

The incorporation of phytoplankton functional types (PFTs)

into the ecosystem dynamics of ocean biogeochemical mod-

els has led to improved performance and accuracy (Gregg

et al., 2003), but our results suggest that this approach

would not be suitable for models of inorganic iodine cy-

cling in seawater. Representatives of common PFTs, includ-

ing pico-autotrophs (e.g. cyanobacteria), phytoplankton sili-

cifiers (e.g. diatoms) and phytoplankton calcifiers (e.g. coc-

colithophores; Quéré et al., 2005), have been investigated for

iodate-to-iodide conversion here and in previous studies. Fol-
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lowing the definition in Quéré et al. (2005) each PFT in an

inorganic iodine cycling model would need to have a dis-

tinct and explicit role. However in the present study all PFTs

studied to date were found to drive iodate-to-iodide reduc-

tion, there was large variability in rates within PFTs, and we

did not find a significant difference in rates of conversion

between diatoms and prymnesiophytes or diatoms, coccol-

ithophores and phaeocystales. The available evidence sug-

gests that there is no significant difference in the rates and

patterns of iodate-to-iodide reduction between phytoplank-

ton groups or functional types.

Our observations of missing iodine and a link between io-

dide production and cell senescence do, however, provide

important guidance for ocean iodine cycling models. These

findings suggest that highest iodide release rates will be ob-

served during the later stages of phytoplankton blooms, and

there will most likely be a lag between maximal phytoplank-

ton biomass and the highest iodide concentrations. This sug-

gestion is supported by time-series measurements in coastal

Antarctica (2005–2008, Chance et al., 2010) which show

that each year there was a time lag of around 60 d between

the onset of the microalgal bloom and the iodide maximum.

These results suggest that the terms for (non-predatory) phy-

toplankton mortality typically included in biogeochemical

models (e.g. ERSEM; Butenschön et al., 2016) could be used

to incorporate iodide production into process-based models.

4 Conclusions

This study aimed to establish if there are common features

of iodate-to-iodide reduction amongst diverse phytoplankton

that could be used to guide the development of ocean iodine

cycling models. By combining our results with those of pre-

vious studies, we have shown that there is no significant dif-

ference in cell-normalised iodide production rates between

key phytoplankton groups (diatoms versus prymnesiophytes)

or phytoplankton functional types (PFTs; e.g. diatoms versus

coccolithophores). We did, however, observe missing iodine

in the majority of phytoplankton cultures studied and found

that the iodide yield is significantly higher in cultures at a

later senescence stage. Resolving the fate of missing iodine,

which could be different forms of iodine or storage of iodine

compounds within the cells themselves, may yield useful in-

formation on the mechanisms behind iodate conversion to io-

dide. Furthermore, in line with a previous time-series study

(Chance et al., 2010), these findings suggest that there will

be a lag between maximum iodide release rates and peaks in

phytoplankton biomass and productivity in marine systems.

We propose that process-based models of inorganic iodine

cycling could be linked to marine ecosystem models via the

phytoplankton mortality term. Future process studies should

focus on whether different environmental and physiological

drivers of cell death influence the iodide yield.
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