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Highlights 

1. Electroactive humic substances contribute significantly to iron-binding ligands released 

during microbial decomposition of mesopelagic particles.  

2. Microbial degradation of settling biogenic particles supplies more electroactive humic 

substances than those where the lithogenic fraction is predominant. 
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3. Concurrent release of ligands and consumption by microbes can, in some cases, decrease 

the concentration of electroactive humic ligands. 

 

Abstract 

Iron is a key micronutrient in seawater, but concentrations would be negligible without the 

presence of organic ligands. The processes influencing the ligand pool composition are 

poorly constrained, limiting our understanding of the controls on dissolved iron distributions. 

To address this, the release of iron and iron-binding ligands during the microbial 

remineralisation of sinking particles was investigated by deploying in situ particle 

interceptor/incubator devices at subsurface sites in the Mediterranean Sea and Subantarctic. 

Analyses revealed the pool of released ligands was largely dominated by electroactive humic 

substances (74 ± 28%). The release of ligands during remineralisation ensured that 

concurrently released iron remained in solution, which is crucial for iron regeneration. This 

study presents compelling evidence of the key role of humic ligands in the subsurface 

replenishment of dissolved iron and thus on the wider oceanic dissolved iron inventory, 

which ultimately controls the magnitude of iron resupplied to the euphotic zone.   

 

Plain language summary 

Microscopic plants and animals in seawater require nutrients to survive. One of these key 

nutrients is iron, dissolved in seawater at very low concentrations. The growth of around half 

of the microscopic life in the upper ocean is dependent on the availability of this dissolved 

iron. These organisms form the bottom of the food chain, and their growth is linked to marine 

productivity and the drawdown of carbon into the deep ocean, in turn influencing climate 

change. Because iron tends to not dissolve easily in seawater, it must bind with compounds 

known as ligands, which help keep iron dissolved. However, processes controlling the 

composition of this ligand pool are poorly understood. As material sinks through the water 

column, it is broken down by marine microbes, releasing iron and ligands. Here we have 

studied the release of iron, ligands and a specific type of ligand known as humic substances, 

during the microbial degradation of sinking particles. By doing this, we have identified a 

large fraction of the released ligand pool. This furthers our understanding of the processes 

controlling dissolved iron concentrations and distributions in ocean waters, providing key 

information for biogeochemical modelling and for calculating carbon sequestration in 

seawater. 
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1. Introduction 

Dissolved iron (DFe) biogeochemistry controls around half of ocean primary productivity 

(Moore et al., 2013). In seawater, DFe is predominantly associated with a heterogeneous pool 

of organic ligands (Rue and Bruland, 1995; van den Berg, 1995; Wu and Luther, 1995). The 

ligand pool keeps Fe dissolved at concentrations that are much higher than its low solubility 

should allow (Millero, 1998), while the strength and type of Fe-ligand complexes influence 

Fe bioavailability to marine microorganisms (Hutchins et al., 1999). Determining the 

chemical nature of these unknown organic ligands is important for understanding the 

mechanisms behind Fe-acquisition by microorganisms (Granger and Price, 1999; Maldonado 

and Price, 1999). On a global scale, identifying the sources and sinks of the key components 

of the Fe-binding ligand pool is essential to understand the processes controlling global DFe 

distributions in the ocean (Gledhill and Buck, 2012; Hassler et al., 2017). 

 

The organic ligand pool responsible for Fe complexation is commonly measured using 

indirect electrochemical methods, which classify ligands based on their concentration and 

binding strength (Gledhill and Buck, 2012). It is recognised that L1 (log KFe’L > 12) represent 

the strongest class, L2 (log KFe’L 11-12) an intermediate-strength class, followed by L3 (log 

KFe’L <11) for the weaker Fe-binding classes (Gledhill and Buck, 2012). Although most Fe-

binding compounds in seawater are included within the key categories of siderophores, 

exopolymeric substances (EPS) and humic substances, these groups can overlap (Gledhill and 

Buck, 2012; Hassler et al., 2017). The processes controlling the production, degradation and 

Fe-binding capacities for the different components of the ligand pool are still poorly defined. 

As a consequence, the sources and sinks of ligands in subsurface waters are not currently well 

represented in biogeochemical models, resulting in more uniform DFe distributions than 

observations indicate (Tagliabue et al., 2016). 

 

Efforts are now underway to tease apart the production and fate of the key groups of ligands 

that form the bulk ligand pool. Microbial remineralisation of sinking particles represents a 

mechanism for supplying significant stocks of DFe to the water column (Boyd et al., 2017), 

increasing the intermediate and deep ocean Fe inventories, which can be resupplied to the 

surface ocean by upwelling and vertical mixing (Tagliabue et al., 2014). Microbial 

remineralisation of organic matter also supplies ligands, which form complexes with this 

newly replenished DFe, keeping it in solution (Bressac et al., 2019). These ligands are 

predominantly intermediate-strength L2 ligands (Boyd et al., 2010) but can include strong Fe-
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binding siderophores (Bundy et al., 2018; Velasquez et al., 2016). While the production of 

strong Fe-binding ligands during remineralisation provides an important mechanism for 

stabilising subsurface DFe stocks, the low concentrations of siderophores detected in 

seawater so far suggest they may only play a minor role in the complexation of the DFe pool 

(Boiteau et al., 2019; Mawji et al., 2008).  

 

Evidence points to humic substances as a major contributor to Fe complexation in seawater 

(Kitayama et al., 2009; Laglera and van den Berg, 2009; Nakayama et al., 2011; Slagter et al., 

2019; Sukekava et al., 2018). Around 30-50% of dissolved organic carbon in seawater is 

composed of humic-like material (Zigah et al., 2017). However, humic substances are 

operationally defined, with numerous methods commonly used for their quantification. While 

this has limitations from a geochemistry perspective, valuable information can still be 

gleaned by each method. Here, electrochemical techniques were used to measure the 

electroactive humic substances (eHS), assumed to represent the metal-binding fraction of 

humics, which compose around 5% of dissolved organic carbon in seawater (Dulaquais et al., 

2018; Laglera and van den Berg, 2009). The important role of eHS for Fe complexation in 

terrestrially-influenced marine regions is well established (Abualhaija et al., 2015; Batchelli 

et al., 2010; Bundy et al., 2015; Dulaquais et al., 2018; Laglera and van den Berg, 2009; 

Stolpe and Hassellöv, 2010). However, in isolated environments such as the Southern Ocean 

where DFe is a limited resource, almost all humic material is derived from the recent 

microbial degradation (i.e. remineralisation) of sinking autochthonous organic matter (Nelson 

et al., 2010). In contrast to terrestrial humics, which are largely derived from vascular plants 

and are highly aromatic (Bailey, 1996), marine humics are mostly derived from plankton and 

are carboxyl-rich and aliphatic (Harvey et al., 1983; Hertkorn et al., 2006). Despite some key 

differences in composition, microbially-produced precursors to humics in both systems (e.g. 

amino acids, lipids and polysaccharides) also result in commonalities between marine and 

terrestrial humics (Hatcher et al., 1981). Such precursors (e.g. EPS) can themselves play a 

role in Fe cycling in the ocean (Hassler et al., 2011b). Although marine eHS are likely to also 

be important for Fe complexation, little is known of the processes controlling the production 

and fate of the metal-binding fraction.  

 

In a recent study, Bressac et al. (2019) compared concurrent DFe and Fe-binding ligand 

replenishment rates in the mesopelagic zone in the Southern Ocean and the Mediterranean 

Sea. These two contrasting biogeochemical provinces (Reygondeau et al., 2013) are 
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characterized, in particular, by differing contributions from biogenic and lithogenic sinking 

material. In addition to water column samples, sinking particles were collected using a new in 

situ particle interceptor/incubator (TM-RESPIRE; Bressac et al. 2019) to investigate the 

drivers of DFe resupply within the upper mesopelagic zone. Here, we compare their results to 

eHS measured within the same samples to elucidate the role of humic ligands in complexing 

DFe released during microbially-mediated particle degradation. This study presents the first 

in situ measurements of eHS released during the bacterial degradation of sinking particles, 

revealing their potential contribution to the ligand pool in mesopelagic waters. 

 

2. Methods 

2.1 Water column sampling 

All samples were obtained during GEOTRACES process studies, in the Subantarctic Zone 

southwest of Tasmania (EDDY and SAZ sites), aboard the RV Investigator (March 

2016/2017; EDDY and SOTS projects) and in the central (Ionian Sea, ION site) and western 

(Algerian Basin, ALG site, and Thyrrhenian Sea, TYR site) Mediterranean Sea, aboard the 

RV Pourquoi Pas? in May/June 2017 (PEACETIME project). Water column samples were 

collected using a Titanium Rosette mounted with Teflon-coated 12 L Niskin (EDDY/SAZ) or 

Go-Flo (ION/ALG/TYR) bottles that were deployed on a Kevlar cable. After recovery, 

Niskin/Go-Flo bottles were transferred inside a class 100 clean laboratory container. 

Seawater samples were directly filtered from the Niskins/Go-Flos through acid-cleaned 0.2-

μm capsule filters (Sartorius Sartobran-P-capsule 0.45/0.2-μm) and stored in high-density 

polyethylene (HDPE) bottles at -20°C. Two sites were sampled in the High Nutrient Low 

Chlorophyll (HNLC) waters of the Subantarctic Zone. The EDDY site (50.4°S, 147.1°E) was 

situated at the center of a cold-core cyclonic eddy characterized by very low productivity 

(Moreau et al., 2017) and extremely low surface DFe concentrations (<50 pM (Ellwood et al., 

2020)). At the second site (SAZ and SAZ2; 46.1°S, 142.2°E), Fe limitation appears to also be 

the major control on productivity (Sedwick et al., 1999). At the SAZ sites, the sinking 

particulate Fe (PFe) flux is strongly dominated by biogenic PFe (Bressac et al. 2019). The 

Mediterranean Sea has a west-to-east gradient of increasing oligotrophy, due to decreasing 

phosphorus and nitrogen concentrations. During the stratification period, atmospheric 

deposition constitutes the main external source of new nutrients, resulting in strong DFe 

enrichment in the surface mixed layer (Bonnet and Guieu, 2006). In the Mediterranean, both 

the TYR (39.3°N, 12.6°E) and ION sites (35.5°N, 19.8°E) are characteristic of ‘no bloom 

areas’, with very low mean chlorophyll concentrations (D'Ortenzio and Ribera d'Alcalà, 
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2009). In contrast, the more productive ALG site (37.9°N, 2.9°E) is influenced by relatively 

nutrient-rich, eastward-flowing Atlantic waters. At the TYR site, only post-incubation eHS 

and ligand data are available. 

 

2.2. Sinking particles 

Sinking particles were collected using the particle interceptor/incubator RESPIRE along with 

a trace metal (TM) clean version (TM-RESPIRE) deployed on a surface-tethered free-drifting 

mooring between depths of 115-195 m (Supplementary Table S1 and figure labels). The 

conceptual view and functioning of the RESPIRE and TM-RESPIRE are detailed in Boyd et 

al. (2015) and Bressac et al. (2019), respectively, and in Supplementary Figure 1. Briefly, 

RESPIRE and TM-RESPIRE non-intrusively intercept settling particles, and transfer them 

every 10 minutes via an indented rotating sphere (which excludes mesozooplankton) into an 

inner chamber of 1.6L for 24-48 h. Each device then incubates the collected particles for 24-

48 h at in situ pressure and temperature. Prior to deployment, seawater was collected with a 

TM-Rosette at the pre-selected depth of deployment and filtered through acid-cleaned 0.2-µm 

capsule filters (Sartorius Sartobran-P-capsule 0.45/0.2-μm) inside a class-100 clean container. 

Seawater was then gently transferred to the (TM-)RESPIRE using acid-cleaned tubing to 

minimize air bubbles within the incubation chamber. The water used to fill the (TM-

)RESPIRE was denser than surface seawater, and the indented rotating sphere, which does 

not rotate during descent, is designed to prevent any exchange with surface waters as the 

(TM-)RESPIRE is deployed (Bressac et al. 2019).  

 

Rates of remineralisation by particle-attached bacteria are based on an oxygen consumption 

time-series measured within the RESPIRE using an Aanderaa 3830 oxygen optode (Boyd et 

al., 2015), and are assumed to be equal in the TM-RESPIRE. Particulate organic carbon 

(POC) data were obtained from Bressac et al. (2019). The following equations were used to 

calculate the percentage of organic carbon consumption (% OC cons.): 

 

%𝑂𝐶 𝑐𝑜𝑛𝑠. = (
𝑃𝑂𝐶 𝑟𝑒𝑠𝑝𝑖𝑟𝑒𝑑

𝑃𝑂𝐶 𝑝𝑟𝑒𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛
) ×  100      (eq. 1) 

 

𝑃𝑂𝐶 𝑟𝑒𝑠𝑝𝑖𝑟𝑒𝑑 = 𝑂2 𝑐𝑜𝑛𝑠.  ×  0.69       (eq. 2) 

 

𝑃𝑂𝐶 𝑝𝑟𝑒𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 = 𝑃𝑂𝐶 𝑝𝑜𝑠𝑡𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 +  𝑂2 𝑐𝑜𝑛𝑠.  ×  0.69  (eq. 3) 
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Where O2 cons. = O2 pre-incubation – O2 post-incubation. Concentrations of POCpost-incubation were 

measured, while POCpre-incubation concentrations were obtained using a C/O2 conversion factor 

of 0.69 (i.e. 117/170; (Anderson and Sarmiento, 1994)). See Bressac et al. 2019 for more 

details on the method and calculations. The percentage biogenic fraction was calculated using 

the ratio of organic/lithogenic material, and assumes all organic material is biogenic 

(Supplementary Table S2).  

 

Simultaneously, TM-RESPIRE provides DFe and Fe-binding ligand replenishment rates by 

comparing pre-incubation (i.e. in situ, Supplementary Table S3) and post-incubation 

concentrations. The initial eHS and ligand concentrations were sampled from the same 

seawater used to fill the (TM-)RESPIRE, except at SAZ2 and ION, where additional 

sampling with the TM-Rosette was performed alongside the deployed (TM-)RESPIRE. 

Subsamples for DFe and Fe-binding ligands were filtered through acid-cleaned 0.2-μm PC 

membranes (Nucleopore, Whatman). Fe-binding ligand samples were transferred to 500 mL 

HDPE bottles (cleaned according to the “GEOTRACES Cookbook”), double-bagged and 

stored at -20°C. Samples for eHS were subsampled from the ligand samples. 

 

2.3. Analytical methods 

Measurements of the concentrations of DFe and Fe-binding ligands are described by Bressac 

et al. (2019). The concentrations of eHS were measured using cathodic stripping voltammetry 

of their complexes with copper (Whitby and van den Berg, 2015), which are directly 

comparable to Fe-eHS complexes but do not suffer interference from thiol groups. EPPS 

buffer (N-(2-hydroxyethyl)piperazine-N′;-2-propanesulfonic acid in 1M NH4; 100 μL 

addition to 10 mL seawater buffered the pH to 8.15) and 30 nM added copper 

(spectrophotometry standard, pH 2) were added to 10 mL sample in a glass voltammetric cell. 

A µ-Autolab III potentiostat (Ecochemie, Netherlands) was connected to a 663 VA stand 

(Metrohm) with hanging mercury drop electrode. The reference electrode was Ag/AgCl with 

a 3 M KCl salt bridge and a glassy carbon counter electrode. Solutions were stirred with a 

rotating polytetrafluoroethylene rod. Following a 300 s nitrogen purge, the deposition 

potential was +0.05 V for 60s, followed by a 1s jump to -0.2 V and a 10s equilibration time. 

A background subtraction (of a 1s scan) was performed on all scans to improve the baseline. 

The concentration was determined by standard additions of the International Humic 

Substances Society (IHSS) Suwannee River humic acid (SRHA, II 2S101H) and fulvic acid 
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(SRFA, II 2S101F) standards. The Fe equivalent for the eHS concentration was calculated 

from the reported binding capacity of SRFA, 14.6 nM iron per mg/L (Sukekava et al., 2018).  

 

3. Results and Discussion  

3.1 eHS contribution to the ambient Fe-binding ligand pool 

 eHS composed a significant component of the total ligand pool (LT) in the water column in 

both the Mediterranean, a basin surrounded by land, and the Southern Ocean, a region far 

from terrestrial influence. eHS concentrations contributed an average of 77 ± 18 % of LT 

across all water column samples (44 to 100%, Figures 1A and 2A). This range encompasses 

findings from previous studies in the Western Mediterranean, where eHS contributed 30-50% 

of LT (Dulaquais et al., 2018), and in the Arctic, where eHS composed almost all of LT 

(Slagter et al., 2017). Such a high contribution to LT may be expected in regions encountering 

major terrestrial influences, but as the dissolved organic matter in the Southern Ocean is 

almost entirely marine-derived (Nelson et al., 2010), the high eHS contribution to LT suggests 

marine-derived humics are also important players in Fe complexation. Across all water 

column samples, LT had an average log KFe’L of 11.2 ± 0.2, at the upper end of log KFe’L 

values reported for commercial humic isolates (reported log KFeHS of 10.6-11.1 (Laglera and 

van den Berg, 2009)) and consistent with eHS composing the bulk of the ligand pool. 

However, as LT concentrations exceed both DFe and eHS concentrations indicating the 

presence of additional ligands, these findings do not reveal to what extent Fe complexation is 

reliant on eHS ligands specifically.  

 

 

3.2 Microbial particle degradation: Release of humic-like ligands 

A potentially important source of marine-derived humic ligands in seawater is microbial 

activity. The RESPIRE particle interceptor provides rates of microbial degradation of sinking 

particles based on an oxygen consumption time-series.  

We compared the difference in eHS concentrations post-incubation to in situ (pre-incubation) 

samples taken from the water column immediately before or during deployment of the 

RESPIRE and TM-RESPIRE traps (eHS released, Figure 1B). eHS concentrations were 

significantly higher post-incubation in 5 out of 6 of the particle traps.  

 

In addition to a significant eHS component within the ambient LT (Figures 1A and 2A), the 

release of eHS and other ligands during microbial degradation of particles will influence the 
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eHS contribution to the ligand pool released concurrently with DFe. The concentration of LT 

increased at all sites post-incubation, with high correlation between DFe and LT across all 

samples (Figure 2B). Post-incubation, eHS also accounted for a significant fraction of LT, 

contributing an average of 73 ± 28 % (33 to 100%, Figures 1A and 2A) similar to 

contributions from in situ samples. eHS are thus a significant component of the Fe-binding 

ligands released during the microbial degradation of settling particles. 

 

Log KFe’L values were similar post-incubation (mean 11.6 ± 0.2 compared to 11.2 ± 0.2 in 

situ, Supplementary Table S3). Siderophore production has been detected during on-deck 

bacterial remineralisation incubations, using particles collected with Lagrangian style net 

traps and in situ pumps (Bundy et al., 2018; Velasquez et al., 2016). The log KFe’L values 

measured in our study are low for siderophore-like ligands, however as log KFe’L represents 

an average of the ligand pool when only a single ligand class is measured, low concentrations 

of siderophores could also have been released.  

 

The concentration of ligands in excess of DFe (excess ligand, here referred to as L*)  is in 

theory available to complex fresh Fe inputs (Thuróczy et al., 2010). Assuming all other 

ligands in these samples are stronger than eHS, the role of eHS in DFe complexation can be 

estimated by assuming that DFe first complexes all non-eHS ligands (Figure 3). Following 

this assumption, eHS would be responsible for an average of 68% of DFe complexation in 

post-incubation samples, compared to 24% and 62% for Southern Ocean and Mediterranean 

ambient water column samples respectively (although these contributions range from 0-

100%, Figure 3). Thus, although DFe complexation could be accounted for by ligands other 

than eHS in some samples, in others, a significant fraction of DFe complexation is dependent 

on eHS.  

 

Continuing with the assumption that DFe binds to all other ligands before eHS, between 0-

51% of the eHS is saturated with DFe in the water column, suggesting a large proportion of 

seawater eHS is free to buffer additional Fe inputs (Figure 3). However, the percentage 

saturation of eHS with DFe increases to 53-95% post-incubation, as LT becomes saturated 

with Fe (Figure 3). This demonstrates the importance of eHS in maintaining the DFe, 

supplied by microbial remineralisation, in solution. These calculations do not take into 

account weaker ligands which eHS would outcompete, but are consistent with studies that 
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found the eHS pool is not typically Fe-saturated in upper waters (upper 400 m) (Boiteau et 

al., 2019; Sukekava et al., 2018).  

 

In two of the six samples with in situ data, the eHS contribution to LT decreased post-

incubation by around 40% (Mediterranean, Figure 1A). Although the eHS concentration 

increased post-incubation in one of these samples (ALG 115m), this increase was insufficient 

to account for the larger increases in DFe and LT. In contrast, the second sample (ION 195m) 

decreased in eHS concentration during the incubation. It is possible that some of the degraded 

eHS has a higher Fe-binding capacity than the lower value used here, underestimating the 

eHS contribution to LT. Another explanation is a production of ligands other than eHS, such 

as siderophores (Bundy et al., 2018; Velasquez et al., 2016), EPS (Hassler et al., 2011a), 

nanoparticles and other colloidal biopolymers (Stolpe and Hassellöv, 2010), the production of 

which could be linked to variation in source material or the bacterial community composition. 

 

3.3 Relationship between eHS and POC degradation 

Although we find that in the majority of samples microbial degradation of particles resulted 

in a release of eHS, the decreased eHS concentration in one sample suggests microbial 

activity can also consume eHS. A negative relationship between eHS concentrations and the 

apparent oxygen utilisation (AOU) in a previous study in the Mediterranean suggested 

bacterial degradation decreased eHS concentrations (Dulaquais et al., 2018). It was suggested 

this could be the result of the enhanced respiration rate of dissolved organic carbon in the 

Mediterranean (Dulaquais et al. 2018 and references therein). Fluorescence techniques have 

also found bacteria to both supply and consume material of humic-like fluorescence (Kinsey 

et al., 2018; Romera-Castillo et al., 2011; Rosenstock et al., 2005; Shimotori et al., 2009). 

Understanding the variability in the release and consumption of eHS by microbial activity 

could shed light on unidentified controls on the magnitude and composition of a key 

component of the Fe-binding ligand pool. 

 

We compared the eHS released during remineralisation as a percentage of total eHS post-

incubation, to the percentage OC consumption (equations 1-3) and found a negative 

correlation (Figure 4A, R2 = 0.86). Our results therefore suggest that microbial particle 

degradation results in a release of eHS, but at sites with high POC degradation, there is also 

concurrent eHS removal. Organic matter is selectively degraded by microorganisms 

(Harfmann et al., 2019; Kothawala et al., 2012) with non-humic organic matter favoured 
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(Rosenstock et al., 2005), however, as the labile dissolved organic carbon pool decreases, 

some eHS becomes a viable source of carbon for microbes. This process is likely dependent 

on local physicochemical conditions and the availability of other carbon sources. Considering 

the important role of eHS in supporting DFe supplied by particle degradation, microbial 

removal of eHS ligands with increasing POC consumption could influence the amount of 

DFe resupplied by bacterial remineralisation. 

  

3.3 Lithogenic and biogenic ligand sources 

Mediterranean oligotrophic waters are subjected to intense Saharan dust deposition events 

(Guerzoni et al., 1999). As a consequence, lithogenic material represents a major constituent 

of the sinking flux in the Mediterranean (Ternon et al., 2010). In the post-incubation samples 

from the Mediterranean, L* was negligible when considering the error of DFe and LT 

concentrations. Near-saturation of the ligand pool suggests the supply of DFe from sinking 

particles could exceed the supply of ligands. Saturation of the ligand pool has been reported 

in the water column of the Mediterranean (Gerringa et al., 2017), and could partly explain the 

higher scavenging rates found in regions with a strong lithogenic particle loading (Wagener 

et al., 2010; Wuttig et al., 2013). Although the ligand pool maintains DFe at concentrations 

much higher than its low solubility should allow, its magnitude can also restrict the total 

amount of Fe that can be dissolved in a system. 

 

In contrast, HNLC surface waters at the EDDY and SAZ sites are characterised by very low 

dust deposition and biologically-limiting DFe levels (Bowie et al., 2009; Sedwick et al., 

1999). The sinking flux in this region is largely dominated by biogenic material (Trull et al., 

2001). When normalised to O2 consumption or POC, Fe regeneration efficiencies were 

greater in the Southern Ocean than in the Mediterranean (Bressac et al., 2019). Similarly, 

both L* and eHS release were also higher post-incubation in the Southern Ocean than at sites 

in the Mediterranean (when normalised to O2 consumption or POC, Supplementary Tables S2 

and S3). Figure 4B demonstrates that the degradation of biogenic material supplies more eHS 

than lithogenic material. The ligand and eHS data thus agree with the hypothesis that 

mesopelagic DFe replenishment is largely controlled by the ratio of biogenic:lithogenic 

contributions to particulate material (Boyd et al., 2010).  
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3.4 Method limitations 

LT represent the minimum concentration of the ligand pool, as concentrations are dependent 

on the detection window and can be underestimated in the presence of eHS (Laglera et al., 

2011). Using the lower Fe-binding capacity thought to be most representative of marine eHS 

(Sukekava et al., 2018) could underestimate the eHS contribution to LT. In contrast, EPS 

purified from a bacterium isolated in the Southern Ocean contributed to the Fe-eHS peak 

when using the Fe-eHS voltammetric method (Hassler et al., 2011b; Laglera et al., 2007), 

which could overestimate the contribution of HS to LT. Labile EPS are building blocks in HS 

formation (Clark and Tan, 1969; Tan and Clark, 1969). As EPS are produced through all 

cellular life-cycles (Myklestad, 1995) to protect microorganisms against heavy metals (Sheng 

et al., 2013) and increase Fe bioavailability (Hassler et al., 2015), this could be an important 

step in humic Fe-ligand production to investigate further.  

 

4. Conclusions 

We find that bacterial degradation of sinking particles supplies L2-type ligands, and that a 

significant fraction of these ligands are eHS. The degradation of particles with a higher 

biogenic fraction resulted in a higher eHS contribution to the overall ligand pool. 

Furthermore, eHS release correlated significantly with the %OC consumption. Our results 

suggest that microbial degradation results in a release of eHS, but at sites with high POC 

degradation, there is also concurrent eHS removal.  

 

Our findings reveal that the saturation of eHS with DFe increases with increasing bacterial 

degradation, as the overall ligand pool nears Fe saturation. We find that while other ligands 

are supplied during bacterial degradation and also play a critical role in Fe complexation, 

eHS production can be crucial for complexing DFe released following particle degradation. 

The magnitude and composition of the ligand pool can thus restrict the total amount of Fe 

that can be dissolved in a system, and demonstrates a need to integrate this process in 

biogeochemical models. 
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Figure 1. (A) The contribution of eHS to the total ligand pool in paired columns, with in situ 

(pre-incubation) values on the left, and TM-RESPIRE post-incubation on the right. (B) The 

concentration of eHS released per day of incubation. EDDY and SAZ sites are in the subpolar 

Southern Ocean, while ALG and ION are in the Mediterranean Sea. The TYR site is not 

included, as no in situ samples were obtained. The depth at which each trap was deployed is 

shown. The Fe-binding equivalent concentration for eHS is calculated using the conversion 

factor for Suwannee River Fulvic Acid (Sukekava et al., 2018). 
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Figure 2. The relationship between the concentrations of (A) eHS and LT, (B) DFe and LT 

and (C) DFe and eHS for both in situ (closed symbols) and post-incubation (TM-RESPIRE, 

open symbols) samples in the Southern Ocean (circles = EDDY, diamonds = SAZ) and 

Mediterranean Sea (squares = ALG, triangles = ION, star = TYR). The black solid lines 

(representing best fits) do not include the outliers denoted by brackets, while blue lines 

include all data. Using all data (n=22), A: p < 0.001 while for B and C: p  < 0.0001. The 

dashed line represents the 1:1 relationship. No in situ samples were obtained at the TYR site. 

TM-RES stands for TM-RESPIRE. 
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Figure 3. Bar chart of the calculated eHS contribution to Fe complexation, assuming all other 

ligands (Lx) are stronger than eHS and thus complexed first. Black bars (bottom, FeLx) show 

the amount of Fe complexed by ligands other than eHS. White bars (Lx*) show the amount of 

excess Lx remaining when DFe is fully complexed by Lx. Red bars show the Fe in Fe-HS 

complexes when Lx are saturated, while pink bars show excess eHS (eHS*). Here, Lx = LT – 

eHS, where LT is from ligand titrations and is equivalent to the sum of FeLx + Lx* + Fe-HS + 

eHS*. TM-RES stands for TM-RESPIRE, with the deployment depth included. 
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Figure 4. The percentage of post-incubation eHS derived from the microbial remineralisation 

of sinking particles (TM-RESPIRE) with respect to (A) the percentage organic carbon 

consumption for each of the TM-RESPIRE particle incubation traps and (B) the percentage 

biogenic fraction of the respective particles. The TYR site is not included in either figure, as 

no in situ values were available, and the EDDY site is not included in 4B, as the biogenic 

fraction was not available. Negative values are shown as 0%. 


