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ABSTRACT ARTICLE HISTORY
Dissolved iron (Fe) distribution and speciation was determined in Received 17 May 2018
water samples (0-200 m) collected in a coastal area near Terra Final Version Received
Nova Bay during the austral summer of 2014. Nutrients, dissolved 1 October 2018
oxygen, chlorophyll-a, phytoplankton composition and prokaryotic
biomass distribution were investigated in combination with KEYWORDS

. - Ross Sea; mesoscale;
measurements of the physical properties of the water columns dissolved iron; iron
and its dynamics. The dFe value was above the limiting growth speciation; biological activity;
concentration, ranging from 0.52 to 4.51 nM, and it showed a Antarctica
spatial variability with a horizontal length scale of about 10 km,
according to the variability of the water column physical
properties and to iron sources. The organic ligands (L) maintained
the concentrations of dFe at levels much higher than the
inorganic solubility of Fe, keeping it available for phytoplankton
and the log K'ge values found (from 22.1 to 23.6) highlighted the
presence of complexes of differing stabilities.

1. Introduction

Iron (Fe) is the most important trace metal in the ocean, being involved in several meta-
bolic pathways, including biosynthesis of chlorophyll, transport of electrons through the
photosynthetic and respiratory transport chains and nitrate assimilation by phytoplankton
[1,2]. In the Southern Ocean, which is strongly characterised by mesoscale activity [3,4] and
intense interactions between sea surface and atmosphere [5-7], iron supply influences
phytoplankton biomass and species composition, as well as primary productivity in
both high and low nitrate surface waters [8,9]. The quantum yield (F,/F,,) of phytoplankton
is Fe-driven and low values should be indicators of Fe stress [10,11]. Moreover, Fe is also
used over the whole water column by microbial communities which are responsible for
the degradation and remineralisation of sinking organic matter [12]. Fe is present in

CONTACT Paola Rivaro @ rivaro@chimica.unige.it @ Department of Chemistry and Industrial Chemistry, University of
Genoa, Via Dodecaneso 31, Genoa 16146, Italy

© 2018 Informa UK Limited, trading as Taylor & Francis Group


http://crossmark.crossref.org/dialog/?doi=10.1080/02757540.2018.1531987&domain=pdf
http://orcid.org/0000-0001-5412-7371
http://orcid.org/0000-0003-0094-9227
http://orcid.org/0000-0001-6956-5761
http://orcid.org/0000-0001-6406-8715
http://orcid.org/0000-0002-0099-0142
http://orcid.org/0000-0003-1769-2456
http://orcid.org/0000-0001-7789-0820
http://orcid.org/0000-0002-5660-6832
mailto:rivaro@chimica.unige.it
http://www.tandfonline.com

2 (&) P.RIVAROETAL.

seawater in different physical (particulate, colloidal, dissolved) and chemical (inorganic
and organic complexes) forms. It has been recognised that Fe bioavailability is influenced
by the chemical forms, biogeochemical cycling and the different uptake strategies of the
phytoplankton and bacterioplankton communities [13]. Despite the dissolved Fe (dFe)
concentrations in the ocean being extremely low, they are higher than might be calculated
on the basis of the solubility of ferric hydroxide in seawater at pH 8.1 and 25°C due to the
ability of iron to form organic complexes [14]. Oceanographic research has shown that
more than 99% of the dFe in the ocean is bound to organic ligands [15]. It is now
widely recognised that, in high-nutrient low-chlorophyll (HNLC) regions, the algal
growth is limited, not only by a general lack of Fe, but also by the bioavailability of orga-
nically bound Fe [16-19]. The Ross Sea accounts for almost 30% of the total Southern
Ocean annual production [20]. Significant inter-annual variability in phytoplankton
biomass has been observed and substantial rates of primary production
(>1 g Cm™2d™") are often associated in the shelf area with polynyas, fronts and marginal
ice zones [21-24]. Field observations and model simulations indicate four potential
sources of dFe to the Ross Sea surface waters: Circumpolar Deep Water (CDW) intruding
from the shelf edge, sediments on shallow banks and nearshore areas, melting sea ice
around the perimeter of the polynya and glacial meltwater from the Ross Ice Shelf (RIS)
[25]. Fe availability and its influence on phytoplankton structure and nutrient cycling
has been extensively studied in the Ross Sea [26-31]. Fe limitation has been reported in
offshore waters north of the continental shelf, but evidence suggests that Fe limitation
is important in the highly productive shelf area too [32-34]. Our understanding of the dis-
tribution and speciation of dFe in the Ross Sea has been improved significantly in the past
two decades; however, there have only been a few studies on their mesoscale variability.
To fill this lack, the Ross Sea Mesoscale Experiment (ROME) was designed to investigate the
short temporal and small spatial scales (i.e. mesoscale with an horizontal resolution of few
km) variability of biogeochemical properties of the upper 200 m layers in the Ross Sea and
to study their interaction with mesoscale currents, fronts and eddies that can facilitate the
supply of dFe to the surface waters.

RoME used a combination of remote sensing and high-resolution ship measurements
during a cruise in the austral summer 2013-14, as a part of the Italian National Program
of Research in Antarctica (PNRA, Programma Nazionale di Ricerca in Antartide). Remote
sensing supported both the determination of the iron sampling strategy and the deploy-
ment of 43 complete casts, with a horizontal resolution of 5-10 km. Near-real-time satellite
images of the study area were sent twice a day to the research vessel in order to design the
sampling strategy. The sampling activity was performed in three different areas of the Ross
Sea, named RoME 1, 2 and 3. The aim of the present paper is to characterise the mesoscale
iron speciation in the ROME 2 site, a coastal area next to the recurrent winter Terra Nova
Bay polynya. This polynya plays a major role in shaping the sea ice and ocean dynamics of
this region [35,36] and is characterised by high biological primary production which
favours atmospheric carbon sequestration into the ocean [38]. Additionally, previous
papers showed the presence of significant chemical and biological mesoscale variability
in the ROME 2 area, mainly connected to the different water mass properties observed
and to the presence of a thermohaline front associated to changes in the current
pattern [11,37,38].
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2. Materials and methods
2.1. Sampling strategy and water sampling

The data were collected aboard the R.V. Italica, as part of ROME 2 area from 26 to 28
January 2014. The RoME 2 study area has an extension of ca. 35 x 30 km and was mon-
itored through 12 complete multi-parameter casts. The position of the CTD stations
(Figure 1) was chosen on the basis of the available MODIS (Moderate Resolution
Imaging Spectroradiometer) Aqua and Terra satellites level-2 products relative to the
previous 12/24 hours. Sea surface temperature (SST) and chlorophyll-a concentration
(Chl-a) maps at 1 km resolution were generated, analysed and transmitted to the
ship to allow sampling of both high and low chlorophyll and temperature regions.
Full depth hydrographic casts, current measurement and water sampling were
carried out using a SBE 9/11 Plus CTD, with dual temperature and conductivity
sensors, coupled with a SBE 32 plastic coated carousel sampler, on which twenty-
four 12-L Niskin bottles and a couple of Acoustic Doppler Current Profiler (ADCP)
were mounted. The properties of the ocean deep layers will not be treated in this
paper, because the objectives of the ROME Project were focused on the upper 200 m
of the water column.

During RoME 2, a total of 12 casts was realised and in each cast, 5-7 depths (2-200 m,
chosen according to the fluorescence profiles) were sampled for dissolved oxygen, nutri-
ents, phytoplankton pigments and total prokaryote biomass determination. At selected
stations (Figure 1 and Table 1), seawater samples for iron analysis were collected by a
20-L teflon-lined GO-FLO bottle (General Oceanics Inc.) which was deployed on a kevlar
6 mm diameter line and closed using a PVC messenger. Seawater was transferred in
acid-cleaned (see Section 2.2.1) 2-L low-density polyethylene (LDPE) bottles and immedi-
ately treated as reported below (see Section 2.2.2).

2.2. Analytical procedures

2.2.1. Cleaning procedures for iron analysis

All the materials coming into contact with the samples were extensively acid-cleaned and
the final cleaning conditions were checked by inductively coupled plasma mass spec-
trometry (ICP-MS). In particular, 2-L LDPE bottles for seawater collection (Nalgene, Roche-
ster, NY, USA) and the polycarbonate (PC) filtration apparatus (Sartorius, Goettingen,
Germany) were cleaned as follows: (1) 1% (v/v) tracepur® HNO;s; (Merck, Darmstadt,
Germany) for 2-3 days; (2) rinsing 3 times with ultrapure water (Milli-Q from Merck-Milli-
pore); (3) 0.1% (v/v) suprapur® HNOs (Merck) for 2-3 days; (4) rinsing 3 times with ultrapure
water. The 0.4-um PC filters membranes (HTTP04700 Isopore” by Millipore) and the 200-
mL polypropylene (PP) bottles (VWR International, Radnor, PA, USA) used for the collection
and storage of filtered samples were cleaned with the same procedure, but using two-
times lower acid concentration and suprapur® grade quality acid for both steps (1) and
(3). PC 85-mL centrifuge tubes (Nalgene) for the co-precipitation procedure (Section
2.2.2) were acid-cleaned following the five-step procedure reported in [45]. PP 50-mL
and 15-mL graduated tubes (VWR International) for iron speciation analysis were
cleaned using 0.1% (v/v) HNOs (TraceSelect® Ultra from Sigma-Aldrich) and thoroughly
rinsed with ultrapure water.
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Ocean Data View
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Figure 1. Map of the study site RoOME 2 in the Ross Sea. (A) the Ross Sea inside the Southern Ocean; (B)
the sampled area inside the Ross Sea; (C) the sampled stations: the red dots show the stations sampled
for iron and the dashed grey line the position of the front (colour online).
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Table 1. Sampling stations and collected samples for iron determination.

Station Latitude (S) Longitude (E) Bottom depth (m) Sampling date Sampled depths (m)
34 —74.772 165.739 719 26/01/2014 10, 30, 60

36 —74.891 165.193 818 27/01/2014 10, 20, 160

39 —74.860 166.073 1080 27/01/2014 20, 50, 200

43 —-74.799 164.990 775 27/01/2014 20, 40, 200

45 —74.826 165.486 702 28/01/2014 10, 25, 200

2.2.2. Total dissolved iron
Seawater samples were filtered through 0.4 um pore-size PC membranes, collected in 200-
mL PP bottles and stored at —20°C until analysis.

The total dissolved Fe was determined by ICP-MS after a metal pre-concentration pro-
cedure through co-precipitation with Mg(OH), [39], based on a previous work by Wu and
Boyle [40]. In brief, under a laminar flow work area, aliquots of seawater samples were
acidified (pH 1.8) at least 24 h before analysis. Then, 50.0 g of sample were transferred
into an acid-cleaned 85-mL PC centrifuge tube (Nalgene) and 500 uL of concentrated
NH4,OH (Trace Select® Ultra from Sigma-Aldrich) were added. After 1.5 min, the tube
was quickly shaken and left to stand for 3 min. The sample was centrifuged (3000 rpm,
3 min) and most of the supernatant discarded. Then, the centrifugation was repeated
and the remaining solution removed. The resulting precipitate was dissolved in 5 mL of
1% (v/v) HNO;3 (Trace Select® Ultra from Sigma-Aldrich) and the solution analysed by
ICP-MS equipped with a dynamic reaction cell (DRC). The ICP-MS system used was a
Perkin EImer-Sciex (Concord, Ontario, Canada) Elan DRC Il, equipped with PFA-ST microne-
bulizer (Elemental Scientific, Omaha, NE, USA) and a 20-mL inner volume Cinnabar spray
chamber (Glass Expansion, Melbourne, Australia). Platinum sampler and skimmer cones
were used. The operating conditions (Table 2) were optimised according to Tanner
et al. [41]. The monitored ions were >*Fe* and >?Cr* and the latter was used to correct the
isobaric interference due to **Cr* by means of the following equation: I(°>*Fe) = I(54) —
0.028226 1(>2Cr). Since the seawater samples have similar composition, calibration was per-
formed by the ‘addition calibration’ technique [42], a simplification of the standard

Table 2. ICP-MS operating parameters.

Parameter Value
RF power 1500 W
Plasma gas flow rate 14.5 L min™"
Auxiliary gas flow rate 1.65 L min™"
Nebulizer gas flow rate 1.00 L min~"®
Sample uptake rate 100 pL min™'
Lens voltage 6V
Reaction cell rod offset -1V
Quadrupole rod offset -8V
RF amplitude 150 V
Axial field voltage 300V
Cell path voltage —-28V
Mathieu stability parameters a=0
q=057
Reaction gas flow rate (NHs) 0.9 mL min~"
Dwell time 100 ms
Sweeps 50
Replicates 10

“Optimised daily.
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‘addition’ method, in which the slope obtained for a single representative sample is
used for the calibration of the other samples. For each calibration curve, four additions
were performed in the 0-6 ug L™' concentration range. The correlation coefficients
were higher than 0.999. The procedural blank was 0.15+0.06 nM (mean +SD, n=10),
providing a limit of detection (3 X SDpjani) Of 0.18 nM. The accuracy of the analytical
method was confirmed by replicated analyses of the seawater reference materials SAFe
D1 (found concentration: 0.81 +0.10 nM, n=8; consensus concentration: ~0.65 +0.10
nM) and SAFe D2 (found concentration: 0.99 + 0.09 nM, n = 12; consensus concentration:
0.92 +0.03 nM).

2.2.3. Organic complexation of Fe: sample treatment, voltammetric procedure and
calculations

Iron speciation was determined by adsorptive cathodic stripping voltammetry (AdCSV)
with ligand competition against 2,3-dihydroxynaphtalene (DHN) [43,44].

Under a laminar flow work area, the samples were thawed at ambient temperature and
homogenised before transferring 50-mL aliquots into 50-mL PP graduated tubes (VWR
International). Then, 250 pL of 0.1 mM methanolic solution of DHN (Sigma-Aldrich) were
added and the samples were mixed to obtain a final concentration of 0.5 uM DHN. Incre-
mental additions of Fe(lll) standard solution were added to eight 15-mL PP graduated
tubes and a 6-mL aliquot of the sample/ligand solution prepared above was pipetted
into each tube. The concentrations of Fe(lll) additions were selected according to the
total Fe concentration of each sample, with approximately four increments in the compe-
tition region and four increments where the ligands are saturated. The samples were then
left to equilibrate overnight (15 h) in the dark (to prevent the slow oxidation of DHN).

Voltammetric measurements were performed using the 757 VA Computrace system by
Metrohm (Herisau, Switzerland), equipped with a mercury drop electrode, Ag/AgCl refer-
ence electrode and glassy carbon counter-electrode. The working electrode was filled with
99.999% mercury (Sigma-Aldrich), and the 3M KCl (Sigma-Aldrich) filling solution of the
reference electrode was cleaned by MnO, co-precipitation [43]. The equilibrated solutions
were sequentially (starting from the lowest concentration) transferred into the Teflon® vol-
tammetric cell; then, after addition of 300 pL of bromate/3-[4-(2-hydroxyethyl)-1-piperazi-
nyllpropanesulfonic acid (HEPPS) buffer/oxidant solution (0.4 M potassium bromate/0.1 M
HEPPS/0.05 M ammonium hydroxide, all from Sigma-Aldrich) to obtain a pH of 8.0, they
were analysed by AdCSV, according to the following method [43]: N, purge for 300 s;
adsorption potential: —0.1 V; adsorption time: 90 s; rotating speed: 2400 rpm; equilibration
time: 8 s; voltage scan: from —0.3 to —0.8 V; scan type: sampled-DC (potential step: 4 mV;
frequency: 10 Hz). Four replicate measurements were performed for each aliquot. The vol-
tammetric cell was not rinsed during the titration to keep the cell conditioned. After each
sample was analysed, the cell was soaked overnight in 0.5% (v/v) HNO3 and then
thoroughly rinsed with ultrapure water and pre-conditioned before use.

Calculation of the iron speciation parameters was performed by using the following
equation [45,46]:

[Feabie]  [Fenabile] | e + Xreppn
Fell L LKy,

(M
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where [Fep,pie] (labile Fe) in each aliquot was computed by the ratio of the measured peak
height to the instrumental sensitivity, while [FeL] (organically bound Fe) was obtained as
the difference between the total Fe concentration and labile Fe. The sensitivity was itera-
tively calculated according to Turoczy and Sherwood [47], and the obtained values were in
good agreement (within 10%) with those computed by using the non-linear fitting model
by Gerringa et al. [48].

A plot of [Fejapiiel/[Fel] as a function of [Fe,pie] allowed the determination of L (ligand
concentration) and K're. (conditional stability constant, here expressed with respect to
Fe*"), which were used to calculate the side reaction coefficient of Fe** and the
ligands (a’rer). The side reaction coefficient for inorganic complexation a’ge = 10'° was
obtained from Hudson et al. [49], while d’reprn =6.4 X 10'% was calculated by Laglera
et al. [44] and used also to calculate the Fe’, i.e. Fe not bound to organic ligands.
Finally, L' (concentration of ligands not bound to Fe) was computed as a difference
between L and dFe [50].

The method is characterised by great sensitivity, low limits of detection and short
analysis time [43]. On the other hand, as other procedures, it is susceptible to potential
interferences by humic substances, which would result in an underestimation of the
complexing capacity of the natural ligands, as highlighted by a loss of the curvature
of the titration plot [44]. A previous investigation in the same area and season reported
concentrations of fulvic acids lower than 0.2 mg L™, while humic acids were not found
[51]. In addition, curved titration plots were always obtained (e.g. Figure 2), suggesting a
negligible interference of these substances, although humic complexation cannot be
completely ruled out.

30 4 &
25 4
= 20 *
-10.0n <
= 154 .
10
5 . ¢
..
—~ -20.0n 0 * T
< 0 2 4 6 8 10
B) Total Fe nM)
-30.0n 3
- 2
[T}
w
-40.0n i
400m  -500m -600m -700m &1
w y= 0.4567x + 0.0675
uv) R® =0.9995
A) 04 :
0 2 4 6 8
C) Feapile (NM)

Figure 2. Speciation analysis of seawater sampled in Station 55 at 60 m. (A) Voltammetric scans for the
titration with iron; (B) peak height as a function of the total iron concentration; (C) data linearisation
with Fepiie/Fel as a function of Fejypie.
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2.2.4. Dissolved oxygen, nutrients, phytoplankton pigments and total prokaryote
biomass

Dissolved oxygen (O,) was measured by the Winkler method using automated micro-titra-
tions [52] with a potentiometric detection of the end point using a Metrohm 719 titropro-
cessor. The measurement precision was +0.05 mg L™".

Subsamples for the determination of nutrients (NO3, NO,, NH;, Si(OH), and PO}")
were collected from the Niskin bottles, filtered through 0.7 um glass fibre filters (GFF)
and stored at —20°C in 100 mL LDPE containers. The samples were analysed using a
five-channel continuous flow Technicon® Autoanalyzer Il, according to the method
described by Hansen and Grasshoff [53], which was adapted to our instrumentation.
The accuracy and the precision of the method were checked by Certified Reference
Material (CRM) MOOQS-3 (Seawater Certified Reference Material for Nutrients; http:/
www.nrc-cnrc.gc.ca/eng/solutions/advisory/crm/certificates/moos_3.html). Measurement
precision was 0.3 uM for NO3 + NO;, 0.01 uM for NO;, 0.07 uM for PO3~ and 0.30 uM
for Si(OH),. The recoveries fell in the 100-110% range.

Subsamples for the determination of phytoplankton biomass, taxonomic composition
and F,/F,, were collected in the 0-100 m depth layer. For a more detailed description of
the methods and of the data see Mangoni et al. [11] and Rivaro et al. [37].

For total prokaryote abundances, samples of 50 mL of seawater were collected directly
from the Niskin bottles and fixed with a formaldehyde solution (pre-filtered through a 0.2
pum Acrodisc filter) at 2% final concentration. Aliquots of 3-5 mL were filtered in triplicate
onto 0.2 ym black polycarbonate membranes (Whatman). The membranes were then
placed on a drop (50 pL) of DAPI (4,6-diamidino-2-phenyl-indole, Sigma-Aldrich, 30 ug
mL™" final concentration in an autoclaved 3.7% NaCl solution) and kept in the dark for
15 min [54]. The backs of the filters were then gently dried with a kimwipe tissue,
mounted on microscope slides between layers of immersion oil (type A, Cargille) and
stored at —20°C. Cells were counted by epifluorescence microscopy (Olympus BX 60 F5)
at 1000x magnification under a UV (BP 330-385 nm, BA 420 nm) filter set. A minimum
of 300 cells was counted for each membrane in at least 20 randomly selected fields. Pro-
karyotic biomass was calculated by adopting the 20 fg C cell™" factor [55].

2.3. Ancillary data and data processing

Meltwater percentage in the surface layer (MW%) was calculated from the difference
between the salinity measured at the surface (Smeas) and at greater depth (Sgeep. i.e.
200 m) and assuming an average sea ice salinity of 6 [34]:

MWo6 = 1 — >me =8 10 2)
Sdeap -6

All the available CTD profiles were used to determine the depth of the Upper Mixed
Layer (UML) through the water column stability (E) analysis. E is proportional to the
Brunt-Viisila buoyancy frequency N%(z), which represents the strength of the density stra-
tification. The depth at which N*(z) was estimated to be maximal represents the depth of

maximum stability and was selected to represent the UML depth z(UML) [56].
Data processing and statistical analysis were performed using the software RStudio
version 0.97.318 (RStudio Inc., Boston, MA, USA). Relationships between all parameters
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were evaluated by means of the Pearson’s correlation coefficient (r) and the Spearman
coefficient (p) of rank correlation, after assessing normality of datasets to choose
between parametric and non-parametric statistics. The maps were drawn with Ocean
Data View software [57].

3. Results
3.1. Environmental conditions and biogeochemical properties

Figure 3 shows the main hydrographic features observed during the ROME 2 experiment. Prop-
erties of the water masses and the circulation patterns of the three RoOME legs have been
already reported and discussed in Mangoni et al. [11], Rivaro et al. [37] and Misic et al. [38].
In RoMe 2, the surface (0-100 m depth) and intermediate layers (100-200 m depth) of the
water column were mainly occupied by Antarctic Surface Water (AASW) and High Salinity
Shelf Water (HSSW) respectively (Figure 3). AASW is a relatively light surface water character-
ised by potential temperatures ranging between —1.8°C and +1°C and by salinity values
lower than 34.50, while HSSW is characterised by salinity greater than 34.70, potential
temperature near freezing point and potential density greater than 27.9 kg m—>[58]. The
mean circulation during the RoME 2 experiment was characterised by the presence of a
meridionally oriented frontal zone located at about 165.5°E. This front (grey dashed line
in Figure 1) has been extensively described in [37] and represents the boundary
between two circulation systems characterised by different thermohaline properties and
current regime (see Figure 3 and 7 in [37]). In particular, colder and fresher water masses
are observed on the western flank of the front and their eastward extension is limited
by the front itself. Crossing the front, an increase in both temperature and salinity of the
surface layer is evident, with stations located in proximity of the front showing intermedi-
ate T and S values between the coastal and open sea stations. Current pattern as depicted
by both LADCP and geostrophic current data (not shown) is characterised by eastward
current in the coastal stations and prevalently southward currents on the eastern side of
the front generating a convergence in correspondence of the front [37].

The water column was well stratified all over the study area, but differences in UML
depth and in the strength of the pycnocline were observed [11]. Almost all stations
were above the O, saturation level (102-115%) in the upper 20 m (Figure 4, panel A). Nutri-
ent concentrations were generally high, with the lowest values in surface and subsurface
layers and they were not fully depleted (Figure 4, panels B, C and D). The N:P ratio (calcu-
lated from the slope of NO; + NO; plotted against PO; ") of 17.0 was consistent with the
phytoplankton taxonomic composition data that highlighted the concurrence of diatoms
and P. antarctica [11,37]. The Si:NOs ratio was about 1 suggesting Fe-replete condition, as
proven by the dFe data, similarly to previous investigations in the Ross Sea shelf and
coastal areas [17,27,28,34]. The net nutrient utilisation was estimated by subtracting the
nutrient concentration measured in the UML from that measured in the Winter Water
(WW) layer, assuming that the nutrient values in surface water at the beginning of the
growing season are similar to those in WW, which are not affected by meltwater dilution
or biological uptake [59]. In this study, the concentration of nutrients measured at the
depth below the UML, at the top of the WW layer depth z(L), is considered as the reference
value for WW (Table 3).
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Figure 4. Depth profiles of: (A) dissolved oxygen saturation percentage; (B) nitrate; (C) phosphate and
(D) silicate area. Squares show the stations sampled for iron, diamonds refer to the other sampled
stations.

The calculated net nutrient utilisation ranges for nitrate, silicic acid and phosphate
(ANO3, ASi(OH), and APOi_) were 4.6-13.6, 3.6-24.1 and 0.26-0.82 uM, respectively
(Table 3). The highest ANO3, which corresponds to the highest APOi_, was measured
in station 43. The net nutrient utilisation values were in the range of the reported
values for the Ross Sea shelf area [59].

Prokaryotic biomass values in the upper 70 m did not display any depth-related trend
and ranged between 11.30 (+ 0.45) and 14.41 (+ 1.06) ug C L™". Lower values were found
between 160 and 200 m, being on average 1.31 +0.17 ug C L™". A highly significant cor-
relation with Chl-a (Spearman’s p=0.65; p <.001; n = 32) was found.

Data on phytoplankton biomass, taxonomic composition and F,/F,,, collected in the fra-
mework of the ROME project have been already published [11,37,38]. As concerns RoME 2
area, Chl-a maxima were measured from 20 to 40 m depth, but high Chl-a values were also
found at greater depth in some stations (up to 2.48 ug L™ at 100 m at station 45). Diatoms,
which were observed with empty frustules and in a senescent status, constituted the dom-
inance of the phytoplankton in the upper layer, whereas Phaeocystis antarctica in the colo-
nial form dominated in the deep layers. With regards to the photochemical efficiency of

Table 3. Values of strength (Ez(UML)) and depth of the maximum stability (z(UML) of the upper mixed
layer, top of the Winter Water depth (z(L)), meltwater percentage (MW%) and calculated nutrient
removal (ANO3, ASi(OH),, APO;").

Station  Ez(UML) (m™' *1000)  z(UML) (m)  z(L) (m) MW (%) ANO; (uM)  APO}~ (uM)  ASi(OH), (UM)

34 55 32 66 2.09 6.93 0.49 3.57
36 59 16 54 2.51 5.46 0.47 19.3
39 87 25 71 1.23 6.73 0.50 7.59
43 44 26 75 2.83 134 0.82 16.8

45 40 18 60 1.80 6.14 0.48 12.1
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photosystem Il of phytoplankton, the values of F,/F,, were lower in the presence of
diatoms-dominated waters compared with P. antarctica-dominated waters.

3.2. Total dissolved iron and iron speciation

Total dissolved iron (dFe) and speciation data are presented in Table 4. The dFe concen-
tration ranged from 0.52 to 4.51 nM, L from 1.4 to 8.0 nM and Fe’ from 0.2 to 3.5 pM. The
dFe concentrations are comparable with values reported for Antarctic coastal waters
[29,34,60-63], and significantly higher than those found in open waters [26]. More than
99% of dFe in our samples was bound to organic ligands, similarly to other seawater analy-
sis carried out in the Southern Ocean [64]. The L values exceeded dFe in all the samples
and, as a consequence, L’ varied from 0.12 to 2.11 nM. A significant positive correlation
was observed between L and dFe (Spearman’s p=0.96, p <.001, n=13). The L/dFe ratio
is used to evaluate the saturation level of dissolved organic ligands in the marine environ-
ment [65]. When it is close to 1 the ligands are relatively saturated, whereas a higher ratio
suggests that the ligands are still available to buffer additional Fe input. The L/dFe varied
between 1.07 and 2.82; similar values have been already reported by Boye et al. [17] for
Southern Ocean and by Thurdczy et al. [65] for Amundsen Sea shelf waters.

The conditional stability constant (log K're.) varied over one order of magnitude,
ranging from 22.1 to 23.6; these values are consistent with those reported for the strongest
ligands found in the Southern Ocean [48,64,66].

The side reaction coefficient of iron complexation by the natural ligands (log d'ret)
ranged between 13.3 and 14.6, with an average of 140+ 0.5 (n=13).

4, Discussion

The water column properties in the Ross Sea exhibit high levels of spatial and temporal
variability and seem to be also linked to larger scales patterns [5,67]. Unfortunately, due
to the difficulty in obtaining high-frequency observations, the effect of the mesoscale
physical processes on biological and chemical distributions is poorly known, but is still
likely to be significant [67]. For this reason, the sampling strategy of the RoME cruise
was designed on the basis of real-time satellite data, with the aim of examining selected

Table 4. Iron speciation data.
Station Depth (m) dFe(nM) L(nM) SD logKpy SD L' (nM) L/dFe Fe' (pM) Fel (%) log o'ep

34 10 2.10 4.2 0.1 225 0.2 2.1 2.00 0.3 100.0 14.1
30 1.19 17 0.1 22.5 0.1 0.48 1.4 0.8 99.9 13.7
60 1.95 2.8 0.1 22.8 0.1 0.83 1.43 0.4 100.0 14.2
36 10 0.57 1.4 0.1 223 0.1 0.81 242 0.3 99.9 13.5
160 1.80 1.9 0.1 233 04 0.12 1.07 0.7 100.0 14.6
39 20 1.80 2.5 0.1 22.7 0.1 0.73 1.4 0.5 100.0 14.1
50 1.21 19 0.1 227 0.1 0.65 1.54 0.4 100.0 13.9
200 4.51 5.0 0.1 22.8 0.1 0.48 1 1.5 100.0 14.5
43 20 0.65 1.8 0.1 222 0.1 1.18 2.82 0.4 99.9 134
40 0.52 15 0.1 221 0.1 0.99 291 0.4 99.9 13.3
200 3.19 5.0 0.1 226 0.1 1.76 155 0.4 100.0 14.3
45 10 197 - - - - - - - - -
25 1.82 20 0.1 236 0.6 0.19 1.10 0.2 100.0 14.9

200 3.29 37 0.1 223 0.1 0.44 1.13 35 99.9 139
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mesoscale features in detail and to study the biogeochemical processes associated to
them. In this framework, the spatial coverage of the RoME 2 area was of ca. 35x 30 km
and was monitored through 12 complete multi-parameter casts and a set of near real-
time satellite images.

A thermohaline front was the main physical feature of the area (cf. Figure 1), with the
surface layer characterised by a temperature and salinity gradient between the coastal and
the easternmost and open ocean station. Fresh and cold water, possibly influenced by
both sea or glacier ice melting and then driven offshore by eastwards currents, was
observed at stations 41, 43, 44 sampled near Cape Washington and inner bay [11,37,38].

The higher dFe concentration found in the ROME 2 area in the subsurface waters com-
pared with offshore waters (Figure 5, panel G) reflects the iron input either from land [29]
or from ice melting, similar to the observations made by Sedwick et al. [28] at stations
sampled at the edge of the receding annual pack ice. The iron cycle is closely related to
the dynamics of sea ice that acts as a reservoir for iron during winter, releasing it to the
surface ocean in spring and summer [68]. The area experienced ice-free conditions starting
from early December [11,37]. The melting produced a strong water column stratification
highly favourable for iron recycling, through the enrichment of Fe for surface waters
and retarding the loss of Fe to deeper waters. Dissolved Fe concentrations were relatively
low near the surface in correspondence of the highest MW% (Figure 5, panel C, stations 36
and 43). This apparent contradiction can be explained taking into account the role of the
UML stratification in favouring the phytoplankton growth (Figure 5, panels A, B and D). In
fact, a reduction in the dFe may be associated with an increase in algal biomass as the iron
is taken up. The melting of the sea ice, besides stratifying the water column, supported the
phytoplankton growth, as the negative correlation found between dFe and fluorescence
(Spearman’s p= —.60, p <.05, n = 14) together with the O, values above the saturation
level, the nutrient utilisation and the Chl-a concentrations confirmed (Figure 5, panels E
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Figure 5. Subsurface distribution of: (A) potential temperature (8); (B) salinity; (C) meltwater percen-
tage (MW%); (D) upper mixed layer (UML) depth; (E) chlorophyll-a (Chl-a); (F) silicate (Si(OH),); (G)
total dissolved iron (dFe).
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and F). Changes in PS |l efficiency are assumed to reflect the ‘photosynthetic health’ of the
phytoplankton and to be affected mainly by cellular acclimations to changing abiotic con-
ditions (including nutrient availability, especially N and Fe) [10,69]. However, from the Si:
NO; ratio in the upper layer, that suggested Fe-replete condition, we conclude that the
reduced F,/F,, detected at the surface was not due to Fe limitation. The correlation
between dFe and L (Spearman’s p=0.96, p <.001, n=13) demonstrated that organic
ligands maintained the concentrations of dFe at levels much higher than the inorganic
solubility of Fe, keeping it available for phytoplankton [14]. Ligand distribution did not
co-vary with Chl-a, but it negatively and significantly co-varied with prokaryotic biomass
(Pearson’s r=—0.62, p < .05, n = 11) suggesting a role of microbial activities in determining
L distribution. However, it should be noted that the variations in ligand concentrations in
the surface layer are the result of a balance between production and breakdown pro-
cesses, including photo-chemical reactions, which can obscure a possible relationship
between L and the biomass parameters [70,71]. In oceanic waters, iron-complexing
ligands comprise a wide range of organic species, including humic substances, sidero-
phores and biological degradation/extraction products (e.g. exopolymeric substances
and saccharides), characterised by different production and loss pathways, functions
and reactivity [14]. According to their binding affinities for iron, the ligands can be
divided into different classes: L; includes stronger ligands, with log K're =22-23 or
higher, while L,- to L,4- types gather weaker ligands, with log K're = 20-22 or lower [64].
Siderophores usually fall in the first group, although a photoactive siderophore belonging
to the L, class has been reported, while exopolymeric and humic substances belong to the
L,-L, and L,-L3 classes, respectively. Finally, saccharides have a weak affinity for iron (L3—
L4 classes), but can compete with the L, class for iron binding when occurring at a rela-
tively high concentration [72]. The log K're, values found in the ROME 2 area (22.1-23.6)
highlighted the presence of complexes of differing stabilities, which could not be differen-
tiated with the applied method, thus masking possible trends with depth, or distance,
from shore [14,17]. The published data for the Southern Ocean, in which L; and L,
ligands could be distinguished [64,66], reported log K'\; =22.3—-23.6 and log K\, =21-
22 Therefore, our data would indicate the presence of L;-type ligands. On the other
hand, the values found in the surface waters of the fresher coastal stations 36 and 43
(22.2-22.3) are also consistent with data obtained for the iron complexes in under-ice sea-
water (21.2-22.1), attributed to exopolymeric substances [73]. Below the UML (where log
K'reL values ranged from 22.1 to 23.3), P. antarctica was observed in a colonial form and
in good physiological status [11]. The mucilaginous matrix that encapsulates the cells is
composed of polysaccharides, with a high carbohydrate content, embedding floating of
particulate organic matter and dissolved organic matter [74]. We can speculate that the
mucilage, besides providing ecological niches for microbial heterotrophs [75], can play
the role as a Fe binding ligand, although their Fe binding strength is relatively lower
than what we found. Therefore, in this way, it could sustain the bloom of P. antarctica.

5. Conclusions

The distribution of dFe and iron speciation in the upper 200 m layers of the water column
was investigated in a coastal area of the Ross Sea during the austral summer 2014. Our
results document substantial spatial heterogeneity and complexity in iron distribution
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and speciation at a horizontal length scale of about 10 km, emphasising the importance of
mesoscale physical events, such as front, to regional biogeochemistry. Nutrients and iron
were above any limiting growth concentration reported for the Ross Sea during summer.
The high dFe concentration is the result of different sources, such as the melting of the sea
ice or the delivering from the landmasses. The organic ligands maintained the concen-
trations of dFe at levels much higher than the inorganic solubility of Fe, keeping it avail-
able for phytoplankton. Moreover, the log K'se, values found highlighted the presence of
complexes of differing stabilities, suggesting both autotrophic and heterotrophic contri-
bution to the iron speciation. Further mesoscale measurements of the iron speciation in
the Ross Sea will provide insights into the iron sources and on the mechanisms controlling
the bioavailable species, thus helping the interpretation of data on iron biogeochemical
cycle on a large scale. This will be of particular importance considering, for example, the
effects of climate change on iron sources (such as the sea ice) and on the physical charac-
teristics of surface waters. For instance, the lengthening of the ice season observed in
summer in the Ross Sea, thought to supply iron to surface waters, could induce a consider-
able increase in phytoplankton biomass which may have a powerful impact on the trophic
structure of the entire ecosystem.
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