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Abstract. Iron is an essential micronutrient that limits primary production in up to 40% of the surface ocean and
influences carbon dioxide uptake and climate change. Dissolved iron is mostly associated with loosely characterised
organic molecules, called ligands, which define key aspects of the iron cycle such as its residence time, distribution and
bioavailability to plankton. Models based on in situ ligand distributions and the behaviour of purified compounds include
long-lived ligands in the deep ocean, bioreactive ligands in the surface ocean and photochemical processes as important
components of the iron cycle. Herein, we further characterise biologically refractory ligands in dissolved organic matter
(DOM) from the deep ocean and labile ligands in DOM from the surface ocean, and their photochemical and biological
reactivities. Experimental results indicated that photodegradation of upwelled refractory iron-binding ligands can fuel iron
remineralisation and its association with labile organic ligands, thus enhancing iron bioavailability in surface waters.
These observations better elucidate the roles of biologically refractory and labile molecules and global overturning
circulation in the ocean iron cycle, with implications for the initiation and sustainment of biological activity in iron-limited

regions and the residence time of iron in the ocean.
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Introduction

Each year, ~80 petagrams (Pg) of atmospheric CO, is
exchanged with the ocean, representing a key process in the
global carbon cycle. Processes in the biological and microbial
carbon pumps govern the fate of carbon during its passage
through the water column (Legendre et al. 2015). Photosyn-
thetic fixation of carbon by phytoplankton in the surface ocean
sustains food webs and biogeochemical processes, leading to
nutrient regeneration and the export of particulate and dissolved
organic matter to the deep ocean (Legendre et al. 2015). Most of
the organic carbon (C) in the deep ocean resides in small
refractory molecules that are highly altered, aged and very
resistant to microbial degradation (Benner and Amon 2015).
Refractory dissolved organic C (DOC) comprises one of the
largest global reservoirs of reduced C (630 Pg; Hansell 2013)
and associated elements, such as nitrogen (N), phosphorus (P)
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and trace metals, that play a major role in regulating ocean
productivity.

Iron is a pivotal element in the regulation of microbial
activity (Van Wambeke et al. 2008) and the efficiency of the
biological pump (Coale ef al. 1996) in nearly half of the global
oceans. Sparingly soluble in seawater in its ionic forms, iron can
be found throughout the water column owing to its association
with organic ligands (>99%; e.g. Gledhill and Buck 2012).
These iron-binding ligands control iron solubility, reactivity
and bioavailability, hence regulating the biologically mediated
carbon pumps. The study of purified ligands likely to be present
in seawater provided major advances in the field, namely with
respect to ligand photochemistry (Barbeau er al. 2001) and
bioavailability (Hutchins e al. 1999; Hassler et al. 2011; Lis
et al. 2015). However, natural dissolved organic matter (DOM)
includes a very diverse and complex mixture of molecules
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(Benner and Amon 2015), and, despite natural DOM isolates
from seawater being recently studied in depth (Lechtenfeld ez al.
2014; Hassler et al. 2015; Norman et al. 2015, Hawkes et al.
2016; Zhang et al. 2019), the molecular composition and
structure for most iron-binding ligands remain unknown. Humic
substances have been proposed to account for a large fraction of
dissolved iron-binding ligands in coastal and deep Pacific waters
(Laglera and van den Berg 2009). Available standard terrestrial
humic substances from the Suwannee River have been shown to
bind iron, but terrestrial humics, such as lignin phenols, are in very
low abundance in the deep ocean (Hernes and Benner 2006). The
chemical nature and reactivity of iron-reactive molecules in marine
humic substances might be different from the model terrestrial
humics studied so far. The chemical reactivity of organically
bound iron is often related to conditional binding affinity, but
evidence of linkages between chemical lability and bioavailability
is lacking at the molecular level, likely because of the complex
feedbacks between biology and chemistry (Hudson 1998; Hutch-
ins et al. 1999; Hassler ez al. 2011, 2017; Gledhill and Buck 2012).

The biogeochemical cycles of carbon and iron are tightly
intertwined. The reactivity and fate of both elements are modu-
lated by intrinsic factors, such as source, molecular composition
and structure, and extrinsic factors, such as the structure of
microbial community, nutrient availability and exposure to sun-
light. Photosynthetically driven food webs provide a fresh supply
of labile organic matter that is rapidly utilised in the upper ocean
where significant correlations between iron-binding ligands and
biological activity have been reported (Gledhill and Buck 2012;
Hassler et al. 2015; Boiteau et al. 2016). Several studies have
demonstrated high bioavailability of saccharides and biologically
produced exopolymeric substances (Hassler and Schoemann
2009; Hassler et al. 2011, 2015; Lis et al. 2015). At depth, reactive
forms of DOC are less abundant, biological activity is diminished,
and refractory forms of DOC with radiocarbon ages of several
millennia become dominant (Benner and Amon 2015; Hansell and
Carlson 2015). Despite similar iron-binding affinities having been
detected throughout the water column (Buck ez al. 2015; Gerringa
et al. 2015; Caprara et al. 2016), differences in the reactivity and
bioavailability of dissolved molecules suggest that the nature and
reactivity of iron-binding ligands might differ with depth.

Here, we investigated iron-binding properties and bioavail-
ability of labile dissolved organic molecules collected from
surface water, and refractory molecules collected from deep
water. To place our results in the context of oceanic cycling, we
explored the impact of photodegradation for iron-binding prop-
erties of these refractory molecules. Results are discussed in the
framework of the global iron-binding ligands reported in the
open ocean as well as the consequences for primary producers.

Materials and methods
Collection of refractory and labile DOC

Deep water (1000 m) was collected from the North Atlantic
Ocean (35°39.847'N, 74°30.792'W) by using Niskin bottles
mounted on a CTD rosette. Water samples were collected in acid-
rinsed Nalgene HDPE carboys (20 L) and filtered through 0.2-um
Nuclepore polycarbonate cartridge filters (VWR Scientific Inc.,
Bridgeport, NJ, USA) by using a peristaltic pump with silicone
tubing. The filtered water was acidified to pH 2.5 with 6 mol L™
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sulfuric acid and passed through C-18 cartridges (Agilent
Bond Elut, Agilent, Santa Clara, CA, USA; 10 g) at a flow rate of
50 mL min~". The DOC was eluted from the cartridge with 30 mL
of methanol, dried under a gentle stream of N, and dissolved in
Milli-Q water. The C-18 extraction recovered 30% of deep-water
DOC and over half of the chromophoric dissolved organic matter
(Shen and Benner 2018). Bioassay experiments conducted with
parallel C-18-extracted DOC samples from this site demonstrated
that the DOC was refractory to microbial degradation (i.e. rDOC),
and photodegradation experiments indicated extensive photo-
bleaching and alteration of the chromophoric components of the
extracted DOC (Shen and Benner 2018). Labile DOC was col-
lected by filtering (Whatman GF/F, Fisher Scientific, Waltham,
MA, USA) material recovered in a plankton tow (50-pum mesh)
that passed through a diatom bloom. Previous short-term
(=12 days) experiments with this plankton DOC determined
that the DOC was rapidly and thoroughly utilised when added to
seawater and, therefore, was labile DOC (IDOC; Shen et al.
2016). The rDOC and 1IDOC samples were stored frozen and
thawed immediately before use in experiments.

Trace metal contents

Total dissolved Fe, valium (V), chromium (Cr), manganese (Mn),
nickel (Ni), copper (Cu), arsenic (As), cobalt (Co), zinc (Zn) and Se
concentrations were determined in duplicate by an Agilent 7500ce
quadrupole inductively coupled plasma spectrometer (q-ICP—MS)
with an octopole collision cell and autosampler (Agilent Tech-
nologies, Wellington, New Zealand). Prior to analysis, DOC
concentrates were thawed, transferred into acid-cleaned ICP-MS
vials and diluted with 2% v/v quartz-distilled nitric acid (q-HNO3)
to final salinities of <2. Quantification was performed by spiking
with a multi-element high-purity standard (NIST traceable).
External calibration standards were prepared by a serial dilution of
a SPEX CertiPrep multi-element standard (NIST traceable, Ther-
moFisher Scientific, Auckland, New Zealand) in 2% v/v g-HNO;.
All data were corrected for dilution and blank. Accuracy and
precision of the analytical technique was within +5% relative
standard deviations. Seawater spiked with two biological certified
samples was also analysed; recoveries of spiked seawater analyses
together with certified samples are given in Table S1, available as
Supplementary material to this paper.

Photochemical transformation

Refractory DOC stock solution was exposed to full sunlight
spectra by using a solar simulator (ABET Technologies Sun 2000,
Milford, CT, USA) with atmosphere filter (Fig. S1, available as
Supplementary material to this paper). Organic material was
placed in a quartz cuvette with Teflon cap to a light intensity of
690 W m 2 for 23 h, so as to mimic a seasonal exposure in the
surface mixed layer (Shen and Benner 2018). During exposure,
temperature was maintained at 20°C by using a thermostatic bath.
Samples were recovered and diluted in synthetic seawater (Aquil,
major salt only, Cabanes et al. 2017) for further analyses.

Characterisation of iron chemistry
Voltammetric analyses

All voltammetric measurements were conducted using a
pAutolab-IT potentiostat (Ecochemie, Utrecht, Netherlands)
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connected to VA STAND 663 with a hanging mercury drop
electrode (HMDE, Metrohm 663V A, Herisau, Switzerland), a
platinum counter and an Ag|AgCIl|3MKCI reference electrode.
Iron-speciation analyses of labile and refractory DOC were
performed following the established competitive ligand
exchange—adsorptive cathodic stripping voltammetry (CLE-
AdCSV) technique with salicylaldoxime (SA) as the competing
ligand, optimised by Abualhaija and van den Berg (2014).
Labile and refractory DOC aliquots (30 uM C) were diluted in
inorganic artificial seawater (AQUIL major salt only). Briefly,
10-mL aliquots were pipetted into acid-cleaned and pre-
conditioned low-density polyethylene 15-mL  bottles
(Nalgene, Fisher Scientific AG, Reinach, Switzerland). Then,
each aliquot was buffered to pH 8.2 with a borate buffer
(1 mol L~! boric acid/0.35 mol L™! NH,OH; Sigma, Buchs,
Switzerland/VWR, Nyon, Switzerland) to which 0.4—
10 nmol L™! Fe was added (ICP-MS standard solution, Sigma).
Three tubes were kept with no Fe addition. Following a 1-h
equilibration time at room temperature, 5 pmol L™' SA (98%
Acros Organics, Fisher Scientific AG) solution was then added
in all the tubes, which were left to equilibrate overnight before
analysis. Finally, Fe organic speciation parameters such as the
total concentration of ligand (Lt) and the conditional stability
constant of their complexes with Fe (log K're1 ) were calculated
using proMCC software (ver. 3, see https://sites.google.com/
site/mccprosece/download, accessed 10 July 2019; Omanovic
et al. 2015) and method was validated by analysis of certified
materials (Cabanes et al. 2017). So as to confirm our results, we
also performed back-calculations by using proMCC software to
simulate titration curves and compare them to the experimental
ones. The full dataset is presented in Table S2, which is available
as Supplementary material to this paper.

Determination of humic substances (HS-like) was realised
using the voltammetric method described by Laglera e al. (2007).
This method is based on CSV, and makes use of the adsorptive
properties of Fe—HS complexes on the mercury drop electrode.
From each voltammogram, the intensity current induced by the
reduction of the Fe—HS complexes was determined. HS-like
material concentration of each sample was determined following
Suwannee River fulvic acid (SRFA) standard addition. The limit
of detection was 1.9 pg L™' SRFA (Cabanes et al. 2017).

Characterisation of iron bioavailability

Iron bioavailability was measured using *°Fe (Perkin Elmer,
Schwerzenbach, Switzerland, specific activity 44.66 mCi mg ™"
as FeCls in 0.5 mol L™ HCI). Briefly, cultures were grown at
4°C under 50 pmol quantas™' m~Zand a 16 : 8 light : dark cycle
in natural seawater from the Polar Front region in the Drake
Passage (RV Polarstern PS97, 25-m depth, 60°1.08'S,
66°21.85'W, 2-3 March 2016). Iron limitation was confirmed
with a maximum effective quantum yield of <0.3 (Fast Ocean
PTX coupled to a FastAct base unit, Chelsea Technologies,
West Molesey, UK) and axenicity was verified using DAPI
staining and microscopic observations. The >°Fe was let to
equilibrate with stock solutions of organic ligands for 48 h up to
7 days. After addition of **Fe-organic ligands to the inorganic
synthetic seawater (AQUIL, major salt only, pH 8.1), solutions
were left to equilibrate overnight prior to the addition of
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phytoplankton. Following 24-h incubation in the dark at 4°C (to
avoid photodegradation during bioaccumulation experiment),
solutions were filtered to collect phytoplankton (MicroAnalytix
glass-fibre filters, 1.2 um, Sydney, NSW, Australia) and rinsed
for 2 min with 3 x 5 mL of Ti-EDTA solution to determine
intracellular iron (Tang and Morel 2006). In addition to iron
bioavailability associated with refractory and labile DOC (at
concentration of 7 and 14 pmol L™" C respectively), bioavail-
ability of mono- and poly-saccharides (Hassler and Schoemann
2009; glucuronic acid, GLU, and carrageenan, CAR,
0.2 mg L"), bacterial exopolymeric substances (EPS,
0.2 mg L"), bacterial siderophores (Enterobactin, ENTERO,
and desferrioxamine B, DFB, 15 nmol Lfl), and Suwanne River
fulvic acid (SRFA std 1, 0.1 mg L") were determined. Relative
bioavailability to Pseudo-nitzschia subcurvata and Phaeocystis
antarctica was determined by comparison of the Fe-uptake rates
measured and the uptake predicted from the internalisation-rate
constant (k;,) at the corresponding dFe concentration (Hassler
et al. 2011; Table S3, available as Supplementary material to
this paper). K;, was determined in parallel for each strain in
synthetic inorganic seawater with an increasing >°Fe concen-
tration up to 0.9 nM, which represents inorganic-iron solubility
limit at 4°C (Liu and Millero 2002; Fig. S2, available as Sup-
plementary material to this paper). Dissolved inorganic iron is
considered as fully bioavailable (Shaked et al. 2005; Lis et al.
2015). Experiments in presence of organic compounds were
designed so that >°Fe additions did not saturate the iron-binding
ligands associated with the compounds studied, and were
performed in triplicate. Procedural blank, to account for Fe
retention on filters not associated with phytoplankton, were run
in duplicate. Calculations were performed considering specific
activity and background Fe concentrations (nmol L™') con-
tained in synthetic seawater (0.2) and in the organic compounds
added (Table 1, GLU: 0.6, CAR: 0.2, EPS: 0.1, SRFA: 0.4, DFB
and ENTERO: 0.3). Quenching was determined using a
calibration curve in the presence of acetonitrile (Sigma).

Results and discussion

Labile DOC was collected by filtration of material recovered
from a plankton tow in a diatom bloom. The plankton-derived
DOM had a C:N ratio of 6.4 (Table 1) and was enriched in
amino acids and carbohydrates (Shen ez al. 2016). Additions of
plankton-derived DOM to seawater bioassay experiments were
rapidly consumed by microorganisms, demonstrating that it is
labile DOM (Shen et al. 2016). Refractory DOC was isolated by
solid-phase extraction (C-18) from deep water (1000 m) in the
North Atlantic Ocean (Shen and Benner 2018). Solid-phase
extraction preferentially isolates non-polar, hydrophobic com-
ponents that are depleted in nitrogen, enriched in carboxylated
aliphatic molecules, and commonly referred to as humic sub-
stances (Hedges et al. 1992). The C: N ratio of the C-18 extract
from the deep Atlantic Ocean was 36.6 (Shen and Benner 2018),
which is similar to the C: N ratio (43.4) of marine humic sub-
stances extracted from the deep Pacific Ocean (Hedges et al.
1992). Low concentrations of dissolved lignin phenols and
stable carbon isotopic ratios of DOC in deep Atlantic and Pacific
waters indicated a predominantly marine origin of the humic
substances (Hernes and Benner 2006). Detailed molecular
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Table 1. Refractory and labile dissolved organic carbon (DOC; refractory DOC, rDOC, and labile DOC, IDOC) chemical characteristics
In situ contributions of rDOC and IDOC were derived from in situ DOC concentrations at the site of isolation (45 pmol C for rDOC and 70 pmol C for IDOC)
and respective contributions of rDOC and IDOC using microbial bioassay experiments (Shen and Benner 2018). Average total concentration of organic iron-
binding ligands (Lt) and conditional stability constant of iron organic complexes with respect to inorganic iron (Fe') (logK'g.1 ) values were calculated from
Caprara et al. (2016), considering only speciation data obtained with the same exchange ligand (SA) as used in this study. Deep ligands characteristics,
compared with rDOC, were obtained from samples with a depth of =1000m (n=271), whereas IDOC was compared from data with a depth of =125m
(n=198). C: N carbon to nitrogen mole ratio; DOC, dissolved organic carbon; Zn, zinc; Co, cobalt; Fe, iron; eL, excess of organic iron-binding ligands; HS-like,
humic substances; SRFA, Suwannee River fulvic acid. Hydrolysable saccharides are measured as per Myklestad ef al. (1997)

Parameter rDOC IDOC
C:N 36.6 6.4

Zn (nmol umol ' C) 419x 1072 1.91 x 107!
Co (nmol pmol ' C) 153% 1073 213x 1073
Fe (nmol pmol ' C) 7.52 %1072 377 x 1072
Ly (nmol pmol ' C) 8.63x 10724071 x 1072 7.08% 10724077 x 1072
eL (nmol pmol ' C) 111 x 1072 331x 1072
logK/' e 11.6440.45 11.41+£0.24
HS-like (SRFA equivalent pg pmol ! C) 2.73 +£0.05 0.30+£0.001
Hydrolysable saccharides (%) 12 52

In situ contribution

DOC (%) 30 5

Zn (nmol L™ 1) 0.57 0.67

Co (pmol L") 20.7 7.4

Fe (nmol L™1) 1.02 0.13

Ly (nmol L") 1.17 0.25
HS-like (eq. SRFA pg umol ' C) 36.86 1.04
Fe-binding ligand characteristics in open-ocean

Lt (nmol L™ 22546.28 1.3940.59
logK/per 12.40 +0.29 12.26 +0.51

characterisation using nuclear magnetic-resonance spectros-
copy and ultrahigh-resolution mass spectrometry indicated that
carboxyl-rich alicyclic molecules (CRAM), which are among
the most refractory components of DOC in the ocean
(Lechtenfeld et al. 2014), account for ~8% of marine DOC
(Hertkorn et al. 2006). These refractory molecules appear to be
decomposition products of terpenoids, and the abundance of
carboxyl groups in CRAM makes these molecules likely can-
didates for metal-ligand binding (Hertkorn et al. 2006).

Iron and iron-binding ligands were detected in both refractory
and labile DOC (Tables 1, S1, S2), demonstrating their potential
impact on the biogeochemical cycling of iron. The conditional
stability constants measured were similar and within the range of
values reported in the open ocean (Caprara et al. 2016), suggesting
that these dissolved organic molecules are representative of some
ligands detected in situ. Seawater bioassay experiments in the
North Atlantic Ocean indicated microorganisms re-mineralised
~5% of the total DOC (~70 pmol L") in surface water within
20 days (Shen and Benner 2018); so, we estimate that 3.5 pumol L™
of'the DOC is labile. The C-18-isolated refractory DOC accounted
for 30% of the DOC (~45 pmol L") in deep waters of the North
Atlantic (Shen and Benner 2018); so, we estimate that 13.5 uM C
of the DOC is refractory. Considering that the concentrations of
iron-binding ligands and HS-like material equal 3.5 pmol L™
labile DOC in our experiment, one can calculate a contribution of
iron-binding ligands of 0.25 nmol L™" and HS-like material of
1.04 pg SRFA eq. L! respectively. Similarly, refractory DOC
accounts for 13.5 umol C L’lv 1.17 nmol L™ iron-binding ligands,
and 36.86 g SRFA eq. L' (Table 1). To go further, comparing

these estimated in situ ligand concentrations with the average
ligand concentration from the global ocean (Caprara et al. 2016),
we calculated that labile and refractory DOC contribute 18 and
51% of'the iron-binding ligands reported in surface and deep water
respectively (Table 1). Although 18% is a low contribution, labile
DOC is rapidly utilised by microorganisms. Considering that
100 pg L' SRFA can bind 1.69 nmol L' iron (Laglera and
van den Berg 2009), humic substances could account for 7%
(0.02 of 0.25 nmol L' associated with labile DOC in sifu) and
41% (0.81 of 1.17 nmol L™" associated with refractory DOC
in situ) of the iron-binding ligands associated with labile DOC and
refractory DOC in surface and deep waters respectively (Table 1,
Fig. 1).

Refractory DOC was more saturated with iron than was labile
DOC from the surface water, which is consistent with the
increased ligand saturation reported in the deep West Atlantic
Ocean (Gerringa et al. 2015). Concentrations of labile DOC
decline rapidly with depth in the upper ocean, whereas refrac-
tory DOC remains fairly constant throughout the water column
(Hansell 2013), thereby maintaining a high binding capacity for
iron. Indeed, these molecules are very resistant to microbial
degradation (Shen and Benner 2018) and play a critical role in
maintaining the dissolved-iron inventory as well as its seques-
tration in the deep ocean (Fig. 1).

The concentrations of iron-binding humics were nine-fold
greater in refractory DOC than in labile DOC, which is consis-
tent with the strong humic signatures reported in the deep ocean
(Hedges et al. 1992). Therefore, it is not surprising that the
conditional stability constant of refractory DOC (Table 1) was



Iron refractory ligands and cycling

Recycling

Dust

( , , Sea ice and)erg
Fo-IDOC PEsi Fo'igisnmad » Fe | {'\ Seaics and
: X Fe-IDOC (18% Fel) PP Rivers
A Continentalmargin
] i Uptake Sediment
~» DOC* \ 1

2 , ML
*Fe'+IDOC o Excretion

-
-

Ligands and Fe recycling

uy)
S
o CRAM (50 Pg C) S [—Fe

£ s |
3 = S
o =y
g 218
S S %,

W)
L 4 r Fe 8. §
........................................................... R & ©

Fe D

LY (':D

Q

S

Q

Deep ligands and Fe inventories

Ocean circulation
- rDOC (630 Pg C)

— =T Fe-rDOC (51% Fel)
R < MR -‘—_Hydrothermalism /
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Fe-binding ligands, thereby defining the residence time and inventory for oceanic Fe and ligands. Hydrothermalism
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for Fe-rDOC. Other major Fe sources supporting primary productivity are shown in grey. Reservoir size of rDOC
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and CRAM are given in petagrams of C (Hertkorn ef al. 2006; Hansell 2013).

close to those reported for standard terrestrial humics (log
K'ger = 11.1 and 10.6 for Suwannee River humic and fulvic
acids respectively; Laglera and van den Berg 2009), suggesting
that carboxyl groups could be involved in iron binding by
terrestrial and marine humic substances. Cyclic terpenoids are
biosynthesised by terrestrial and marine organisms, and oxi-
dised decomposition products derived from these compounds
are thought to be the major source of CRAM in freshwater (Lam
et al. 2007) as well as marine DOC (Hertkorn et al. 2006).
Therefore, it seems that CRAM could be an important ligand
class for binding metals in terrestrial as well as marine environ-
ments. It is important to acknowledge that there is tremendous
molecular diversity within CRAM (Hertkorn et al. 2006; Lam
et al. 2007), and it appears that these degraded and altered
molecules are acting as ligands by chance rather than by design.

Iron bioavailability was assessed using two axenic, iron-
limited phytoplankton cultures from the Southern Ocean (the
diatom Pseudo-nitzschia subcurvata and the prymnesiophyte
Phaeocystis antarctica). To put these results in the context of in
situ iron bioavailability, measurements for labile and refractory
DOC were compared with organic compounds that are likely to be
present in seawater, such as siderophores, saccharides, exopoly-
meric and humics substances (Fig. 2; Hutchins er al. 1999;
Hassler e al. 2011). Iron equilibrated with labile DOC was highly
bioavailable to both phytoplankton species, whereas its bioavail-
ability was four-fold more than iron equilibrated with refractory
DOC (Fig. 2). The similarity of the results for both taxonomic
groups suggests that this trend could be transposed to most
eukaryotic primary producers. The high bioavailability of iron
associated with labile DOC in the present study was similar to that
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(dashed lines; Lis et al. 2015). Data are given for labile and refractory
dissolved organic carbon (IDOC and rDOC) as well as other compounds
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of labile compounds released by plankton, such as saccharides
and exopolymeric substances (Hassler ez al. 2011, 2015), and it
fell in the upper limit of the bioavailability envelope (Lis et al.
2015), defined by Fe, which is considered as fully bioavailable
(Fig. 2). Heterotrophic microorganisms rapidly utilise these labile
forms of organic matter in seawater, and it seems microbial
utilisation of labile DOC could be coupled with iron utilisation
by algal phytoplankton. Note that labile DOC showed an inter-
mediate bioavailability between EPS (and saccharides) and
SRFA, illustrating that labile DOC behaviour cannot solely be
predicted by any of these compounds. Although less bioavailable
than labile DOC, iron associated with refractory DOC is more
bioavailable to algal phytoplankton than iron bound to the
bacterially produced siderophores (strong ligands), which repre-
sents the lower limit of bioavailability (Fig. 2). The higher
bioavailability reported for iron bound to terrestrial humic sub-
stances (SRFA) than to marine humics associated with refractory
DOC (Fig. 2) infers differences in the composition and structure
of ligands between terrestrial and marine humics (Hertkorn et al.
2006; Lam et al. 2007). This limits the applicability of terrestrial
humics as model ligands for the open ocean. A mixture of
refractory and labile DOC, and siderophores in the open ocean
(Hassler et al. 2017), could reconcile the averaged bioavailability
reported for natural communities in the presence of in sifu ligands
within the Tasman Sea and the Sub-Antarctic Zone (Hassler et al.
2015), as well as the Southern Ocean (Hassler and Schoemann
2009). Labile and refractory organic molecules are, thus, para-
mount for the iron cycle in the ocean, sustaining primary
producers in iron-limited regions (Fig. 1).
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The major iron sources in surface waters of the ocean are dust
at lower latitudes and deep water upwelling at higher latitudes
(Tagliabue et al. 2017). In the Southern Ocean, upwelled iron
sources can be from refractory compounds (this study), hydro-
thermal vents and continental margins (Tagliabue ez al. 2010,
2017). The organic nature of hydrothermal vents is not well
constrained yet; however, it appears that hydrothermal-vent
inputs of refractory DOC are minor (Lang ef al. 2006; Hawkes
etal 2016). Ambient ligands at depth (Fitzsimmons et al. 2016),
and possibly refractory DOC, are important to spread iron away
from the venting site (Sander and Koschinsky 2011), whether
ligands are originating from the vents, or the surrounding water,
has not yet been determined. Ocean ventilation and deep winter
mixing are critical to replenish dissolved iron in surface water
and set up the spring growing season for primary producers
(Tagliabue et al. 2014), especially in the Southern Ocean, a
region prone to iron limitation. Upwelling and diapycnal diffu-
sion (Tagliabue ef al. 2014) of both iron and ligands associated
with refractory DOC could play an important role, because
photochemical alterations of marine siderophores releases reac-
tive iron species (Barbeau ef al. 2001). Upwelling exposes
refractory DOC and iron to solar radiation, resulting in extensive
photobleaching, the production of bioavailable photoproducts
and remineralisation of refractory DOC (Shen and Benner
2018). Here, we tested, for the first time, the impact of photo-
chemistry on refractory marine DOC and iron by exposure to a
simulated solar spectrum mimicking seasonal light exposure in
the mixed layer, as in Shen and Benner (2018). Electrochemical
data demonstrated that both humic material and iron-binding
ligands could not be measured (Table S2), indicating a signifi-
cant alteration of organic ligands because of photodegradation.
It is to be noted that refractory ligands might be degraded into
ligands with much weaker conditional stabilities, out of our
analytical window, as has previously been observed for side-
rophores (Barbeau et al. 2001; Maldonado et al. 2005; Amin
et al. 2009). Given that refractory marine DOC with a similar
sunlight exposure resulted in an enhanced bacterial carbon
utilisation by only 2-3%, one can conclude a comparatively
high sensitivity of iron-binding ligands to photodegradation.
Minimal photodegradation of Antarctic diatom-aged DOC
(Thomas and Lara 1995) was reported following an exposure
to 40 W m 2 (~200 pumol photons m > s~ ' in the visible
spectrum; Woodward and Sheehey 1983). This lower light level
was representative of average diatom light exposure in the
mixed layer rather than surface-water exposure. In our study,
because only the atmosphere filter was applied, light intensity of
>700 nm was significant (see Fig. S1) and light exposure within
the visible range was 1130 umol photon m 2 s™', a light
intensity close to what is generally observed at midday in the
temperate regions (~350 Wm ™2 or 1500 pmol photonsm s~ ";
Woodward and Sheehey 1983).

The apparent high sensitivity of iron-binding ligands to
photoalteration in the context of global overturning circulation
(England 1995) is consistent with the estimated residence time
(779-1039 years) of ligands in North Atlantic deep waters
(Gerringa et al. 2015). Changes in deep iron-binding ligands
imply a drastic modification in iron chemical lability, with
bioavailable inorganic iron (Fe’) (Lis et al. 2015) changing from
0.055 x 1072 up to 7.52 x 10~2 nmol pmol "' C as a result of
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photodegradation. The Fe' resulting from photodegradation is
not likely to remain as inorganic iron but will either be directly
taken up by phytoplankton or associated with organic ligands
present in surface water (Fig. 1), some of which, such as labile
DOC and EPS, have a high level of bioavailability (Fig. 2). This,
thus, magnifies the potential biological impact of upwelled iron.
Indeed, not only does the dissolved iron stock increase, but also
its bioavailability (Lis ef al. 2015), which will be critical for
sustaining phytoplankton growth and iron recycling in iron-
limited or co-limited regions (Rafter et al. 2017) subjected to
upwelling, cold-core eddies and following winter mixing
(Browning et al. 2017, Tagliabue et al. 2017).

Global overturning circulation transports refractory ligands to
surface waters on a millennial time scale (England 1995; Hansell
2013), where they are exposed to solar radiation and photochem-
ical transformation. The photodegradation products, including
iron, could be directly utilised by plankton or exchanged with
bioavailable ligands in surface waters (such as labile DOC;
Fig. 1). Because labile DOC is short-lived molecules, produced
rapidly and forming highly bioavailable iron-complexes, they
could play a central role for iron cycling in surface waters.
Dissolved iron cycling in surface waters is recognised to be rapid
and able to fuel up to 90% of the iron requirement for primary
producers in iron-limited water (Tagliabue et al. 2017). In the
Southern Ocean, this requirement is then completed with other
sustained iron inputs such as diapycnal diffusion (1%; Tagliabue
et al. 2014) and hydrothermal vents (5% and up to 30% in
specific regions; Tagliabue et al. 2010). However, winter mixing
is the major input to initiate phytoplankton growth in the spring
(Tagliabue et al. 2014, 2017). On the basis of the iron content of
refractory DOC in this work, upwelled refractory DOC of marine
origin could be the dominant contributor to the mean dissolved-
iron vertical flux reported in the Southern Ocean
(21.1 pmol m~2 year™'; Tagliabue ez al. 2014). Considering that
other annual iron inputs equal 20 pmol Fe m 2 year™ ! (Tagliabue
et al. 2014), iron associated with refractory DOC could contrib-
ute up to 50% of the iron input within the mixed layer of the
Southern Ocean. Given that 20% of the iron associated with
refractory DOC is readily bioavailable to sustain growth (a flux
up to 4.2 uM m 2 year '), with the rest potentially being
degraded by photochemical processes that liberate highly bio-
available inorganic iron (this study), these organic molecules are
essential to satisfy phytoplankton iron utilisation, especially at
times of high demand, such as, for example, during spring
blooms. Other iron sources such as hydrothermal vents and
continental margin (Tagliabue et al. 2010, 2017) will contribute
in initiating and sustaining primary producers. These will be
complemented by localised iron sources such as sea ice, icebergs
and subglacial melt (Death ef al. 2014; Lannuzel et al. 2016).
Biological activities of primary producers, zooplankton and the
microbial loop maintain rapid iron cycling (Gledhill and Buck
2012; Tagliabue et al. 2017), which is critical for sustaining
phytoplankton growth throughout the year.

Conclusions

Labile and refractory dissolved organic molecules appear to
play critical roles in the distributions, concentrations and
cycling of iron and other trace elements in the ocean. Because of

Marine and Freshwater Research 317

limited bioavailability, iron-binding ligands associated with
refractory DOC are expected to be distributed throughout the
ocean water column. Photochemical processes in the surface
ocean transform refractory ligands and associated iron into
bioavailable forms (Shen and Benner 2018), with global over-
turning circulation and cold-core eddies regulating the delivery
of refractory ligands to surface waters and, thereby, influencing
ocean productivity. This study has shown a strong linkage
between the cycling of marine DOC and iron, which supports the
recent model proposed to predict iron cycling and its role in
regulating primary productivity in iron-limited regions (Volker
and Tagliabue 2015). Refractory DOC and its CRAM compo-
nents are abundant and globally distributed, and it appears that
these altered biomolecules play an important role in maintaining
the ocean iron inventory. These iron-binding ligands and their
photochemical degradation should be acknowledged as a
regenerated iron source in surface waters in addition to other
sources, such as atmospheric dust, continental margins, icebergs
and subglacial melt. The marine refractory DOC studied here had
an iron-binding affinity and an electrochemical humic ‘signature’
close to terrestrial humic and fulvic compounds; however, dif-
ferences in bioavailability and aromatic content indicate molec-
ular differences between marine and terrestrial humics (Hedges
et al. 1992). In contrast, data on labile marine DOC are important
for understanding iron and ligand cycling in the upper ocean as
well as the magnitude of the response to local input, such as iron-
laden dust at lower latitudes (Tagliabue et al. 2017). The sub-
ducted compounds in the Southern Ocean travelling to lower
latitudes as refractory DOC can affect ocean biogeochemistry in
remote surface waters. Moreover, because refractory DOC con-
tains other micronutrients such as Cu, Co and Zn (Browning et al.
2017; Vance et al. 2017) (at levels representing ~30% of their in
situ dissolved concentrations on the GEOTRACES GAO03 expe-
dition (Mawji ef al. 2015; Table 1), it may affect ocean biogeo-
chemistry and biological activity in numerous ways, for which
our study has provided a mechanistic hypothesis.
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