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The availability of iron (Fe) to marine microbial communities is enhanced through complexation by ligands. In Fe limited environments, measuring the distribution and identifying the likely sources of ligands is therefore central to understanding the drivers of marine productivity. Antarctic coastal marine environments support highly productive ecosystems and are influenced by numerous sources of ligands, the magnitude of which varies both spatially and seasonally. Using competitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-AdCSV) with 2-(2-thiazolylazo)-p-cresol (TAC) as a competing artificial ligand, this study investigates Fe-binding ligands (FeL) across the continental shelf break in the Mertz Glacier Region, East Antarctica (64 - 67°S; 138 - 154°E) during austral summer of 2019. The average FeL concentration was 0.86 ± 0.5 nM Eq Fe, with strong conditional stability constants (Log KFeL) averaging 23.1 ± 1.0. The strongest binding ligands were observed in modified circumpolar deep water (CDW), thought to be linked to bacterial Fe remineralisation and potential siderophore release. High proportions of excess unbound ligands (L’) were observed in surface waters, as a result of phytoplankton Fe uptake in the mixed layer and euphotic zone. However, FeL and L’ concentrations were greater at depth, suggesting ligands were supplied with dissolved Fe from upwelled CDW and particle remineralisation in benthic nepheloid layers over the shelf. Recent sea-ice melt appeared to support bacterial production in areas where Fe and ligands were exhausted. This study is included within our newly compiled Southern Ocean Ligand (SOLt) Collection, a database of publicly available Fe-binding ligand surveys performed south of 50°S. A review of the SOLt Collection brings attention to the paucity of ligand data collected along the East Antarctic coast and the difficulties in pinpointing sources of Fe and ligands in coastal environments. Elucidating poorly understood ligand sources is essential to predicting future Fe availability for microbial populations under rapid environmental change.
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1 Introduction

Sub-nanomolar concentrations of dissolved iron (dFe), together with light, are a well-acknowledged limitation on Southern Ocean primary productivity (Martin et al., 1990; Sedwick et al., 2000; Boyd et al., 2007). Loss mechanisms, including scavenging onto particles and rapid uptake by phytoplankton, result in low surface water concentrations of free Fe (Fe’), with estimates between 9 – 125 pM (Morel et al., 2008; Sarthou et al., 2011). Ligands are organic or inorganic molecules which chelate Fe to form a complex, preventing scavenging and increasing the residence time of Fe in surface waters (Gledhill and Buck, 2012; Boyd and Ellwood, 2010; Johnson et al., 1997; Tagliabue et al., 2019). Ligands complex more than 99% of dFe in seawater (Gledhill and Buck, 2012), and increase the bioavailability of Fe to phytoplankton and bacteria in limiting environments such as the Southern Ocean (Hassler et al., 2011).

Ligands comprise a vast range of molecules from many different sources. Inorganic ligands may bind Fe as oxides or oxyhydroxides and may be released with mineral Fe from hydrothermal vents (Waite and Morel, 1984; Cunningham et al., 1988; Wu et al., 2001; Toner et al., 2009). Organic ligands produced by biological processes include extracellular polymeric substances (EPS) exuded by phytoplankton (Hassler et al., 2011; Shaked and Lis, 2012; Hassler et al., 2017) and humic or humic-like substances (HS or HS-like) typically from estuaries, rivers, or biological degradation products (Laglera and van den Berg, 2009; Whitby et al., 2020). Some of the strongest ligands are actively produced by bacteria under Fe stress, known as siderophores (Gledhill et al., 2004; Boiteau et al., 2016; Bundy et al., 2016).

Both abiotic and biotic processes contribute ligands to coastal marine environments. Elevated organic ligand concentrations are commonly associated with surface water deep chlorophyll maxima (DCM), where a combination of algae exudates and bacterial siderophores contribute ligands in excess of Fe concentrations (Boye et al., 2001; Hogle et al., 2018). Additionally, high concentrations of ligands have been observed in sea ice (up to 34.4 nM Eq Fe of uncomplexed ligands, L’), thought to originate from organic material incorporated during ice growth (Janssens et al., 2018) and microbial ligand production within brine channels (Bowman, 2013). These ligands may be released into seawater with sea-ice melt, increasing the degree of Fe complexation in spring and summer (Lannuzel et al., 2015; Genovese et al., 2018). Sediment resuspension and benthic nepheloid layers have also been observed to contribute ligands near the seafloor (Bundy et al., 2014).

Despite an increase in spatial coverage of Fe and ligand data from the Southern Ocean (Thuróczy et al., 2011; Thuróczy et al., 2012; Caprara et al., 2016; Gerringa et al., 2020; Hassler et al., 2020a; Ardiningsih et al., 2021a and references therein) studies seldom focus on coastal environments which are particularly sensitive to climate-induced changes. The Mertz Glacier Region (64 - 67°S; 138 - 154°E, off George V and Adélie Land, East Antarctica), is a globally important and valuable coastal region for global thermohaline circulation and ecological productivity. Intense phytoplankton blooms within the Mertz polynya make the region a biological hotspot (McMahon et al., 2002; Sambrotto et al., 2003; Ropert-Coudert et al., 2018) and the production of Dense Shelf Waters via sea-ice formation contributes to a quarter of total Antarctic Bottom Water production (Bindoff et al., 2000, Williams et al., 2008; Williams et al., 2010; Cougnon et al., 2013). With the calving of the Mertz Glacier Tongue in 2010, this region has already experienced dramatic changes in processes which influence productivity (Tamura et al., 2012; Liniger et al., 2020; Shadwick et al., 2013). Yet the mechanisms underpinning this productivity (such as Fe supply and availability through complexation with ligands) remain elusive.

In this study, we examine potential sources controlling the Fe-binding ligand distribution in the highly productive Mertz Glacier Region. We compare the speciation of Fe between the surface and deeper waters and consider the influence of the continental shelf and sea-ice melt, before comparing our data to the broader Southern Ocean using our newly compiled Southern Ocean Ligand (SOLt) collection. This dataset includes 25 iron-complexation studies performed in the Southern Ocean since 1995 and is accessible for future biogeochemical assessments. Using our new data and the SOLt collection, we aim to determine the processes associated with increased Fe-binding ligand concentrations, and to highlight existing gaps in our knowledge of Fe complexation across the Southern Ocean.



2 Methods


2.1 Study area

The ENRICH (Euphausiids and Nutrient Recycling in Cetacean Hotspots) voyage, onboard the RV Investigator, targeted waters off the coast of George V Land and Adélie Land, East Antarctica (64 - 67°S; 138 - 154°E, Figure 1). Seawater samples for ligand analysis were collected from 11 stations (20 – 1,200 m depth, approximately 9 samples per station depending on hydrographic features identified from CTD casts), between the 25th of January - 26th of February 2019. The region is characterised by a narrow continental shelf of approximately 400 m depth but deepens to 600 m in basins such as the Mertz and Adélie Depressions (Harris and Beaman, 2003).




Figure 1 | Survey sampling stations (black diamonds) within the Mertz Glacier Region. Background colour shows monthly average satellite chlorophyll-a (Chl-a) concentration for February (NASA Giovanni MODIS-Aqua). Monthly average sea-ice extent (SIE, ≥15% sea-ice concentration) for December 2018 and February 2019 (white dashed lines, Meier et al., 2021) and bathymetric contours (light grey solid lines, IBSCO) are shown. Stations were divided into three groups (Offshore, Slope, and Shelf) based on their proximity to continental shelf. Figure developed using the Norwegian Polar Institute’s Quantarctica package (Matsuoka et al., 2018).



The latent heat polynya in this region leads to intense chlorophyll blooms in front of the Mertz Glacier during the summer months (Figure 1). In the months leading up to the survey, satellite data showed the December 2018 sea-ice extent (SIE, classified as ≥15% sea-ice concentration) reached 65°S, covering the location of Stations 10, 14 and 16 on the shelf. By February 2019 (during our sampling), sea ice had retreated further inshore. To assess sources and cycling processes of Fe-binding ligands across the region, stations were divided into three groups based on their proximity to the continental shelf, comprising Shelf (10, 14, 16 and 17), Slope (11 and 18) and Offshore (1, 9, 12, 15 and 19) stations.



2.2 Hydrography and bacterial production

Hydrographic parameters including salinity, temperature, depth, oxygen, light transmittance, chlorophyll-a (Chl-a) fluorescence, and photosynthetically active radiation (PAR) were measured at each station from CTD casts down to 1,200 m. Water masses were determined using neutral density definitions from the nearby Ross Sea (Orsi and Wiederwohl, 2009). Fronts were identified from sub-surface temperature isotherms with the Southern Antarctic Circumpolar Front (SACCF) at the 1.8°C isotherm and the Antarctic Slope Front (ASF) at 0°C (Orsi et al., 1995; Williams et al., 2010), using both ENRICH CTD profiles and Argo profiles (Australian Ocean Data Network, AODN) between December 2018 – February 2019. Mixed layer depths (MLD) were defined using a potential density threshold of Δσθ = 0.03 kg m−3 (de Boyer Montégut et al., 2004) and euphotic depths (Zeu) were defined as 1% of surface photosynthetically active radiation (PAR, Vaillancourt et al., 2003; Lehmann et al., 2004).

Benthic nepheloid layers were identified using a Wetlabs C-STAR Transmissometer (25 cm pathlength with 650 nm wavelength, calibrated in air and clean water) for shelf stations only. Beam Attenuation Coefficient (c, m-1) was calculated by,

	

where, r is the beam path length of the transmissometer (0.25 m), and Tr is the transmission data (%). The particulate coefficient (cp) was calculated by subtracting the coefficient of clear seawater (csw); here defined as c from offshore Station 1, 1,200 m depth. The nepheloid boundary was then defined as the depth at which cp = cpmin + 0.01 (Gardner et al., 2018).

As in Westwood et al., (2018), bacterial production (BP) was determined using the Kirchman (2000) 14C-leucine microcentrifuge method, with calculations using parameters specified by Smith and Azam (1992). Three replicates (and two controls) were taken for measurements of surface waters (10 m) and at the DCM at each station. Bacterial production and oceanographic parameters were used to determine co-variance between complexation parameters and environmental variables (using Pearson product-moment correlation coefficients, unless stated otherwise).



2.3 Seawater sampling

New 250mL Nalgene© LDPE (low density polyethylene) sample collection bottles were cleaned in 2% (v:v) Decon-90 detergent for one week, rinsed four times with deionised water and thrice in ultra-high purity (UHP) water. The bottles were filled with 6M hydrochloric acid (HCl) and placed in a 1.2M HCl bath for one month. Following acid cleaning, bottles were rinsed with UHP to remove remaining acid, at least four times. Bottles were rinsed thrice with freshly collected filtered (<0.2 µm) seawater prior to sampling.

A Trace Metal Rosette (TMR; General Oceanics Inc., Miami, FL, USA) with 12x 10L Teflon-lined Niskin bottles was used to sample trace elements and ligands from the water column. Seawater from each depth was sampled within a trace-metal-clean laboratory onboard, beneath ISO 5 HEPA filtered air and using acid-cleaned and seawater flushed AcroPak™ 0.2 µm filter cartridges, following GEOTRACES protocols (Cutter et al., 2017). Samples were stored frozen at -20°C until voltammetric analysis onshore.



2.4 Dissolved iron

Analysis of dFe was previously described in Smith et al. (2021), following methods developed in Wuttig et al. (2019). Briefly, dissolved trace elements were preconcentrated from seawater using an offline seaFAST preconcentration system (SC-4 DX seaFAST S2/pico, ESI, Omaha, NE, USA) and concentrations were determined using a Thermo Fisher Scientific ELEMENT 2 SF-ICP-MS (Central Science Laboratory, University of Tasmania; medium resolution mode, Wuttig et al., 2019). Detailed methodology, certified reference material analyses, blanks, and detection limits for the ENRICH dFe dataset are given in Smith et al. (2021).



2.5 Iron-binding ligands

Competitive Ligand Exchange Adsorptive Cathodic Stripping Voltammetry (CLE-AdCSV) was used to determine Fe complexation parameters using TAC (2-(2-thiazolylazo)-p-cresol; Croot and Johannsson, 2000) as an artificial ligand. Seawater samples (125 mL) were defrosted at room temperature, buffered with 1 M boric acid buffer (1 M H3BO3/0.25 M  , Sigma-Aldrich, St Louis, MO, USA/SeaStar Baseline, Sidney, BC, Canada) to a final concentration of 5 mM, and pH 8.05. Twelve preconditioned 10 mL polypropylene vials were spiked with increasing Fe concentrations (0 - 8 nM). Ten mL of buffered sample was added to each vial and a preconditioned Teflon cell and left to equilibrate for 1 h. The artificial ligand TAC (Sigma-Aldrich) was then added to each aliquot at a final concentration of 10 µM. Samples were left to equilibrate at room temperature overnight (> 5 h), with analysis the following day.


2.5.1 Voltammetric methods and calculations

Samples were analyzed using a Metrohm (Herisau, Switzerland) 797 VA voltameter equipped with a hanging mercury drop electrode (HMDE), a glassy carbon auxiliary electrode, and a Ag/AgCl reference electrode with a 3 M KCl salt bridge. Each aliquot was purged with ultrapure N2 gas for 240 s prior to analysis. Using differential pulse mode, an adsorption potential of -0.4 V was applied for 480 – 600 s (depending on natural dFe concentration of sample) and scanned from -0.4 – -0.9 V. Voltage steps occurred over 2.55 mV at 0.1 s, and modulation from 49.95 mV over 0.01 s. Duplicate measurements of peak height (I, nA) and potential (V) were recorded for the titration curve and slope. Blank measurements were performed on UV-treated, bulk surface water (dFe < 0.03 nM) collected at Station 18 using standard addition methods (Fe3+ solution from 0 – 5 nM). Titration data was analysed using the complete complexation fitting model of ProMCC software (Omanović et al., 2015). Artificial ligand (AL) specifications for Fe(TAC)2 included a conditional stability constant (Log KFe(TAC)2) = 22.4 and an inorganic side reaction coefficient (α) = 1, giving α(Fe(TAC)2) = 251 for 10 µM TAC. From these calculations, total ligand concentration (Lt = FeL + L’), Fe-bound ligand concentration (FeL), free ligand concentration (L’ = Lt - dFe), free Fe concentration (Fe’ = free Fe + inorganically bound Fe), the ratio between total ligands and dissolved Fe (Lt:dFe, conditional stability constants for Fe-bound ligands (Log KFeL) and side reaction coefficients (Log α = log(KFeL × Lt)) could be determined.



2.5.2 2-(2-Thiazolylazo)-p-cresol correction

Iron contamination was found in titration blanks and confirmed using ICP-MS to be from the TAC reagent (Sigma-Aldrich). Standard addition experiments revealed our TAC solution added an additional 1.98 ± 0.2 nM dFe (n = 6) to each aliquot. To account for reagent contamination, blank measurements were subtracted from our calculations. The limit of detection (LOD, taken as 3σ of the blank) was 0.36 nM Eq Fe. As a consequence of this contamination, a single ligand group was measured which represents an average of all ligand groups present.

TAC contaminations (up to 0.5 nM Fe) have been reported previously, resulting in high standard deviations for K’ (Gerringa et al., 2015; Buck et al., 2016). Presently, no suitable method has been determined to clean Fe from artificial ligands and the extent of contamination appears to vary between batches and distributors.




2.6 Southern Ocean Ligand (SOLt) Collection

To compare data collected from the Mertz Region with other Southern Ocean studies, we compiled publicly available Fe complexation datasets from >50°S, to form the SOLt Collection. Studies which provided spatial reference coordinates, sampling dates, sampling depth, dFe, Lt and Log KFeL were included. Control stations from incubation experiments performed in the Southern Ocean were also included (experimental treatments were excluded). Ligand concentrations were included as Lt or L1 (due to variability in analytical methods, other weaker ligand classes if provided were excluded from this dataset). Consequently, values represent the pooled average or dominant ligand group present in a sample. Datasets typically provided either Log KFeL or Log K’. Therefore, to maintain consistency when comparing data, Log K’ was normalized by a factor of 1010 (Caprara et al., 2016). Some studies did not provide specific start and end dates for sampling periods, in which case dates were taken as the first and last dates of the month/s described (i.e., a study describes sampling period as ‘January-February 2007’ but does not list specific dates, therefore SOLt dates are listed as Start: 01/01/2007 and End: 28/02/2007).

The collection may be used for comparisons with future complexation studies in the Southern Ocean or for use in biogeochemical models (noting some discrepancies from analytical variability, see Section 3.5). The SOLt Collection, including data from this study, can be downloaded from the IMAS Metadata Catalogue (https://metadata.imas.utas.edu.au/).




3 Results and discussion

Iron-binding ligands are receiving increased scientific attention in relation to Fe bioavailability to microbial communities. However, there are many processes that may influence Fe and ligand cycles across coastal regions, and these can vary both spatially and temporally. In spring, deep winter mixing coupled with diapycnal diffusion allow the supply of Fe into surface waters of the broader Southern Ocean (Tagliabue et al., 2014) but, closer to the continent shelf sediments and sea ice represent the dominant sources of Fe (Graham et al., 2015; Lannuzel et al., 2016). In the open ocean, supply of Fe from deep winter mixing only lasts a few days to weeks (Boyd et al., 2012), whereas closer to the continent sea-ice melt continues into February (Eayrs et al., 2019). Moving into summer and autumn (i.e., following sea-ice melt and supply for the subsurface reservoir), biological recycling represents the key mechanism for Fe supply in both the open ocean and coastal Antarctic waters (Tagliabue et al., 2019). Iron and ligand supply are tightly coupled; therefore, ligand sources likely differ both spatially and temporally. This study was undertaken in a coastal region in late summer where biological recycling dominated. Below we identify and discuss the main drivers of ligand concentrations in surface and deep waters within this region and the wider Southern Ocean.


3.1 Complexation of Fe in waters across the Mertz Region

In this survey of the Mertz Region, trace element and speciation samples were measured from five key water masses including Antarctic Surface Water (AASW), Upper and Lower Circumpolar Deep Waters (UCDW and LCDW), modified Circumpolar Deep Water (mCDW) and Dense Shelf Water (DSW, Figure 2). In AASW, mixed layers ranged from 22 – 54 m deep, and euphotic depths reached 32 – 77 m. Upper and LCDW were present offshore (Figure 2) and drove the southern extension of the SACCF inshore. Intrusions of LCDW onto the shelf were observed at Station 16. Over the shelf, DSW mixed with LCDW to form oxygenated mCDW. No Ice Shelf Water (ISW) was detected at any station. At the slope, DSW and mCDW extending from the shelf break were carried west by the Antarctic Slope Current (ASC, Williams et al., 2010). The full distribution of major oceanographic fronts and water masses during the study period are described by Smith et al. (2021).




Figure 2 | Temperature–salinity diagram representing Lt (A), Log KFeL (B) and Lt:dFe (C) in water masses present across the region. Box-and-Whisker plot illustrating Lt (D), Log KFeL (E) and the Lt:dFe ratios (F) across water masses and frontal regions (including shelf, slope and offshore). AASW: Antarctic Surface Water, UCDW: Upper Circumpolar Deep Water, LCDW: Lower Circumpolar Deep Water, mCDW: modified Circumpolar Deep Water, DSW: Dense Shelf Waters.



Across the survey area, mean Lt concentration was 0.87 ± 0.5 nM Eq Fe, mean Log KFeL = 23.2 ± 1.0 and Log α = 14.6 ± 0.9. Concentrations of Lt, L’ and dFe were consistently greater at depth (> 100 m), compared to surface waters (t = -2.2, P = 0.007, df = 40, Student’s t-test, Figure 3). Ligands were always in excess of Fe concentrations, with the largest discrepancies noted at the surface where Lt:dFe ratios ranged from 22.9 - 39.6 (Figure 2F).




Figure 3 | Depth profiles for dissolved Fe (dFe) and complexation parameters: total ligands (Lt), conditional stability constant (Log KFeL), ratio of total ligands to dissolved Fe (Lt:dFe), ligands not bound to Fe (L’) and Fe not bound to ligands (Fe’). Stations have been divided into offshore, slope and shelf groups, as shown in Figure 1.



On the shelf, Lt concentrations associated with DSW were double the concentrations observed in AASW (Figure 2A, D). Shelf mCDW was found to have the strongest mean complexing capacity (LogKFeL = 24.6 ± 1.9, Station 10, 280m, Figure 3) with moderate Lt concentrations (1.09 ± 0.6 nM Eq Fe). Slope waters exhibited the overall greatest mean concentration of Lt associated with LCDW (1.16 ± 0.58 nM Eq Fe, Figure 2D).

Compared to shelf and slope waters, Lt in offshore waters held the weakest mean complexing capacities (LogKFeL = 20.3, Station 12, 20 m). On average, offshore deep waters held the greatest concentration of Fe’ and L’ compared to shelf and slope stations (Figure 3).



3.2 Sea-ice melt

During December 2018, satellite data revealed that sea-ice area increased over the south-eastern sector of the study area and by February 2019 this ice cover was reduced (Supplementary Figure 1). Shelf stations 14 and 16 were covered by ice 19 days prior to sampling and were 50 – 70 km away from the sea-ice edge during the survey. Evidence of sea-ice melt was detected at Stations 14 and 16 by cool (θ = -1.12°C) and relatively fresh (SA = 34.1 g kg-1) surface waters (Figure 4). Absolute salinity (20 m) at Stations 14, 16 and 17 was 0.78 g kg-1 lower than offshore stations.




Figure 4 | Surface (20 m) absolute salinity indicating recent sea ice melt, with Fe complexation parameters including total ligand concentration (Lt), conditional stability constant (Log KFeL), total ligand to dissolved Fe ratio (Lt:dFe), free Fe (Fe’) and free ligands (L’) across survey area.



Fresh and cold surface waters measured at Stations 14 and 16 were most likely associated with the southward contraction of the sea-ice edge throughout February and corresponded with low surface concentrations of FeL and L’, and marginally higher Fe’ concentrations. At 20 m, Stations 14 and 16 showed mean surface Lt concentrations of 0.39 ± 0.1 and 0.62 ± 0.2 nM Eq Fe, respectively. Conditional stability constants did not vary with ice melt stations and Lt:dFe ratios remained intermediate. Unbound Fe (Fe’) concentrations were greatest (1.90 pM) in surface waters of Station 16 where ice melt was evident, this trend extended west to Station 17 which was associated with low concentrations of L’ (0.18 nM Eq Fe, Figure 4). No significant relationship was detected between surface Lt concentration and absolute salinity (R = 0.02, P = 0.90), conservative temperature (R = 0.32, P = 0.16), nor latitude (R = 0.27, P = 0.22).

High concentrations of Lt have previously been observed in East Antarctic fast ice meltwater (up to 72 nM of Lt; Lannuzel et al., 2015) and pack ice meltwater (up to 41 nM of Lt; Genovese et al., 2018). The release of Fe and ligands from sea ice is dependent on seasonal melt and brine discharge. In early spring, brine inclusions in sea ice connect (due to enhanced sea-ice porosity) to form full-depth brine channels (Jardon et al., 2013) and are estimated to release up to 210 nmol m2 d-1 of L’ via gravity-driven brine convection (Hassler et al., 2017; Genovese et al., 2018). As the season progresses, diffusion takes over from convection (Tison et al., 2008) and is thought to slow the release of ligands into surface waters (Genovese et al., 2018) which may explain why complexation was low near sea-ice melt in the present study. This premise is further supported by studies in the Ross Sea, where both summer Lt and L’ concentrations in ice-covered areas were reduced (compared to ice-free areas), suggesting the release of ligands from sea ice is highly variable or influenced by external uptake/supply mechanisms (Gerringa et al., 2020).

Polysaccharides, biopolymers, and HS-like aggregates produced by microbes (including sea-ice algae and bacteria) residing within sea-ice brine inclusions are thought to be a primary source of ligands (Calace et al., 2010; Lannuzel et al., 2015). However, rapid uptake of dFe by microbial communities makes identifying sources of Fe and associated Lt in surface waters difficult, particularly in late summer when recycling generally supports Fe supply (Boyd and Ellwood, 2010; Tagliabue et al., 2019).



3.3 Chlorophyll fluorescence and bacterial production

Satellite data products suggested that an intense phytoplankton bloom persisted during this study adjacent to the Mertz Glacier (Figure 1, Liniger et al., 2020). This bloom was confirmed by our in-situ results, where depth integrated Chl-a concentrations reached 68 mg m-2 at the DCM (58 m, Station 17). During the survey, however, greater Chl-a concentrations were measured offshore (Stations 1 and 15), reaching 148 mg m-2 (integrated to the DCM = 50 m).

In surface waters, irradiance (PAR) showed a strong positive correlation with Lt, L’ (both R = 0.6, P < 0.001) and Fe’ (R = 0.4, P = 0.03). However, no significant relationship with fluorescence nor dissolved oxygen was observed, which may point to increased phytoplankton productivity (Supplementary Figure 2). Notably, Lt:dFe ratios were greatest within the euphotic zone (Figure 5) and correlated positively with fluorescence (R = 0.4, P < 0.001) and dissolved oxygen (R = 0.6, P < 0.001). At the center of the persistent Mertz bloom (Station 17), ligands were close to saturation at the surface (Lt:dFe = 3.68 at 20 m, Figure 4), but became less saturated near the DCM (Lt:dFe = 14.9 at 30 m). No relationship was observed between fluorescence and conditional stability constants nor Fe’ in surface waters.




Figure 5 | Free ligand (L’) and total ligand-dissolved Fe ratio (Lt:dFe) profiles from the entire survey, coloured by chlorophyll fluorescence. Euphotic depth is represented by grey shaded box at a maximum depth of 55 m.



In surface waters, FeL exposed to UV irradiation can result in the dissociation of Fe from ligands. The photo-lability of FeL in surface waters increases Fe’ which can be easily taken up by phytoplankton, and L’ which can complex new additions of Fe (Croot and Heller, 2012; Hassler et al., 2020b). In addition, increased primary productivity in coastal regions can result in the biological production of L’ (Thuróczy et al., 2012; Gerringa et al., 2020). In this study, L’ were in excess with respect to dFe concentrations in the euphotic zone for all stations, and both Fe’ and L’ showed strong positive correlations with increasing irradiation (Supplementary Figure 2). Excess L’ may be the result of photo-degradation and phytoplankton exudation. However, concentrations of FeL and L’ increased with depth suggesting that Lt:dFe ratios were driven by Fe uptake by phytoplankton, rather than ligand production. As there was no significant relationship between ligands and Chl-a distribution in our study, it is likely that photo-degradation provided Fe’ for phytoplankton uptake but cellular exudation made a small to negligible contribution to the excess ligand production during February.

Many studies highlight phytoplankton as primary ligand producers at the DCM, with metabolic processes producing a suite of ligands including exopolysaccharides (Boye et al., 2001; Hassler et al., 2017; Gerringa et al., 2020). In the late summer season, as phytoplankton blooms become senescent, increasing concentrations of exuded DOC (including EPS) are expected to contribute up to 80% of the surface ligand pool (Hassler et al., 2017). Studies showing that phytoplankton productivity is a source of ligands have commonly considered trends between complexation parameters and in-situ chlorophyll fluorescence (Croot et al., 2004; Thuróczy et al., 2012; Gerringa et al., 2020). However, co-occurring surface ligand sources and various sinks often mean the relationship between Lt and fluorescence is only weakly positive (albeit often significant due to large sample sizes typically collected). Ligands may be released during phytoplankton death through viral lysis (Poorvin et al., 2011; Slagter et al., 2016; Biggs et al., 2021) or ‘sloppy feeding’ by zooplankton (Rue and Bruland, 1997; Boye et al., 2001). In parallel, microbial endocytosis removes entire Fe-ligand complexes from the water column (Hutchins et al., 1999; Sutak et al., 2020). These natural fluxes hamper our interpretation of Lt supply mechanisms.

Bacterial production was highest at Station 14 (0.11 µg C L-1 h-1) and Station 16 (0.16 µg C L-1 h-1), compared to offshore stations where bacterial production was 2.3 times lower. As bacterial production was only measured in surface waters and at the DCM for this study, Apparent Oxygen Utilisation (AOU) was used to estimate microbial respiration in deeper waters. Positive correlations between dFe and AOU suggest bacteria remineralise Fe in AASW (R = 0.54, P < 0.05) and mCDW (R = 0.64, P < 0.05) along the slope (Smith et al., 2021). High levels of bacterial production at Stations 14 and 16, is also associated with sea-ice melt (Section 3.2). However, ligand parameters showed little relationship with bacterial production (Lt, LogKFeL, Log α and L’: R = -0.24, P = 0.29). A negative correlation between AOU (proxy of microbial respiration) and Lt:dFe was present (R = -0.61, P <0.001). However, this is attributed to oxygen production and Fe uptake by phytoplankton in surface waters, leading to negative AOU values where excess ligands are found.

In comparison to the mean ENRICH survey Log KFeL (23.2 ± 1.0), the relatively weak mean conditional stability constant (Log KFeL = 22.7) of FeL present near sea-ice melt and bacterial production suggests that previous dFe release, or the moderate concentration of Fe’ (1.9 pM) at the time of sampling, met bacterial Fe demands. Additions of Fe which release bacteria from Fe-limitation reduce the production of siderophores (Bundy et al., 2016), thereby reducing the overall LogKFeL of ligands in surrounding seawater. Strong negative correlations have also been observed between prokaryotic biomass and Lt concentration in the nearby Ross Sea, supporting the release of small concentrations of siderophores by bacteria (Rivaro et al., 2019). Bacterial degradation of organic ligands has been attributed to reduced Fe complexation in surface waters (Hassler et al., 2011). However, relationships between biomass (eukaryotic or prokaryotic) and Lt concentration are often unclear in environments with multiple nutrient sources and processes for organic matter degradation (Nolting et al., 1998; Boye et al., 2001; Rivaro et al., 2019; Gerringa et al., 2020).



3.4 Deeper waters

Over the whole study area, deeper waters (> 100 m) were 0.30 ± 0.04 nM higher in dFe, and 0.33 ± 0.03 nM Eq Fe higher in Lt compared to surface waters. Elevated Lt concentrations were most pronounced over the continental shelf, where DSW was found to double the concentration of Lt compared to shelf AASW (DSW mean Lt = 1.23 ± 0.67 nM Eq Fe). Additionally, ligands were closest to saturation in deep shelf waters (Lt:dFe = 3.09 ± 1.31). Across the ENRICH survey region, strong Fe-binding ligands (Log KFeL > 22) were observed to complex Fe supplied from depth by upwelling CDW and resuspended sediments. The strongest complexing capacities were observed at the shelf break (~335 m, Log KFeL = 26.9, Figure 3). At Station 14, vertical profiles of Fe’ concentrations below 100m were consistent (mean 0.44 ± 0.5 pM), except for a peak of 1.73 pM at 400 m depth. Strong positive correlations with AOU, conservative temperature and absolute salinity suggested Fe’ was supplied by LCDW (Supplementary Figure 2).

Nepheloid layers were recorded for shelf stations where suspended particles reduced seawater light transmittance near the seafloor, between 249 and 444 m depth and were on average 54 m thick. Stations 14 and 16 near the Mertz Depression had notably thicker nepheloid layers, reaching 222 m and 257 m above the seafloor, respectively (Supplementary Figure 3). Total ligand concentration integrated to 400 m (shallowest shelf station depth) was 52 – 95% greater at Stations 14 and 16 (0.82 and 1.00 nM Eq Fe m-1, respectively) compared to Stations 10 and 17 (0.78 and 0.52 nM Eq Fe m-1, respectively). In addition, L’ concentrations peaked near the seafloor for Stations 14 and 16, reaching 1.5 – 2.4 nM Eq Fe at ~400 m. Microbial respiration (determined by AOU) positively correlated with LogKFeL; however, this relationship was not statistically significant (R = 0.6, P = 0.27, n = 5). In addition, the contribution of ice shelf basal melt to ligand supply could not be determined as ISW was not detected.

Iron remineralisation ratios were significant in both surface waters and mCDW, indicating microbial activity may be responsible for strong-ligand production in this region. It is probable that complexation by strong ligands enhances recycling of Fe during late summer, by preventing scavenging onto particles into the late season. While our Lt concentrations were in line with previous Southern Ocean studies, average Log KFeL values were greater than other Antarctic coastal surveys (see Section 3.5, Table 1). For example, average Log K values of 22 were reported for shelf studies near the Pine Island and Thwaites glaciers (Thuróczy et al., 2012), as well as for the Ross Sea (Gerringa et al., 2020). Despite similar sampling seasons, Lt concentrations from our ENRICH study were approximately 3 times lower than those collected at the Mertz Glacier by Hassler et al. (2020a) in January 2017. Differences in complexation parameters between studies may be the result of analytical methods or regional and seasonal variability. For example, Hassler et al., sampled in very close range to the base of the Mertz Glacier (within 2 – 8 km based on the SCAR Antarctic Digital Database Coastline, medium resolution, updated January 2013), increasing the likelihood of sampling ligands from more coastal sources (i.e. ISW, sediments). In comparison, samples from the ENRICH voyage (Station 10) were 114 km farther from the base of the glacier.


Table 1 | Overview of complexation results and methods used in the Southern Ocean Ligand (SOLt) Collection including dissolved iron (dFe), Fe-binding ligand concentration (Lt) and conditional stability constants (Log KFeL and Log KFe’, depending on side reaction coefficient used in calculation).



In the ENRICH study, the highest concentrations of strong FeL were associated with intrusions of offshore CDW and shelf nepheloid layers. Lower CDW is a mixture of nutrient enriched NADW, Pacific, and Indian ocean waters (Carter et al., 2008), and has a circulation age of 295 years (Matsumoto, 2007). In the Atlantic, high Log KFeL values have been attributed to North Atlantic Deep Waters (NADW) where strong ligands increase the residence time of Fe up to 1,039 years (Gerringa et al., 2015). Elevated strong ligand concentrations have also been recorded in LCDW in the Pacific (Buck et al., 2018); however microbial degradation and particle scavenging eventually deplete strong ligand concentrations in Pacific Deep Waters (PDW, up to 1,500 years old, England, 1995, Buck et al., 2018). Ligands in deep waters are typically saturated with Fe due to particle remineralisation (Hassler et al., 2020b; Gerringa et al., 2015) and therefore are unlikely to act as a source of L’ to surface waters. In addition, the FeL content of LCDW may be further enhanced by hydrothermalism and lateral advection within the Antarctic Circumpolar Current (Holmes et al., 2020; Janssen et al., 2020; Schine et al., 2021). Therefore, FeL entrained by LCDW which is upwelled onto the Mertz continental shelf may provide a possible explanation for the presence of strong binding ligands in this region.

On the shelf, FeL concentrations below the mixed layer are typically homogenous with depth (Buck et al., 2015), with the exception of regions influenced by features such as nepheloid layers which may elevate FeL concentrations above the benthos (Gerringa et al., 2020). In coastal regions, HS have been shown to be the dominant source of ligands in both surface waters and at depth, comprising up to 18% of the ligand pool (Bundy et al., 2014; Hassler et al., 2017). Humic substances are likely to be released by phytoplankton decomposition and resuspended detritus over the continental shelf (Calace et al., 2010; Hassler et al., 2017; Gerringa et al., 2020), however the detection of HS in seawater using CLE-CSV with TAC is sub-optimal (Laglera et al., 2011). Resuspended particles also increase the opportunity for bacterial remineralisation of refractory Fe and siderophore release (Velasquez et al., 2016; Homoky et al., 2021) and has been attributed to high concentrations of ligands reported near the continental shelf of Peru (Buck et al., 2018). This may have contributed to the strongest binding ligands observed in our study, however siderophores typically comprise a small percentage of the total ligand pool (Mawji et al., 2011).

Additionally, proximity to nearby ice shelves (Mertz Glacier and the Ninnis and Cook Ice Shelves) suggests glacial basal melt and ISW cannot be discounted as possible sources of FeL to shelf waters (Death et al., 2014; Dinniman et al., 2020). Ice Shelf Waters are formed via the inflow of relatively warm DSW into the Mertz Glacier cavity (Silvano et al., 2016); however, no ISW was directly detected in this study, likely due to sampling distance from the glacier base and mixing between shelf and offshore waters. Furthermore, the role of inorganic colloids (such as Fe oxyhydroxides) in binding Fe cannot be overlooked in this region. Unfortunately, CLE-CSV does not distinguish between inorganic and organic ligands, however nanosized colloids (including illite, goethite and hematite) likely comprise a fraction of FeL in seawater here (Petschick et al., 1996; van der Zee et al., 2003; Homoky et al., 2021) due to subglacial plumes and sediment resuspension at the shelf (Harris and Beaman, 2003; Raiswell et al., 2018; Forsch et al., 2021). As FeL concentrations were greatest at depth, a combination of these sources likely supplies surface waters with complexed Fe through vertical mixing, which supports primary production in late summer.



3.5 The Mertz Region and Southern Ocean Ligand Collection

As reference materials are scarce for complexation studies, comparisons between the methods and data of previous studies in similar regions is our best available tool for intercalibration of past datasets. To compare data from the ENRICH survey of the Mertz Glacier Region with other studies we compiled 25 datasets from Southern Ocean Fe complexation studies in the SOLt Collection. Building upon previous work by Caprara et al. (2016), this collection now includes 1,072 samples collected between 21st March 1995 – 26th February 2019 (most recently, this study). The SOLt Collection is available to download from the IMAS Metadata Catalogue (https://metadata.imas.utas.edu.au/).

Within the SOLt Collection sampling period varied seasonally with 65% of studies performed during austral summer (December – February, Figure 6A). To date, heavy emphasis has been placed on sampling the Pacific sector of the Southern Ocean, between the Ross Sea and Western Antarctic Peninsula. Very little data was available for the west Indian Ocean between 30 – 70°E. Studies were evenly distributed between small-scale transects (< 1,000 km, 32%), large-scale transects (> 1,000 km, 32%) and process or experimental studies (36%).




Figure 6 | (A) Seasonal distribution of stations included in the Southern Ocean Ligand Collection. Colour bar represents sampling month. (B) Relationship between Log KFeL and latitude (°S) for deep samples collected >100 m, coloured by artificial ligand used, including 2-(2-thiazolylazo)-p-cresol (TAC), 1-nitroso-2-napthol (NN), salicylaldoxime (SA) and 2,3-dihydroxynaphtalene (DHN). Box-and-Whisker plot of (C) Lt concentration (nM Eq Fe) and (D) Log KFeL with different artificial ligand methods.



Total ligand concentrations from the Mertz Region determined in the ENRICH study were within the bounds of concentrations observed in other Southern Ocean complexation studies (0.17 – 15.7 nM Eq Fe, Table 1). High concentrations of L’ (estimated as Lt – dFe) were visible below 100 m in the SOLt Collection indicating that while microbial production is attributed to excess L’ concentrations in many studies (Table 1), L’ supplied from depth (via over-turning, upwelling or vertical mixing) may also contribute to high Lt:dFe ratios. As our complexation data to date is dominated by studies performed in austral summer months (Figure 6A) when the water column is typically stratified, we lack complexation data from winter months (May – September) when vertical mixing is enhanced (Tagliabue et al., 2014) and L’ are brought from depth to towards surface waters. Moreover, strong ligands in the SOLt Collection were detected at higher latitudes in deeper waters (> 100 m, R2 = 0.05, P = 3.85 × 10-7, Figure 6B), suggesting that shelf productivity and sediments influence ligand binding strength near the Antarctic continent.

Across the Collection, the greatest Lt concentration recorded was during the Antarctic Circumnavigation Expedition (ACE, Hassler et al., 2020a). This value was reported for seawater collected from 75 m depth at a station 44 km west of the Balleny Islands. The ACE survey area overlapped the ENRICH survey area within the Mertz Region. Although over a similar sampling period to the ENRICH survey (January – February), Lt concentrations from the ACE survey were 3 times greater, and correspondingly Log K values were smaller than those collected from ENRICH. While ACE sampling stations were closer to the base of the Mertz Glacier than those of ENRICH, complexation data from the ACE study was determined using SA (5 µM) as the competing ligand, which is presently thought to be the most reliable CLE-CSV method for seawater (Abualhaija and van den Berg, 2014; Gerringa et al., 2021).

The five artificial ligand methods used in the SOLt Collection yield significantly variable estimates of Lt (Figure 6B) and Log KFeL (Figure 6C, ANOVA, P < 2.2 × 10-16, df = 4). Elevated concentrations of Lt are observed when SA and NN are used, whereas increased Log KFeL values were recorded for studies using TAC (Figure 6D, irrespective of high values recorded during the ENRICH survey). Such observations have also been made in the Arctic (Ardiningsih et al., 2021b) and conditional stability constants have been noted to only provide a rough estimate of binding strength (Gerringa et al., 2021) which varies with salinity, temperature, and pH, depending on the selected method (Genovese et al., 2022). Therefore, understanding whether trends between Fe-binding ligands and environmental variables are linked to true seasonal supply mechanisms or analytical variability will be crucial to complexation studies going forward.

Intercalibration exercises are rare for CLE-AdCSV analyses, due to a lack of reproducible and well-preserved reference materials (Buck et al., 2012; Pižeta et al., 2015; Buck et al., 2016; Lauderdale et al., 2020). Formally reviewed intercalibration reports present opportunities to compile standardized ligand datasets globally. For example, reports generated by the GEOTRACES Intermediate Data Product (IDP) require detailed descriptions of the voltammetric and modelling techniques used, data quality control, and descriptions of reference samples or cross-over stations, if available (GEOTRACES Intermediate Data Product Group, 2021). Croot et al. (2004) compared results from two AL methods (NN and TAC) simultaneously to produce a robust assessment of ligand concentration. This approach increased confidence in the results, but it also dramatically increased the analytical cost, time and volume of seawater sample required. Therefore, this may not be feasible for large sample quantities that are typically collected from Southern Ocean voyages. Recent developments to CLE-CSV methods show sample volume and analytical time could be reduced substantially (i.e., 15 mL sample measured in 30 minutes, rather than 125mL sample measured in 6 hours) without compromising on trace level detection limits (Sanvito and Monticelli, 2020). This could boost our ability to measure ligands in the Southern Ocean.

Due to the remote location and seasonal challenges associated with collecting Southern Ocean samples, clear gaps emerge along the East Antarctic coastline, with the later summer months largely under-sampled. Across the studies to date, suggested Lt inputs range from lithogenic to biogenic sources, with the sparsity of data preventing clear attribution of driver(s) to complexation. As with trace element concentrations, there is a need for repeat basin-scale transects to assess how ligands are distributed with latitude and across oceanographic fronts, and how this distribution changes as the season progresses. Seasonal process studies near continental or sea-ice melt (such as the Marginal Ice Zone) will allow us to capture the physical supply of Fe and ligands, in addition to the onset of spring blooms and subsequent biological depletion of resources. Additional parameters, including dissolved and particulate organic carbon, transparent exopolymeric particles (TEPs), and determination of ligand molecular structure via organic mass spectrometry (Rivaro et al., 2021), would benefit the identification of ligands from biological sources. Assessment of seafloor sediments to Fe and ligand supply requires collection of pore water samples for CLE-AdCSV analysis and measurements of diffusion and seawater movement at the seawater-sediment interface (i.e., Forsch et al., 2021). Humic or fulvic acid fluorescence (Tani et al., 2003; Heller et al., 2013) offers an efficient method to assess HS or HS-like molecules and aid identification of HS sources to the ligand pool. Increased spatial and seasonal sampling of Southern Ocean ligands, coupled with key environmental drivers known to influence supply, will strengthen our ability to identify which processes influence Fe availability and how sensitive these processes are to future environmental change.




4 Conclusions

Processes that drive primary productivity are subject to environmental changes, therefore constraining Fe complexation and thus availability to primary producers is central to our understanding of the future Southern Ocean. In our study, strong binding ligands complexed Fe in the Mertz Glacier Region during late summer. Iron and ligands were most likely supplied from deep sources such as upwelled CDW and remineralization of suspended particles in benthic nepheloid layers. The strongest Fe-binding ligands observed were in mCDW where microbial remineralization was identified, alluding to siderophore production at depth. Photo-degradation of FeL appeared to increase concentrations of L’ and Fe’ in surface waters, and phytoplankton consumption of Fe likely led to excess L’, which rapidly complexes new additions of Fe. Recent sea-ice melt was associated with low Fe complexation, contradicting previous studies where high concentrations of FeL were measured in sea ice. Elevated bacterial production near sea-ice melt may have been in response to Fe released earlier in the season. The SOLt Collection highlighted analytical differences in CLE-CSV methods across Southern Ocean Fe-binding ligand surveys, requiring improvement through intercalibration procedures. It also identified key gaps in spatial and temporal coverage of Southern Ocean complexation research.
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Location AL dFe (nM) Lt(nM LogKpy Log Kge Suggested ligand source Study
Eq Fe)
Amundsen Sea TAC 0.042-1.31  0.04-0.88 21-23 Upwelling near shelf and blooms Thuroczy
etal, 2012
Atlantic Sector Southern TAC 0.2-05 17-3.0 217 -227 Biological source (DCM) Croot et al.,
Ocean & NN 2004
TAC 0.06 - 0.09  0.60 - 0.79 217 - 222 Unreported Boye et al.,
2005
TAC 0.04 - 0.41 0.58 - 0.86 21.0 - 229 Biological source (DCM) and regeneration of ~ Boye et al.,
sinking particles 2010
TAC 0.02-0.59  0.54-1.84 21-22 Unreported Thuroczy
etal, 2011
SA 0.22 0.99 11.3 Unreported Cabanes et al.,
2017
DHN 0.17 - 1.29 12-37 11.2-12.5  Sloppy feeding by grazers, phytoplankton Laglera et al,,
exudation 2020
Chatham Rise, New Zealand ~ TAC ~ 0.07-029  0.66 - .16 225 - 22.9 Regional currents & upwelling Tian et al,
2006
Kerguelen Plateau TAC 0.05-039  0.17-161  21.0-228 Phytoplankton & sediment Gerringa et al.,
2008
TAC 0.05-0.76  0.26 - 2.63 202 - 224 Large diatoms and bacterial remineralisation Tonnard, 2018
Mertz Region TAC 003-06  018-278 203 -269 Deep water upwelling, sediments, and This study
remineralisation by bacteria
SA 0.01-0.59  041-157 10.2- 124 Unreported Hassler et al.,
2020a
Pacific Sector Southern Ocean NN 0.21 - 0.72 2-12 20.6 -21.6 Hydrography (upwelling water masses) Nolting et al.,
1998
TAC 0.17 - 0.67 0.56 - 1.31 11.7 - 12.5  Biological source (DCM) Kondo et al.,
2012
Ross Sea DHN 0.52 - 5.41 14-8 12.1-12.6  Biological source (DCM) Rivaro et al.,
2019
TAC 0.012- 234 031 - 2.61 11.6 - 13.4  Biological source (DCM) Gerringa et al.,
2020
Subantarctic zone TAC 0.22 - 0.27 0.32 - 049 225 -23.6 Siderophores produced by bacterioplankton Ibisanmi et al.,
2011
TAC 0.14 0.65 11.2 Unreported Bressac et al.,
2019
TAC 02-1 07-13 22-23 Siderophores, humic acids Sander et al,,
2015
Under fast ice: East Antarctica NN 1.5-37 49 -9.6 21.2-221 Microbial origin within sea-ice Lannuzel
etal, 2015
West Indian Sector of NN 01-06 <0.18-139 216-226 Microorganisms. Loss to photodegradation in ~ Boye et al.,
Southern Ocean surface 2001
TAC 0.08-097  0.71-334 Vertical mixing and phytoplankton/bacteria Schlosser
release etal, 2012
Western Antarctic Peninsula  SA 0.34 - 0.74 1.12 - 1.67 113 -11.7 Unreported Cabanes et al.,
2020
SA 0.29-226  123-643 10-124  Surface: Phytoplankton exudates and sea-ice.  Ardiningsih
Depth: Sediments & Upwelling etal, 2021a
TAC 1.13 - 1.307 L6 11.6 Unreported Bockmann
etal, 2021

The table is arranged by sampling location and year published. Artificial ligands (AL) used in CLE-CSV analyses include 2-(2-thiazolylazo)-p-cresol (TAC), 1-nitroso-2-napthol (NN),
salicylaldoxime (SA) and 2,3-dihydroxynaphtalene (DHN).
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