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Abstract 

The Ross Sea Polynya (RSP) has the highest primary production of Antarctic waters. Iron (Fe) is 

one of the most important growth limiting factors in the Southern Ocean. Dissolved iron (DFe)-

binding organic ligands play an important ecological role because they increase the residence 

time of the scarce Fe. Therefore, we studied the DFe-binding organic ligands in the vicinity of 

the Ross Sea during a cruise between 20 December 2013 and 5 January 2014. The DFe-binding 

organic ligands were measured using Competing Ligand Exchange Cathodic Stripping 

Voltammetry (CLE-CSV) with TAC as competing ligand. The DFe-binding organic ligand 

concentrations always exceeded the DFe concentrations except in the bottom nepheloid layer of 

the RSP. No relationship was found  between depth and DFe-binding organic ligand 

concentrations in the RSP indicating that these ligands are resistant to degradation and are 

probably exported by high salinity shelf water into the circumpolar current. DFe-binding organic 

ligand concentrations were highest in the RSP and the Antarctic Circumpolar Current (ACC) 

west of the Ross Sea, in association with seasonal phytoplankton blooms, although no correlation 

was found with parameters reflecting phytoplankton abundance or species. Phytoplankton 

sources and sinks of DFe-binding organic ligands are likely related to the seasonal progression of 

the bloom. In 39% of the samples, two DFe-binding organic ligand groups were distinguished 

based on the difference in binding strength. The distinction was especially clear in the RSP and 

in the ACC west of the RSP (54 and 77% of the samples, respectively) where blooms occurred 

and much less in the low biomass waters of the ACC east of the RSP and ice covered eastern part 

of the Ross Sea (15 and 10% of the samples, respectively). In these waters, other environmental 

factors, like sea ice melt, probably explain the absence of distinct relationships between primary 

production and ligand characteristics. 
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1. Introduction 

On 28 October 2016 in Hobart, Australia, delegates from 24 countries and the European 

Union agreed to designate the Ross Sea in the Southern Ocean as the world's largest marine 

protected area. This decision illustrates the ecological importance of the Ross Sea at both the 

regional and global scale. Not only is primary production in the Ross Sea high, it is also a site of 

deep-water formation and both factors drive significant oceanic CO2 drawdown (Arrigo et al., 

2008a, Dunbar et al., 1998). Specifically, coastal polynyas (areas of open water surrounded by 

ice) are hot spots for energy and carbon transfer between the atmosphere and ocean (Smith and 

Barber, 2007; Arrigo et al., 2008b; Smith et al., 2014) with the phytoplankton production of the 

Ross Sea Polynya (RSP) being highest of the coastal Antarctic seas (Arrigo and Van Dijken, 

2003; Arrigo et al., 2008a, Arrigo et al., 2015). 

Marine primary production is controlled by nutrients supply and light. In Antarctic 

waters, the micronutrient iron (Fe) is known to be limiting in high (macro-)nutrient low 

chlorophyll (HNLC) regions (de Baar et al., 1990; Martin et al., 1990, 1994; Boyd et al., 2007 

and references therein). Dissolved Fe (DFe) concentrations are low because of the low solubility 

of Fe in seawater due to  high pH and oxygen content (Millero, 1998) and because of limited Fe 

sources. In the Ross Sea, DFe availability can limit primary production and influence 

phytoplankton community structure (Sedwick et al., 2000; Arrigo et al., 2003: Coale et al., 2005; 

Sedwick et al., 2011; Kustka et al., 2015a, b). Indeed, DFe can be very low in the upper mixed 

layer (0.02–0.08 nM in the upper 100 m; Gerringa et al., 2015a) even early in the season when 

the polynya is still forming (December 2013) due to “early season depletion of the winter 

reserve” (Sedwick et al., 2011). DFe concentrations have been observed to increase with depth 

near the seafloor (~500 m on average) of the Ross Sea shelf (Hayes and Davey, 1975; Gerringa 

et al., 2015a). Elevated DFe coincided with decreased transmission, indicative of a bottom 

nepheloid layer (BNL). Another possible source of Fe in the Ross Sea is upwelling of modified 

Circumpolar Deep Water (mCDW), as suggested elsewhere in the Antarctic region (Sherrell et 

al., 2015). However, a regional circulation model showed that the mCDW could not play a major 

role as a DFe source in the Ross Sea, which has been supported by the results from recent 

expeditions (Marsay et al., 2014; Gerringa et al., 2015a; McGillicuddy, et al., 2015). Hatta et al. 

(2017) also recently confirmed this conclusion, showing that DFe of the inflowing Circumpolar 
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Deep Water (CDW) is reduced during on-shelf mixing with Antarctic Surface Water (AASW), 

and concluding that the presence of mDCW causes a strong near bottom density gradient that 

hinders Fe supply from the sediment. Apart from local sources such as sea ice melt at the rims of 

the polynya and lateral transport from land, upward fluxes from the sediment are the most 

important sources of DFe to surface waters of the Ross Sea (Marsay et al., 2014; Gerringa et al., 

2015a; Hatta et al., 2017). 

The solubility of Fe is increased above the solubility product of Fe-(hydr)oxides by 

complexation with dissolved organic ligands (Liu and Millero, 2002; Gledhill and Van den 

Berg., 1994; Rue and Bruland, 1995). These dissolved organic ligands consist of a large group of 

mostly unidentified organic molecules that bind metals, in this case Fe. They can be 

characterized by their conditional binding strength and concentration, expressed as binding sites 

for Fe in nano-equivalents of M Fe (neq M Fe). The K′ (M-1) is expressed as logK′, with respect 

to Fe′, where the prime in the former indicates the conditional nature of K and the prime in the 

latter that the concentration of inorganic Fe and not ionic Fe is used. The most common method 

to measure DFe-binding organic ligands is by Competing Ligand Exchange Cathodic Stripping 

Voltammetry (CLE-CSV). These ligands are found at average concentrations of 0.2-13 neq M Fe 

and binding strengths varying from logK′=10 to 13. (Gledhill and Buck, 2012). They increase the 

residence time of Fe and influence its bioavailability to phytoplankton (Gledhill and Van den 

Berg, 1994; Rue and Bruland, 1995; Timmermans et al., 2001; Visser et al., 2003; Rijkenberg et 

al., 2008; Gledhill and Buck, 2012; Gerringa et al., 2015b; Slagter et al., 2017; Buck et al., 

2015).  

The DFe-binding organic ligands are not yet well described and identified, and consist of 

a pool of different groups such as siderophores, humic substances, polysaccharides and hemes 

(Mawji et al., 2011; Laglera, et al., 2011; Hassler et al., 2011; Gledhill and Buck, 2012; Gledhill 

et al., 2015; Boiteau et al., 2016; Hassler et al., 2017). These groups differ in origin and probably 

also in binding characteristics. Siderophores are produced by heterotrophic bacteria, and 

production is probably stimulated by Fe limitation. They have a relatively high Fe-binding 

strength (logK′>12) but are found at relatively low concentrations (pM) in the open ocean 

(Butler, 2005; Mawji et al., 2011; Boiteau et al., 2016; Velasquez et al., 2016). Most humic 

substances have a terrestrial origin and are also part of chromophoric dissolved organic matter 

(CDOM) (Nelson and Siegel, 2013). Marine humic substances exist as well, but it is still under 
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debate whether these contribute to the DFe-binding organic ligand pool, since some studies 

found good correlations between CDOM measurements or fluorescence of humic-like substances 

and DFe-binding organic ligands (Tani et al., 2003; Kitayana et al., 2009; Nakayama et al., 

2011), whereas others did not (Heller et al., 2013; Wanatabe et al., 2018). Considering only 

terrestrial humics as DFe-binding dissolved organic ligands, the highest concentrations (>10 neq 

M Fe) are present in coastal areas, where they can form the major fraction of the total organic 

ligand pool (Laglera et al., 2007 and 2011; Hioki et al., 2014; Bundy et al., 2015; Slagter et al., 

2017; Dulaquais et al., 2018). The binding strength of humic substances is assumed to be 

relatively low (logK’ <11, Gledhill and Buck, 2012; Bundy at al., 2014; 2015), but this might not 

always be the case. For example, Slagter et al. (2017) observed no decrease in logK′ (stable at 

12) in relation to increasing concentrations of humic substances in the Arctic Ocean in the 

Transpolar Drift. Polysaccharides and exopolymeric substances (EPS) probably play a role as 

DFe-binding organic ligands (Hassler et al., 2011; 2017). According to Hassler et al. (2017), this 

group of ligands might become the most important contributor to the ligand pool in open ocean 

surface waters. Humic substances are assumed to be very resistant to degradation and are thought 

to be refractory organic substances with residence times of >1000 years, whereas the residence 

time of EPS and polysaccharides is short (hours-three years) (Repeta and Aluwihare, 2006; 

Hansell et al., 2009; 2012). The residence time of siderophores is still unknown. For the DFe-

binding organic ligand pool as a whole, Gerringa et al. (2015b) calculated a residence time of 

1000 years in the North Atlantic Deep Water of the Western Atlantic Ocean, 2.5 to 4 times 

longer than the residence time of DFe in the same water mass. Therefore, the concentration of 

DFe is determined by competition between the DFe-binding organic ligands, scavenging 

particles, and precipitation as oxides. Consequently, transport of DFe from its source in seawater 

is facilitated by the DFe-binding organic ligands (Sander and Koschinsky, 2011; Thuróczy et al., 

2012; Klunder et al., 2012; Hawkes et al., 2013; Slagter et al., 2017; 2019). Although dissolved 

organic ligands are essential to keep Fe in solution and Fe availability limits phytoplankton 

growth in the Ross Sea, there is little available information on the DFe-binding organic ligands, 

with the exception of recently published data from a coastal area near Terra Nova Bay (Rivaro et 

al., 2018). They found high concentrations of both DFe (0.54-4.51 nM) and DFe-binding organic 

ligands, which enabled the accumulation of these high DFe concentrations. In this study, we 

present data on DFe-binding organic ligands in the Fe limited RSP (Alderkamp et al., in press) 
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obtained during a cruise on the RVIB Nathaniel B. Palmer from December 2013 to January 

2014. The characteristics of the ligands, concentrations and binding strength, as well as whether 

a single or multiple different DFe-binding organic ligand groups could be distinguished, were 

evaluated with respect to concentrations of DFe and phytoplankton. These data were compared 

to data from adjacent ice covered waters in the eastern Ross Sea and to two areas in the Antarctic 

Circumpolar Current (ACC), east and west of the Ross Sea. Results from this research will 

improve the understanding of the Fe cycle in the RSP and via Ross Sea deep water formation 

also throughout the Fe-limited Southern Ocean. 

 

2. Methods  

2.1. Sampling 

The cruise NBP13-10 of the RVIB Nathaniel B. Palmer took place from December 2013 

to January 2014 (for full details, see Gerringa et al., 2015a). Samples were taken east and west of 

the Ross Sea, in the ACC, and in the Ross Sea. We entered the Ross Sea from the northeast on 

20 December and left on the northwestern side on 5 January (Figure 1). Sixty-six samples for 

ligand analyses were taken at 14 stations in the ACC east of the Ross Sea (East ACC) during the 

transit along 65° S at 83° W to 149° W (St. 2-9) and between 65° S and 75° S at 149° W to 157° 

W (St. 10-15). Samples were generally taken in the upper 300 m, with the exception of St. 15, 

where greater depths were also sampled. Eleven samples were sampled at three stations in the 

eastern ice-covered Ross Sea (St. 16-18, down to 630 m at St. 16, and the upper 75 m at St. 17 

and 18). In the RSP and adjacent ice edge areas, 97 samples at 22 stations were taken from the 

surface to the bottom, varying between 273 m (St. 61 at the Pennell Bank) and 753 m (St. 45 at 

the Ross Trough). Thirteen samples were taken at seven stations in the ACC between 63° S and 

65.5° S and 159.5° E and 174° E (West ACC), of which 12 were in the upper 50 m; one deep 

sample was taken at St. 150 (1600 m depth). The central Ross Sea transect (Figure 1 inset) 

started 10 km from the Ross Ice Shelf along the 177.5˚E meridian to the north, crossing one 

trough to the Ross Bank and crossing a second trough to the Pennell Bank (St. 20-60), turning 

west from the Pennell Bank to the Joides Trough (St.61-65), and bending south-west to the 

south-east (via St. 87, 91 and 101). A separate small section was sampled from 9.5 km east of 

Franklin Island eastwards (St. 88-90). These were the only stations in the central Ross Sea with 

sea ice cover (30-50%). Stations 88-90, comprising ten samples, are not part of the transect 
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(shown in Figures 2-3 and 5), but are incorporated in the calculations of averages shown in Table 

2.

 

Figure 1 The ACC and Ross Sea study area. The four transects are: A: the east ACC (EACC) in 

purple (st. 2-15); B: the east ice covered Ross Sea (ERS) in black (st. 16-18); C: the circle transect in the 

Ross Sea Polynya (RSP) in red (st. 20-101); see also Inset, and D: the west ACC (WACC) in green (st. 

119-150). 

 

Modified 12 L Go-FLO (Oceanics) samplers provided by the Royal NIOZ (the 

Netherlands) were attached to a trace metal clean (TMC) frame provided by the United States 

Antarctic Program on a Kevlar cable. Temperature, depth, and salinity were measured with a 

SBE 9/11plus conductivity-temperature-depth (CTD) system (SeaBird Electronics). The frame 

also included a C-star transmissometer (WET Labs) and a chlorophyll a (Chl a) fluorometer 

(WET Labs). CTD information including conservative temperature (Θ in ˚C) and absolute 

salinity (SA in g kg-1) (transformed according to McDougall et al., 2009) are given in Gerringa et 

al. (2015a).  

Typical sample depths were 10, 25, 50, 75, 100, and every 100 m thereafter, depending on water 

depth.  
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Water was sampled and filtered (Sartorius®, 0.2 μm; Sartobran 300) for the 

determination of the DFe and DFe-binding organic ligand characteristics (see below) inside a 

trace metal clean van. Bottles were rigorously cleaned in three steps according to Geotraces 

protocols: they were sequentially soaked in detergent (Micro 90®), 6 M HCl (Analar, 

NormaPur), and filled with diluted acid in between rinsing with milliQ water. Bottles were filled 

and stored in a 0.35 M HNO3 solution (Teflon distilled) for DFe analysis and with a 2‰ HCl 

solution (Merck, Suprapur) for the analysis of the ligand parameters, the latter in order to reduce 

Fe adsorption onto the bottle wall after sampling. 

 

2.2. Analyses 

2.2.1. DFe determination 

Trace metal clean work was done in a plastic bubble on the ship. Overpressure in the 

bubble was achieved by inflow of air through a HEPA filter. Sample handling was done within a 

laminar flow bench inside the bubble. 

DFe concentrations were measured directly on board by the automated Flow Injection 

Analysis (FIA) method (Klunder et al., 2011) after being acidified for at least 18 hours (Seastar© 

baseline hydrochloric acid; pH 1.7). Table 1A shows comparison of our analysis of SAFe 

standards with consensus values. Two subsamples for DFe were taken, one sample was filtered 

and acidified directly from the Go-FLO bottles (hereafter the concentrations measured in this 

way are given as DFe), the other was collected from the DFe-binding organic ligand sample 

bottles (low-density polyethylene) at the time of voltammetric analysis and then acidified as 

described above (hereafter, the concentrations measured in this way are given as DFeLig). The 

samples for the DFe-binding organic ligand characteristics were not acidified, since the 

partitioning of Fe among its different species, the inorganic and organic complexes, depends on 

pH. However, in non-acidified samples, Fe adsorbs onto the bottle wall. In order to obtain the 

DFe present during analysis of the ligand characteristics, DFeLig was sampled just before this 

analysis and used for the calculation of the ligand characteristics. Gerringa et al. (2015b) found 

13% of DFe from the Western Atlantic was lost on the bottle wall between original sampling and 

analysis of the ligands. Here the mean DFeLig/DFe ratio (N=178) is 1.17 (Table 2); however, this 

ratio is influenced by the sampling strategy. In the present research, most samples were taken 
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from the upper 100 m where concentrations were very low (N=100 <0.1 nM) rather than being 

distributed over the depth of an open ocean water column, as in Gerringa et al. (2015b).  

 

2.2.2. Organic complexation of Fe 

Organic complexation of Fe was determined in filtered samples by CLE-CSV using 2-(2-

Thiazolylazo)-p-cresol (TAC) as a competing ligand (Croot and Johansson, 2000). CLE-CSV 

was performed using two setups consisting of a μAutolab potentiostat (Metrohm Autolab B.V., 

formerly Ecochemie, The Netherlands), a 663 VA stand with a Hg drop electrode (Metrohm) and 

a 778 sample processor with ancillary pumps and dosimats (Metrohm), all controlled using a 

consumer laptop running Nova 1.9 (Metrohm Autolab B.V.). The VA stands were mounted on 

elastic-suspended wooden platforms in aluminum frames developed at the NIOZ to minimize 

ship motion-induced vibration while electrical noise and backup power was provided by Fortress 

750 UPS systems for spike suppression and line noise filtering (Best Power). Sample 

manipulations were performed in laminar flow cabinets.  

The competing ligand TAC with a final concentration of 10 μM was used and the 

complex (TAC)2-Fe was measured after equilibration (> 6 h) at natural seawater temperatures 

(2°C) in the dark. The increments of Fe concentrations used in the titration were 0, 0.2, 0.4, 0.6, 

0.8, 1.0, 1.2, 1.5, 2, 2.5, 3, 4, 6, and 8 nM. The binding characteristics of DFe-binding organic 

ligands, the ligand concentration [Lt] (in nano-equivalents of M Fe, neq M Fe) and the 

conditional binding strength K′ (M-1), commonly expressed as logK′, were calculated from the 

electrical signal recorded (nA) and the DFeLig concentration using the non-linear regression of 

the Langmuir isotherm (Gerringa et al., 1995, 2014). LogK′ is expressed with respect to 

inorganic Fe (Fe′) and 1010 is used as the inorganic side reaction at the pH=8.04 of the buffer 

(Hudson et al., 1992; Liu and Millero, 2002). 

The DFe-binding organic ligand characteristics were calculated with two models, one 

assuming the presence of one ligand group and the other assuming the presence of two ligand 

groups (Gerringa et al., 2014). 

The side reaction coefficient αFeLi of the organic ligands was calculated with DFe as the 

product of K′ and the concentration of ligands not bound to Fe, [L′], or the sum of the products 

of Ki′ and [Li′] for two ligand groups if present,  

 ∝𝐹𝑒𝐿𝑖
= ∑ 𝐾′𝑖 ∗ [𝐿

′
𝑖]

𝑛
𝑖 = ∑ [𝐹𝑒𝐿𝑖]/[𝐹𝑒′]

𝑛
𝑖 ,  Equation 1 
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where αFeLi reflects the complexation capacity of the dissolved organic ligands to bind with Fe, 

which can be seen as its ability to compete for Fe with other ligand groups (also the competing 

ligand TAC) and with adsorption sites on particles. The parameter αFeLi is a more robust metric 

for characterizing the DFe-binding organic ligands than K′ and [L′] separately because the 

Langmuir equation does not treat K′ and [L′] independently from each other (Gledhill and 

Gerringa, 2017). If an analytical error forces an underestimation of one, the other is 

automatically overestimated (Hudson et al., 2003). The ratio [Lt]/DFe indicates the saturation of 

the ligands, which are saturated with Fe when the ratio is ≤1 and unsaturated when the ratio is >1 

(Thuróczy et al., 2010).  

 

Table 1: Analytical precision of Fe and nutrient analyses: A: comparison of SAFe standards, (bottle 

number indicated), for the DFe analyses with Flow Injection Analysis (FIA), concentrations in nM 

(Johnson et al., 2007).  B: Precision, accuracy and detection limit of the nutrient determinations. 

Table 1A 

Standard #no consensus SD DFe with FIA  SD number 

  nM  nM   

SAFeS 173 0.093 0.008 0.071 0.01 18 

SAFED2 94 0.933 0.023 1.012 0.015 9 

 Table 1B 

 PO4 Si NO3 NO2 

 µM µM µM µM 

Precision (n=35) 0.01 0.09 0.07 0.006 

Accuracy (n=35) 0.001 0.37 0.32 0.02 

     

Detection Limit 0.006 0.06 0.08 0.006 

     
 

2.2.3. Other chemical analyses 

Samples were filtered as described above; separate samples were taken for silicate 

(Si(OH)4) which were stored at 4°C and for nitrate (NO3
-), nitrite (NO2

-) and phosphate (PO4
3-) 

which were stored frozen. After the cruise, nutrient samples were analysed colorimetrically on a 

Bran and Luebbe trAAcs 800 Autoanalyzer in the NIOZ nutrient laboratory (Murphy and Riley, 

1962; Strickland and Parsons, 1968; Grasshoff et al., 1983). Measurements were made on four 

channels: PO4
3-, Si(OH)4, NO3

- and NO2
- together, and NO2

- separately. All measurements were 
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calibrated with standards diluted in low nutrient seawater, which was also used as wash-water 

between the samples. Detection limits, accuracy and precision are listed in Table 1B, whereas the 

data can be found in doi:10.25850/nioz/7b.b.g. 

Seawater samples for chlorophyll a and phaeopigments were filtered onto 25 mm 

Whatman GF/F filters (nominal pore size 0.7 µm), extracted overnight at 4°C in 5 ml of 90% 

acetone, and analyzed on a Turner Model 10AU fluorometer before and after acidification 

(Holm-Hansen et al., 1965). 

 

2.2.4. Statistical considerations 

The samples were divided into groups for statistical purposes: 

A. Six groups related to sampling depth : <54 m, 54-105 m, 105-205 m (most samples are 

close to 200 m), 205-305 m (most samples are close to 300 m), 305-405 m (most samples 

are close to 400 m), >450 m (most samples are close to 500 m).  

B. Three groups related to mixed layer depth (MLD, defined as a change in neutral density 

of 0.02 kg.m-3): in; under (=MLD+30 m); out. The group “under” was made as a test to 

get the layer where grazing might be important.  

Pearson product-moment correlation scores (r) were calculated between ligand 

parameters and other parameters (e.g., Chl a and phaeophytin, nutrients, phytoplankton species, 

presence in the MLD, water mass type and transect) using the software package R. A MANOVA 

test was executed using SPSS between the presence of one or two DFe-binding organic ligand 

groups and phytoplankton species composition (Alderkamp et al., in press). The division B did 

not give significant results and will thus not be discussed. 

 

3. Results 

3.1 Hydrography 

Gerringa et al. (2015a) described the four water masses present in the circle transect in 

detail so only a brief summary is provided here. AASW, Winter Water (WW), Shelf Water 

(SW), and mCDW were distinguished using the definitions of Tomczak and Godfrey (2001) and 

Orsi and Wiederwohl, (2009); the determining temperature properties are indicated as contours 

in Figure 2. AASW is surface water, defined by potential temperatures (Θ) >−1.85 °C and 

neutral density <28 kg m−3, WW is cold remnant water of the previous winter, whereas AASW 

has been warmed at the surface. Only north of 76°S (St. 48) WW was found . Near the Ross Ice 
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Shelf cold SW is formed, Θ<−1.85 °C, with variable salinity depending on salt rejection, with 

sub-divisions in Ice SW (ISW) Θ<−1.95 °C and high and low salinity SW (S> or < 34.62). At 

the southern stations (St. 16, 17, 20 and 44) ISW was recognized (Figure 2B and C). From the 

north mCDW enters the Ross Sea shelf which is characterized by elevated temperatures, and 

salinities between 34 and 35 and was present predominantly in the north under the AASW until 

the bottom (St. 60). Due to mixing and modification mCDW was difficult to recognize beyond 

76° S in the western section (south of St. 65) of the circle transect and beyond 75° S in the 

eastern part of the circle transect (near St. 48) (Figure 2C). 

The upper 100-150 m in the East and West ACC transects consisted of AASW and CDW 

was found below. North of 64° S in the western transect, cold sub-zero WW was found near the 

surface together with AASW , with surface temperatures >0°C (between St. 119 and 135) 

(Figure 2A, D).  

 

Figure 2: Conservative temperature (degrees C) along the four transects. A: east ACC, B: east 

ice covered Ross Sea, C: circle transect RSP, D: west ACC. The contours indicate water mass defining 

temperatures. AASW: Antarctic Surface Water; CDW: Circumpolar Deep Water; ISW: Ice Shelf Water; 

mCDW: Modified Circumpolar Deep Water; SW: Shelf Water and  WW: Winter Water. Ligand samples 

have been collected at stations indicated. 

 

The MLD varied between 8 and 99 m, and had a mean depth of 36 m (±21 m). High 

values (>70 m) occurred in the Ross Trough (stations 30, 43, 44, 45,and 46). Low values 
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occurred near Franklin Island (stations 87-90), where the MLD was between 8 and 10 m. Above 

the bottom in the circle transect a BNL could be distinguished in some of the stations by a 

decrease in transmission (Gerringa et al., 2015). 

 

3.2. Nutrients and fluorescence 

Nutrient concentrations (doi:10.25850/nioz/7b.b.g) were relatively low in the surface (8-

20 μM NO3
-; 0.3-1.4 μM PO4

3-; 25-45 μM Si(OH)4) and increasing with depth to 32 μM NO3
-, 

2.2 μM PO4
3- and 90 μM Si(OH)4 in the Ross Sea and 110 μM Si(OH)4 in the West ACC. 

Nutrient concentrations were low where fluorescence (Figure 3) and Chl a (not shown) were 

elevated in the southern part of the circle transect in the RSP and in the West ACC at stations 

120, 130, 131 and 150 (doi:10.25850/nioz/7b.b.g ). The lowest concentrations were measured at 

the surface at St. 87 and 86, with 8 and 13 μM NO3
-, 0.34 and 0.6 μM PO4

3-, and 33.6 and 42 μM 

Si(OH)4 (not shown), respectively, but not so low as to be limiting phytoplankton growth 

(Alderkamp et al., 2019). However, lower Si(OH)4, but still non-limiting, was observed in the 

surface water of the East ACC transect between 25 and 33 μM at St 2-6.  

 

Figure 3: Fluorescence profiles (a.u.) along the four transects in the upper 200m. A: East ACC, 

B: East ice covered Ross Sea, C: circle transect in the RSP, D: West ACC.  
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Table 2: Median and average values of DFe and the DFe-binding organic ligand parameters for all samples and per transect when the one ligand 

model is applied (logK´, [Lt] and excess DFe-binding organic ligand concentration [L´]) and when a two ligand model is applied (logK´1, logK´2, 

[L1] and [L2]). The standard deviation (SD) of the average, the maximum (Max) and minimum (Min) values are given and the number of samples 

(N). DFe (nM) was measured in immediately acidified samples and DFeLig (nM) was measured in samples from the ligand sample bottle. ΣL1L2 

means the sum of [L1] and [L2]. DFe-binding organic ligand concentrations are expressed in neq M Fe, K′ in M-1, αFeLi is dimensionless, the 

ratios of [Lt] and DFe  are dimensionless.  

 DFe DFeLig DFeLig/DFe logK' [Lt] [L'] logαFeLi logK′1 logK′2 [L1] [L2] ΣL1L2 ΣL1L2/[Lt] [Lt]/DFe ΣL1L2/DFe 

  nM  nM     
 neq M 
Fe 

 neq M 
Fe       

 neq 
M Fe 

 neq 
M Fe 

 neq M 
Fe       

All                

Median 0.097 0.090 0.95 12.24 1.08 0.90 3.16 13.48 11.19 0.60 1.02 1.53 1.16 9.67 13.83 

Mean 0.192 0.192 1.17 12.29 1.11 0.93 3.11 13.57 11.14 0.58 1.06 1.64 1.21 6.52 24.27 

SD 0.339 0.226 0.74 0.34 0.42 0.45 0.60 0.48 0.19 0.20 0.43 0.52 0.26 17.49 22.31 

Max 2.338 1.740 4.74 13.38 2.61 2.49 4.20 15.26 11.54 1.01 2.58 3.40 2.68 101.43 104.00 

Min 0.012 0.011 0.20 11.58 0.31 0.001 0.99 12.61 10.39 0.10 0.27 0.68 0.52 0.45 1.51 

N 176 185 176 185 185 185 185 72 72 72 72 72 72 186 72 

East ACC                

Median 0.071 0.0685 0.95 12.24 0.85 0.71 3.06 13.44 11.02 0.41 0.92 1.20 1.18 8.87 10.61 

Mean 0.100 0.090 1.10 12.27 0.83 0.73 3.10 13.26 11.01 0.42 1.05 1.47 1.29 17.62 33.29 

SD 0.079 0.068 0.67 0.39 0.29 0.29 0.35 0.46 0.32 0.20 0.64 0.78 0.59 20.57 39.97 

Max 0.324 0.327 3.79 13.38 1.42 1.41 4.22 13.70 11.54 0.82 2.58 3.40 2.68 101.43 104.00 

Min 0.012 0.011 0.20 11.58 0.31 0.25 2.29 12.61 10.39 0.10 0.27 0.68 0.52 1.76 4.04 

N 63 64 63 64 64 64 64 9 9 9 9 9 9 64 9 

East ice covered Ross Sea              

Median 0.130 0.083 0.84 12.20 0.83 0.65 2.95 13.32 10.93 0.34 0.84 1.18 1.11 7.41 19.03 

Mean 0.235 0.197 0.85 12.24 0.82 0.61 2.80 13.32 10.93 0.34 0.84 1.18 1.11 7.58 19.03 

SD 0.250 0.241 0.18 0.21 0.16 0.28 0.73 NA NA NA NA NA NA 5.09 NA 

Max 0.707 0.682 1.12 12.62 1.06 1.21 3.45 13.32 10.93 0.34 0.84 1.18 1.11 17.10 19.03 

Min 0.067 0.051 0.52 11.99 0.58 0.001 0.70 13.32 10.93 0.34 0.84 1.18 1.11 0.84 19.03 
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N 10 11 10 11 11 11 11 1 1 1 1 1 1 11 1 

RSP               

Median 0.122 0.114 0.94 12.22 1.24 1.05 3.24 13.53 11.18 0.60 1.02 1.51 1.16 9.67 13.41 

Mean 0.267 0.213 1.17 12.30 1.26 1.03 3.11 13.64 11.14 0.58 1.06 1.63 1.20 14.52 21.29 

SD 0.446 0.284 0.79 0.34 0.40 0.47 0.71 0.51 0.16 0.20 0.40 0.47 0.18 14.44 18.78 

Max 2.338 1.740 4.74 13.19 2.61 2.49 4.16 15.26 11.41 1.01 2.09 3.05 1.74 71.42 73.24 

Min 0.024 0.034 0.35 11.63 0.39 0.001 0.99 12.83 10.72 0.21 0.34 0.92 0.76 0.45 1.51 

N 91 97 91 97 97 97 97 52 52 52 52 52 52 98 52 

West ACC               

Median 0.043 0.087 1.72 12.33 1.54 1.50 3.48 13.45 11.27 0.74 1.07 1.81 1.15 35.0 30.01 

Mean 0.076 0.129 1.85 12.33 1.56 1.48 3.49 13.49 11.27 0.75 1.12 1.87 1.22 33.74 32.20 

SD 0.111 0.120 0.65 0.16 0.19 0.24 0.13 0.22 0.04 0.07 0.45 0.46 0.21 18.85 17.36 

Max 0.426 0.414 3.50 12.63 1.91 1.88 3.71 13.82 11.36 0.90 2.20 3.00 1.75 73.46 54.59 

Min 0.026 0.060 0.89 12.10 1.17 0.96 3.31 13.15 11.21 0.65 0.50 1.24 1.06 3.26 4.41 

N 12 13 12 13 13 13 13 10 10 10 10 10 10 13 10 
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3.3 Fe and ligand parameters 

Mean and median values were calculated for all samples, per transect, per depth layer and 

per depth layer per transect (Table 2, Figure 4). For [Lt] and DFe the median and mean values 

were similar with one exception for DFe in the East Ross Sea. At St. 17 an unusual high DFe 

was measured at 300 m (1.242 nM). This concentration was considered an outlier (illustrated in 

Figure 4B) and not used in Table 2. The DFe varied between extreme low concentrations in the 

surface (upper 54 m) and relatively high concentrations near the sediment in the RSP (0.012 to 

2.338 nM). The DFe-binding organic ligand concentration [Lt] varied between 0.31 and 2.61 

with a mean of 1.1 neq M Fe (SD 0.42, N=185). Low values for [Lt] occurred predominantly in 

the eastern sections (Figure 4A). In the RSP and in the West ACC, [Lt] was higher (mean [Lt] = 

1.26 and 1.56 respectively, Table 2, Figures 4A and 5A). Although logK′ varied between 11.58 

and 13.38; the mean logK′ did not vary between transects and depths and was consistently 

between 12.24 and 12.3. The value of logαFeLi varied between 0.60 and 4.2, with mean values of 

3.10 in the East ACC, 2.80 in the East Ross Sea, 3.11 in the RSP, and 3.49 in the West ACC. 

The mean values with depth (Figure 5B) per transect show very low DFe in the surface (<0.1 

nM), increasing with depth in all sections. The large increase in the Ross Sea below 300 m was 

due to the presence of a BNL (Gerringa et al., 2015a).  

Little variation with depth in mean [Lt] was observed. The mean [Lt] was lower in the ice 

covered East Ross Sea and the East ACC than in the RSP and West ACC, with a minimum at 

200 m in the East ACC. One deep sample was taken in the West ACC, at St. 150 at 1600 m, 

where [Lt] = 1.39 neq M Fe (see also figure caption Figure 4). The ratio [Lt]/DFe and logαFeLi 

decreased with depth because of increasing DFe and constant [Lt] (Figures 4 and 5). Due to the 

increasing DFe, the DFe-binding organic ligands became more saturated with depth, resulting in 

a decrease in [L′] and since logK′ remained constant, also a decrease in logαFeLi. In the RSP BNL 

where DFe >1 nM, the ligands were saturated with Fe, causing the ratio [Lt]/DFe to be <1 in 

some samples. The deep sample at St. 150, which was still far above the sediment, had relatively 

low DFe concentrations (0.426 nM) and the ligands were not saturated as shown by [Lt]/DFe 

=3.26. The value of logαFeLi (3.37) was close to the mean value in the upper 50 m of the West 

ACC 

Of the 185 samples we collected, 72 contained two ligand groups (Table 2 and Figure 

5D). This means that for these samples, a one ligand model as well as a two ligand model could 
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be fit. By convention, a number 1 is assigned to the strongest ligand group and a number 2 to the 

weaker ligand group. The mean values were logK′1 =13.57 (SD=0.48), logK′2=11.14 (SD=0.19), 

[L1] = 0.58 (SD=0.24), [L2] =1.06 (SD=0.43) neq M Fe (Table 2). From previous work, we know 

that the two ligand model for data obtained with TAC as a competing ligand can result in a 

disagreement between the two models ([L1] + [L2] ≠ [Lt]), casting doubt on the two ligand model 

data (Slagter et al., 2019). In the present study, 51 out of 72 samples (70%) gave a good 

correspondence between the two models, as indicated by the ratio [L1] + [L2]/[Lt] being close to 

1 (Table 2). Per region, the percentage of samples where the two ligand model fitted the data 

differed. Two ligand groups could be distinguished in 15% of the samples from the East ACC, 

10% from the East Ross Sea, 54% from the RSP, and 77% from the West ACC (Table 2). The 

West ACC was only sampled in the surface 54 m, except for one sample at 1600 m, which also 

showed two ligand groups. In the RSP, two ligand groups were found over the whole water 

column, except in the high DFe BNL (Figure 5D). 

 

4. Discussion 

4.1 The one ligand model 

The values of logK′ and [Lt] we measured overlap with work of others done in Antarctic 

waters (Boye et al., 2001; Thuróczy et al., 2011, 2012). Rivaro et al. (2018) detected DFe-

binding organic ligands with higher logK′ (12.1-12.6) in a coastal area near Terra Nova Bay in 

the Ross Sea where DFe was elevated (0.52-5.41 nM). Since they used another competing ligand 

(2,3-dihydroxynaphtalene) with a higher analytical window than we did, this might explain their 

higher logK′. Although the coastal influence of Terra Nova Bay could provide another more 

probable explanation. We did not see higher logK' in the present study at coastal stations near 

Franklin Island (St. 88-90).  

 

4.1.1 Relationships between ligands and phytoplankton 

Although the ligand concentration [Lt] was higher in areas with high phytoplankton 

abundance, we found no significant correlation between [Lt] and Chl a, fluorescence, 

phytoplankton species and MLD in our data set (best correlations were for fluorescence versus 

[Lt] (p=0.055) and for Chl a versus [Lt] (p=0.195). DFe-binding organic ligands are released 

during grazing and this source of ligands is recently shown to be important for the recycling of  



 18 

Figure 4: Median and mean values over depth sections per transect for A: [Lt] (neq M Fe), B: 

DFe (nM), C: the ratio [Lt]/DFe, D: logαFeLi. The depth sections are upper 54 m, 55-105 m, near 200 m, 

near 300 m, near 400 m and >450 m. One deep observation in the west ACC at 1600 m is not shown and 

has [Lt] = 1.39 neq M Fe, DFe= 0.426 nM, [Lt]/DFe =3.26 and logαFeLi = 3.37. 

DFe in Antarctic waters (Laglera et al., 2019). We did not measure zooplankton or 

grazing during the cruise. However, phaeophytin, a phaeopigment which is a breakdown product 

of Chl a, is sometimes used as a tracer for grazing (SooHoo and Kiefer, 1982). Although grazing 

pressure cannot be simply estimated by phaeopigment measurements (Gieskes et al., 1991) we 

used phaeophytin as a raw indicator of grazing. Pearson correlation shows that in the East ACC 

and the RSP, weak correlations existed between [Lt] and both Chl a and phaeophytin (R = 0.34 - 

0.50). Interestingly, the correlation with both pigments (Chl a and phaeophytin) was positive in 

the East ACC in the upper 54 and 105 m, but negative between [Lt] and phaeophytin in the upper 

54 m of the RSP. The phaeophytin concentration was not particularly high (results not shown). 

Grazing is reported to be relatively low in the Ross Sea and thus might play a less important role 

here as elsewhere in the Southern Ocean and Antarctic seas (Smith et al., 2000; Tagliabue and 
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Arrigo, 2003). Both Chl a and phaeophytin were never measured below 100 m where they are 

expected to be very low since fluorescence is very low below the upper mixed layer (Figure 3). 

Positive as well as negative correlations between [Lt] and phytoplankton pigments illustrate how 

difficult it is to find a relationship between ligands and primary production in the oceans (Rue 

and Bruland, 1995; Gerringa et al., 2006; Buck et al., 2015; Hassler et al., 2017), despite the fact 

that production of ligands by biota is evident from experiments (Butler, 2005; Poorvin et al., 

2011; Velasquez et al., 2016).  

 

  

Figure 5: Parameters of the circle transect in the RSP. A: [Lt] in neq M Fe, B: the ratio [Lt]/DFe 

with contours at the values [Lt]/DFe 1, 2, 10, 20 and 30, C: logαFeL and D: Green dots indicate samples 

where 2 DFe-binding ligand groups could be distinguished and purple dots where 1 DFe-binding ligand 

group was found. In the right hand corner a map showing the circle transect (see also Figure 1). Arrows 

indicate the order from left to right in the transect plots A-D.  

 

Many processes influence the DFe-binding organic ligand concentrations in major 

phytoplankton blooms such as we encountered in the RSP and West ACC. During these blooms, 

phytoplankton grow rapidly until the bloom reaches a stationary phase, after which the 

phytoplankton biomass declines (Alderkamp et al., 2007; Arrigo et al., 2015). Several processes 

may be responsible for the decline, most of which can affect ligand concentrations. Ligands are 

produced by phytoplankton and bacteria through excretion of organic substances, especially 

upon Fe limitation (Butler, 2005; Boiteau et al., 2016), which we encountered at the time of 
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sampling (Alderkamp et al., 2019). In addition, ligands are released by grazing (Sarthou et al., 

2008; Laglera et al., 2017, 2019) and viral lysis (Poorvin et al., 2011). On the other hand, ligand 

concentrations decline by photo-oxidation (Barbeau, 2006), bacterial degradation (Hassler et al., 

2011; Velasquez et al., 2016) and coagulation and sinking. Apparently, in the RSP the 

combination of these processes of production and loss together with turbulent mixing (the MLD 

can extend to 500 m in early spring (Smith et al., 2000)), resulted in depth profiles of more or 

less constant DFe-binding organic ligand concentrations (Figure 4A). 

According to Ducklow (2003) labile and semi-labile (short-lived) dissolved organic 

matter (DOM) produced in the RSP is broken down by bacteria within the growing season and 

thus labile DOM is expected to be mainly restricted to the upper water layer, the MLD and just 

below (Laglera et al.; 2019; Gerringa et al., 2006). We did not observe elevated DFe-binding 

organic ligands in the surface 50-100 m,  and neither in the ‘under the MLD’ layer (section 

2.2.4), similar to other studies in the Southern Ocean (Thuróczy et al., 2011) and elsewhere 

(Buck et al., 2015; Gerringa et al., 2015b;), although elevated DFe-binding organic ligands in the 

upper 100 m have been observed in the Southern Ocean (Boye et al., 2001;Thuróczy et al., 2012) 

and elsewhere (Gerringa et al., 2006). It may be that we missed part of the labile DFe-binding 

organic ligands that are easily degradable such as the very photo-labile siderophores (Amin et al., 

2012). Therefore we probably mostly measured the DFe-binding organic ligands fraction that is 

relatively resistant to degradation, which are mixed through the water column in autumn and are 

also transported with high salinity SW into the Southern Ocean (Jacobs and Giulivi, 1999; Smith 

et al., 2000; Gordon et al., 2009). 

 

4.1.2 Relations between ligands and water mass, sediments and sea ice 

No correlations were found between water mass and ligand concentration [Lt]. The deep 

maxima in DFe together with reduced transmission in the RSP indicate the presence of a BNL 

(Gerringa et al., 2015a). However, these maxima do not coincide with high DFe-binding organic 

ligand concentrations, implying that the BNL is only a source of Fe and not of ligands. Our 

analysis method used TAC as competing ligand, which can miss part of the humic DFe-binding 

ligands (Laglera et al., 2011, Slagter et al., 2019; Dulaquais et al., 2018). Therefore it is possible 

that the ligands are underestimated if humic-like substances are present, which might be the case 

in the BNL. In humic rich surface waters of the Arctic [Lt] estimated with TAC did increase with 



 21 

the humic content, but [Lt] was lower than DFe and lower than [Lt] obtained with 

salicylaldoxime (SA, Rue and Bruland, 1995; Buck et al., 2015). According to Slagter et al. 

(2019) the method using TAC detects humic-like substances only at high concentrations or only 

of specific composition. Thus in this research we cannot exclude the BNL as a possible source of 

DFe-binding organic ligands, we can only conclude that the BNL is probably not a large source. 

Another important DFe-binding organic ligand source in Antarctic waters is ice melt. 

Lannuzel et al. (2015) showed that the solubility of Fe in sea ice, snow, and brines was 

controlled by the presence of organic ligands, with high concentrations of up to 80 neq M Fe, 

and with the same logK′ as in seawater. Recently, Genovese et al. (2018) made similar 

observations in east Antarctic pack ice. Ice algae and bacteria are considered to be the ligand 

source and when the ice melts, Fe and ligands are released into the ocean where the ligands 

continue to play a role in maintaining Fe solubility (Lannuzel et al., 2015). The eastern Ross Sea 

stations (St. 16-18) had sea ice cover, which had probably started melting, but this did not result 

in increases in [Lt] in the upper 54 m. The stations sampled near Franklin Island had 30-50% ice 

cover, but [Lt] was comparable to values in ice free zones (1.2-1.3 neq M Fe) (St. 88, 89, 90). 

Even at the borders of the polynya, where sea ice was melting this did not result in detectable 

elevations of DFe-binding organic ligands. It is difficult to assess the role of melting sea-ice in 

the present study. Brine drainage, occurring in specific short periods releasing DFe into the 

underlying water (Lannuzel et al., 2008), also possibly plays a role in the release of DFe-binding 

organic ligands. 

We did not find evidence of photo-oxidation of DFe-binding organic ligands (Barbeau, 

2006) since ligand concentrations in ice covered stations were lower compared to stations in the 

polynya and open ocean (stations 16-18 and 88-90 had average [Lt] of 0.85 and 1.01 neq M Fe 

respectively, versus 1.25 neq M Fe in the RSP). 

 

4.2 The two ligand model 

The ability to detect two ligand groups may be related to the specific analytical method 

used. Multiple ligand groups are found much more often using SA as competing ligand in the 

CLE-CSV technique than when using TAC (Bundy et al. 2015; Buck et al. 2016; Slagter et al., 

2019). One of the reasons might be that TAC misses part of the humic-like substances as 

discussed above. Because of the distance to the continent, together with the lack of soil 
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formation in the Antarctic climate, we assume that humics do not play a major role in the RSP 

with the possible exception of the BNL, and therefore it is likely that underestimates, if any, of 

concentrations of the ligand groups outside the BNL are small. 

An important problem in identifying two ligand groups is related to data quality and 

interpretation. The one ligand model results in ligand characteristics that reflect an average of the 

binding strengths of groups and molecules that form the mixture of DFe-binding organic ligands 

Therefore, the logK′ values of the one ligand model are a weighted average of those found for 

the two ligand model (Table 2). If the ligand concentration not bound to Fe, [L′], is high in the 

natural sample, more data points are obtained during a titration with Fe using fixed Fe additions 

than when [L′] is small. More data points give more resolution to detect two ligand groups. At 

relatively low [L′], the probability of detecting the strongest DFe-binding organic ligand group, 

L1, is limited because this ligand group is saturated since it competes most strongly with TAC for 

ambient Fe. Thus, irrespective of their actual presence, it is unclear whether detecting two ligand 

groups simply depends on low DFe and a high [L′], and that the strongest ligand is often hidden 

due to (near) saturation with Fe. Indeed at [L′] < 0.6 neq M Fe, two ligands were not detected in 

our data. Since in the BNL the ligands were near saturation, two ligands were not detected in this 

layer. However, this does not mean that high [L′] always resulted in the detection of two ligand 

groups. In 25 of our samples (N=185), [L′] exceeded 1 neq M Fe and yet only the one ligand 

model fitted the data. Perhaps only one ligand group existed there, but it might also be that the 

groups of ligands were not different enough in binding characteristics to be distinguished from 

each other. 

The ligand group L1 is often described as existing primarily in the surface ocean and is 

related to sources connected with primary production, such as the siderophores produced in Fe-

limited conditions by bacteria (Rue and Bruland, 1995, Bundy et al., 2014; Buck et al., 2015; 

Gledhill and Buck, 2012). Although these bacteria are present throughout the water column, they 

exist in higher amounts in the upper 50 or 100 m (Bundy et al., 2016; Velasquez et al., 2016; 

Hassler et al., 2017). However, in the southeast portion of the circle transect in the RSP very 

high concentrations of both L1 and L2 were found throughout the entire water. Two ligand groups 

were also found at a depth of 1600 m at St. 150 in the West ACC, indicating a long residence 

time in the ocean. Although there is likely a relationship between algal blooms and ligand 

diversity, it is not clear whether there were specific ligand groups produced during the bloom in 
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this study. A MANOVA test rejected any correlation between the presence of two ligand groups 

and the occurrence and cell counts of phytoplankton species. Phytoplankton species consisted 

predominantly of diatoms (61%) and Phaeocystis (33%) (detailed information on phytoplankton 

species is described by Alderkamp et al. (2019)). Contrasting results are known from literature 

using the same method for measuring ligands. For example, Bundy et al. (2014), found a 

correlation of the occurrence of the strongest ligand group with spring blooms while Buck et al. 

(2015) found that ligand groups were ubiquitous at all depths in the N-E Atlantic Ocean. It is 

thus not surprising that in our study, the presence of two ligands was unrelated to depth. 

However, higher [Lt], [L1], and [L2] were observed where blooms were present. Processes related 

to primary production, viral lysis, grazing, and bacterial breakdown of organic matter are all 

possible sources of Fe-binding dissolved organic ligands, with bacterial breakdown also resulting 

in a loss of organic ligands. Individual processes can be studied in well-defined bottle 

experiments, whereas field samples only allow us to study a snapshot of the overall processes, 

obscuring direct source and sink relationships between biological parameters and ligand 

concentration and diversity.  

 

5. Conclusions 

The concentration of DFe-binding organic ligands in the Ross Sea was responsible for 

keeping Fe in the dissolved phase and potentially available for phytoplankton growth. Only in 

the BNL of the RSP was DFe higher than the ligand concentrations and above the solubility 

product of the Fe-(hydr)oxides. Although our analysis method might have missed part of humic-

like substances, the BNL was probably not a source of DFe-binding organic ligands. 

The absence of depth related variability of the Fe-binding dissolved organic ligands 

indicates that the ligand groups we measured were not labile substances and might be transported 

over the shelf by high salinity SW into the Circumpolar Current. Although the DFe-binding 

organic ligands measured in this study explain DFe concentrations and enable transport from Fe 

sources, the labile DFe-binding organic ligands may play an important role in Fe uptake by 

algae, needing further study. 

There was no relationship between DFe-binding organic ligand concentrations and depth 

or presence in the MLD. No straightforward correlation with other parameters like fluorescence 

and phytoplankton species was detected. However, the highest concentrations were measured 
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where primary production was highest. Although the detection of more than one ligand group 

was not related to phytoplankton species, we conclude that the presence of two Fe-binding 

organic ligand groups were more common in areas where blooms occurred (54-77% of the 

samples) than where fluorescence was low (10-15% of the samples)  
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