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Dissolved iron (dFe) and organic dFe-binding ligands were determined in San Francisco Bay, California by com-
petitive ligand exchange adsorptive cathodic stripping voltammetry (CLE-ACSV) along a salinity gradient from
the freshwater endmember of the Sacramento River (salinity b2) to the mouth of the estuary (salinity N26). A
range of dFe-binding ligand classes was simultaneously determined using multiple analytical window analysis,
involving titrationswithmultiple concentrations of the added ligand, salicylaldoxime. The highest dFe and ligand
concentrations were determined in the low salinity end of the estuary, with dFe equal to 131.5 nmol L−1 and
strong ligand (log Kcond

FeL;Fe0 ≥ 12.0) concentrations equal to 139.5 nmol L−1. The weakest ligands (log Kcond
FeL;Fe0 b

10.0) were always in excess of dFe in low salinity waters, but were rapidly flocculated within the estuary and
were not detected at salinities greater than 7. The strongest ligands (log Kcond

FeL;Fe0 N 11.0) were tightly coupled
to dFe throughout the estuary, with average excess ligand concentrations ([L]–[dFe]) equal to 0.5 nmol L−1.
Humic-like substances analyzed via both CLE-ACSV and proton nuclear magnetic resonance in several samples
were found to be a significant portion of the dFe-binding ligand pool in San Francisco Bay, with concentrations
ranging from 559.5 μg L−1 to 67.5 μg L−1 in the lowest and highest salinity samples, respectively. DFe-binding
ligands and humic-like substances were also found in benthic boundary layer samples taken from the
shelf near the mouths of San Francisco Bay and Eel River, suggesting estuaries are an important source of
dFe-binding ligands to California coastal shelf waters.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Iron (Fe) is a growth-limiting micronutrient for phytoplankton in
many regions of the oceans, including even some coastal upwelling re-
gions (Biller and Bruland, 2014; Bruland et al., 2001, 2005; King and
Barbeau, 2007). This is especially true in the California Current System
(CCS), a highly productive coastal region dominated by diatom growth
during the spring upwelling season (Bruland et al., 2001; Hutchins
et al., 1998). Although dissolved Fe (dFe) is widely recognized as a
limiting nutrient, less is understood about its chemical speciation in
seawater, which affects its reactivity and availability to the biological
community. It is known that dFe-binding ligands are essential for main-
taining dFe in solution above its thermodynamic inorganic solubility
limit (Liu and Millero, 2002) and they bind the majority of the dFe in
seawater (Gledhill and van den Berg, 1994; Rue and Bruland, 1995;
van den berg, 1995). Organic compounds that bind dFe appear to be
ubiquitous and are likely a heterogeneous mixture of complexes
(Gledhill and Buck, 2012). The types of dFe-binding organic ligands
present in seawater are thought to range from relatively weak macro-
molecules and cellular byproducts such as polysaccharides (Hassler
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Fig. 1. Dissolved Fe (dFe) and dFe-binding ligand surface sampling locations in San
Francisco Bay (filled circles; stations 2, 4, 6, 8, 13, 18, 21, and 24) and the California
continental shelf benthic boundary layer (BBL, open squares; stations 25 and 26).
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et al., 2011a) and humics (Laglera and van den Berg, 2009), to low-
molecular weight siderophore-like complexes such as hydroxamates
(Mawji et al., 2011; Velasquez et al., 2011), and catecholates (Poorvin
et al., 2011). Although only hydroxamates have thus far been directly
isolated from seawater, indirect methods for detecting metal-binding
ligands such as competitive ligand exchange-adsorptive cathodic
stripping voltammetry (CLE-ACSV) can provide important insight on
the characteristics of the ligand pool in seawater (see review by
Gledhill and Buck, 2012).

Identifying the sources of dFe-binding ligands in seawater is an ac-
tive area of research, and ligands are important in the mechanism of
dFe delivery to many marine ecosystems. One such ecosystem may be
the CCS, where the majority of the dFe supply is hypothesized to come
from Fe-rich sediment sources along the continental shelf, ranging in
character from narrow rocky shelves with low dFe to wide-shelf mud-
flats with high dFe near San Francisco Bay and Eel River (Biller et al.,
2013; Elrod et al., 2004). High dFe concentrations have been observed
in surface waters over the wide region of the shelf in the spring during
the onset of upwelling (Biller et al., 2013; Elrod et al., 2008). Concentra-
tions of dFe have been reported to increase during the initial upwelling
period and decrease slowly thereafter, despite continued intensification
of the upwelling (Elrod et al., 2008). This has led to the suggestion that
thewide shelf regions act as “capacitors” for dFe, chargingwith riverine-
derived Fe during the winter flood season and discharging Fe when the
Fe-rich sediments are resuspended during the initial spring upwelling
phase (Bruland et al., 2001; Chase et al., 2007). Mudflats in the wide
shelf regionmay also be a source of organic ligands, and high concentra-
tions of strong dFe-binding ligands have been observed in the benthic
boundary layer (BBL) in this region (Buck et al., 2007; Bundy et al.,
2014). If these organic ligands, like the dFe with which they are associ-
ated, are primarily from terrestrial sources, then we would expect that
the organic Fe-complexes in the BBL should be similar to those in local
freshwater and estuarine sources such as San Francisco Bay. Previous
studies have examined the binding strengths of dFe–ligand complexes
in the high salinity end of the San Francisco Bay plume (Buck et al.,
2007; Bundy et al., 2014), but there have been no studies of dFe-
binding ligands in lower salinitywaters in the San Francisco Bay estuary.

In early classic work on Fe across salinity gradients in estuarine sys-
tems, Boyle et al. (1977) found that up to 90% of the dFe in estuaries is
lost to scavenging, mostly due to flocculation of humic-like substances
(HS) and dFe at low salinities. Sholkovitz et al. (1978) expanded these
observations to add that most of the lost dFe occurred in the colloidal
size fraction. The chemical form of the small amount of dFe that survives
flocculation is still unclear, however, and it is possible that organic com-
plexation of dFe by HS plays a role in stabilizing dFe concentrations
across salinity gradients. Some studies have examined the role of
HS in dFe speciation in estuarine and coastal environments, using
combined information about dFe binding strengths andHSdistributions
in the Irish Sea (Laglera and van den Berg, 2009) and Thurso Bay
(Batchelli et al., 2010). Characterization of the HS pool in some studies
has also shown that the high concentration of oxygen-containing
functional groups in terrestrial HS is largely responsible for terrestrial
dissolved organic matter (tDOM) reactivity (Stevenson, 1994), and of
these functional groups, carboxyl groups are the most abundant
(Cabaniss, 1991; Hatcher et al., 1981; Leenheer et al., 1995; Stevenson,
1994) and have the ability to complex dFe. In this study we examined
multiple classes of dFe-binding ligands and HS using CLE-ACSV, in
samples collected along a salinity gradient in San Francisco Bay. Two
BBL samples were also examined, from the adjacent continental shelf
in the San Francisco Bay region and from the Eel River shelf system
further north. In several samples we applied proton nuclear magnetic
resonance (1H-NMR) to complement our CLE-ACSV analysis and pro-
vide insight into the possible chemical character of organic Fe binding
groups.

This work follows on a recently published study of dFe-binding
ligands in the CCS (Bundy et al., 2014), in which a multiple analytical
window (MAW) CLE-ACSV approach was applied to dFe-binding
ligands in order to detect several ligand classes. The method used
by Bundy et al. (2014) enabled the simultaneous detection of a
wide range of dFe-binding ligands (L1–L4), each with distinct distri-
butions in the CCS. The authors hypothesized these ligand classes
to be composed of siderophore-like ligands (L1, log Kcond

FeL1 ;Fe0 ≥ 12.0),
HS (L2, logK

cond
FeL2;Fe0 11–12), degradation products of the stronger ligand

classes (L3, log Kcond
FeL3 ;Fe0 10–11) and relatively weak macromolecules

with incidental Fe binding (L4, log K
cond
FeL4;Fe0 b 10). HS was alsomeasured

directly by Bundy et al. (2014) using cathodic stripping voltammetry
(CSV) (Laglera et al., 2007), which confirmed the presence of HS-like
material in the BBL of mudflat regions of the California continental
shelf (Bundy et al., 2014). The source of these compounds is unknown,
but is thought to originate from estuarine regions such as San Francisco
Bay. It is apparent from recent work (Batchelli et al., 2010; Bundy et al.,
2014; Laglera and van den Berg, 2009) that some portion of terrestrial-
derived HS material is resistant to flocculation in coastal estuaries, but
howmuch is delivered to the shelf in the CCS region is an open question.
This study seeks to identify the source of dFe-binding ligand complexes
to the broad, estuarine-influenced shelf areas of coastal California, and
characterize changes in the dFe ligand pool across an estuarine salinity
gradient by employing MAW CLE-ACSV, in combination with 1H-NMR
and HS analysis for some samples.

2. Methods

2.1. Sampling

Samples were collected in partnership with the United States
Geological Survey (USGS) on board the R/V Polaris on April 19, 2011
as part of the regular USGS San Francisco Bay Water Quality Measure-
ment Program (http://sfbay.wr.usgs.gov/access/wqdata/index.html).
Hydrographic data was collected for all 24 regular stations in the

http://sfbay.wr.usgs.gov/access/wqdata/index.html
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North Bay and Central Bay, and a subset of eight stations were sampled
for dFe, organic dFe-binding ligands, and humic-like substance (HS)
analyses (Fig. 1). Hydrographic data in San Francisco Bay was obtained
using a conductivity, temperature and depth (CTD) sensor outfitted
with an oxygen electrode (Sea-bird Electronics), optical backscatter sen-
sor (D&A Instruments), and a fluorometer (Turner Designs). Discrete
samples were also taken for nitrate measurements (nitrate + nitrite)
and other inorganic nutrients and analyzed by colorimetric methods
(http://sfbay.wr.usgs.gov/access/wqdata/overview/measure/index.
html). Two additional samples were also obtained for HS analyses (see
Section 2.4) from a previous cruise (Bundy et al., 2014) in the benthic
boundary layer (BBL, stations 25 and 26) outside of San Francisco Bay
and Eel River, the two main freshwater influences on the CCS. Details
about the hydrographic and ligand data of the BBL samples collected
in August/September 2011 on board the R/V Point Sur (see Biller et al.,
2013) can be found in Bundy et al. (2014).

DFe and dFe-binding ligand samples were collected using trace
metal clean Teflon tubing and a Teflon diaphragm pump (Cole Parmer)
connected to an air compressor. A small Teflon coated weight was fixed
to the end of the pump tubing, and the tubing was lowered approxi-
mately 2 m below the surface off the starboard side of the ship. A fiber-
glass pole was used to extend tubing approximately 2 m away from the
starboard side and samples were collected while the ship was moving
forward at approximately 1 knot. Samples were filtered in-line with
an acid-cleaned 0.45 μm Osmonics cartridge filters (GE Osmonics)
after 1 L of water had been passed through the tubing and filter. DFe
samples were stored at room temperature in 250 mL acid-cleaned low
density polyethylene (LDPE) bottles (Nalgene) at pH 1.8 (Optima HCl,
Fisher Scientific). DFe-binding ligand and HS samples were placed in
two 500 mL fluorinated polyethylene (FPE) bottles (Nalgene) and
immediately frozen (-20 °C) until analysis.

2.2. Dissolved iron

DFe samples were analyzed according to Biller and Bruland (2012),
building on earlier work of Sohrin et al (2008). This multi-elemental
analysis method utilizes an offline pre-concentration step after pH
adjustment (pH = 6.2) of acidified samples onto the Nobias-chelate
PA1 resin (Hitachi High-Technologies; Sohrin et al., 2008). After pre-
concentration in a closed-column manifold, the columns are rinsed
with ammonium acetate and the trace metals are subsequently eluted
using 1 N quartz distilled nitric acid (Fisher Scientific). Samples were
measured usingmagnetic sector inductively coupled plasmamass spec-
trometry (ICP-MS). For dFe, the recovery from the column was greater
than 98%, with an average blank equal to 0.030 nmol kg−1 and a detec-
tion limit of 0.014 nmol kg−1. This method had excellent agreement
with reported consensus values for SAFe (Johnson et al., 2007) and
GEOTRACES reference samples (www.geotraces.org), yielding values
for S1 of 0.091±0.001 nmol kg−1 (0.093±0.008nmol kg−1 consensus
value as of May 2013) and 0.98 ± 0.009 nmol kg−1 for D2 (0.933 ±
0.023 nmol kg−1 consensus value).

2.3. Dissolved iron-binding ligands

Organic dFe-binding ligands were analyzed using a multiple analyt-
ical window (MAW) adaptation (Bundy et al., 2014) of traditional
competitive ligand exchange-adsorptive cathodic stripping voltamme-
try (CLE-ACSV) methods (see Buck et al., 2012 for an intercomparison
of these methods). Competitive ligand approaches utilize a well-
characterized added ligand to set up a competition between the added
ligand and the natural ligands present in the sample. The added ligand,
in this case salicylaldoxime (SA), makes an electro-active complex with
the dFe in the sample and the Fe(SA)x complex adsorbs to the mercury
drop of a controlled growth mercury electrode (CGME, Bioanalytical
Systems Incorporated). The dFe is then reduced and stripped from the
Fe(SA)x complex (cathodic stripping) and the change in current is
recorded by the analyzer (Epsilon 2, Bioanalytical Systems Incorporat-
ed) connected to a laptop computer. The peak height at each titration
point can then be related to the amount of Fe(SA)x formed, and the
remaining speciation can be calculated via the sensitivity and mass
balance.

2.3.1. Ligand titrations
In order to set-up each titration, individual acid-cleaned Teflon vials

were first conditioned to the expected dFe addition for 24 hours. Then,
10mLaliquots of the samplewere placed in 10different vials alongwith
50 μl of a 1.5M boric acid buffer (pH 8.2, NBS scale)made in 0.4mol L−1

ammoniumhydroxide (Optima, Fisher Scientific). The buffer and added
dFe (0–100 nmol L−1) were left to equilibrate for at least 2 hours. The
competitive ligand SA was then added to each vial (9–33 μmol L−1)
and was equilibrated for 15 minutes. The contents from each vial were
placed into a Teflon cell and were analyzed consecutively via ACSV.

2.3.2. Multiple analytical window approach
The MAW approach used by Bundy et al. (2014) involves doing

multiple titrations for each sample with a different concentration of
the added ligand, yieldingdifferent competition strengths of SA. Five an-
alytical windowswere employed in this study, ranging in [SA] from 9 to
33 μmol L−1. The highest analytical window (33 μmol L−1 SA, window
1) was the same in every sample, and this titration was used as an
“overload” titration to determine only the sensitivity in each sample
(see Section 2.3.3); no ligand concentrations were determined from
these titrations. The other four analytical windows (windows 2–5)
were used for determining four separate ligand classes (L1–L4). The
analytical window is expressed as the side reaction coefficient, α Fe SAð Þx ,
of the added ligand, determined by

α Fe SAð Þx ¼ Kcond
Fe SAð Þ � SA½ � þ βcond

Fe SAð Þ2 � SA½ �2 ð1Þ

where KFe(SA)
cond and βcond

Fe SAð Þ2 are the conditional stability constants of the
mono andbis-SA complexwithdFe. The strength of SAhas been carefully
characterized in previous studies under marine (Abualhaija and van den
Berg, 2014) and estuarine (Buck et al., 2007) conditions. All α Fe SAð Þx
constants used in this study were determined based on the most recent
calibration of SA (Abualhaija and van den Berg, 2014) and corrected for
salinity effects onα Fe SAð Þx (Buck et al., 2007). Slightly different concentra-
tions of SAwere used in each sample (with the exception of the overload
titration) at each analytical window in order to have a similar α Fe SAð Þx in
each sample because of the effect of salinity on α Fe SAð Þx . Although salin-
ities were determined at each station using the CTD, salinities were
alsomeasured in individual speciation samples to account for any differ-
ences in salinity due to different collection depths with the trace metal
pump and the ship's CTD. The salinity in speciation samples was mea-
sured using an aliquot from the speciation bottles and a hand-held digital
refractometer. The salinity was found to vary by up to 2 salinity units
(psu) between the salinity measured in the field by the CTD vs. the
refractometer in the lab, and thus the salinity determined in each bottle
was used to calculate the α Fe SAð Þx and these salinity values are also
presented with the speciation data.

2.3.3. Determination of the sensitivity
The sensitivity of themethod is oftendetermined by internal calibra-

tion of the linear portion of the titration curve, where the majority of li-
gands in the sample have been titrated by added dFe (Rue and Bruland,
1995). However, it has been shown recently that HS may interfere
slightly with the sensitivity determination in CLE-ACSV when SA is the
added ligand (Laglera et al., 2011). High ligand and surfactant concen-
trations in estuarine samples also make the determination of the
“true” sensitivity difficult in these samples, especially in lower salinity
samples where low sensitivities were particularly apparent. “Overload”
titrations were therefore employed at the highest analytical window
(33 μmol L−1 SA) in order to outcompete all ligands in the sample and

http://sfbay.wr.usgs.gov/access/wqdata/overview/measure/index.html
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ensure an accurate determination of the sensitivity, while still account-
ing for any surfactant effects in the sample (Bundy et al., 2014; Kogut
and Voelker, 2001). This “overload” sensitivity was then corrected by
a ratio in order to obtain the sensitivities at lower concentrations of SA
(windows 2–5; Hudson et al., 2003). “Overload” sensitivities in each
sample are presented in the supplementary information (S-1). A
constant RAL was used for each window, corresponding to a value of
0.7, 0.5, 0.4, and 0.2 for windows 2–5, respectively.

2.3.4. Data processing
Ligand concentrations and strengths were determined based on the

averages of van den berg/Ružić and Scatchard linearizations at each
analytical window (Buck et al., 2012; Mantoura and Riley, 1975;
Scatchard, 1949). Several novel data processing methods have been
developed however, so data was also fit using a publicly available
multiple detection window analytical tool for general comparison (see
Section 2.3.5). Only one ligand class was determined at each analytical
window, and characterized as L1–L4 based on the absolute strength of
the ligand according to recommendations from Gledhill and Buck
(2012). This study defines L1 as ligands with log Kcond

FeL;Fe0 ≥ 12.0, L2
with 12.0 N log Kcond

FeL;Fe0 ≥ 11.0, L3 with a log Kcond
FeL;Fe0 range of 11.0 N

log Kcond
FeL;Fe0 ≥ 10.0 and L4 with a log Kcond

FeL;Fe0 b 10.0. L1 ligands were de-
termined at the highest analytical window, just below the “overload” ti-
tration window and each subsequent ligand class was determined at
progressively lower analytical windows, using the optimal analytical
window for that particular ligand class (Bundy et al., 2014). Additional-
ly, the titrations at each subsequent analytical window were designed
to titrate the ligand class determined at the higher [SA] within the
first few titration points, and the remainder of the titration was aimed
at detecting any additional ligand classes. A ligand was “not detected”
if the conditional stability constant of a ligand class determined at one
analytical window was identical to that at a higher analytical window.
For example, if a ligand with a log Kcond

FeL;Fe0 = 10.0 was determined at
both windows 4 and 5, then that sample would be deemed to contain
no L4 ligands since no ligands were measured with a log Kcond

FeL;Fe0 b 10.0.

2.3.5. Data processing comparison
Several methods are in the intercalibration stages for processing

multiple analytical window CLE-ACSV data (Giambalvo, 1997; Hudson
et al., 2003; Omanović et al., 2015; Pižeta et al., in review; Sander
et al., 2011). Noneof thesemethods have been tested yet for dFe organic
speciation, but two of themethods are currently available for download
from the website of Scientific Committee on Oceanic Research (SCOR)
working group 139: “Organic Ligands-A key Control on TraceMetal Bio-
geochemistry in the Ocean” (http://neon.otago.ac.nz/research/scor/
links.html). To ensure there was no overlap in our ligand detection
and that our ligand parameters could accurately fit the titration data,
the data from each detection window was fit using a modification of
the Hudson (unpubl.; Pižeta et al., in review) simultaneous multi-
window approach adapted for dFe organic speciation, as a proof of con-
cept. This tool is available online (https://sites.google.com/site/kineteql/
home/about-kineteql) and incorporates a KINETEQL equilibrium solver
add-in for Microsoft Excel (Giambalvo, 1997) to the approach devel-
oped by Hudson et al. (2003) and Sander et al. (2011). This method
for titration interpretation will be further referred to as the “Hudson”
protocol throughout the article. This method only allows for the
detection of three ligand classes, so a comparison was made between
the L3 determined by the Hudson multi-window tool and L3 + L4
found in this study (SI-3).

2.4. Humic-like substance analysis by CSV

Humic-like substances (HS) were measured in five San Francisco
Bay samples (stations 2, 13, 24, 25 and 26) in order to assess the poten-
tial contribution of HS to the dFe-binding ligand pool. The [HS] at
stations 25 and 26 were presented previously in Bundy et al. (2014),
and this study expands those measurements to include proton nuclear
magnetic resonance (1H-NMR) data. Four of the five stations where
HS was measured by CSV were analyzed using 1H-NMR (stations 13,
24, 25 and 26), as described in Section 2.6. HS by CSV were measured
according to the methods described in Laglera et al. (2007). Briefly,
a 20 mg L−1 stock solution of Suwannee River Fulvic Acid Standard
(International Humic Substance Society) was prepared in purified
water (Milli-Q water, 18 mol L−1 Ω cm) and added to 10 mL sample
aliquots along with boric acid-ammonia buffer (pH 8.2, NBS scale) and
dFe (100 nmol L−1, secondary stock solutions made from an AA stan-
dard). Three vials contained no added HS, while the rest of the vials
contained 5–150 μg L−1 HS and were left to equilibrate for at least 2
hours. Immediately before analysis by CSV, 400 μl of 0.4 mol L−1 potas-
sium bromate was added in order to catalyze the reaction without oxi-
dizing the HS. Each aliquot was analyzed separately using CSV as
described by Laglera et al. (2007) using the standard addition method.
This method measures all organic substances that bind dFe and are
shown to be “humic-like,” or contributing to the electrochemical peak
at−0.6 V.

2.5. Dissolved organic carbon (DOC)

Samples for dissolved organic carbon (DOC) were taken from sta-
tions 13, 24, 25 and 26 and run in triplicate. Aliquots from the speciation
bottles were taken and placed in 60 mL glass bottles and acidified to
pH 2 with 6 M phosphoric acid before analysis. DOC concentrations
were measured on a Shimadzu TOC-V Combustion Analyzer using
high temperature (680 °C) platinum (Pt)-catalyzed oxidation coupled
to non-dispersive infrared gas detection of carbon dioxide (CO2). Cali-
bration standardswere prepared using a potassium hydrogen phthalate
(KHP) standard.

2.6. Proton nuclear magnetic resonance (1H-NMR) analysis

The dissolved organic matter (DOM) from four stations (13, 24, 25,
and 26)was characterized by 1H-NMR at its natural DOMconcentration
without prior pretreatment. All the 1H-NMR experimentswere acquired
using a Bruker Avance III 400 spectrometer. D2O (N99.9%, AldrichChem-
ical Company, Milwaukee, WI) was added to 0.5 mL of the sample at a
ratio of 10:90 in 5-mmglass NMR tubes (WilmadGlass Co., NJ). Solution
state 1H-NMR spectra were acquired using a water suppression tech-
nique originally described by Lam and Simpson (2008) with modifica-
tion. A recycle delay of 2 s was used along with a 119 ms acquisition
time. Using the water suppression techniques slightly attenuates the
carbohydrate signal around 3.5 ppm (Lam and Simpson, 2008); howev-
er, by using this technique we insured a complete suppression of the
water peak. The 1H-NMR spectra were then normalized to their total
area (0.20–10.00 ppm) and vertically scaled by a factor of 1000. Using
this technique allows for characterization the entire DOM pool without
any fractionation, isolation or sample pre-treatment.

3. Results

3.1. Hydrographic data

All hydrographic data was collected by the USGS San Francisco
Bay Water Quality Measuring Program and can be found in their da-
tabase (http://sfbay.wr.usgs.gov/access/wqdata/index.html). The
stations sampled ranged from the freshwater endmember of the Sac-
ramento River (salinity, S; b 2), past the mouth of San Francisco Bay
(S; N 21), and into the northern third of South Bay (18 b S b 21; Figs. 1
and 2). The maximum salinity was measured in Central Bay at station
18, with lower salinities in South Bay (station 24) and closer to the Sac-
ramento River (station 2). The temperature ranged from 13 to 15 °C,
with higher temperatures in the low salinity region of North Bay
(Fig. 2). Nitrate (nitrite + nitrate) ranged from 7.6 μmol L−1 at station

http://neon.otago.ac.nz/research/scor/links.html
http://neon.otago.ac.nz/research/scor/links.html
https://sites.google.com/site/kineteql/home/about-kineteql
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http://sfbay.wr.usgs.gov/access/wqdata/index.html


Fig. 2. Temperature (°C), salinity, nitrate + nitrite (μmol L−1) and chlorophyll a (μg L−1)
concentrations at each USGS sampling location in San Francisco Bay.
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3 to a maximum of 15.6 μmol L−1 at station 15 in Central Bay. Elevated
chlorophyll a concentrationswere observed at stations 21 and 22 in the
upper region of South Bay (15.3 and 13.4 μg L−1, respectively; Fig. 2).
3.2. Dissolved iron

DFe concentrations were highest in the low salinity end of the bay,
and decreased towards the mouth of San Francisco Bay (Fig. 3A), as ob-
served in many other estuarine studies (e.g. Boyle et al., 1977; Buck
et al., 2007; Murray and Gill, 1978; Sholkovitz et al., 1978). The non-
conservative behavior in [dFe] with increasing salinities indicates either
(1) there is a net sink of dFe due to flocculation; (2) the time scale of
variation in [dFe] for the marine and freshwater endmembers is shorter
than the flushing time of San Francisco Bay; or (3) there is mixing from
multiple freshwater endmembers that have different [dFe]. The highest
[dFe] was measured at station 8 in Suisun Bay (Fig. 1), and was
131.5 nmol L−1. This likely reflects the additional freshwater [dFe] and li-
gand sources from the Suisun Slough. The lowest [dFe] in San Francisco
Bay was 7.0 nmol L−1at station 21 in Central Bay. The highest [dFe]
were found at the lower salinities in general, although the lowest salinity
sample (station 2) did not have the highest [dFe] (station 8) and higher
variability was seen in low salinity samples (Fig. 3A).
Fig. 3. (A)Dissolved Fe (nmol L−1), and Fe-binding ligand concentrations (L1, L2, L3 and L4, nmol
“x” denotes ligand class, 1–4), at each station versus salinity.
3.3. Ligand data comparison

The dFe-binding ligand results from this study were compared
between two different interpretation approaches: the conventional
discrete linearizations approach and the unified Hudson protocol
(Giambalvo, 1997; Hudson et al., 2003; Sander et al., 2011), modified
for dFe organic speciation. Although the Hudson method has not been
tested yet for dFe speciation, a unified approach to analyzing multiple
analytical window data sets has been shown for copper speciation to
yield better results than interpreting single window data alone (Pižeta
et al., in review; Sander et al., 2011). Updated constants for SA were
used for the interpretations, and RAL was set to the values calculated in
this work (1.0, 0.7, 0.5, 0.4, 0.2; SI-2). The initial guess for the sensitivity
and ligand parameters in the Hudson protocol were set to the overload
sensitivity determined in that sample and the ligand concentrations de-
termined by the linearization techniques for this work. Since only three
ligands can be currently calculated in the Hudson protocol regardless
of number of analytical windows employed, we compared [L3] from
the Hudson method to [L3 + L4] from the linearization output. A
comparison of the results between both approaches is shown in SI-3,
with good agreement seen between the twomethods (r2=0.87), partic-
ularly with the ligand concentrations. Poorer agreement was seen with
the log Kcond

FeL; Fe0 , where the log Kwas systematically higher in the Hudson
protocol results (SI-3). Overall, the good agreement between methods
ensured we were not getting overlapping ligand concentrations in our
different analytical windows, and that linearization techniques compare
relatively well with unified analytical window data processing ap-
proaches currently under development.
3.4. Dissolved iron organic speciation

DFe-binding organic ligands are expressed as operationally defined
ligand classes, distinguished simply by their conditional stability con-
stants (Bundy et al., 2014). Traditionally, in the literature “L1” and “L2”
ligands are determined based on their relative strengths, while the
classification in this paper is based on absolute strengths. Multiple ana-
lytical window (MAW) analysis enables the detection a much broader
range of ligand strengths than have been observed in the literature by
any one study (Gledhill andBuck, 2012). However, in general, the stron-
ger ligands (L1 and L2 in this study) are comparable to ligand classes
denoted as “L1” in the literature, and weaker ligands (L3 and L4) are
comparable to “L2” in the literature (Bundy et al., 2014; Gledhill and
Buck, 2012).
L−1) in San Francisco Bay. (B) Excess ligand (eL) concentrations ([Lx]–[Fe], nmol L−1where



Table 1
Hydrographic and ligand data for all stations sampled in San Francisco Bay (SF Bay) and in the California Current Ecosystem (CCE). Longitude (Lon., °W), latitude (Lat., °N), sampling depth
(Depth, m), temperature (Temp., °C), and chlorophyll a concentrations (Chl a, μg L−1) were obtained from the USGS San Francisco Bay Water Quality Measuring program (http://
sfbay.wr.usgs.gov/access/wqdata/index.html). Salinity (S) measurements were taken from individual dFe-binding ligand samples. Ligand classes (L1–L4) represent dFe-binding ligands

characterized by their log Kcond
FeLi ;Fe0 (log K1 to log K4) as described in Section 2.3.4. The concentration of humic substances (HS, μg L−1) was determined according to Laglera et al.

(2007) described in Section 2.4. The notation “nd” means not detected, and (*) indicates ligand data that was previously published in Bundy et al. (2014).

Region Sta. Lon. Lat. Depth Temp. S Chl a dFe L1 logK1 L2 logK2 L3 logK3 L4 logK4 HS

(°W) (°N) (m) (°C) (psu) (μg L−1) (nmol L−1) (nmol L−1) (nmol L−1) (nmol L−1) (nmol L−1) (μg L−1)

SF Bay 2 121.855 38.063 2.0 15.9 4.2 4.2 77.1 82.3 12.9 84.0 11.7 68.9 10.3 143.0 9.9 559.5
SF Bay 4 121.935 38.048 2.0 16.0 2.3 4.3 86.9 78.5 12.4 90.7 11.7 88.8 10.9 126.2 9.2 nd
SF Bay 6 122.035 38.065 2.0 15.5 3.0 4.6 54.5 42.2 12.8 55.3 11.3 67.7 10.8 45.3 9.6 nd
SF Bay 8 122.152 38.030 2.0 15.5 3.1 5.6 131.5 139.5 12.5 121.2 12.0 nd nd 163.3 9.2 nd
SF Bay 13 122.370 38.028 2.0 14.7 7.2 5.8 26.0 28.1 13.1 35.6 11.3 nd nd 67.0 9.9 111.2
SF Bay 18 122.422 37.847 2.0 13.1 14.4 7.9 23.2 19.0 12.3 17.3 11.4 21.7 10.4 nd nd nd
SF Bay 21 122.358 37.788 2.0 14.0 22.3 15.3 7.0 10.3 12.2 12.1 11.4 16.0 11.0 nd nd nd
SF Bay 24 122.338 37.698 2.0 14.4 20.0 9.3 10.3 10.6 13.2 13.8 11.8 23.6 10.4 nd nd 67.5
CCE 25⁎ 122.611 37.418 64.0 10.0 33.9 nd 6.8 9.2 12.2 11.3 11.5 nd nd nd nd 39.2
CCE 26⁎ 124.386 40.767 64.0 8.6 33.9 nd 20.5 nd nd 16.9 11.0 nd nd nd nd 22.6
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The strongest ligands were inversely related to salinity in San
Francisco Bay (Fig. 3A). The highest [L1] were found at station 8,
where [dFe] was also the highest (Table 1). In order to examine patterns
in the ligands that might be de-coupled from the [dFe], “excess” ligand
concentrations are also shown in Fig. 3B. “Excess” ligand is defined in
this study simply as [Lx]–[dFe], where x denotes the ligand class. Excess
L1 ligand concentrations (eL1; [L1]–[dFe]) ranged from −12.3 to
7.9 nmol L−1 (Fig. 3B), and were relatively tightly coupled to [dFe]
compared to the other ligand classes. L2 ligands showed a similar
pattern to L1, though with higher concentrations and a slightly larger
range in [eL2] (−10.4 to 9.6 nmol L−1).

The weaker ligands (L3 and L4) showed a similar pattern with in-
creasing salinity as the stronger ligands and dFe, but with subtle differ-
ences (Fig. 3). The highest concentration of L3 ligands was at station 4,
and the lowest at station 21 with 88.8 ± 9.4 nmol L−1 and 16.0 ±
0.03 nmol L−1, respectively. Although every station contained detect-
able stronger ligands, station 8 and 13 did not have detectable L3 ligands
(Table 1) though they were detectable again at higher salinities.
The range of [eL3] was also wider than for the stronger ligands, with a
range of −8.2 to 13.3 nmol L−1 (Fig. 3B).

L4 ligands were the most distinct in terms of the patterns within the
estuary, and showed de-coupling from the [dFe] (Fig. 3). [L4] were
extremely high within the low salinity end of the estuary (163.3 ±
3.7 nmol L−1 at station 8) andwere no longer detectable in any samples
with salinities above 7. In the stations where L4 ligands were detected,
they were always in excess of the [dFe], leading to large excess ligand
concentrations (up to 65.9 nmol L−1). Low salinity samples also had a
higher overall complexation capacity (log αLT ; data not shown) based
on the potential of contribution of all ligand classes to bind dFe, suggest-
ing the weaker ligands may also effectively compete with stronger
ligands for dFe in low salinity waters.
Fig. 4. Humic-like substances (HS) as measured by CSV in San Francisco Bay and in BBL
samples plotted versus salinity. The dissolved iron (Fe) complexation accounted for by
HS was based on a binding constant of 32 nmol Fe mg−1 HS determined by Laglera and
van den Berg (2009).
3.5. Humic-like substances

Humic-like substances (HS) were determined by CSV (Laglera et al.,
2007) and also inferred from 1H-NMR (Abdulla et al., 2013) in samples
in San Francisco Bay and California coastal waters (Fig. 1). HS deter-
mined by CSV were found to range from 67.5 μg L−1 to 559.5 μg L−1

in San Francisco Bay, with the highest concentrations found at station
2, and lower concentrations found at station 24 (Table 1). In general,
HS behaved non-conservatively in the estuary like dFe and ligands
(Fig. 4). HS were measured by CSV in the two California shelf BBL sam-
ples (Bundy et al., 2014), and are also shown in Table 1 for comparison.
HS were determined to be part of the L2 ligand pool in previous work
(Bundy et al., 2014) based on the log Kcond

FeL;Fe0 determined by Laglera
et al. (2007), which was found to be equal to 11.1–11.6 (Abualhaija
and van den Berg, 2014). There was also a direct relationship in this
study (r2 = 0.95, p b 0.05, n = 4) between HS concentrations and the
concentration of L2 ligands (data not shown), suggestingHSmay bepre-
dominantly part of the L2 ligand pool. Some of this relationship is likely
driven by a similar relationship betweenHS and [dFe], though a similar-
ly robust relationship does not hold for the concentration of other ligand
classes vs. [HS] (data not shown).

The amount of potential dFe binding capacity by HS can be calculat-
ed according to the binding capacity of HSmeasured by Laglera and van
den Berg (2009). They reported that HS could bind 32nmol Fe permg of
HS on average, which results in a range of binding capacities for dFe in
San Francisco Bay samples (Fig. 4). Based on this calculation, the con-
centration of dFe binding that could be accounted for by HS ranges
from 0.72 nmol L−1 at station 25 in the BBL to 17.9 nmol L−1 at station
2 in San Francisco Bay (Fig. 4). The percentage of dFe complexation by
HS, in the absence of competition from any other ligands, decreased
from 23% at station 2 to 3% at station 26, though there was still a signif-
icant percentage of thedFe complexed byHSat station 25 because of the
much lower dFe concentrations (Table 1).

The presence of HS was additionally inferred from 1H-NMR in four
samples where HS was also determined by CSV (stations 13, 24, 25,
and 26) as described in Section 3.6 below.

http://sfbay.wr.usgs.gov/access/wqdata/index.html
http://sfbay.wr.usgs.gov/access/wqdata/index.html


Table 2
Dissolved organic carbon (DOC) concentrations and 1H-NMR integrated area percentages of the major chemical functional groups from stations 13, 24, 25 and 26.

Sta. DOC CH3\C CH3– CHx\C\COO/ CH3\ CHx\COO/ CHOH H\Ar/ % CRAM % HPS % CRAM

μmol L−1 Deoxy sugar CHx\C\Ar C_O CHx–Ar H\C_C × DOC

13 106 13 20 15 9 29 12 1 58 42 6148
24 83 14 23 11 7 29 13 3 57 43 4765
25 79 14 19 11 7 23 22 4 52 48 4094
26 76 8 20 13 8 30 19 2 53 47 4028
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3.6. DOC and 1H-NMR analysis

Four samples were analyzed for both DOC and 1H-NMR measure-
ments as a first step in trying to understand the chemical components
of the ligand pool coupled to detailed electrochemical measurements
(Table 2). Station 13 showed the highest DOC concentrations compared
to the other stations (106 μmol L−1, Table 2),whichwas followed by the
other surface station (Station 24, 83 μmol L−1). The two BBL stations (25
and 26) had a very similar DOC concentration,with 79 and 76 μmol L−1,
respectively (Table 2).

All 1H-NMR spectra of the DOM from the four stations (Fig. 5) had
several bands in common. They all illustrate an intense methyl band
(CH3\C) centered on 1.2 ppm, which could be derived from either
the lipids CH2 group or the CH3 group of deoxy-sugars. Based on some
recent studies, the assignment of these signals is mostly to deoxy-
sugars. For example, Panagiotopoulos et al. (2007) used both correlation
spectroscopy (COSY) and heteronuclear single quantum coherence
(HSQC) NMR analysis to verify that this band is mostly from methyl
group of deoxy-sugars in oceanic water samples isolated by ultrafiltra-
tion. Also, Abdulla et al. (2013) also showed that this band in
ultrafiltration-isolated DOM has a positive correlation with the changes
in carbohydrate signatures and a negative correlation with the terminal
methyl groups along a salinity transect. Ultrafiltration was not used in
the current study, so there is a possibility that lipid-like components
Fig. 5. 1H-NMR spectra of the San Francisco Bay surface water stations (1
are contributing to the DOM and the peak at 1.2 ppm may have some
contribution from lipids. A band around 2.0 ppm is attributed mainly
to methyl protons of the acetate functional group (CH3C_O)
(Aluwihare et al., 1997; Repeta et al., 2002), and a broad band centered
at 3.5 ppm was assigned to protons from carbohydrate compounds
(CHOH; Aluwihare et al., 1997). Interestingly, all four stations show an
absence of unsaturated and aromatic signatures as indicated bymissing
the very broad band between 6.0 and 9.0 ppm. To estimate the contribu-
tion of the major chemical functional groups, each spectrum was
divided into seven defined bands according to Abdulla et al. (2013):
(1) CH3\C (0.25–1.02 ppm), (2) CH3–deoxy sugar (1.02–1.39 ppm),
(3) CHx\C\COO/CHx\C\Ar (1.39–1.82 ppm), (4) CH3\C_O
(1.82–2.08 ppm), (5) CHx\COO/CHx\Ar (2.08–3.25 ppm), (6) CHOH
(3.25–5.80 ppm), and (7) H\Ar/H\C_C (5.8–9.00 ppm). The area
percentage of each of these functional groups is presented in Table 2.
These seven functional groups are classified into two major chemical
components: a) carboxylic rich alicyclic molecules (CRAM), which in-
cludes band numbers 1, 3, 5 and 7; and b) heteropolysaccharides
(HPS), which consists of band numbers 2, 4 and 6 (Hertkorn et al.,
2006; Abdulla et al., 2013). The surface stations in San Francisco Bay
(13 and 24) had a significantly higher CRAM percentage compared to
the BBL stations (25 and 26, Table 2), and the BBL stations had a higher
HPS component compared to the two San Francisco Bay stations
(Table 2).
3 and 24, left panels) and the BBL stations (25 and 26, right panels).



Fig. 6. Relationship between the humic-like substances (HS) concentration as measured
by CSV and the magnitude of CRAM in the samples measured by 1H-NMR and DOC
concentration (y = 24.9x + 3260, r2 = 0.96).

Fig. 7. Internal flux calculations based on Flegal et al. (1991) for dissolved iron (dFe) and
dFe-binding ligands (L1–L4). Error bars represent the error propagation of the constituent
measurement and in the calculation of C⁎.

Fig. 8. Residuals from the best-fit second order polynomial line of constituent versus
salinity for each individual data set of dissolved iron (dFe), and dFe-binding ligands
(L1, L2, L3 and L4) in San Francisco Bay.
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In order to account for the differences in the DOC concentrations
between the stations, the area percentage of CRAM of each station
was multiplied by its DOC concentration (%CRAM × DOC, Table 2).
This normalized CRAM component (%CRAM×DOC)was plotted against
[HS] determined by CSV (Fig. 6), and resulted in a strong positive corre-
lation (r2 = 0.96, p b 0.05) between the two parameters.

4. Discussion

4.1. The coupling of stronger ligands (L1 and L2) and dissolved Fe

The two strongest ligand classesmeasured in San Francisco Bay have
very similar distributions within the estuary (Fig. 3). The excess ligand
concentrations (Fig. 3B) reveal that dFe in San Francisco Bay is relatively
tightly coupled to the stronger ligand classes, especially in the higher sa-
linity samples where eL1 and eL2 approach zero. Buck et al. (2007) was
the first to note this close correlation in the San Francisco Bay plume,
and suggested the stronger ligands were themost important in stabiliz-
ing the [dFe]. This was supported by the fact that leachable particulate
Fe concentrations remained high in the plume, while dFe was “capped”
at the stronger ligand concentrations (Buck et al., 2007). The same phe-
nomenon was observed in additional samples in the CCS in a follow-up
study by Biller et al. (2013) and Bundy et al. (2014), especially within
the BBL.

Additional evidence for the tight coupling betweendFe and the stron-
gest ligands is apparent when the internal fluxes of each constituent are
calculatedwithin the estuary. These fluxes can be estimated according to
the methods of Flegal et al. (1991), where the internal flux is defined as
Fint= R(C⁎− C0), and Fint is the flux of the constituentwithin the estuary
(nmol day−1), R is the river discharge (L day−1), C⁎ is the hypothetical
riverine endmember given conservative mixing (nmol L−1), and C0 is
the actual riverine endmember measured at station 2 (nmol L−1). The
river discharge (R) was estimated based on a 19 day average of the Sac-
ramento River on the days immediately preceding sample collection in
April (http://waterdata.usgs.gov/ca/nwis/current/?type=flow&group_
key=basin_cd), and was equal to 7.43 × 109 ± 1.88 × 109 L day−1.
The value of C⁎was estimated according to Flegal et al. (1991) by extrap-
olating the linear best-fit line from the linear portion of themixing curve
at the highest salinities to the zero salinity endmember, if conservative
mixing from seawater alone were considered. When the value of C⁎ is
less than the measured riverine endmember at station 2, then the con-
stituent has an internal sink. These calculations all assume steady state
conditions in San Francisco Bay, and that the variation in the freshwater
endmember is small compared to the inventory of the constituent
(Officer, 1979). Very similar dFe concentrations were obtained in this
study compared to others (Flegal et al., 1991; Sañudo-Wilhelmy et al.,
1996) despite the differences in sampling seasons. Thus, for the purposes
of these approximations, steady state conditions are taken as a valid as-
sumption. Based on this calculation, dFe and the strongest ligands have
internal sinks in San Francisco Bay of a similar magnitude (Fig. 7). The
magnitude of Fint for dFe, L1 and L2 was calculated to be −323.5 ±
58.9, −370.3 ± 55.0, and −324.6 ± 59.1 nmol day−1, respectively.
These fluxes are statistically indistinct (t-test, p N 0.05), and represent
very similar processes effecting both dFe and stronger ligands in San
Francisco Bay. This is also apparent from the residual analysis in Fig. 8,
where residuals are shown as deviations from the best-fit polynomial
line through each of the data sets (dFe and ligands). The stronger ligands
(L1 and L2) and dFe have relatively similar residuals when compared to
the weaker ligands, confirming the trends observed in stronger ligands
are correlated with those in dFe.

Although there are high concentrations of stronger ligands in the
low salinity end of the estuary (Table 1) they are almost completely
titrated with dFe, which is made apparent by the low, and sometimes
negative, excess ligand concentrations (Fig. 3B). The excess stronger li-
gands remain fully titrated at the higher salinities and perhaps even
slightly increase in the highest salinity sample (Fig. 3B). This suggests
that the strongest ligand complexes are the most resistant to floccula-
tion in the estuary, and that dFe is perhaps even further stabilized at

http://waterdata.usgs.gov/ca/nwis/current/?type=flow&amp;group_key=basin_cd
http://waterdata.usgs.gov/ca/nwis/current/?type=flow&amp;group_key=basin_cd
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high salinities by a source of stronger ligands from the seawater
endmember. Elevated concentrations of strong ligands have been ob-
served in CCS coastal waters (Bundy et al., 2014) so coastal waters
may provide a small but significant source of strong ligands to San
Francisco Bay and vice versa. In Bundy et al. (2014), two samples were
taken from the mouth of San Francisco Bay (on an ebb tide) and those
stations contained very high strong ligand concentrations (Bundy
et al., 2014; transect 16). Thus, it is not entirely clear whether low salin-
ity waters are the sole source of the stronger ligands observed in San
Francisco Bay. Regardless, the stronger ligands appear to prevent some
portion of the dFe from precipitating at higher salinities. This was also
noted in the Satilla River Estuary, where Jones et al. (2011) observed a
strong correlation between dFe–ligand complexes and [dFe] in the
estuary, which they hypothesized was accounted for by a portion of
the dFe pool bound to strong ligands (Jones et al., 2011).

Krachler et al. (2012) observed a portion of the DOM pool to be
completely resistant toflocculation inmixing experiments at high salin-
ities, which they hypothesized to be comprised at least in part by HS
(Batchelli et al., 2010). They also found that approximately 16% of the
dFe in their study area was bound to small (0.5–3.0 nm) organic mole-
cules which comprised the portion of dFe that was resistant to scaveng-
ing (Krachler et al., 2012). These dFe-containing complexes were found
to be identical to terrigenous lignin phenols that have been found in
many areas of the oceans (Benner et al., 2005; Hernes and Benner,
2002, 2006; Louchouarn et al., 2010; Opsahl and Benner, 1997).
Abdulla et al. (2013) showed that the terrestrial CRAM component
consists mainly of two different classes of compounds (aliphatic
polycarboxyl compounds and lignin-like compounds) and these two
classes share similar biogeochemical reactivity along the estuary.
Based on this finding, it is expected that the Fe-rich nanoparticles
detected by Krachler et al. (2012) are also enriched with aliphatic
polycarboxyl compounds as well as lignin-like compounds. In the
current study, there was a significant percentage of CRAM in all four
samples analyzed by 1H-NMR, suggesting that the CRAM component
is relatively consistent across the sampled salinity gradient, although
there were only four samples measured. It is likely that the complexa-
tion of these compounds with dFe represents at least some portion of
the stronger ligand pool seen in this study to be resistant to scavenging.

Many of the siderophores that have been identified in aquatic sys-
tems appear to originate from freshwater cyanobacteria (Ito et al.,
2004; Simpson and Neilands, 1976; Wilhelm and Trick, 1994) and het-
erotrophic bacteria (Gledhill et al., 2004; Mawji et al., 2011). Although
diatoms clearly dominate in San Francisco Bay (Cloern, 1996; Cloern
and Dufford, 2005), cyanobacteria and heterotrophic bacteria are pres-
ent across large gradients in salinity and appear to be ubiquitous
(Cloern and Dufford, 2005). It is, therefore, likely that bacteria may be
largely responsible for production of siderophores in San Francisco
Bay, which then contribute to themeasured strong ligand pool in low sa-
linity waters. The percentage of the CRAM component in the surface
samples from San Francisco Bay is slightly higher than the marine BBL
samples, and the CRAM component has been linked to dFe binding in
other studies (e.g., Abdulla et al., 2010). Isolated siderophores in culture
are known to contain carboxylate functional groups (Vraspir and Butler,
2009), but these types of siderophores have not been directly isolated
from seawater. Based on the presence of strong ligands and high CRAM
components in samples from San Francisco Bay, this study suggests the
presence of carboxylate-containing dFe-binding ligands in the estuary,
though the extent of their presence is unclear since not all stations
were sampled. Although it is not certain how strong the carboxylate-
containing organic complexes are with dFe, it is possible that CRAM
components may be present in the stronger ligand pools (L1 and L2).

4.2. Flocculation of weaker ligands and dissolved iron

The distributions of weaker ligands in San Francisco Bay are dis-
tinct from those of the stronger ligand pool (Fig. 3). The L3 ligands
(log Kcond
FeL;Fe0 = 10–11) are high in stations 2–6 (Table 1), but were

not detected in mid-salinity samples. They are detected in higher salin-
ity samples again, with slightly elevated [eL3] over the stronger ligands
at these salinities (Fig. 3B). The [eL3] in the low salinity samples are
comparable to [eL2], though slightly lower than the [eL4]. The concen-
trations of L4 ligands are extremely high in the low salinity end of the
North Bay, and are not detectable at salinities higher than 7 (Fig. 3).
The fact that L4 ligands are no longer detectable at higher salinities,
and [eL3] generally declines through the estuary, suggests that most of
the dFe lost to flocculation occurs in the portion of dFe bound toweaker
ligands.

Internal fluxes of the weaker ligands are also statistically distinct
(t-test, p b 0.005) from the flux of dFe and stronger ligands in San
Francisco Bay (Fig. 7). The internal flux of dFe and strong ligands
were all approximately −300 mol day−1, while for L3 ligands it is
−476.6± 95.8mol day−1 and−599.2± 105.9 for L4 ligands. This like-
ly reflects the different processes and chemical characteristics of the
weaker ligand pool compared to the stronger ligand pool in San
Francisco Bay. Although no size-fractioned ligand data is available for
this study, it is possible that the majority of the weaker ligand pool is
in the colloidal size fraction which has been shown to flocculate more
rapidly compared to the soluble fraction (Batchelli et al., 2010; Moore
et al, 1979; Murray and Gill, 1978; Sañudo-Wilhelmy et al., 1996;
Sholkovitz et al., 1978).

There are a variety of possible sources for weaker ligands in San
Francisco Bay, based on evidence from previous studies done on ligands
and DOM in this estuary. In the Buck et al. (2007) study of the Columbia
River and San Francisco Bay plumes, the authors identified strong
ligands in both areas but only detected weaker ligands in the San
Francisco Bay plume. This was attributed to the different residence
times of the two estuaries, with North San Francisco Bay having a longer
residence time (1–60 days; Flegal et al., 1991) than the Columbia River.
The authors suggested that weaker ligands might be degradation
products of the stronger ligand pool based on the longer flushing time
(Buck et al., 2007). Although someweaker ligandswere probably unde-
tected in the Columbia River due to the use of a relatively high analytical
window (α Fe SAð Þx =60), it is possible that residence time plays a role in
the dFe-binding ligandpool. It is also likely that the composition of DOM
is important. This is supported by observations of high concentrations of
detrital DOM and particulate organic matter (POM) in the low salinity
endmember of San Francisco Bay (Murrell and Hollibaugh, 2000) and
organic matter fluxes from sediments in Suisun Bay (Murrell and
Hollibaugh, 2000). Indeed, higher weaker ligand concentrations are ob-
served in Suisun Bay in this study (stations 4–8) and are likely contrib-
uted from sediment resuspension in that area similar to what has been
observed in other estuaries with high organic content (Jones et al.,
2011). Additional sources of ligands beyond those derived from the
San Joaquin and Sacramento Rivers, such as sediment resuspension,
are apparent from the residual analysis (Fig. 8), where ligands are ele-
vated at salinities 3–7 in Suisun Bay. It is also possible that adjacent
marsh lands are a source of ligands, as elevated copper-binding ligands
were also seen in this area in another study (Buck and Bruland, 2005).
Besides organic matter from sediments and marsh lands in Suisun Bay,
Murrell and Hollibaugh (2000) also found that a large portion of the
organic matter in low salinity samples was from remineralization of
algal POC, which has been shown in other studies to be a source of
weaker ligands and dFe (Boyd et al., 2010).

The 1H-NMR data also provides a first step towards identifying the
weaker ligands in San Francisco Bay and in the BBL. The observed floc-
culation of metals and HS at low salinities in estuaries (Boyle et al.,
1977; Sholkovitz et al., 1978) and the loss of weaker ligands at high sa-
linities indicate that some portion of HS is likely also part of the weaker
ligand pool, despite its relatively elevated conditional stability constant
(Laglera and van den berg, 2009). This is also supported by the decline
in dFe complexation by HS at higher salinities (Fig. 4). In addition to
HS, Table 2 indicates that a high percentage of heteropolysaccharide
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(HPS) components were found in all four samples analyzed. Although
polysaccharides were not measured in this study and have not been
measured directly in San Francisco Bay, high concentrations of carbohy-
drates have been observed in estuaries (Abdulla et al., 2013;Wang et al.,
2010) and shown to decline non-conservatively with salinity (Wang
et al., 2010). Polysaccharides have the potential to transfer carbon
from the dissolved to particulate pools (Santschi et al., 2003), which
could, in turn, lead to flocculation of polysaccharides and associated
trace metals in the estuary. Wang et al. (2010) observed a 5–10% loss
of carbohydrates in the Bay of Saint Louis in the northern Gulf of
Mexico due to physical mixing alone. Terrestrial polysaccharides
contain galacturonic acid, which can bind Fe. It is therefore possible
that these terrestrial polysaccharides represent a portion of the dFe-
binding ligand pool in San Francisco Bay. Polysaccharides have been ob-
served in coastal waters and in the open ocean in other studies (Abdulla
et al., 2013; Aluwihare et al., 1997, 2002; Benner et al., 1992; Repeta
et al., 2002), and they have been previously implicated as an important
component of the weaker dFe-binding ligand pool (Hassler et al.,
2011a), but this has not been tested directly in estuaries. DFe bound to
polysaccharides has been found to have enhanced reactivity and
bioavailability to eukaryotic phytoplankton in the Southern Ocean
(Hassler et al., 2011b), and thus may render the dFe bound to weaker
ligands in the BBL and San Francisco Bay relatively bioavailable to
coastal and estuarine phytoplankton.

4.3. Contribution of humic-like substances to the iron-binding ligand pool

Humic-like substances (HS) were found to be an important compo-
nent of the dFe-binding ligand pool in this study, potentially complexing
23% of the dFe in San Francisco Bay. HS, like dFe and ligands, appear to
behave non-conservatively within the estuary (Fig. 4). This observation
supports the finding that HS likely contribute to the pool of dFe-binding
ligands that are flocculated in the estuary (Boyle et al., 1977; Sholkovitz
et al., 1978). However, there is also some evidence that HS are not only
components of the weaker ligand pool that are scavenged, but part of
the stronger ligand classes less prone to flocculation as well. HS
measurements made by CSV in our study (Table 1) and previous work
(Abualhaija and van den Berg, 2014; Bundy et al., 2014; Laglera
and van den Berg, 2009) have found that HS is likely part of the L2
ligand pool since the log Kcond

FeL;Fe0 for HS (11.1–11.6) falls in the L2
range (log K = 11–12), although there may be an even larger range of
binding strengths for HS. The estimation of the CRAM component by
1H-NMR provides supporting evidence for the presence of HS in these
samples, where CRAM components show a positive correlation
with [HS] measured by the CSV method (Fig. 6). However, the posi-
tive y-intercept in Fig. 6 may indicate either that the CSV method un-
derestimates the concentration of aliphatic carboxyl ligand (in HS) or
that there are wide variations in the degree of carboxylation among
the compounds within the CRAM component, and only the compounds
with a high degree of carboxylation (polycarboxyl compounds) will act
as strong ligands for Fe while the compounds with a lower degree of
carboxylation (e.g. one or two carboxyl functional group per com-
pound) will act as weaker ligands. This is an important aspect of HS
and dFe interactions that requires further investigation, and might
explain the apparent presence of HS in several ligand classes.

The strong correlation between CRAM and HS measured by CSV
here, as well as data from other studies (e.g., Abdulla et al., 2010), sup-
ports the concept that aliphatic polycarboxyl compounds act as strong
ligands for dFe. From a theoretical point of view according to the hard
and soft acids and bases (HSAB) concept (Pearson, 1963), the high neg-
ative charge density of the carboxyl groupmakes it an ideal strong Lewis
base group to bind with strong Lewis acids like Fe3+ (Bertini, 2007;
Kaim and Schwederski, 1994). Many studies have shown that carboxyl
groups of HS are major binding sites of complexed dFe (Byler et al.,
1987; Karlsson and Persson, 2010; Kung and Mcbride, 1989; Schnitzer
and Skinner, 1963). In addition, based on Fourier transform infrared
spectroscopy (FTIR) analysis, Abdulla et al. (2010) found that ~60% of
the carboxyl groups in high molecular weight (HMW) DOM isolated
from the Great Dismal Swamp (Virginia) appeared to be bound to dFe.
Based on this evidence, it appears that HS varies widely in terms of its
ability to complex dFe, likely related to its size fraction and the degree
of carboxylation of HS compounds.

The potential partitioning of HS into several dFe-binding ligand
groups is not surprising, given previous observations from other coastal
environments. Batchelli et al. (2010) sawHS in both the soluble and col-
loidal fractions in Thurso Bay, with the colloidal fraction behaving non-
conservatively and the soluble fraction mixing conservatively. Previous
studies suggested that the soluble strong ligand pool observed may be
comprised of siderophores that can effectively compete for dFe bound
to HS because of reversible binding to HS (Batchelli et al., 2010;
Laglera et al., 2007). HS measured by CSV can also capture a wide
range of complexes, including humic and fulvic acids (Laglera et al.,
2007). The HS may also not be only terrestrially-derived; Guo et al.
(2000) noted that a significant portion of the colloidal HS material
found outside of Galveston Bay may have derived from phytoplankton,
based on the metal to organic carbon ratios (Guo et al., 2000). Several
studies on organic matter cycling in estuaries have noted a gradient in
the size distribution of organic matter complexes through an estuary,
ranging from high molecular weight complexes at the low salinity
end to low molecular weight complexes at the marine endmember
(Moore et al., 1979; Murray and Gill, 1978; Murrell and Hollibaugh,
2000; Sholkovitz et al., 1978), supporting the transition from weaker
to strong ligands observed in this study and the potential presence of
HS in more than one ligand class in San Francisco Bay. Collectively,
these observations suggest that the HS pool in estuaries is heteroge-
neous and dynamic, and likely plays an important role in the cycling
and transport of dFe in San Francisco Bay and surrounding coastal
waters.

4.4. Freshwater influences on coastal California Current waters

San Francisco Bay appears to influence California Current shelf
waters as a source of both dFe and strong dFe-binding ligands. Although
almost 90% of the dFe from the Sacramento and San Joaquin rivers is lost
in the estuary before reaching the shelf, the remaining dFe is strongly
bound by organic ligands resistant to flocculation. The scavenged Fe is
likely deposited on the shelf or in the estuary and transported to the
shelf, associated with weaker ligands and HS, and may be further proc-
essed in the surface sediments. The presence of HS both in the estuary
and on the shelf outside of San Francisco Bay and Eel River (Table 1),
and the similarity in CRAM components between low salinity samples
to BBL samples (Fig. 5), also suggest that some of the BBL ligand pool
is comprised of HS derived from estuarine sources. It is therefore likely
that this pool of dFe and ligands is responsible for the pulse of upwelled
dFe from the shelf in early spring upwelling events in the coastal CCS, as
the “capacitor” hypothesis suggests. Due to reversible binding of dFe by
strong dFe-binding ligands in surface waters in the CCS (Bundy et al.,
2014), much of this upwelled dFe is likely available to phytoplankton
and helps to fuel primary productivity along the California coast.
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