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Epigraph
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Abstract of the Dissertation

Iron and Copper Organic Complexation in Marine 8yst: Detection of Multiple
Ligand Classes via Electrochemistry

by

Randelle May Bundy
Doctor of Philosophy in Oceanography
University of California, San Diego, 2014

Professor Katherine Barbeau, Chair

Iron and copper are essential bioactive elemertseimarine environment, but
they have a complex chemical speciation dominayed lreterogeneous mixture of
organic metal-ligand complexes. Numerous analytioaltraints complicate the direct
chemical characterization of these species, thasibrk seeks to expand upon existing
indirect electrochemical methods for examining apnd iron organic complexes in
seawater. A multiple analytical window (MAW) elemthemical approach, which
enables the detection of a broad spectrum of ligaisdapplied in new regions of the

ocean for copper and, for the first time, in stedé&iron speciation.
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Chapter 2 describes the first application of theWl&lectrochemical technique
for copper speciation in the open ocean. Coppettibinligands were measured in four
surface water masses of the Antarctic Peninsulamegnd each water mass was shown
to contain distinct pools of ligands.

Chapters 3 and 4 focus on applying the MAW eletteonical method to iron-
binding ligands. In Chapter 3, iron-binding ligarwisre measured in central California
coastal waters in the surface and benthic bounidsey (BBL), in order to validate the
MAW approach for iron speciation in contrasting ici@al regimes. Iron-binding ligands
in surface waters were found to be chemically niestirom the BBL ligand pool.

Chapter 4 explores San Francisco Bay as a souicenabinding ligands to coastal
California waters. Scavenging in the estuary catised¢oncentration of weaker ligands
to decrease with salinity, while the strongestridgmremained largely resistant to
flocculation.

Chapter 5 applies the MAW electrochemical techniguexperimental studies
and water column profiles to interpret mechanisima-gitu iron-binding ligand cycling
in the southern California Current. Photochemicaktpsses were found to dominate in
near surface waters, while biological processesralded ligand distributions in deeper
waters.

Overall, the simultaneous detection of multiplehd classes has contributed
significantly to our existing knowledge of metajdnd sources and sinks, and the unique

chemical environments in which phytoplankton aikzing trace nutrients.
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Chapter 1

Introduction



1. Background

Trace metals in the marine environment such asexo(iju) and iron (Fe) are
important nutrients affecting the growth of micrganisms. Both Cu and Fe are co-
factors in several enzymes needed for key celpiacess such as photosynthesis and
nitrate reduction (Morel and Price, 2003). Howeweoyganic Cu and Fe are prone to
scavenging in oxygenated seawater (Turner et281)l and thus the dissolved forms of
these metals are often scarce in large areas ofctemn. Although the inorganic forms of
Cu and Fe have a propensity to precipitate in seawiese metals are highly soluble
when they are associated with organic liganddadh approximately 99% of the
dissolved Cu and Fe in seawater is bound to orgastal-binding ligands (Campos and
van den Berg, 1994; Rue and Bruland, 1995; Wu anbdr, 1995). These ligands are
part of a highly heterogeneous pool of carbon enxdbean, which has traditionally been
difficult to characterize due to the wide rangesiak classes and reactivities (Benner et
al., 1992). Isolating organic metal-binding ligamtisectly from this complex matrix is a
daunting task; they are present in concentratidmsiware orders of magnitude less than
the bulk organic carbon pool (hmof-compared tamol L™, respectively) and likely
encompass a range of binding strengths and cheooogbositions.

The scarcity and heterogeneity of Cu and Fe-ligangdnic molecules is an
interesting predicament for both bacteria and pblgiakton in the ocean. Despite the
importance of Cu and Fe for growth, it is stilla#@ely uncertain how microorganisms
access trace metals from such complex moleculappkars that some phytoplankton
may reduce the metal from the organic complex gaarptake via cell-surface

reductases (Shaked et al., 2005). However, sormestof bacteria appear to be



able to take up entire metal-organic complexesléBul998). In general, many organic
complexes appear to be bioavailable to microorgasishough the degree of availability
likely depends on the type of metal-ligand comgkex, Hutchins et al., 1999).
However, the chemical identity of these ligandsigely unknown (Vraspir and Butler,
2009), which complicates our ability to understémeir uptake and bioavailability to
phytoplankton and bacteria. It has been hypothdstzat naturally-occurring Cu and Fe-
binding organic ligands range from small low molecweight compounds to large
undefined macromolecules and exhibit a continu@iviraling strengths (Gledhill and
Buck, 2012; Vraspir and Butler, 2009). Since splidse extraction methods have proved
challenging and may miss some portion of the megahd pool éeereview by Gledhill
and Buck, 2012), the approach most commonly usetidoacterize metal-binding
ligands in seawater is competitive equilibrationhwadded ligands, analyzed via
electrochemistry.
2. Characterizing metal-binding ligands

The most widely used electrochemical techniquesfodying metal-binding
ligands in seawater is competitive ligand exchaadsorptive cathodic stripping
voltammetry (CLE-ACSV). This is a well-establishaaalytical method that allows for
the determination of seawater ligand concentratamtsmetal binding strengths, but
provides no information about the chemical struzfrthe ligands. The concentration of
metal-binding ligands is measured in CLE-ACSV lsating the natural ligands with
added Cu or Fe, until the metal-binding ligandscampletely saturated. Then, a well-
characterized Cu or Fe-binding ligand is addedh¢osample in order to compete with the

natural ligands for the added Cu or Fe. The amotintetal that is bound to the well-



characterized added ligand (AL) is measured viaatit stripping voltammetry (CSV),
and the concentrations and binding strengths oh#teral ligands are calculated by
employing one of several traditional data procegsiethods (Gerringa et al., 1995;
Mantoura and Riley, 1975; Scatchard, 1949).
3. Theevolution of electrochemical methods: Multiple analytical windows
Electrochemical methods were first developed foasueng organic Cu
speciation in the ocean (Coale and Bruland, 19880;lvan den Berg, 1987), and soon
after several other methods evolved for both CuFdhich used similar
electrochemical approaches but a wide variety deddigands (Campos and van den
Berg, 1994; Croot and Johansson, 2000; Gledhilvemdden Berg, 1994; Moffett and
Dupont, 2007; Moffett et al., 1995; 1997; Rue amdI&nd, 1995; van den Berg, 1995;
2006; Wu and Luther, 1995). These were some dfistestudies to indicate that the
speciation of dissolved Cu and Fe in the oceandeasinated by organic complexes,
drastically changing the way we think about meyaliag in the ocean. Many of these
studies detected two classes of metal-binding tigan seawater, one stronger ligand

class denoted asiLand a weaker ligand class denoted g& These ligand classes
were simply defined by their relative conditiontdlslity constants (Iog(m:‘cm,, where

‘X" denotes ligand class) in individual studies ard their absolute strength, resulting in
a range of possible binding strengths for eactigaass, often spanning several orders

of magnitude €.g, Culy ligands defined in the literature range from Kg}¢ . 2+=

13.0-16.0).



Shortly after electrochemical methods became retiwidespread for
determining metal organic speciation, it was nated the binding strength of the AL
used in the analyses can have a significant effiethe results (van den Berg and Donat,
1992). This was termed the ‘analytical windowtleé method, and the binding strength
of the ligands detected in a sample is highly ddpahon the effective strength of the
AL used in the titration (Bruland et al., 2000; @dm=and van den Berg, 1992). The use of
several different AL in previous studies has therefead to significant differences in the
strengths of the ligands measured by individuaaeshers. The strength of the AL, or
analytical window, can be altered by either usingther AL with a different binding
strength for Cu or Fe (higher or lower), or by adga higher or lower concentration of
the original AL. Several ‘analytical windows’ mayetrefore be used on a given sample,
by using different concentrations of the AL in sepe titrations of the sample. In this
way, analysts can target different components ®f@h or Fe-binding ligand pool, from
the weak to the strong end of the complexationtspes and thus gain a more
comprehensive view of the overall quality of thgeind pool in a sample (Bruland et al.,
2000). The detection of a wider range of ligand®és in a sample also allows for a more
absolute definition of multiple ligand classes lthsa conditional stability constants
rather than relative strength, avoiding some ofcthrgfusion in the literature regarding
operational definitions of metal-binding ligand s$as (see review by Gledhill and Buck,
2012).

The concept of using multiple analytical windowselectrochemical methods had
previously only been demonstrated for organic Gwdinig ligands in coastal

environments, and it was confirmed that a continafifigand binding strengths exists in



bays and estuaries (Buck and Bruland, 200&ffett et al., 1997; Ndungu, 2005; van den
Berg and Donat, 1992). The same might be expeotddd-binding ligands, but it was
uncertain whether weaker organic ligands exist tvican effectively compete against the
strong inorganic complexation of Fe in seawateu @mnd Millero, 2002). The multiple
analytical window electrochemical method has theeefnot yet been applied to studying
organic Fe-binding ligands in seawater. This thigiases on widening the application
of multiple analytical window CLE-ACSV to study Cand Fe-binding ligands in
seawater, in a variety of coastal and open oceanosments.
4. Biogeochemical implications of copper and iron organic complexation

Constraining the sources, sinks, and overall quafibrganic metal-binding
ligands in the marine environment is importantidoderstanding the biogeochemical
cycling of Cu and Fe, as well as the linkages beiwbese metals and the carbon cycle.
Ligands increase the effective solubility of CuFay;, which has important implications
for the overall inventory of that metal in the ose#his is especially important for Fe
over long timescales, since Fe availability affgisnary productivity and thus carbon
export in the ocean (Martin et al., 1991). For tleigson, several global biogeochemical
models incorporate Fe cycling, and more recentyetlinas been an attempt to also
incorporate Fe-binding ligands into carbon modelsrékh et al., 2005; Tagliabue et al.,
2009; Tagliabue and Voelker, 2011). Currently, ngbsbal biogeochemical models
simply include a fixed Fe-ligand concentration thgbout the entire ocean equal to 0.6
nmol .. Fe inputs from sediments, dust, or hydrotherneakts in the model up to this
fixed ligand concentration will remain soluble, ady Fe inputs which exceed this

ligand concentration will be scavenged. Thus, filkesd ligand value can have a large



effect on the overall ocean inventory of Fe intiedel, and ultimately how much Fe is
available for primary production. Gledhill and Bu@012) recently summarized all of
the studies to date which have measured Fe-biridjagds, and found that ligand
concentrations, on average, range from 0.1 to 3 ifiin most areas of the ocean.
Incorporating a range of Fe-binding ligand concatiins and/or binding strengths in
global biogeochemical models could significantlaebe the way Fe dynamics affect
carbon export. In fact, in a recent biogeochemmuadieling study by Tagliabue et al.
(2014), doubling the Fe ligand concentration (®rimol L'') in the ocean changed the
atmospheric carbon dioxide (GQnventory by approximately 5 ppm, an effect geeat
than eliminating hydrothermal and/or dust inputE@to the ocean in the model
(Tagliabue et al., 2014). New biogeochemical modsdsincreasingly incorporating Fe-
ligand dynamics (Jiang et al., 2013; Parekh e28D5; Tagliabue et al., 2009; Tagliabue
and Voelker, 2011), but the sources and sinkggahlils are unknown on a global scale.

New international initiatives such as GEOTRACES (wgeotraces.olgare drastically

increasing the number and geographic extent ofroceaetal-binding ligand
measurements, but studies focusing on the mechamgmng these distributions are
only in their infancy. This thesis seeks to inceetiee number and quality of metal-
binding ligand measurements in biologically relavagions of the ocean, which have
been well-studied previously with respect to Cu Badlistributions. By employing a
multiple analytical window electrochemical methad dletecting a wide range of Cu-
and Fe-binding ligands in a variety of seawatetesys, this work significantly expands
upon current knowledge about the sources, sinkgjaality of metal-binding organic

ligands in the marine environment. This work alseafems the utility of multiple



analytical window CLE-ACSV methods, first for Cualding ligands in open ocean
waters, and then extends this type of analysisuidyshg the potential range of organic
Fe-binding ligands in seawater for the first time.
5. Thesis organization

Chapter 2 focuses on applying multiple analytisdow CLE-ACSV to
describe Cu-binding ligand distributions in operam surface samples from the
Antarctic Peninsula region and Antarctic Circumpdarrent. This chapter has been
published in a special issuelreep Sea Researthin 2013 (Bundy et al., 2013).

Chapter 3 applies multiple analytical window CLES8V analysis for the first
time to seawater Fe organic speciation, by examithie contrast between surface and
benthic boundary layer samples in the central amtharn California Current. This
chapter was published inmnology and Oceanographiy 2014 (Bundy et al., 2014).

Chapter 4 combines electrochemical and geochempgabaches to look at the
distributions of Fe-binding ligands across a sgligradient in San Francisco Bay and
shallow estuarine-influenced shelf regions in teetal and northern California Current.
This chapter was submitted as part of a speciakisgsMarine Chemistryon organic
metal-binding ligands in 2014, has been revise@s&ponse to reviewer comments, and is
currently under review.

Chapter 5 focuses on the southern California @usgstem, and includes
mechanistic experiments to explore sources and sihke-binding ligands in order to
interpret the distributions of ligands found in tlegion. This chapter will be submitted to

Marine Chemistryn 2014.



Chapter 6 summarizes the findings of this thesithercontinuum of organic Cu-
and Fe-binding ligands present in seawater aftelyaqg multiple analytical window
CLE-ACSV in a variety of marine environments. I tcontext of these findings, a
discussion of potential future research directigraso included.
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1. Abstract

Copper-binding organic ligands were measured dwausgjral winter in surface
waters around the Antarctic Peninsula using competigand exchange- adsorptive
cathodic stripping voltammetry with multiple anatg windows. Samples were
collected from four distinct water masses including Antarctic Circumpolar Current,
Southern Antarctic Circumpolar Current Front, Bifeeld Strait, and the shelf region of
the Antarctic Peninsula. Strong copper-binding nrgégands were detected in each
water mass. The strongest copper-binding ligands @etected at the highest

competition strength in the Antarctic Circumpolarrfent, with an average conditional

stability constant ofogKo)'%, -+ = 16.00+0.82. The weakest ligands were foundet th

lowest competition strength in the shelf regionhiigk <°™% 12.68+0.48. No

cuL,cu?*t —

cond

ligands with stability constants less tHapK ., ¢,2+ = 13.5 were detected in the

Antarctic Circumpolar Current at any competitioreagth, suggesting a shelf source of
weaker copper-binding ligands. Free, hydrated cojgmeconcentrations, the
biologically available form of dissolved copper,redess than It M in all samples,

approaching levels that may be limiting for somgety of inducible iron acquisition.
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2. Introduction

Copper (Cu) plays an important role in phytoplankgoowth. Cu can be both a
micronutrient and a toxicant for phytoplankton lie tocean and this role is dependent on
its speciation and concentration. The most bioalbésl form of dissolved Cu is
considered to be the inorganic free, hydratet @ (hereafter referred to simply as
CU?"; Sunda and Lewis 1978), while the majority of dlged Cu in the oceans is
strongly chelated by a heterogeneous pool of ocgayands (van den Berg 1987,
Moffett and Dupont 2007; Coale and Bruland 1988&je €xtent of the organic
complexation of Cu causes €woncentrations to remain extremely low in mostrope
ocean environments, generally less than®M, with elevated levels in contaminated
coastal regions (Moffett 1997; Moffett and Dupof0Z; Buck and Bruland 2005). Most
Cu research has, thus, focused on these anthrapatjgimfluenced areas, since
concentrations as low as™10M can be toxic to some phytoplankton, particulaoy
small cells like the cyanobactefsynechococcu®Brandet al.1986). However, Cu has
also been shown to be an important micronutriesgeeially for diatoms such as
Thalassiosira oceanicathen using inducible iron (Fe) uptake that requiraulti-Cu
oxidases (Peeket al.2005; Maldonado et al. 2006). This implies thatr€guirements
may be heightened in some Fe-stressed regiong aicéan, especially high nutrient low
chlorophyll regions (HNLC) such as the Southernd@c@aldonado et aR006; Annett
et al.2008; Peers et @005, Peers and Price 2006).

The Antarctic Peninsula is an important ecologiegion in the Southern Ocean
and serves as an ideal setting to study Cu alovajuaal gradient. The Antarctic

Peninsula is a site of mixing between a low Fatietly low chlorophyll “blue water
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zone” to the west and naturally Fe-enriched watasses influenced by the peninsula to
the east. In this region, the southern portiorhefrnesotrophic Antarctic Circumpolar
Current (ACC) sweeps south and is mixed with shdléienced water masses as it
becomes bathymetrically constrained by the Shakéitacture Zone, here called the
Southern ACC Front (SACCF). Water from the Brandftgtrait (BS), moving between
the continent and the Shetland Islands, also muksthe SACCF along the bathymetry.
This mixing causes an input of Fe and other nutsiémthe shelf and the ACC, and has
been hypothesized to be the cause of numerouss$aaje summer blooms that can be
seen down-stream (Selph etthis issue; Measures et al. this issue). Cu inqdar may
be mixed into the waters surrounding the Antaregainsula from Cu-enriched
sediments or upwelling of Upper Circumpolar Deep@W@JCDW) (Noltinget al.1991;
Loscher 1999). This distinct circulation and thseuléng natural gradients in Fe and
productivity are unique for studying sources ofdhd organic ligands to this region of
the Southern Ocean.

Although Fe and its organic speciation have beedistl extensively, very little
Cu speciation data exists in the open ocean deth@tmfluence of organic Cu-binding
ligands on Cti" concentrations and phytoplankton growth. The SoutEean is
relatively understudied with respect to Cu anditganic speciation (Boylet al.1977;
Capodaglicet al. 1994; Capodagliet al.1998; Coramet al.2005; Frachet al.2001).
Previous Cu speciation studies in this region hewployed a common electrochemical
approach to speciation analyses, competitive ligaaathange-adsorptive cathodic
stripping voltammetry (CLE-ACSV). This approach ahves titrating the natural organic

ligands in a sample with added Cu, and then adaliwgll-characterized electroactive
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ligand to compete with the natural ligands for dldeled Cu (Campos and van den Berg
1994). The concentrations as well as the conditistaility constants of naturally
occurring pools of organic ligands (usually distirgined as stronger, br weaker, k)

can then be determined. Previous studies in betindnthern Pacific (Coale and Bruland
1988) and the Sargasso Sea (Moffett 1995) havethgpized that Cu organic speciation
is dominated by strong complexation in the surfamean due to production of strong Cu-
chelators by cyanobacteria and diatoms, as seaulture studies under toxic conditions

(Moffett and BrandL996; Duponet al.2004). This is supported by the remarkably

cond

similar stability constantddg K., 2+ = 14 — 16) of Cu-binding ligands measured in

culture to those measured in seawater by CLE-AGBNeld studies. These strong Cu-
binding ligands observed in culture studies (Maféetd Brand 1996; Dupont et. al. 2004;
Wiramanaden et. a2004) are thought to be the main source of stram¢jgands in
seawater. Weaker Cu ligands also exist in seawatthave been hypothesized to be
comprised mostly of thiols (Dupost al.2006) and humics (Laglera and van den Berg
2009), and are thought to have an estuarine omsdisource (Donadt al.1994;

Skrabal et al1997; Chapman et &009). Some weaker Cu ligands may also be
degradation products €., photochemical) of strong Cu ligands in the eughotine
(Laglera and van den Berg 2006). However, few e$éhligand sources have been
studied in the open ocean despite their importanc€u cycling and bioavailability.
Attempts to infer sources and sinks of Cu-bindiggrds have also been complicated in
the past due to variations in analytical approacBltE-ACSV, which can result in

marked differences in perceived conditional stabdonstants (Bruland et al. 2000).
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The technical specifics of CLE-ACSV can have imaotteffects on the
concentration and strength of the Cu-binding ligadetected (Brulanet al.2000). In
particular, the competition strength of the addgdrd is an important consideration and
has been shown to have an effect on the strengtie@rcentration of Cu-binding ligands
measured in the field (Brulared al.2000; Buck and Bruland 2005). Thus, competition
strength, or analytical window, should be considemben studying particular classes of

ligands, strong or weak. Stronger ligands (openalily referred to herein as having

log K&‘jﬁ‘éuﬂ > 13.5) are generally detected by methods employing highe

concentrations of the added ligand, while wealgards fog Kg{j;{f@u“ < 13.5, herein)

are generally detected by methods using weaker etiigm strengths. The differences in
the analytical window employed for Cu speciatiamdgts by CLE-ACSV have generally
made data interpretation difficult between labaraand Cu complexation comparisons
between sites nearly impossible. Data evaluationnigues incorporating multiple
analytical windows can prove extremely insightfulf are not common in most studies
(van den Berg and Donat 1992; Sander 2@l1). A few studies have employed
multiple analytical windows (MAW) to fully probe ¢hcontinuum of Cu-binding ligands
in seawater (Campos and van den Berg 1994; Madtett 1997; Buck and Bruland
2005). The MAW approach enables a more completg 8feCu complexation and,
hence, bioavailability. These studies are uniquian they elucidate the importance of
detecting the full range of stronger to weaker @Ghding ligands, which have been
shown to have important effects on Cu bioavailgb{Buck and Bruland 2005).

In this study, dissolved Cu and Cu organic spemiaivas determined in Antarctic

Peninsula surface waters during austral winteordter to probe sources of Cu and
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ligands to these surface waters, CLE-ACSV was eygoaising the MAW approach to
fully characterize the range of Cu-ligands presetiiese waters.
3. Experimental
3.1 CLE-ACSV Theory

CLE-ACSV is an electrochemical method that utilites competition between a
well-characterized added ligand and the naturahlg in a sample in order to determine
the thermodynamic stability of the ambient ligan@isevious studies have employed a
variety of added ligands, which govern the anaiytwindow or the competition strength
of the method, and consequently the type of ligatedscted, whether stronger or weaker
(Campos and van den Berg 1994; Moffett el@B7; Buck and Bruland 2005; Moffett
and Dupont 2007). The competition strength of tthéeal ligand, in this case
salicylaldoxime (SA), determines the range of higdstrengths that can be detected in a
given sample. The competition strength is represkhy the side reaction coefficient,

Acu(sa),» defined as

Qeugsay, = et = SO - [SAT? + Ko™ - [SA] (1)

cu2t

whereps°™® andK£°™ are the conditional stability constants of thgSA), and
Cu(SA)* complexes (SA-labile Cu species). Bg§{"? andK£°™ have been
experimentally determined at different saliniti€a(npos and van den Berg 1994)
according tdogps°™ = 15.78 — (0.53 - log(salinity)) andlogK{°™® = 10.12 —
(0.37 - log (salinity)), and can therefore be considered as constantg Al
determined in this study were determined usingghimity relation as described by

Campos and van den Berg (1994). The competiti@mgth, then, is simply a function of
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the added ligand concentration. Only at high addgehd concentrations (> 2.5 uM SA)
the Cu(SA)* species is insignificant, and equation (1) casib®lified to
Ocu(sa), = ﬁzcond ’ [SA]Z ()
where analytical window is simply related to thei@® of the added ligand
concentration. Equation (1) was employed in thislgt using a range of concentrations
of SA from 1- 25 uM and the resulting analyticahdow ranging from approximately
1,000-644,000. A variety of ligand stability congtacan be detected when a range of
competition strengths are employed (see Brularadl 2000, Buck and Brulang2005,
Hudson et al2003, Sander et &011). It also allows subtle distinctions to be mad
between different ligand pools, and potentiallyahd sources.

At each titration point, assuming inorganic complgon is negligible, the mass
balance between all Cu species is given by
[Cur] = [CuL] + [Cu(SA),] + [Cu?'] (3)
where[Cuy] is the total dissolved Cu in the samgleyL] is the Cu bound by organic
ligands.[Cu(SA),] is proportional to the sensitivity and the pealghtat each titration
point, and[Cu?*] is the free, hydrated form of Cu. The sensitiistdetermined by
internal calibration, from the linear portion aétend of the titration curve, where it is
assumed that all ligands are titrated. Using theut@ted sensitivitya,sa), » and the
known[Cuz], the[Cu(SA),], [CuL], and[Cu?*] can be calculated at each titration
point(see Buck and Bruland 2005 for a thorough @xgiion).

An additional term can also be defined from equme{R®) which excludes the Cu
bound by the artificial ligand,

[Cu"] = [Cur] — [Cu(SA),] (4)
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and can be a convenient way to look at natural gésito the Cu system (Moffedt al.
1997; Buck and Bruland 2005). The effect of chagdjitu;] on[Cu?*] may then be
predicted directly from the titration data by pitf log [Cu?*] versugCu*] and
interpolating wherg¢Cu*] = [Cuy] of interest (Moffett et all997; Buck and Bruland
2005). The concentration §fu?*] in the original sample can also be calculatedhis t
way, by plotting logCu?*] versug Cu*] calculated at each titration point (equation (3)
and (4)) and interpolating wheféu*] = [Cuy] in the original sample.
3.2 Sampling Location and Hydrography

Samples were collected from water masses surrogrideAntarctic Peninsula
during the austral winter in July/August 2006 alblo#fweR/V/I/B Nathaniel B. Palmer as
part of a collaborative research project investingpan area of natural Fe fertilization.
Surface samples were collected in four water massgeunding the peninsula,
including the Antarctic Circumpolar Current (ACG&oputhern ACC Front (SACCF),
Bransfield Strait (BS), and the shelf region (Fey@rl). Water mass distinctions for each
station were determined based on absolute salintiypotential temperature signatures
(Figure 2.2) at the surface, in conjunction with tklative location of the station (Figure
2.1, Table 2.1). Although each station sampled el@ssified as ACC, SACCF, BS or
shelf, several stations likely represent mixturesvMeen the water masses. Additional
samples from sea ice, glacier ice, and algal-initeel sea ice were taken in Admiralty
Bay (Figure 2.1).
3.3 Sampling Methods

Surface dissolved Guand Cu speciation samples were taken using a ttnaed

metal clean “fish” at approximately 10 m depth atle station (Vink et al. 2000).
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Samples were then filtered using acid-washed 0.4glycarbonate track-etched (PCTE;
Whatman) filters (Buck et al. 2010). Samples takerorganic Cu complexation
measurements were immediately frozen atG2@nd samples collected for total
dissolved Cu analyses were acidified to pH 1.8a@dimL/L of 6 N Q-HCI (Optima,
Fisher Scientific) and allowed to sit for at lease year prior to analysis. Ice samples
were collected with gloves and reduced in size wittammer covered in plastic gloves.
Once collected, the outer, presumably contamindagérs of the ice samples were
rinsed away with ultrapure water (Milli-Q). The raming ice samples were allowed to
thaw in acid-cleaned bottles, filtered through @M PCTE filters and stored frozen or
acidified for subsequent Cu speciation or totataliged analyses, respectively.
3.4 Reagents

All reagents were made using ultra trace metalncteagents and Milli-Q water
unless otherwise noted. A 1.5 M borate buffer sotutvas prepared by diluting boric
acid (> 99.99%, Alfa Aesar) in 0.4 N Q-NEBIH (Optima, Fisher Scientific). A 4 mM
salicylaldoxime (SA; > 98%, Fluka) stock solutioasyprepared in methanol (Optima
LC/MS, Fisher Scientific), and was replaced evérgé months or as consumed. A 200
UM secondary stock was prepared as necessary &lesmdditions of salicylaldoxime.
Cu standards were diluted from an AA standard (180, Spex CertiPrep) into pH 2
Q-HCI and were prepared in concentrations rangiogn f1L00 nM- 10 uM. Hydrogen
peroxide was made with Ultrex hydrogen peroxidsi{Er Scientific) to a final
concentration of 10 uM. The 1.5 M nitric acid imtar standard was made with a 10 ppb
cobalt spike.

3.5 Total Dissolved Cu Determinations
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Total dissolved Cu (Gy concentrations were determined using either high-
resolution inductively coupled plasma-mass speattoyr(HR-ICP-MS) according to
Lohan et al. (2005) or adsorptive cathodic strigpmltammetry (ACSV) following
procedures of Buck and Bruland (2005). For HR-ICB-ahalyses, samples were UV-
oxidized overnight following a spike with hydrogparoxide to a final concentration of
10 pM. Samples were then loaded onto a columnav@bmmercially available
nitriloacetic acid (NTA Superflow, Qiagen) resirr hmin, and then eluted in 1.5 M
nitric acid with an internal 10 ppb cobalt standspike. The resulting eluent was run
directly on the HR ICP-MS at University of Califaan Santa Cruz. SAFe reference
samples (Johnsaat al.2007) were run along with the field samples, arsilted in
excellent agreement for S1 and slight overestimaticD2 (Buck et al. 2010) with
0.53+0.03 nM for S1 and 2.830.09 nM Cy (n=3) for D2, respectively (consensus
values are 0.52 0.05 nM for S1 and 2.310.11 nM for D2,
http://es.ucsc.edu/~kbruland/GeotracesSaFe/kwb GestEaFe.html).

Total dissolved Cu determinations using ACSV wexeied out on a
BioAnalytical SystemsRAS) controlled growth mercury electrode (CGME). Tivas
interfaced with an Epsilon 2 voltammetric analyzennected to a laptop computer. A
large mercury drop was used as the working eleet(eide 14), a platinum wire as the
counter electrode, and a Ag/AgCl (3 M NaCl) refeeelectrode, using a static mercury
drop setting. Samples were measured after UV-iatadj 100 mL of the sample in 120
mL wide-mouth Teflon (FEP, Savillex) jars with gtmlids at ambient pH for 8 hours
using a UVO Cleaner (Jelight Model 342). Samplesevigadiated by a mercury lamp

(1200 W; Hanovia, Union, NJ) from above at 10 mW/amd cooled by a fan during
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irradiation (Ndungu et aR003). Samples warmed slightly over the irradiapeniod, but
with minimal evaporation. 10 mL subsamples wera thigquoted into trace metal clean
Teflon (FEP) vials with 25 uM SA and borate buffienal concentration: 7.5 mM; pH
8.2). Samples were then run using ACSV as descitbBdick and Bruland (2005) and
Buck et al. (2010). Briefly, the sample was stirvgth a trace metal clean Teflon rod at
600 rpm and the electroactive Cu($SApmplexes were adsorbed onto the mercury drop
with a -0.15 V applied potential during the 300@®t deposition time. Stirring was then
stopped, and a 15 second “quiet time” occurred.@esnwere scanned in differential
pulse mode from -0.15 V to -0.60 V using a 20 mMitse rate and 50 mV pulse
amplitude. The change in the cathodic strippingentrwas then recorded by the
analyzer as Cu was reduced and stripped from tberlbeld Cu(SA)complex. A
standard addition method was used in order to hiter Cu concentrations. Values for
S1 and D2 of 0.5% 0.01 and 1.9% 0.01 nM (n=3) were obtained using this method,
with good agreement to the consensus surface ealdi@ slightly lower concentration
than the consensus value for D2 (consensus vatads%2t 0.05 nM for S1 and 2.3
0.11 nM for D2).
3.6 Dissolved Cu Organic Complexation Determination

Cu organic complexation determinations were madgenyjly thawing samples at
4°C over two days, and vigorously shaking before mesament. 10 mL aliquots were
placed in 10 pre-conditioned Teflon (FEP) vials] apiked with dissolved Cu ranging
from 0-20 nM. Cu additions were allowed to equaitar with the natural ligands for at
least two hours, after which SA was added to &lials at 1, 2.5, 10, or 25 uM

concentration and equilibrated for at least fifte@nutes for the 2 highest detection
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windows and at least 30 minutes for the 2 loweect&in windows. Each vial was run
separately according to the same procedure asilbes@bove for ACSV. Ligand
concentrations and thermodynamic stability constamre calculated using the averages
and standard deviations of both van den BergiRiuzarizations (Ru£i1982; van den
Berg 1982) as well as Scatchard linearizationstt(Bead 1949; Mantoura and Riley
1975). If two classes of ligands were detectedy there categorized as either stronger or

weaker ligands. If only one class of ligands wascded they were denoted as stronger if

log KZop'%,2+ > 13.5 and weaker Ibg KS/'¢. -+< 13.5. More recent data processing

techniques employing numerical methods with mudtgahalytical windows have
demonstrated the ability to detect statisticallyust distinct ligand classes (Hudson et al.
2003, Sander et &011). This study did not employ these methods hewédecause
they are not yet publicly available. Thus, geneharacteristics of the ligand pool are
discussed in this study based on the relative gtiherof the ligands detected at each
analytical window.
4. Results
4.1 Hydrography

Conservative temperature and absolute salinityasiges (TS) from the surface
layer where the towed “fish” was sampling (uppem3gat the stations in each water
mass (ACC, SACCF, BS and shelf) are shown in Figu2eWater mass signatures were
relatively distinct, with some obvious mixing beeweregions. Bransfield Strait (BS)
waters are distinct from the other water masse®snding the Antarctic Peninsula, and
are characterized by colder, saltier waters at megths (Holm-Hansegt al.1997;

Hewes et al2008) which can be mixed with shelf waters in tieigion. Weddell Sea
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water may also be influencing the cold signaturthefBS stations. Shelf stations are
characterized by a cold and stratified layer atstiméace, while having “ACC-like”
properties deeper in the water column due to inites of warmer, saltier UCDW
(Heweset al.2008). Southern ACC Front (SACCF) stations refleéstcharacteristics of
ACC waters, with some potential mixing between sivater and UCDW due to
interactions with the Shakelton Fracture Zone (Hélamseret al.1997). Some CTD
casts in the ACC also reflect the influence of¢bkl stratified shelf water from near-
shore stations (Figure 2.2).
4.2 Dissolved CpConcentrations

Dissolved Cuy concentrations in seawater samples ranged from2:8.6M
(Table S 2.1, supplementary information). The hggleencentrations of Gwere
generally found in the stations closest to theicental shelf. The Bransfield Strait (BS)
and shelf regions had similar average- Concentrations, of 2.39 0.31 nM (n=4) and
2.26+ 0.58 nM (n=9), respectively. Slightly higher vdnilgty in dissolved Cy was seen
in stations sampled from the shelf, with an appanearshore to offshore gradient from
high to low dissolved Gu The lowest concentrations of Qwere found in the SACCF
and the ACC, with 1.58 0.47 nM (n=10) and 1.56 0.42 nM (n=3), respectively
(Table 2.1, Figure 2.3A). Glwconcentrations were also determined in glacierjsg and
algal influenced sea ice. The sea ice had gendwailtg as much Cuas found in the
open ocean samples, with values of &9@0 nM and 7.060.25 nM in the algal sea ice
and the sea ice samples, respectively. €uncentrations in the glacier samples were

much lower, even than seawater samples, with40538 nM dissolved Gu
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4.3 Cu-binding Ligand Characteristics: Single Cetitpn Strength
The concentrations and strengths of Cu-bindinghliigawere first examined using
a single mid-range competition strength (10 uM adsla,a = 141,460) to probe for

both strong and weak ligands in each sample. Thagst ligands measured at this

competition strength were in the BS and the ACGh g KCC"”d = 15.0 + 0.54

ulL,cu?*

(n=2) andog K219, -+ = 14.94 (n=1) followed by the SACCF and shelf

ulL,Cu?t —

(log Kggﬁ‘éu“ = 14.89 + 0.37 (n=3),14.59 + 0.30 (n=5) (Figure 2.3A). The weaker

pool of ligands lpg Kgﬁ’;‘éuu < 13.50) measured at this competition strength are all
similar in strength, withog KgggiuH =13.19 + 0.06 (n=2),13.18 + 0.45 (n=5), and

13.10 + 0.68 (n=3) in the BS, Shelf, and SACCF. No ligands K °"% ,, < 13.5

CuL,Cu

were detected in the ACC at this competition stilenghe highest concentrations of both
stronger and weaker ligands were detected in thatBlds competition strength, with
3.63 + 0.01 nM (n=2) stronger Cu-binding ligands, a0 + 2.98 nM (n=2) of the
weaker ligand class. Slightly lower concentratiohthe stronger ligands were found in
the other water masses, ranging frad8 — 2.81 in the SACCF, shelf, and the ACC.
While no weaker pool of ligands were present inAEC at this competition strength,
the shelf and SACCF regions had elevated concerisabf weaker ligands relative to
stronger ligands2(54 + 0.81 nM and3.62 + 2.52 nM, respectively (Figure 2.3B),
although less so than the B&00 + 2.18 nM). There was much greater variability in the
weak ligand pool between samples in all water nsageegeneral, higher concentrations
of dissolved Cygand weaker ligands were found at the stations iveshallow shelf in

the BS.
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4.4 Cu-binding Ligand Characteristics: Multiple Qmatition Strengths
4.4.1 Stronger Cu-binding ligands

When other competition strengths were employedpader range of ligands
were detected. It is widely acknowledged that IRe, l&kely Cu-binding ligands exist in a
continuum of binding strengths in seawater (Brulahdl.2000, Buck and Bruland 2005,
Gledhill and Buck 2012 and references therein), tarsdstudy supports that finding.
Figure 2.4B and D show the spectrum of bindingngjtles that were detected in the
stronger and weaker ligand classes at various $#pettion strengths (1, 2.5, 10 and 25
KM SA) in each water mass. Strong Cu-binding ligars defined here, were detected in
all samples at the highest competition strengtliold a.2). The strongest Cu-binding

ligands were found in the ACC at an average comagomh of2.26 + 0.01 nM (n=2)

(Figure 2.4A) withlog K27% . = 16.00 + 0.82 (Figure 2.4B), stronger than those

uL,Cu?*
found in all other samples (see supplementary mébion). Higher concentrations of
slightly weaker ligands were found at this compatitstrength in the other samples, with
average concentrations 289 + 0.77 (n=7),3.10 + 1.54 (n=9), and5.14 + 2.08 nM

(n=5) in the shelf, SACCF, and BS, respectivelg(fe 2.4A). Other than in the ACC,

the strongest ligands were found in the SACBE K% -+ = 15.13 + 0.54),

ulL,cu?t

followed by the shelf and the BS with similar cai@hal stability constants

(log KoM 24 = 14.96 + 0.66 andlog K219 -+ = 14.94 £ 0.66). Large differences in

ul,cu?* uL,cu?*
conditional stability constants of the strongeahd classes are apparent at the highest
competition strength, but are much less appardotar analytical windows. Stronger

ligands with similar stability constants were founcevery water mass at the 10 uM SA
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competition strength, ranging from 14#6027 in the shelf to 15.80.54 in the BS.
Alternatively, no strong ligands were detectechat2.5 puM SA competition strength in
the BS, while there are similar concentrationsgdrids in the shelf, SACCF and ACC at
this competition strengthit25 + 0.81 (n=6),4.54 + 1.12 (n=5) and3.72 + 1.00 (n=2)).

At the 1 uM SA concentratio®,04 nM strong ligands were detected with

log KEoMe 5+ = 13.57 in the only ACC sample that was measured at tispetition

ulL,cu?+

strength (Figure 2.4A and B). There were no liganiik log Kggﬁ‘éuzp 13.5 detected at

this competition strength in the other water masses
4.4.2 Weaker Cu-binding ligands

The weakest ligands were seen at the lowest cotigpesitrengths in all of the
samples. The average conditional stability constahthe weakest ligands detected in

this study were found at the lowest competitioerggth in the shelf region, with

log KEome 5+ 0f 12.68 + 0.48 (n=7). Similarly weak ligands were found both fike t

uL,Cu?t
Bransfield Strait and the SACCF, with log stabilignstants 012.81 + 0.27 (n=2) and
12.95 4+ 0.74 (n=7) (Table 2.2). Of the two samples measuregh fitte ACC, one was
measured at the lowest competition strength (1 |&AY) &nd the ligands detected with

this analytical window were still almost an ordénmagnitude stronger than in the other

cond

samples, withog K, 2+ = 13.57. In the BS, weak ligands were detected at all

competition strengths. At the 25 uM SA competitstrength, one of the two samples

measured in the BS contain2d7 nM weak ligands, withog K o;'¢, 2+ = 13.31. No

comparably weak ligands were detected in any obther samples at this competition

strength. The BS also had the greatest concentratioveak ligands at each lower
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competition strength, with average concentratidna@0 + 2.98,8.32 + 0.62 and

8.28 + 1.78 nM at 10, 2.5 and 1 uM SA, respectively (n=5) (F&g2.4C). These ligands

were all similar in strength, witlog KEﬁZ‘éuH ranging from12.81 — 13.19. The shelf

and SACCF had similar ranges in weaker ligand gtres) withlog K£°™¢ ranging from
12.68 — 13.33 at the three lowest competition strengths (FigueD). However, the
concentrations of weak ligands in the shelf andIA€CF were less than in the BS
except at the lowest competition strength. The entration of weaker ligands were
approximately2 — 4 nM at the 10 and 2.5 uM competition strengths, @aser to the
levels found in the BS waters (approximately 7 rd¥dhe 1 uM analytical window. No
similarly weak ligands were detected at these wivedm the ACC stations.
4.5 Ice Sample Analysis

Ligand concentrations and conditional stability stamts were determined at the
highest competition strength (25 pM SA) in eaclthefice samples, and a 2.5 pM
competition strength was also employed in the glagnd sea ice sample (Table 2.2).

Theacy(say, determined for ice samples was determined usin@#mepos and van den
Berg (1994) salinity relationship (see section 2hbwever this relationship has only
been determined down to a salinity of 1. The défees of the calculateq., 54y, ata

salinity of 1, and a salinity less than 1 but gee#than 0, however, is negligible. The

cond

calculatedrcy(say,and the determineldg K-, ;- 2+ is likely over-estimated for the ice

samples, but the difference is likely insignificam glacial ice3.18 + 0.08 nM (n=2)

Cu-binding ligands were detected with a conditicstability oflog K°™% ,, = 15.59 +

CulL,cu?*

0.02, and2.12£0.06 M with log KS0)'¢, 2+ = 14.250.10 at the 2.5 uM SA analytical
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window. The sea ice contained ligand concentratadri$.99 + 0.77 nM (n=2) and

log KCop'%,2+ = 14.42 + 0.04 at the highest competition strength &7 + 0.10 nM

(n=2) ligands with a conditional stability bfg KCCI‘;ZZMH = 13.87 + 0.11 at the lower

competition strength. The algal sea ice contailed5 + 3.88 nM (n=2) ligands with a

strength oflog K™% ,, = 15.15 + 0.25 with the 25 uM window.

CuL,cu?*

4.6 CJd* Concentrations

CU?* concentrations were determined at every competiticength for the
samples according to Moffett et al. (1997) and équg4). Since total dissolved Cu
concentrations were less than the stronger ligandentrations determined at the highest
competition strength, these ligands are assumbd ttominant in complexing dissolved
Cu (Table 2.2). Therefore, log [Elilevels in each sample were calculated from the
highest analytical window results (equation (4) #melexplanation following). The
average log [Cl] levels in the BS are-14.55 + 0.69 (n=2),—14.78 + 0.43 (n=6) in
the shelf regions-15.15 + 0.24 (n=2) in the ACC, and-15.18 + 0.33 (n=10) in the
SACCF (See supplementary information).
5. Discussion
5.1 DissolvedCu Distributions

A narrow range of dissolved €aoncentrations was detected in all of the
samples, with concentrations ranging fraéi®7 — 2.84 nM. In all of the Cu studies in
the Southern Ocean, including the Ross Sea andh ®bitew Zealand (Boyle and
Edmond 1975; Capodaglio et &B94; Capodaglio et al998; Frache et a2001;

Corami et al2005), a similar range was observed (0.4-3.8 nMarger range in Gu
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concentrations was seen in the sea ice and glsaeples here, with.54 — 8.96 nM
dissolved Cy. Within the small variability of observed €aooncentrations in the
seawater samples, the lowest concentrations warelfm the ACC, the water mass
farthest from the shelf. Previous studies have doelevated Criconcentrations
surrounding the Antarctic Peninsula, presumed tlvdra Cu-rich sediments (Noltingt

al. 1991) resuspended by upwelling processes dmkguently remineralized (Corami
al. 2005). Nolting et al. (1991) found similar conceatitvns of dissolved Gun the

Scotia Sea and Weddell Sea (approximately 2 nMighntine authors noted were
significantly higher than in Atlantic waters, angplthesized a local sediment source. A
sediment source of Cu is consistent with a shelfc®of Fe observed in Fe: manganese
ratios in this region (Measures etthls issue). However, the dissolvedCu
concentrations seen during this study are alsdasita surface values found in the North
Pacific by other researchers (Boweal.1977; Moffett and Dupont 2007), attributed to
upwelling processes that are also likely to strgmgfluence Cu distributions in the
Antarctic Peninsula region during this study.

All of the previous studies in the Southern Oceanexcompleted during the
austral summer, but deep winter mixing during gtigly would likely bring elevated
dissolved Cu concentrations to the surface due to upwelling@DW (Capodaglicet
al. 1994). Cy concentrations determined during this study arsistent with this
observation, and similar to deep water€ancentrations found in the North Pacific
(Moffett and Dupont 2007), Atlantic (Bruland 1988nhd Southern Ocean (Boyle and
Edmond 1975). A sediment source of Cu is alsoyika$ other studies have similarly

found sediments to be a source of both Cu anddigéDonatt al.1994; Skrabal et al.
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1997). Although shelf sediments may be a sourc@uptthe consistency in Cu
distributions between sampling sites in this stpdhbably reflects local scavenging
processes and ligand concentrations (Beylal.1977). In addition, both sea ice samples
reflect high levels of dissolved €that were probably concentrated as the ice froze
(Fracheet al.2001), and are perhaps an additional source oblgess Cy in summer
months when the sea ice melts. The glacial icghermther hand, had very low dissolved
Cur (0.54 £+ 0.03 nM), thus making it unlikely that the land massa isonsiderable
source of dissolved Guo the surface ocean in this area. However, $lighgher
particulate Cu concentrations were observed iniglace and sea ice compared to
dissolved Cu (data not shown), and therefore may contributghtlly to surface
dissolved Cu concentrations if a portion of this particulate i€uemobilized by excess
stronger ligands.
5.2 Cu-binding Ligand Distributions and Sources 8imks
5.2.1 Strong Cu-binding ligands

The findings of this study indicate that a strotags of Cu-binding ligands is
present ubiquitously throughout Antarctic Peninsulg€ace waters in the winter, despite
the minimum in biological activity. The stronges$tioese ligands were found in ACC
waters, which also generally contained the lowestentrations of Gu Strong ligands,
as defined in this studyog KSJ;'¢, 2+ >13.5), were also only detected in the BS at the
highest two analytical windows and the strongeshese ligands were weaker than those
in the ACC (Table 2.2, Figure 2.4 B). There wa® asarrower continuum of ligands
detected in the BS, as the concentration and strexighe ligands detected at all

competition strengths were remarkably similar (FégR.4B and D), while more
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variability was seen in the ligands in the othengkes. Shelf waters had similaru
concentrations as the BS, but relatively fewerddgm Strong ligands were detected in the
shelf samples at all but the lowest competitioargith, and were similar in concentration
and strength to those in the SACCF, perhaps reilpthe influence of deep shelf water

to both regions. The concentration of strong ligamdshelf samples was slightly lower

than in the SACCF (2.39 versus 3.10 nM), with dliglveakerlog K°™% ,. (14.96

CuL,Cu

versus 15.13). This perhaps reflects mixing inS&&CF samples with ACC waters,

with relatively stronger ligandsogk 5272, .+ =16.00). The ACC samples were distinct

ulL,cu?t

from the rest of the stations, especially at tlgghést analytical window. Although

ligands detected in the ACC using 1 uM Ség(K;0;'¢, 2+ =13.57) are similar in

strength to ligands detected in other samples, @neyan order of magnitude stronger

than any other ligands detected at this same catiopestrength in the other water
masseslogK oy ¢,2+ =12.81 in the BS, 12.68 in the shelf, 12.95 in tCEF). This

likely reflects a distinct source of strong Cu-bmglligands to ACC waters.

The presence of strong ligands in this regiontsresting considering the low
biological activity during light-limited winter mdhs, and the absence ®ynechococcuys
a known producer of strong Cu ligands. Strong @ards detected throughout the water
column in other studies however, suggest therelmeagther biological ligand sources.
Very few open ocean Cu-binding ligand studies Hae@n completed, as most have
focused on contaminated bays and inletg.(Donatet al.1994; Moffett et al1997;

Blake et al2004; Dryden et ak004; Buck and Bruland 2005), and the resulting

potential for Cu toxicity. Some studies have beenedin the open ocean such as in the
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North Pacific (Coale and Bruland 1988; Coale andl&rd 1990), Sub-arctic Pacific
(Moffett and Dupont 2007) and in the Sargasso $tHfétt et al.1997), but have
produced conflicting results. Initial profiles otihinding ligands from the North Pacific
measured by anodic stripping voltammetry (ASV) edegd that Cu is strongly
complexed in the upper ocean, and weakly complexeepth (Coale and Bruland
1990). This led the authors to hypothesize thatuppean biological processes were
likely responsible for the production of strong ¢helators, and organic degradation
products were dominant at depth. Similar findingsewconfirmed by Moffett et al.
(1997) in the Sargasso Sea, although just the upatr column was examined (Moffett
et al.1997). However, in later findings Moffett and Dup¢2007) found strong Cu-
binding ligands to be ubiquitous throughout theevablumn in the sub-arctic North
Pacific (Moffett and Dupont 2007), and attributee source of strong Cu-ligands to
otherin-situ processes, or perhaps long residence times aofdggaroduced in the
euphotic zone. The analytical procedures of Mofied Dupont and early studies by
Coale and Bruland differed in the analytical windemployed (with Moffett and Dupont
employing a higher analytical window), and this nheythe cause of differences seen in
conditional binding strengths (Bruland et2000). This stresses the importance of
employing MAWSs in Cu speciation studies. Only otieen open ocean Cu-ligand depth
profile has been reported since Moffett and Du@i}it7 (Buck et alin press), so it is
difficult to discern if the differences in liganttengths observed between their study and
Coale and Bruland are simply an artifact of anahbjttechnique or due to differences
between regions.

Although just surface samples were measured irsthdy, evidence from the
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elevated dissolved Cu distributions and physicabnographic observations during this
study suggest that upwelled deepwaters were mixedswrface waters in this region.
These surface samples should then contain simiari@ding ligands as found in
deepwaters in both the Atlantic and Pacific Ocddfett and Dupont 2007; Moffett
1995; Boyle and Edmond 1975), but the extremelykwigands observed by Coale and
Bruland were not detected in these samples at @alytecal window (Coale and Bruland
1988). ACC waters only contained relatively stran@e-ligands despite the influence of
upwelled UCPDW, suggesting that the weaker Cu-tigegmplexes observed by Coale
and Bruland (1988) in deep waters of the Pacifig scavenged in this region, or the
dominance of stronger ligands made them diffiauldiétect analytically. This may also
be purely an analytical window effect as suggebtethore recent data (Buck et a.
press), since the analytical windows applied hesenauch higher than the window used
by Coale and Bruland (1988). The strong ligand®olexl here could have a distinct
source in the Southern Ocean, or may have londelse times as suggested by Moffett
and Dupont (2007), supporting the persistencerohgtligands with depth as seen in the
North Pacific (Moffett and Dupont 2007).

There are several lines of evidence suggestingtandi source of Cu-ligands to
this region. Sea ice samples contained elevateckodrations of relatively strong ligands
(Table 2.2), with the highest concentrations obseiin the algal-influenced sea ice.
Excess ligandel) concentrations (total ligand concentration -akalissolved Cu) were
also much higher in the algal-influenced sea ia#) approximately 17 nM excess ligand
compared to an average of 2-7 eMin all other samples (see supplementary

information). This suggests that the resident pbigiokton community in the sea ice may
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be a source of strong Cu-ligands. Sea ice andiigstbeave been found to be a source of
Fe-binding ligands (Lin et a2012), likely due to the resident biological comrties

that exist near or within the ice (Smith et2007; Kaufmann et aR011). Pigment data
measured in the algal-influenced sea ice samplag tggh performance liquid
chromatography (HPLC, data not shown) indicatesalezt community comprised
mostly of diatoms. It is possible that these dia@re a source of Cu-binding ligands to
the sea ice either due to active production orlgsi$. This is supported by the much
higher concentrations of excess ligands observéitkimlgal sea ice compared to sea ice
without any algal communities (17 nM vs. 5 nM). Haxer, publications to date on
sources of strong Cu ligands have focuse&ymechococcusndEmiliania huxleyin
culture (Moffett and Brand 1986; Dupont et2004), with these ligands produced
primarily under Cu stress conditions (logfJu> -11). C§" levels do not generally
exceed this toxicity threshold in the open ocean,do they exceed this level in this
study. Additionally, bottfSynechococcuasndEmiliania huxleyiare not dominant in
Southern Ocean waters, and are likely not resptanb producing strong Cu ligands
surrounding the Antarctic Peninsula, especiallystering the minimum in biological
activity observed during this sampling period (Kl@h, pers. comn). There was also no
correlation between stations with the highest tiigaind orel. concentrations observed
and the number or type of phytoplankton (data hots, K. Selplpers. comn). It is
possible that additional organisms produce stromgpi@ding ligands in this region, such
as those in sea ice, that are so far unknown. Tblegical role for these ligands could be
significant in the Southern Ocean and warranth&rrinvestigation.

In a related study during the same field expedjtwinich explored the effects of
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biology on ligand production, Buck et al. (201Qpalated a spring bloom in an
incubation of water collected from the Bransfielda8 (BS), and amended bottles with
several Fe treatments while tracking the changéstin Fe and Cu organic speciation
over the course of 15 days. A small initial biolegicommunity was observed (Buck et
al. 2010) as well as similar initial strong Cu-bindiiggand concentrations as observed in
this study 8.71 + 0.01 nM). Although Buck et al. (2010) employed the satetection
window as the highest window used here (25 uM 8#9initial ligand pool was similar
to the ligands found in the ACQog K™ = 16.1 + 0.3 versus16.00 + 0.82 in this
study) and stronger than those found in the Braltsftrait region in this studyhis

could perhaps be due to some mixing of ACC and sVvedkers at this particular station,
as it is in the eastern BS which is known to hawang with “ACC-like” UCDW and
Antarctic surface water (Holm-Hansehal.1997). Buck et al. (2010) did not observe
significant changes in the Cu ligand pool throughbe study despite significant changes
in both the resident phytoplankton community an&eénrbinding ligands when the natural
community approached Fe limiting conditions. Altgbuecent studies have shed light
on the importance of Cu requirements on the grafthpen ocean phytoplankton (Peers
et al.2005; Semeniuk et al. 2009), especially under fgthg conditions (Annetét al.
2008; Maldonado et al. 2006), these effects wetes@en in the Buck et al. (2010) study,
suggesting that the biological community may natehan effect on Cu-binding ligands
in this region. Recent studies have also shownntizety phytoplankton may be able to
access organically-complexed Cu, despite previessraptions that these complexes
were relatively inert (Quiggt al.2006; Semeniuk et al. 2009). If this is the casent

changes to the Cu-binding ligand pool may be exg¢tgmifficult to perceive especially
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in an incubation study context. Future incubatitudgs examining Fe and Cu-binding
ligands along with gene expression may be the eftsttive at determining these
effects, especially in HNLC regions. Multiple arntadgl windows analysis for Cu organic
speciation may also elucidate changes in the arhlgamds if those changes are just
visible within certain detection windows
5.2.2 Weak Cu-Binding ligands

Generally weaker Cu-binding ligands were foundhalsinfluenced near shore
waters. Weaker ligands were detected in almosiaatiples, but their concentration and
strength was variable and does not seem to folloywd&rect onshore-offshore trend,
besides their absence in ACC waters. Analysis dipfeicompetition strengths helped
to highlight relative distinctions between sampkessome of the competition strengths
employed gave similar results for all water masgiéls regards to conditional stability
constantsi(e. 10 uM SA analytical window), while other “extremedmpetition
strengths favored detection of either the strongeaker ligand classesd., 25 uM
versus 1 UM SA). However, according to the ratie@f;,/acysa), for each analytical
window, a ratio between 1 and 10 indicates theofigeoper competition strength for
detecting either strong or weak ligands (van dergBad Donat 1992; Ibisanmi et al.
2011; Sander et &011). All of theac,,;,/acu(sa),for each window were close to this
range (data not shown), however the average ratiddtecting weak ligands at the
highest competition strength fell slightly outsfethis range (~0.5), suggesting that 25
UM of the added ligand is too strong for accuratigtecting weak ligands at this
competition strength. However, only one samplénéBS showed the presence of a

second ligand class at this window. The conditictability constant determined at this
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window may therefore be too low. Overall, the appadifferences in the quality of the
ligand pool, as distinguished by the multiple cotiimn strength analysis, gives a more
thorough characterization of the continuum of ligeufor determining sources and sinks.
Both the Bransfield Strait (BS) and the ACC hadidd ligand characteristics
compared to shelf and SACCF waters. The BS wasrtkied by relatively weaker
ligands overall, and had the highest concentraidm®th Cy and ligands. This likely
suggests, as mentioned above for dissolveddtributions, a source of weaker Cu
ligands from shelf sediments. Several studies loégerved a source of weak Cu ligands
from sediments (Skrabat al. 1997; Donat et. al. 1994; Shank et al. 2004 this has
solely been studied in estuaries where thereasge Igradient between ligand and metal

concentrations in pore waters and the overlyingvgaflThe ligands determined in those

environments are also much weaker than were obséee log K572 -+ = 8-10 versus

11-13.5 in this study). Capodaglio et. al. 1994 4888 also found weaker Cu-ligands in
Terra Nova Bay and near-shore Gerlache Inlet (Cagladet al. 1994; Capodaglio et al.
1998), but these ligands showed a relatively homoge distribution and were found to
be much weaker and in higher concentrations thiarstbdy. Capodaglio et al. 1994 and
1998 used ASV instead of CSV with an effective giiedl window much lower than the
windows employed in this study, and therefore mayehbeen able to detect ligands
outside the analytical capabilities of this stutiigey suggested the source of weaker
ligands to Terra Nova Bay were degradation prodoicssrong Cu-ligands, which had
been found to vary slightly between seasons (simtjsummer) and correspond to
chlorophyll concentrations (Capodaglio et al. 1998®aker ligands observed here may

also be degradation products as has been propesadysly for humic substances and
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saccharides with respect to Fe (Laglera and varBaeg 2009; Hassler et al. 2011)
which are present in significant concentrationstighout the ocean. Future studies
should investigate the importance of these ligaad3u distributions in near-shore and
open ocean environments. Overall, this study suppoevious evidence found in
estuaries that shelf environments may be an impostaurce of weaker Cu-ligands either
from shelf sediments or degradation products.
5.3 Cu Complexation and Relationship to*Cu

Although observed ligand concentrations and sthengaried between stations in
the water masses surrounding the Antarctic Perdng€f* concentrations remained
relatively constant (-log[Cil] ranging from14.55 + 0.69 in the BS t015.18 + 0.35 in
the SACCF). The concentrations of‘Cseen here were also similar to those seen by
Capodaglio et a(1998) in a coastal Antarctic region. The lowesteed CE&"
concentrations were in the samples from the ACQ@,tha furthest offshore stations
along the SACCF. Station 96 for example, (see supehtary information) on the edge
of the shelf, had lower concentrations of strongliGands than the ACC stations, but
similar Cf* concentrations. Strong ligands alone are not resiplenfor the low observed
CU?* concentrations since the strength and concentrafistrong ligands varied
significantly between samples. The weaker ligandsagso contributing to Cu
complexation, but the extent is not clear. This esalk difficult to predict the effects of
ligands on log[Cti] levels, due to the inherent variability in thgdhd pool. Analysis at
multiple competition strengths helps to begin toipleer this variability, but the relative
influence of the ligands detected at each analytigadow is difficult to interpret.

Previous work on data evaluation of Cu ligands &y gden Berg and Donat (1992)
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modeled Cu speciation using overaitoefficients determined in each sample as it
relates to Cti concentrations. This is a convenient way to comlirganic speciation
data at multiple competition strengths into one mmegful parameter that can be easily
related to C&'. The overall side reaction coefficient for Cu-ligacomplexation in
seawater can be calculated simply as in equatipfig the product of the determined
conditional stability constant and the ligand caortcation measured by CLE-ACSV. If

we assume a 1:1 complex withand the ambient organic ligands, then

Acur = K cond - [L] %)

CuL,cu?*

whereK:'%, -+ and[L] are both determined by CLE-ACSV. These side reacti

coefficients can also be combined when more thanligand class is detected at a given
competition strength, such thag,, = 1 + ¥; ac,,,, wherei is the number of ligand
classes (Turnest al.1981). This allows ligand data from a single contjmet strength to
be modeled by a side reaction coefficient and el calculated log[Ci] (from
equation (5)) as shown in figure 2.5 A. The -logfdetermined at each competition
strength from every station is plotted againstitiyer,,; calculated from the speciation
data. Although the Cili concentrations in these samples were assumedequa to
those calculated at the highest analytical windese (section 3.6), if these ligands were
to be fully titrated with added Cu from melting see or another input event, €u
concentrations would approach those seen at therlamalytical windows. The linear
relationship is relatively robust, and may be acdyeay to model future speciation data
at multiple analytical windows as it relates tcefraetal concentrations. It is also a

convenient way to calculate log[€lidirectly from calculated ligand concentrationslan
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stability constants in the literature, when rawatibn data is not available (Turner et al.
1981). Modeled,,; coefficients are also effective for comparing figalata in the
literature, as can be seen from figure 2.5 B whlata from a selected study (Buck and
Bruland 2005, completed using the same analyticadgulure and a similar range of
analytical windows) is shown to compare fairly wéllthough that study was done in an
estuarine environment, the range of obser/sdind resulting Cti concentrations cover
a similar range, suggesting that comparing thdivela coefficients, instead of ligand
concentrations and stabilities, between studietddoel useful in the future. These
coefficients represent the complexation capacithefsystem including all ligand
classes, and are therefore useful in comparingdigenols from different regions and
different analytical windows. In further studiessalissing organic speciation data in
terms of overalk,,; coefficients may therefore be more beneficial wébards to
determining C&" metal concentrations, as well as when attemptrdjrectly compare
speciation data of different ligand pools with viagycomplexation capacities.
Translation of measured ligand concentrations amdlitional stability constants into
overalla.,; may also be beneficial for future large-scale si@n studies where several
labs complete analyses at different analytical wnsl
5.4 CU’* Concentrations and Implications for Phytoplankton

CU?* concentrations were extremely low in all sampheg[CL?] 14.5-15, as
determined at the highest analytical window) neahavels that may be limiting for
inducible Fe uptake, a likely mechanism for Fe &itjan in this HNLC region.
Variability in the ligand pool seen between regisnsgrounding the Antarctic Peninsula

did not seem to have significant effects on log[Tlevels, but may be important to
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consider for Cu availability in this region. Recenirk has made it clear that some
phytoplankton can access organic forms of Cu (Qatgd.2006), but the particular
forms that are bioavailable are not clear. Futtudiss that focus on the expanded
continuum of Cu-binding ligands and their bioavailidy may help to elucidate this
important question. It is possible that weakly cée®pd Cu is more bioavailable, and
perhaps the absence of any clear Cu limitatioh@BS region from Buck et al. (2010) is
due in part to the availability of some weakly bdu®u in that area. Since strong ligands
were greater than dissolved{3zoncentrations in all samples at the highest caeitiqgre
strength, the log[Ci]] levels andx,; determined using 25 pM SA was assumed to be
most applicable to these samples. However, if 8aamt dissolved Cuis released from
melting sea ice in the summer with enriched Culte@Z06 + 0.25 nM), then perhaps
the log[Cif*] levels determined at lower competition strendtbg[CL?'] levels < 14.5 in
figure 2.5 A) will be more applicable, as weakegahds will buffer the Cu inputs as the
strong ligands become saturated. Figure 2.6A-Diaspthis visually, where log[Gi] is
shown versus Cu* (total Cu added to the systemudiw that bound by the added
ligand, equation (4)). It is clear from Figure 2hat at the ambient dissolved £u
concentration in each representative sample franidtr regions studied, the resulting
log[CU*"] is similar. When Cuconcentrations are increased in each sample howeve
(such as from melting sea ice, Figure 2.6), thaltieg changein log[CU**] between

each region varies significantly. Although the tiga are generally stronger in the ACC
and SACCEF, they are titrated quickly by the incesas total dissolved Cu. Cu inputs are
buffered more in the shelf and BS due the slighifjher concentrations of weaker Cu-

binding ligands, and thus the resulting change@iCL’"] is much less (2 orders of
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magnitude versus 3-4). Thus, the relevance of ohinéng a range of log[Ci]] levels
anda,,; at varying competition strengths may be appropeatn for some regions of
the open oceans, especially in areas where Cusmpight be variable (areas of runoff,
sea ice melt, aerosol inputs).
6. Conclusion

This study is the first to report dissolved{Gund Cu-binding ligand
concentrations during the austral winter in thetBen Ocean. Although only surface
samples were examined, this study significantlyeases the number of Cu-binding
ligand measurements that have been made in opan eceironments (as opposed to
estuaries). Strong Cu-binding ligands were detectadl samples surrounding the
Antarctic Peninsula, suggesting that strong Cwuliigahave a distinct source in the
Southern Ocean despite the minimal biological #gtnbserved at the time of sampling
in austral winter. Sea ice may be an importants®of these ligands, and future studies
exploring the ecological significance of these fida to natural sea ice communities may
prove insightful. Although Cli concentrations observed during this study were rgéligie
less than levels thought to limit inducible Fe sport, significant changes to the Cu-
binding ligand pool by the biological community warot apparent and warrant further
investigation. Continued analysis of the Cu-bindiggnd pool at multiple analytical
windows may shed some light on important sourcessarks of Cu-binding ligands in
the Southern Ocean.
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Table 2.1 The dissolved concentration of copper for eachastgand the associated
water mass and latitude and longitude) as welhasaverage temperature and salinity in
the upper 35 m. *indicates stations where no spienia@ata was obtained. ‘nd’ indicates
stations where no CTD data was collected

Water [Cuq] Temperature Salinity
Station Latitude Longitude Mass nM std dev C (psu)
78* -62.311  -58.065 BS 2.12 0.06 -1.69 34.18
81* -62.229  -58.118 BS 2.33 0.08 -0.68 34.21
211 -63.783  -60.215 BS 2.84 0.21 -1.22 34.2p
224 -62.817  -57.755 BS 2.25 0.07 -1.79 34.43
82* -61.833  -57.565 Shelf 2.32 0.08 -0.70 34.0y
86 -61.611  -57.730 Shelf 2.31 0.09 -0.73 34.08
90 -61.375  -57.905 Shelf 2.01 0.15 -0.43 34.0p
93 -61.125  -58.093 Shelf 1.65 0.15 -0.75 33.87
96 -60.950 -58.374 Shelf 1.44 0.06 -0.81 33.8P
119 -61.225 -54.411 Shelf 2.11 0.10 -1.12 34.20
215 -62.965 -61.576 Shelf 2.20 0.16 -1.04 34.18
217 -62.526  -62.456 Shelf 2.15 0.07 -1.04 34.20
219*  -62.150 -63.100 Shelf 1.86 0.06 -1.33 33.9
130 -61.749  -56.903 SACCF 1.27 0.07 nd nd
136 -61.196  -56.238 SACCF 1.17 0.14 nd nd
141 -60.836  -56.110 SACCF 2.58 0.07 nd nd
145 -60.571  -56.746 SACCF 151 0.20 nd nd
146 -60.276  -57.451 SACCF 1.33 0.04 -0.71 33.97
148 -60.491  -57.000 SACCF 1.33 0.05 -0.63 33.97
150 -60.666  -56.520 SACCF 151 0.04 -0.97 33.95
152 -60.745  -56.330 SACCF 1.07 0.10 -0.73 34.99
156 -60.835  -56.107 SACCF 1.90 0.14 -0.74 34.30
160 -60.921  -55.904 SACCF 2.10 0.05 -0.73 34.30
197  -60.750  -58.375 ACC 1.25 0.07 -1.01 33.86
197 -60.750  -58.375 ACC 2.04 0.08 -1.02 33.51L
198 -60.750  -59.250 ACC 1.41 0.07 -1.12 33.9B8
glacier -62.166 -58.416 0.54 0.03 nd nd
seaice -62.166 -58.416 7.06 0.25 nd nd
algalice -62.166 -58.416 8.96 0.31 nd nd
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Table 2.2 Average concentrations of copper in the BS, siBCCF, ACC, glacier ice,
sea ice, and algal sea ice determined in all thepkes. Strong ligandsdgK ™% . >

CulL,cu?t =

13.5, L;) and weak Iigandslc(gKCCI‘jZ‘éuzJ, < 13.5, L) at each competition strength (25,
10, 2.5, 1 uM SA).

Water [SA] [Cur] [L4] [LJ]
Mass UM nM +/- nM +/-  logK;  +/- nM +/-  logK,  +/-
0.3
Bransfield 25 2.39 1 5.14 2.08 1494 0.66 7.37 na 13.31 na
10 3.63 0.01 15.00 054 6.00 298 13.19 0.06
2.5 8.32 062 12.73 0.58
1 8.28 1.78 12.81 0.27
0.5
Shelf 25 2.26 2 239 0.77 1496 0.66
10 2.66 1.21 1460 0.27 254 0.81 13.27 0.41
2.5 425 0.81 14.06 0.66 468 2.15 13.33 0.83
1 6.57 259 12.68 0.48
0.4
SACCF 25 1.58 7 3.10 154 15.13 0.54
10 248 0.30 14.89 0.37 3.62 252 1310 0.68
2.5 454 112 1385 0.27 551 3.12 13.18 0.74
1 750 294 1295 0.74
0.4
ACC 25 1.56 2 226 0.01 16.00 0.82
10 2.81 na 14.94 na
2.5 3.72 1.00 13.63 0.29
1 8.04 na 13.57 na
0.0
Glacier 25 0.54 3 3.18 0.08 15.59 0.02
2.5 2.12 0.06 14.25 0.10
0.2
Seaice 25 706 5 15.99 0.77 14.42 0.04
2.5 8.97 0.10 13.87 0.11
Algal sea 0.3

ice 25 8.96 1 26.15 3.88 15.15 0.25
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Figure 2.1 Sampling map of the Antarctic Peninsula region wititions in the BSo),
Shelf A), SACCF (+), ACC¢), and one station for ice sampin Admiralty Bay o).
Bathymetry isshown from 5000 m.
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Figure 2.6 Log[CW?"] versus [Cu*] (nM) for station 224 in the BranddieStrait (A),

station 90 in the shelf (B), station 156 in the SA(C), and station 197 in the ACC (D).
Vertical dashed lines ‘---* represent the ambiemdltdissolved Cu concentration in each
sample, while the horizontal line represents tiselting log[C§*]. The second vertical
dashed line *-" represents the ambient total dissolved Cu comagah determined in

sea ice.



55

Table S2.1 Stronger and weaker ligand concentrations deteghimeach sample with
reported standard deviations from the average afc8ard and Ru&iLangmuir
linearizations (see methods). LogfCluvere determined from raw titration data based on
Moffett et al. (1997). The determination afwas calculated based on the description in
section 4.4 in the text.

Station Water Mass [CulnM std dev [SA]pM [Ls]oM stddev logKs stddev [Lw]oM stddev logKw stddev  eL [C'uzf] -IOQ[CL1]+1 o combined
21 BS 284 011 25 613 017 1506 005 654 124 1423 009 0983 538E-16 1527 8731632027

2.84 10 364 000 1538 003 389 014 1323 000 469 O.89E-15 1400 9427027113
284 25 875 008 1314 002 591 9.60E-14 1302 129422084
284 1 934 001 1300 011 670 8.64E-13 1206 102223042
224 BS 225 007 25 275 026 1554 014 737 029 1331 002 787 S5.06E-15 1430 103784569.32
225 10 362 036 1461 024 811 358 1315 022 948 7S59E-15 1411 17029372.30
225 25 695 043 1331 022 788 180 1232 002 1238 TATE-M4 1313 1696906.55
225 1 702 083 1262 010 477 874E-13 1206 31357188
86 Shelf 231 009 25 A4 004 1555 019 113 443E-15 1435 13078515333
231 10 418 005 1446 0.8 187 8TE-15 1406 1291743591
231 15 443 006 1374 012 212 B876E-14 13.06  2608578.39
2.31 | 467 180 1319 0.62 236 143E-13 1284 775028.09
90 Shelf 2001 015 25 285 019 1549 023 262 075 1431 007 346 9.84E-16 1501 100104306.08
201 10 276 037 1468 0.08 344 057 1304 020 419 968E-15 1401  14559139.96
201 25 527 025 1337 022 6212 162 1248 019 948 198E-13 1270  1525040.40
201 1 471 L0l 1327 037 336 101 1182 061 606 139E-12 1186  963556.53
93 Shelf 165 015 25 221 006 1541 025 204 002 1361 001 260 1.64E-15 1479  61738947.64
1.65 10 242 006 1485 005 278 103 1281 041 355 142E-14 1385 1854990733
1.65 25 3 032 1490 030 481 032 1220 000 650 841E-14 13.08  28509697.00
1.65 1 798 057 1267 018 633 842E-13 1207 39994841
96 Shelf 144 006 25 199 001 1514 068 L78 013 1452 014 233 218E-16 1560  35749936.25
144 10 203 026 1498 000 242 037 1368 004 301 LO2E-14 1399 2201397329
1.4 235 442 012 1382 017 298 336E-14 1347 312012137
144 1 1099 016 1252 004 955 242E-13 1262  380940.91
119 Shelf 211 010 25 294 000 1541 0.8 0.83 7.75E-16 1511  80974324.88
211 10 266 003 1466 011 150 003 1354 000 205 878E-15 1406 1358542044
211 25 646 015 1346 005 435 LIE-14 1395 199633185
211 | 655 032 1257 013 444 O9.15E-13 1204 260761.20
215 Shelf 2.2 016 25 313 020 1538 010 009 000 1450 000 1.62 9.75E-16 1501  82791413.68
220 25 397 012 1421 0.08 060 000 1435 000 237 3.16E-13 1250  8338370.04
217 Shelf 215 007 25 264 002 1574 015 271 010 1441 008 320 1.64E-15 1479 161839435.15
215 10 341 046 1464 041 126 222E-15 1465  15812346.96
215 2.5 55 019 1366 021 341 239E-15 1462  2723171.24
215 1 771 038 1269 019 556 3.92E-15 1441  404627.55
130 SACCE 127 007 25 247 008 1548 004 219 004 1445 016 339 1.16E-15 1494 8654132853
1.27 25 235 009 1420 046 108 2.58E-13 1250  3990873.58
1.27 1 439 012 1308 02 312 127E-12 1190 56554255

136 SACCE 117 014 25 006 1570 006 49  L79 1451 022 650 637E-16 1520 162733765.60
1.17 25 377 001 1325 001 260 244E-13 1261 718359.69

[
—a
=
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Table S2.1 Continued. Stronger and weaker ligand concentrations detegnmeach
sample with reported standard deviations from tlezage of Scatchard and
RuZié/Langmuir linearizations (see methods). LogfGQwere determined from raw
titration data based on Moffedt al. (1997). The determination afwas calculated based
on the description in section 4.4 in the text.

Station Water Mass [Cu] oM std dev [SA] M [Lo]aM siddev looKs wddev [Lu]aM wuddev logKw eddev oL [Cu']  fog[Cu'] o combmed
1.17 1 412 0.04 13.60 020 295 4.68E-12 11.33 1757508.62
141 SACCF 2.58 0.07 25 3.99 0.04 1567 017 141 743E-16 1513  199973707.22
2.58 5 6.49 0.04 1351 002 391 8.03E-14 13.10 2250323.16
2.58 1 10.12 026 13.69 024 754 B8B86E-13 12.05 5311052.50
145 SACCF 131 0.20 25 7.44 009 1483 0.01 593 3.20E-16 1549  53898036.43
1.51 25 6.12 075 1373 013 4,61 1.15E-13 12.94 352169342
1.51 1 473 008 1313 0.09 322 481E-13 1232 683694.01
146 SACCF 1.33 0.04 25 2.79 005 1550 0.04 2.80 044 1468 0.11 426 3.76E-16 1542 107928049.00
1.33 2.5 8.46 0.03 1308 0.01 713 7.03E-13 1215 1097674.10
148 SACCF 1.33 0.08 25 3.20 012 1507 0.1 1.87 2.58E-16 1559  40150644.25
1.33 10 2.37 0.06 1474 0.07 1.84 0.05 13.83 0.02 2.88 422E-15 1437 15294446.24
1.33 25 6.09 018 1312 0.05 476 2.34E-14 13.63 860095.11
1.33 1 8.78 029 1275 014 745 198E-12 1170 529048.32
150 SACCF 151 0.04 25 0.71 013 1550 0.04 -0.80 1.04E-15 1498  24057936.09
1.51 25 447 005 1353 0.04 296 3.60E-13 1244 1622959.90
152 SACCF 1.07 0.10 25 3.80 013 1490 0.15 273 441E-16 1536  32343246.45
1.07 25 2.81 0.85 1329 044 174 172E-12 1176 587093.21
156 SACCF 1.90 0.14 25 245 032 1554 0.14 2.16 078 1462 013 271 1.02E-15 1499 100674497.72
1.90 10 282 0.10 1461 022 12.97 256 1250  0.18 1389 1.39E-14 1386 12749228.34
1.90 2.5 354 032 1410 0.7 2.67 0.97 1262 005 431 204E-13 12.69 4804594.12
1.90 1 451 009 13.03 0.08 10.27 012 1145 0.00 12.88 1.77E-12 1175 548833.19
160 SACCF 2.10 0.05 25 247 003 1608 0.07 23 0.02 1438 0.07 268 5.87E-16 1523 32413525453
2.10 10 2.26 017 1531 022 540 0.55 1296 0.06 556 1.63E-14 13.79  49971121.80
2.10 25 4.04 010 1404 0.11 9.41 212 1232 0.2 1135 6.42E-14 13.19 4957250.78
2.10 1 10.10 1.14 1296 0.26 800 1.61E-13 12.79 987010.59
197 ACC 2.04 0.08 25 2325 005 1657 011 0.21 7.80E-16 1511 903627534.60
2.04 10 281 006 1494 0.10 0.78 9.61E-14 13.02  26382995.87
2.04 25 3.01 025 1383 0.26 097 5.57E-13 1225 2180553.24
2.04 1 8.04 011 1357 014 6.00 1.39E-12 11.86 3200782.65
198 ACC 1.41 0.07 25 227 001 1542 0.08 0.86 G6.38E-16 1520  63977293.54
1.41 2.5 443 014 1342 0.06 3.02 7.3E-15 1415 1248544.64
glacier 0.54 0.03 25 3.18 008 1559 0.02 264 1.21E-16 1592  132564464.94
0.54 5 212 006 1425 0.10 1.58 3.67E-14 134 4039577.72
seaice 7.06 0.25 25 1599 077 1442 0.04 893 24e6E-15 146l 45065944.07
7.06 5 8.97 0.10 13.87 0.11 191 1.12E-14 1395 7125125.27
dirty ice algac  8.96 0.31 25 26.15 3.88 1515 025 17.19 823E-16 1508 395796167.47
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1. Abstract

Organic dissolved iron-binding (dFe) ligands wereasured by competitive
ligand exchange-adsorptive cathodic stripping voiteetry (CLE-ACSV) at multiple
analytical windows (side reaction coefficient oicdaldoxime, age(sa),= 30, 60, and
100) in surface and benthic boundary layer (BBlohgles along the central California
coast during spring and summer. The weakest ligamts detected in the BBL at the

lowest analytical window with average I(Xg:fge: 10.2+0.4 in the summer and

10.8+0.2 in the spring. Between 3% and 18% of the diesbiron complexation in the
BBL was accounted for by humic-like substancesciwhvere measured separately in
samples by ACSV and may indicate a source of drdhg ligands from San Francisco

Bay. The strongest ligands were found in nearsbpri@g surface waters at the highest
analytical window with average Idgggﬂge: 11.9+0.3, and the concentrations of these

ligands declined rapidly offshore. The ligand paal¢he surface and BBL waters were
distinct from each other based on principal comptsanalysis, with variances in the
BBL ligand pool explained by sample location andasce in surface waters explained
by water mass. The use of multiple analytical windmalysis elucidated several distinct
iron-binding ligand pools, each with unique distitibns in the central California Current

system.
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2. Introduction

Dissolved iron (dFe) concentrations in coastal nmesurface waters are
relatively low (generally < 0.5 nmoll, Johnson et all997; Biller et al. 2013). This is
due to biological uptake (Johnson et al. 2007)tAedow solubility of dFe in seawater
(Hudson et al1992). The presence of organic dFe-binding ligdradsbeen shown to
increase the solubility of dFe in seawater (Rue Bindand 1995; Wu and Luther 1995),
but their sources and sinks are still not well kndgeereviews by Hunter and Boyd

2007; Gledhill and Buck 2012). In general, strof@-tinding ligands (L, log

Kcond

FeL Fe >12.0) measured in the surface ocean are thoudd® biologically produced

(Hunter and Boyd 2007; Gledhill and Buck 2012) amaly play an important role in the

biologically labile pool of dFe, although weakeredliigand complexes ¢.-log

Kcond

FeL Fe <12.0) may be more bioavailable (Hutchins and Brdila894; Poorvin et al.

2011).

Weak ligand sources may include photochemical disgi@n of strong ligands in
the surface ocean (Barbeau 2006), biological prisdittutchins and Bruland 1994; Boyd
et al.2010; Hassler et a2011), humic-like substances (HS) (Laglera anddemBerg
2009), and diffusive fluxes from sediment pore watnd resuspended sediment
material (Skrabal et al.997; Jones et &011). However, dFe complexation is thought
to be governed by stronger ligands in surface wgfeue and Bruland 1995eereview
by Hunter and Boyd 2007) while weaker complexesidate the deep ocean ‘ligand
soup’ (Hunter and Boyd 2007).

The central and northern California Current (CQ) baen well studied with
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respect to seasonal dFe dynamics (Johnson €99, Elrod et al2004, 2008; Biller et
al. 2013). The CC is an eastern boundary upwedlysgem, with high primary
productivity along the coast generally coincidinghwseasonal upwelling events
(Bruland et al2001). These periodic upwelling events may brilegated
concentrations of macronutrients (nitrate, phosplsilicate) without a corresponding
adequate increase in dFe (Bruland e2@01; Johnson et &001; Biller et al. 2013),
leading to varying degrees of iron stress in thggblankton community (Hutchins et al.
1998; King and Barbea2011).

In previous studies, the highest dFe and dissodvBbl(weak acid labile) were
found just after the onset of upwelling (Elrod et2004, 2008; Chase et al. 2005; Biller
et al. 2013), with fine grained sediments depodtteunh rivers during winter storms as a
significant source of the dissolved and particulggElrod et al. 2008). These mud-belt
shelf sediments are rich in organic carbon andHeenoky et al. 2012) and data from
flux chambers (Berelson et al. 2003; Elrod e28D4) show a correlation between dFe
fluxes and organic matter degradation suggestiad-#irich deposits underlying the
benthic boundary layer (BBL; Johnson etl&l99) are organic in nature. Buck et al.
(2007) found high concentrations of dFe-bindinguids in one BBL sample near San
Francisco Bay, and it has subsequently been showarsiudy of the Satilla River Estuary
in the southeastern US that sediment pore wataerbea source of dFe and ligands to
the water column (Jones et 2011). Organic ligands may, thus, play a signiftaqale
in remobilizing upwelled dFe-rich BBL material ine CC region and in determining its
availability to phytoplankton in the surface oce@mnveral studies have also characterized

the distribution and in situ dynamics of dFe-birgdorganic ligands in the surface waters
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of the CC (Macrellis et al. 2001; Buck et al. 2pRihg et al. 2012).

The purpose of this study was to investigate sesstharacteristics of both
stronger and weaker dFe-binding ligands in thehsort and central CC, with emphasis
on surface waters vs. the BBL over the mid-shelfi+halts (50 to 90 m deep). DFe-
binding ligands were measured by competitive ligarchange-adsorptive cathodic
stripping voltammetry (CLE-ACSV) using multiple a@ntrations of the added ligand
salicylaldoxime (SA), to create a range of compmiistrengths of the added ligand,
defined as multiple analytical windows (MAWSs). Tinethodology allows the detection
of a wider range of dFe-binding ligand classes ibatetermined in a single window.
This MAW CLE-ACSV approach has been employed fqpmry (Cu) speciation studies
(Bruland et al. 2000) in estuarine (Moffett etZ097; Buck and Bruland 2005; Ndungu
2012) and coastal environments (van den Berg @980; van den Berg and Donat 1992;
Bundy et al. 2013), though it has not yet beeniegpb Fe speciation studies. Recently,
‘reverse’ titrations have been employed in onestodassess tightly bound dFe fractions
not typically exchangeable with SA (Hawkes et 8l132).

Previous studies report an overlapping range oflitimmal stability constants

(log K;:E)Spe’) of dFe-binding ligands detected by CLE-ACSV ie tharine environment

(9.6-13.9;seereview by Gledhill and Buck 2012, their table dynfounding the
distinction between the strongen’land weaker ‘L’ ligand classes. This makes the
interpretation of the sources and sinks of dFeibimdrganic ligands in the environment
difficult. The overlapping range also suggests thate may be additional ligand classes
present in seawater. This study aimed to detedtlarwange of dFe-binding ligand

classes in surface and BBL waters using MAW analys¢he spring and summer off
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northern and central California. Surface waterpgatlyesized to contain the strongest
dFe-binding ligands, and BBL waters suspected tdaio organic degradation products
and/or terrestrial humic-like substances, werenidéel to represent two end-members in
ligand composition for which to verify MAW analysés dFe-binding ligands.
3. Methods
3.1 Sampling

Surface and BBL samples for this study were catiécin the R/\Point Surin
May 2010 (spring) and August and September 20Irhifser) off the coast of northern
and central California (Fig. 3.1). All BBL statiodsiring the August and September 2011
cruise were also sampled in the surface, while ardubset of BBL stations were
sampled in surface waters during the May 2010 er(igy. 3.1). Trace metal clean
samples from the BBL in May 2010 and August 201tewsmllected using Teflon-coated
8 liter GO-Flo bottles (General Oceanics) suspermated Kevlar line and triggered with
Teflon messengers. Hydrographic data was collacset the ship’s rosette system,
which contained a conductivity, temperature andldépTD) sensor as well as a
fluorometer, dissolved oxygen sensor and transmmsser. The BBL sampling locations
were determined based on the local maximum in begenuation within 10 meters of
the ocean bottom along with a higher salinity awldr temperature feature, obtained
from a CTD cast immediately preceding the GO-Flst.cAn attempt was made to obtain
the GO-Flo sample approximately 5 meters off thiégdmo within the BBL. Nitrate and
silicic acid data for the GO-Flo sample was alsedu® compare with the preceding
CTD cast to ensure the sample was within the BRir.délditional details on

hydrographic and trace metal samplisgeBiller et al. (2013). Surface samples on both
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cruises were obtained from a trace metal cleanddfish’ (Bruland et al. 2005)
plumbed through clean Teflon tubing into a clean f@ sample collection. All
dissolved samples were filtered through Acropak @8@sule filters (0.am, VWR
International ) into bottles that had been cledamgtdoth nitric acid (HN@; trace metal
grade, Fisher Scientific) and hydrochloric acid (H€ce metal grade, Fisher Scientific).
Samples for total dFe were filtered into 125 mL Id@nsity polyethylene bottles (LDPE,
Nalgene) and subsequently acidified to pH 2 (Johmet@l. 2007; Lohan et al. 2006).
Samples collected for dFe speciation were filten¢éol 500 mL fluorinated polyethylene
bottles (FLPE, Nalgene) and either kept ‘& fbr ‘fresh’ analyses shipboard (within 1-3
days) or frozen at -2Q for later analysis (1-2 months) in the lab.
3.2 Chlorophyll a and nutrient analyses

Nutrients were analyzed shipboard using a Lachak@hem 800 Flow Injection
Analysis System following standard colorimetric huads 6eeBiller et al. 2013).
Samples were analyzed for nitrate + nitrite (hereferred to as nitrate, NQ, phosphate
(PQ,*), and silicic acid (Si(OH) on surface transects as well as from GO-Flo émttl
(seeBiller et al. 2013). Chlorophyt was calculated from in situ fluorescence based on a
calibrated underway data acquisition (UDAS) fluoeter (SeaBird Electronics).
3.3 Dissolved Fe totals

DFe totals were determined shipboard using flowatipn analysis (FIA) as
described previously by Lohan et al. (2006) andatail for this study by Biller et al.
(2013). Samples were acidified to pH 2 immedia&dtgr collection using quartz-
distilled HCI (Optima, Fisher Scientific) and weakowed to sit for two hours prior to

analysis. Blank measurements using this method Q648 + 0.009 nmol kf(n=18),
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and the detection limit (three times the standawdation of the blank) was 0.026 nmol
kg®. As quality control, the analysis of Sampling @malysis of Fe (SAFe) standards
(Johnson et aR007) were completed during the cruise. The resoittdFe during the
May 2010 cruise were surface (S): 0.095 + 0.006pd®2): 0.93+0.07n=11) and for
the August 2011 cruise were S: 0.094 + 0.008 nrgd) B2: 0.94 + 0.06 nmol kY
(n=18) (Biller et al.2013). These values are in the range of the cucmrsensus values
as of May 2013 of S: 0.093 + 0.008 nmol‘kand D2: 0.93 + 0.02 nmol Ky
(http://www.geotraces.org/science/intercalibratB#®-standards-and-reference-
materials). A subset of samples were also analysedy a new multi-element method
developed by Biller and Bruland (201t®)compare with FIA results, and good
agreement was seen between methods (Biller e0aB)2
3.4 Dissolved Fe speciation

Dissolved Fe organic speciation was measured WiltgACSV with
salicylaldoxime (SA) as the competing ligand (Rad Bruland 1995; Buck et al. 2007),
using multiple analytical windows (MAWsgedescription below). All summer samples
and a subset of spring samples were analyzed WiWBI(agsa),= 30, 60, 100) with a
single titration at each window; remaining spriagnples were analyzed in triplicate at
are(sa),= 60 only. For the titrations, 10 mL aliquots otkalissolved Fe speciation
sample were pipetted into 10 separate Teflon Welshad been pre-conditioned with the
added dFe concentrations used in this study. AthBL™" boric acid (> 99.99%, Alfa
Aeasar) buffer was prepared in 0.4 mdINH,OH (Optima, Fisher Scientific) and {0
was added to each vial (7.5 mmét final concentration, pH 8.2). Eight of the 10

aliquots were then spiked with Fe from a 100 nmgl200 nmol [}, 1 pmol L, 2 pmol
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L%, or 10pmol L* secondary standard that had been diluted from astaAdard
(CertiPrep) into pH 1.8 ultra clean water (Millix@ater, >18 mol [* Q cm) to obtain a
final concentration ranging from 0.25-100 nmél. [The added Fe was then left to
equilibrate with the natural ligands for at leastdtrs, and up to 8 hours. The appropriate
concentration of the competing ligand was added {a), of 30, 60, or 100) following
the 2 hour equilibration period with the added jrand left to equilibrate an additional
15 minutes for the highest analytical windaw{sa),=100), and t 30 minutes for the
lower analytical windowsa(z.(sa), =30, 60). Each Teflon cup was then run separately
using a controlled growth mercury electrode (CGMBRESI) interfaced with an analyzer
(E2, Epsilon) and a laptop computer using adsoeptathodic stripping voltammetry
(ACSV) as described in detail elsewhere (Rue andaBd 1995; Buck et aR007,
2010). The calibration of the side reaction coé#fit (@ (sa),) for SA has been
completed previously according to Rue and Bruldrg®%) with corrections for salinity
as described in Buck et al. (2007).
3.5 Sensitivity determination

The sensitivity (defined as nA nmol'ls?) for all samples was determined by
internal calibration from the linear portion of ttigation curve at the end of the titration,
where it is assumed all ligands are saturated adtted dFe. The internally calibrated
sensitivity was compared to the sensitivity detewedi by ‘overload titration’ (Kogut and
Voelker 2001) for BBL samples to ensure an accwatssitivity due to the high organic
matter content and potential presence of HS in B&ples. ‘Overload titrations,’ as
described by Kogut and Voelker (2001) are an aoitkti method for determining the

sensitivity in coastal seawater samples. Thesaititis are completed at high analytical
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windows (highaFe(SA)z) in order to completely outcompete the naturanids present in

the sample. This method also uses an internaligreddd sensitivity, but ensures that the
ligands are fully titrated by outcompeting them ¢kiband Voelker 2001). This is a
concern in coastal samples, because HS have beam $t have measured effects on the
sensitivity in CSV analyses using SA (Laglera aad den Berg 2011), and could lower
the internal sensitivity. The internal calibraticarsd overload titrations were also
compared to the sensitivity determined in ultrdeti¢UV)-irradiated seawater (UVSW,
made from UV-irradiating BBL sample at Sta. 10hie summer 2011) with 329 L'* HS
subsequently added (Suwannee River fulvic aciddsti@h SRFA International Humic
Substances Society, IHSS) to determine the effddSoon the sensitivity determinations
(Laglera and van den Berg 2011). First @2L™" HS were added to UVSW and titrated
with 0, 1, 5 and 10 nmoltof added Fe and the sensitivity determined fromiitrear
portion of the titration curve, as in the intersahsitivity calculation. Iterative sensitivity
determinations have also been used in recent sttmligddress the issues associated with
high organic content samples (Hudson et al. 2003;avd Jin 2009), but they may over-
estimate the sensitivity in some cases (Lagleed. &013). This study chose to compare
internal calibrations, overload titrations and UV $itkations with HS for determining
the most accurate sensitivity for the seawaterimatithis coastal region.
3.6 Multiple analytical window analysis

DFe speciation samples were analyzed using CLE-A@BVMAWSs of the
added competing ligand (SA). The analytical wind@ngployed were determined based
on the estimated side reaction coefficients (& tying capacity) of the ambient ligand

pool (a;) and that of the competing ligand( s4),). When the ratio of these two side
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reaction coefficients (lag /logage(sa),) is between 1-10, then the chosen analytical
window is appropriate for detecting that ligandsslgvan den Berg and Donat 1992;

Ibisanmi et al. 2011). The side reaction coeffitien is determined by:

a, = 1+ Z(L" % Keghdeo) (1)

Hcond

FeLy Fe 1S the

where [L] is the concentration of the ligand (natwr competing) an

cond
SA,,Fe

ond

oLy, Fe ,since SA Is

conditional stability constant. For SA, th’é - is noted a$

thought to form an electroactive bis complex with & experimentally determined by
Rue and Bruland (1995) and Buck et al. (2007)@ireentration of 25-27 5mol L SA
(ape(sa),= 60-75). A separate calibration of SA was complétere for the relevant

concentrations of SA (17-32mol L), and was not found to differ substantially from

Buck et al.(2007). Thq3§°A:°}:e, determined by the Buck et al. (2007) calibraticasw

therefore used for all determinationsagf,sa), in this study. This work aimed to detect
both strong and weak dFe-binding ligands, and &hrage of detection windows were
used in the surface and BBL. Thg,sa),range of 30-100 was chosen to ensure the
competing ligand would still outcompete the stramgrganic side reactions for Fe
(are=10) on the low [SA] end, but not too strong to betely outcompete all natural
ligands at the high end (Rue and Bruland 1995pg¥l/ logag,(say, from 1-10 was
determined in all titrations except one (ratio ¢qad. 0.15, data not shown), ensuring
that the analytical windows chosen were appropf@téhe ambient ligand pool present
in the samples (van den Berg and Donat 1992; Imsanal.2011).

3.7 Dissolved humic-like substance analyses
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Determination of dissolved humic-like substanceS)iWas completed by ACSV
analysis as described above for dFe speciatiatititrs but fine-tuned for HS
determination with the modifications described laglera and van den Berg (2007).
Briefly, boric acid buffer (pH 8.2, NBS) and dFesnadded to each 10 mL aliquot of the
sample to sufficiently saturate the excess Fe-hm#iS (20-50 nmol tFe). Several
concentrations (5-300g L™) of Suwannee River Fulvic Acid Standard (SRFAn2§L
! stock solution) were then added to five of theuits and 3 aliquots had no added HS.
The Fe and HS additions were then equilibrate@fdeast 2 hours. Immediately before
analysis, 40Ql of 0.4 mol L* potassium bromate (> 99%, VWR) was added as an
oxidative catalyst for the reaction, and each aliquas analyzed as described by Laglera
and van den Berg (2007) at a -0.1 V depositionriate with a 50 mV § scan rate in
linear sweep mode. The concentration of HS in saghs determined by the standard
addition method, and the resulting concentratia@temined in each sample represent
humic-like substances that contribute to the okerlectrochemical peak at -0.6 V.

3.8 Dissolved Fe speciation data processing

Several advanced numerical methods exist for psoogEomplex ligand data
(Hudson et al2003; Garnier et ak004; Wu and Jin 2009) and one using MAWSs (Sander
et al.2011), but to date none of these methods are pylbN@ilable. An intercomparison
of data processing methods is currently underway(SSander unpubl.), but another
recent intercomparison effort found reasonableeageant in open ocean samples
between the method used here and the Gerringa(&08b) non-linear method (Buck et
al. 2012). Recent numerical methods have used onlylatetltitration data (Garnier et

al. 2004; Wu and Jin 2009) or data from estuaries, whikely contain a much larger
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continuum of binding capacities (Hudson et28l03; Sander et &2011). Most methods

Kcond

agree in the detection of log K. 'z,

+ = 12.0), although some discrepancy exists in the

detection of kL due to underestimations of the sensitivity (Wu amd2009; Ibisanmi et
al. 2011). Extra care was taken in this study temheine an accurate sensitivity in BBL
samples, where sensitivity underestimation is yikelbe a problem. Ligand
concentrations and conditional stability constavese determined using averages and
standard deviations of both van den Berg-Rliaearizations (Ruzi1982; van den Berg

1982) and Scatchard linearizations (Scatchard 19@®toura and Riley 1975; Buck et

Kcond

FeLFe IN order to

al. 2012). Ligand classes were then characterized gibhptheir log

avoid ambiguity in the literature between ligandssles defined by relative as opposed to

absolute binding strengths (Gledhill and Buck 2012fronger’ ligands in this study are

presented as;l(log Kso'%, 212.0) and k (12.0>log K£2%, =11.0), while the ‘weaker’

ligand pool is represented ag (11.0>log K5o's, =10.0) and L (log Kgo's, <10.0)

ligands. These 1and L, ligand classes represent the pool of strongerliif@ing ligands
in the literature while our4and Lyrepresent the weaker ligand pool (Table 3.1;
following the convention of Gledhill and Buck 2012Zhe distinction between ligand
classes is operationally defined by the conditi@talbility constant values, so the
concentration of excess liganel( [L«]- [dFe]) and overall complexing capacity,( or
the side reaction coefficient of the sample) wdse determined in order to compare
across analytical windows and ligand classes.

3.9 Statistical analyses



76

To examine relationships between all collectedaldes, Pearson’s correlation
analysis was used on the data (non-normalized$p€aifically address the ligand data, a
contingency table was made of the average ligandergrations from each season and
sampling location (surface and BBL at all analytiwzandows), based on the presence or
absence of each class of ligand during that se@sbgand class was considered to be
present if it was measured in at least one sampié,(Table 3.3) and considered not
present if it was not measured (‘nd’ or not deteéateTable 3.3). Statistical differences
in the presence or absence of ligands betweenrseasd sampling locations (surface
and BBL) were then assessed in this contingendg tading chi-squared analysis.
Multivariate statistical analyses were used in otdecompare associations between
physical and chemical parameters. A standard pahcomponent analysis (PCA) was
used to reduce the dimensionality (number of véeglof the dataset and investigate
interactions between the measured variables. [EoP@A, the dataset was first scaled by
the standard deviation of each variable to equadlight the contribution of each variable
to the dataset. PCA was then performed on therdatax comprised of 18 variables
(latitude, longitude, depth, temperature, saliniiyrate, phosphate, silicate, [dFe]a]L
log K4, [L2], log K5, [L3], log K3, [L4], log K, and distance from shore) and 82 samples.
Missing values in the dataset were filled usingaterage value for that variable at that
depth and season, except for the ligand concemtisatvhich were noted as zero if they
were not detected. For example, a missing surfatigent data point was filled with the
average concentration that was determined in tHaduring that season from the
current dataset. There were anywhere from 0-12ingis&lues for a given variable

within the dataset. If more than 12 data pointsewarssing, then the variable was
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excluded from the statistical analyses (i.e., adpbyll a, and dissolved manganese). All
statistics were deemed significant at probabilitess than 0.05(< 0.05), and were
calculated using the Matlab statistics and bioimfatics toolbox.
4. Results
4.1 Hydrography and dissolved Fe distributions

In-depth dFe and hydrographic results are repatselvhere (Biller et al. 2013).
Temperature, salinity, chlorophyland nutrient concentrations for all stations saupl
for dFe speciation are presented in Table 3.2. Madrient, chlorophyla, and dFe data
for the remaining stations can be found in Billeak(2013); only a subset of that data is
presented here. Surface samples taken during thg spuise had lower average
temperatures (10.4+1.6, n=20) and higher average macronutrient concentration
(17.1+10.1umol L* NOg, 1.3+0.6umol L PQ* and 25.4+14.9umol L™ Si(OH),,
n=20) than those sampled during the summer cru&+41.8°C, 13.5+8.Qumol L™
NO3, 1.3+0.6umol L't PO and 17.9+14.9imol L™ Si(OH), n=33), likely due to
intense upwelling conditions during the spring seufFig. 3.1 and National Oceanic and
Atmospheric Association, NOAA upwelling index,
http://www.pfeg.noaa.gov/products/las.html, datastmwn). Surface samples in the
spring also contained relatively higher chloroplaytioncentrations, with 549.2ug L™
(n=20) on average in the surface waters sampledHerspeciation compared to the
summer (3.5:3.6,n=33). Chlorophylla concentrations were not determined in the BBL
samples. BBL conditions were similar during bothises, with similar average NO
(29.8+1.1,n=12 and 30.83.7 pumol L'* NOs, n=17) and temperatures (&8.3,n=12

and 9.4-1.0C, n=17) in the spring and summer, respectively. Thg’Fadd Si(OH)
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concentrations were similar for BBL samples dutimg spring and summer cruise, but
BBL samples on average contained higher concenistf both PG (2.3+0.1umol L
! n=12; 2.6+0.3pmol L%, n=17) and Si(OH) (47.6+3.4pumol L™, n=12; 44.710.0
umol L%, n=17) relative to surface samples in the springamdmer, respectively.

The highest N@ concentrations measured in the surface wateraglboth
cruises were observed north of San Francisco Biayant Reyes, Point Arena, and
Cape Mendocino (Fig. 3.2C, D). This region gengredirrelated with higher chlorophyll
a concentrations as observed from satellite (FIHC3D, CoastWatch Aqua MODIS),
and from underway measurements (Table 3.2). Threses also corresponded to the
some of the highest dFe concentrations ([dFe], FRA, B) and lowest temperatures
(Fig. 3.1, Table 3.2) observed. Higher [dFe] weeasured on average in the surface
during the spring (Biller et a2013). Similar [dFe] were found between seasortisen
BBL, with higher concentrations observed in sonpeet sampling locations in the
spring and vice versa in the summer (Biller e8I 3). In the BBL, the highest dFe and
NOj3 concentrations were also observed north of Samcigeo Bay (Fig. 3.3) during
both cruises. Relatively lower [dFe] and N@ere observed south of Monterey Bay,
along the narrow Big Sur coastline (Wheatcroftlel897), also corresponding to lower
average chlorophyh concentrations (Fig. 3.1C, D).

4.2 Sensitivity determinations for ACSV measurersent

The sensitivities (A nmolt.s?) in all surface samples were determined by
internal calibration (Rue and Bruland 1995) frore limear portion of the titration curve,
where it is assumed that all ligands have beeat¢itk by the excess dFe additions.

Internally measured sensitivities in BBL samplesermen compared to two other
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methods to ensure accurate determination of th&tsety. An ag(sa),0f 251 and 500
were employed in ‘overload’ titrations (Kogut andatker 2001; Table 3.3), and these

are(sa),Were estimated to be outside the analytical winémvthe ligand pool in the

BBL based on the ratio of lag/logag.sa),- The sensitivities determined by ‘overload

titration were less than the average sensitivitgheined by internal calibration at all
analytical windows employed in the sample analylsasthe differences were not

statistically significantdg.sa), of 30, 60, and 10G;test,t= 0.16, degrees of freedom

(df) =28, p > 0.05). The average sensitivity determined bgriml calibration at

Ape(sa), =30, 60, and 100 was 1.20.88 (=29), 1.28:0.80 (=45), and 0.820.39
(n=28), respectively. Using aty¢(sa),= 500 (=1) the sensitivity determined by
‘overload’ titration was 0.21 nA nmol'ts™ and with anugess), = 251 (=4) the

sensitivity was 0.660.20 nA nmol ! s*. These differences in sensitivity, with a lower
average sensitivity at higher analytical windowsJuded considerable variability and
were not significant>0.05).

With no statistical differences observed betwe¢erimal and ‘overload’
sensitivities, additional sensitivity tests werefpamed using UVSW (a UV-irradiated
sample from BBL Sta. 10 in the summer) with add&l(P2ug L) to confirm the
validity of internal calibration in the presenceHfs in BBL samples, since high
variability was observed. Sensitivities determiaé@ach analytical window using
UVSW and added HS were also found to be statisgicadlistinct from those internally
calibrated in the BBL sample analysesest;t=0.29, 0.27, 0.96; df=28, 44, 27= 0.78,

0.79, and 0.36 fottgesay,= 100, 60, and 30 respectively).
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4.3 Dissolved Fe-binding ligand distributions infage waters

Averaged dFe speciation results, of all sampleseah analytical window are
presented in Table 3.3. Although the average ligaamdentrations and conditional
stability constants are presented for every areytvindow, the detection of each ligand
class was found to be optimal at specific windoaseua on the ratio of lag/
logare(say,- Therefore, the distributions of each ligand classonly presented at their
optimized window ¢ge(sa),= 100 for L, 60 for L, and 30 for k and Ls; Fig. 3.4, 3.5)
Similar concentrations and strengths of ligandsevadrserved in the spring and summer
in the surface waters. Chi-squared analysis basedaontingency table of the ligand
data revealed there was no significant differeretevben the ligands observed in the
spring and the summep ¢ 0.05). Fig. 3.4 presents the distribution ofrage
concentrations of each ligand class across bo#bssan the study area.

4.3.1 Stronger ligand pool {land L,)

Spatial distributions of the stronger ligand classesurface waters are shown
together for both cruises in Fig. 3.4 (A and B)thali; presented from the highest
analytical window ¢ge(sa),=100) and k presented from the middle analytical window
(are(sa),= 60). Stronger ligand concentrations were genehagjhest closest to shore
and decreased offshore. Excess ligand concentsafjibg-[dFe], eL) also followed this
trend (data not shown). Elevated concentratiorstrohg dFe-binding ligands were
observed just outside the mouth of San Francisgo(88 and 7.5 nmol t), near Point
Reyes (10.2 nmolt), and south of Cape Mendocino (7.3 nmd).LThese ligand

concentrations were among the highest observedriace waters. The strongest ligands
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(L,) were not observed in any of the offshore stating. 3.4A), though Lk ligands were
detected at almost all stations and in fact weeentbst common ligand class detected in
surface waters. The complexation capacity genedaltyeased offshore as the
concentrations of the strongest ligands declinedld 3.3). Although the observations
were patchy between cruises, in general the higlestentrations and strongest ligands
were found closest to shore in the northern patth@fstudy region, and near the mouth of
San Francisco Bay.

4.3.2 Weaker ligand pool §land L)

The highest concentrations of weaker ligandsafid L) in surface waters were
measured at the lowest analytical wind@w.(sa),=30), the window optimized for
weaker ligand detection. The average concentrabbhsligands were similar between
the spring and summer (4:8.9 nmol %, n=10 in spring and 5:62.4 nmol L},n=13 in
summer; Table 3.3) and chi-squared analysis basédeofrequency of 4detections in
both seasons showed there was no significant differ between the two seasgns (
0.05). The kligands in the weaker ligand pool showed a distapettial distribution (Fig.
3.4C) compared to the stronger ligand poalaihd Ly, Fig. 3.4A and B). While the
stronger ligands generally declined offshore, higtuacentrations of 4ligands were
detected in the furthest offshore stations. Thiglands, or the weakest ligands in the
observed ligand pool, were not detected at alunflese waters during the spring, and
only 3 surface samples containedligands during the summer cruise (Table 3.3). Thei
concentrations were highly variable (ranging frorh4® nmol '), and were only found

in two stations near the mouth of San Francisco (Bay 3.1B), and north of Cape
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Mendocino (Fig. 3.1, 4D). Nogligands were detected in surface waters offshana f
the continental shelf.

4.4 Dissolved Fe-binding ligand distributions ie tBBL

4.4.1 Stronger ligand pool {land L)

The strongest ligands {} were only detected at the two highest analytical
windows @ge(sa),= 100, 60) in the BBL and were detected less fratjyén the BBL
compared to the surface waters. The concentratibbhswere higher in spring
(16.2+1.1 nmol L, n=3; Table 3.3) than in the summer (1:8%6 nmol I}, n=4 at
Ape(sa),=100 and 7.22.5 nmol It n=2 atage(sa),=60; Table 3.3) though not
significantly so (chi-squareg,> 0.05). The strongest ligands were not detectedl i
BBL samples, and were found most frequently in dampurrounding San Francisco
Bay and Point Arena (Fig. 3.8z sa),= 100). The k ligands were detected much more
frequently in the BBL compared tg ligands (=9 in spring and summer for ks.n=55
for L), and were found at every analytical window dutogh seasons (Table 3.3). In
general, higher concentrations afllgands were measured in the spring than in the
summer, but not significantly so (chi-squarpd, 0.05). The concentrations of ligands
were highest in the areas with the highest [dF¢héBBL (Fig. 3.5apsa),= 60), but
were present in all of the sampling regions. Reddyi high concentrations of stronger
ligands in the BBL lead to higher complexation capes in these samples than in
surface waters (Table 3.3).

4.4.2 Weaker ligand pool ¢land L)
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While weaker ligands were most commonly detectati@atower analytical
windows during the spring and summer within the BBhble 3.3), two samples had
detectable g ligands at even the highest analytical window.rHigriability was seen
during both seasons in the concentrationsz@nd Ly ligands in the BBL (standard
deviations up to 67%, Table 3.3). Thgligand class was detected in BBL samples from
all regions of the study area, including the she#fas outside of San Francisco Bay, Point
Arena, Cape Mendocino, and Big Sur (Fig. 3f,sa),= 30). Higher [L5] generally
coincided with higher [dFe], and {l.was always in excess of [dFe]. Thgligand class
showed a distinct distribution compared to all dtieer ligand classesqligands were
only detected in 5 samples in the BBL (Table 3aBY all of these samples were within
the San Francisco Bay region or the Cape Mendaeigion (Fig. 3.5agesa),= 30). The
[L,] were within the range observed fos ligands in the BBL (14-21 nmol'}) and
showed similar variability (50-70% standard dewas), but were detected less
frequently in BBL samples.

4.4.3 Dissolved humic-like substances

Dissolved HS were measured in two BBL samples duiie summer cruise in
2011 at Sta. 10 and 37 (10: 40.787124.386\; 37: 37.418\, 122.611W) in order to
determine the influence of HS on the Fe-bindingnigj pool in the BBL. Sta. 10 was
located on the continental shelf near Cape Mendo&ir64 m depth and Sta. 37 was
sampled just south of San Francisco Bay at the skpih. Sta. 10 contained higher
concentrations of dFe (26£8.3 nmol %) than Sta. 37 (6:80.1 nmol %), but less HS.
There was 22.fig L™ HS measured at Sta. 10, and 392 HS at Sta. 37 outside of

San Francisco Bay. The concentration of HS wase@#® the Fe complexation by
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assuming all the measured HS was complexed toRIEgious researchers have shown
that HS can bind approximately 32 nmot Fe per 1 mg of HS (Laglera and van den
Berg 2009), though this can be variable dependmthe type and batch of HS (Laglera
and van den Berg 2009). Using the approximatiod2ofimol L* Fe:1 mg HS,
approximately 3.5% of the dFe at Sta. 10 can bexthdny HS and 18.5% at Sta. 37
outside of San Francisco Bay. This would also armhtua.3% and 11.1% of the total
ligand pool (only L was detected in these samples), respectively.
4.5 Statistical analyses

Pearson’s correlation analysis revealed that vemydf the ligand parameters
correlated linearly with any other variable exandimethe dataset (data not shown). To
examine these relationships further, several aufditistatistical techniques were
examined. No significant differences in ligands eviErund between seasons based on
chi-squared analysis, but there was a significdfégrdnce between the presence of
ligands in the surface and BBL based on the coating table (chi-squaregd,< 0.025).
PCA was applied to quantify the differences sedwéen samples in the chi-squared
analysis. The 18 variables used in the PCA are showable 3.4, along with their
principal component (PC) loadings (eigenvectors}tie first three PCs (Table 3.4). The
PCs are linear combinations of the variables thplagn the greatest variance in the
dataset (with the first PC explaining the mostaace). The first three PCs explained
57% of the variance in the dataset, and the fiveteéxplained 46% (data not shown). The
first PC was dominated by loadings from temperataiee], NQ, PQ1,3' and Si(OH),
as can be seen by the magnitude of their eigenmge(doggesting greater influence on the

first PC) in Table 3.4 and also their distancen®right or left of the vertical ‘0’ axes in
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Fig. 3.6A. The variables depth, distance from shanel salinity contributed to the first
PC as well, but to a lesser extent (Fig. 3.6Athimfirst PC, the temperature and distance
from shore were inversely related to the [dFe]rieats and salinity. The second PC
consisted of strong loadings from several of tgarid parameters. The strongest
loadings were from 4, log K;, L4, and logK,, and inversely related to these but also with
strong loadings weresl.log K5, and latitude. The contribution of,log K, and
longitude were similar in magnitude for each PCdposite in sign, with all three
variables showing positive loadings for the secomthponent and negative loadings for
the first PC. The third PC was similar to the sel;dut had strong loadings from latitude
that were negatively correlated with &nd logKs;, as well as longitude and and lodf,
(Fig. 3.6B).

When all of the data (surface and BBE82) are plotted in the PC space, there is
a clear grouping of surface and BBL samples (FiGC3D). Surface samples group
along the positive axis of the first PC, wherexhdance is strongly related to
temperature and distance from shore (Fig. 3.6C). 8#8nples group more along the
second PC in the lower left quadrant, where theaae is related to depth, salinity,
nutrients (macronutrients and dFe), andHig. 3.6C). The addition of the third PC does
not change the position of the surface samplesariPC space, but does shift more of the
BBL samples to the upper left quadrant. The vaearaf samples in this quadrant are
also explained by1and logkK, in addition to those variables strongly relatedhi®
second PC.
5. Discussion

5.1 Multiple analytical window analysis
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Current electrochemical methodology in detecting-8fding ligands constrains
the analyst to measuring only one (or sometime$ Igyand classes. This study expands
the scope of current electrochemical methods (CIKESX) for detecting a wide range of
dFe-binding ligands in seawater. Of the few stuthes have used MAW in CLE-ACSV,
all have focused on Cu speciation in estuaries {dftoét al.1997; Buck and Bruland
2005; Ndungl2012), coastal environments (Bundy et al. 2013)simg numerical
modeling (Sander et &011). This study has extended MAW analysis to sffexiation.
Although a smaller range of ligands is generaltyuht to be present in seawater for Fe
than for Cu (due to the propensity of Fe in seanatéorm insoluble (oxy)hydroxides;
Liu and Millero 2002), the detection of both weaked stronger ligands gives insight
into the quality of the ligand pool in the surfao®e BBL in this study. MAW analysis

enabled the detection of ligands with a wide ramiggonditional stability constants (log

cond
0 FeL,Fe

- ranging from 9-13), similar to the use of MAWSsGu organic speciation
analysis (Bruland et a2000), though an even larger range of ligand strenignay be
possible as a relatively narrow range in MAWs wapleyed here.

Although there was no clear pattern in the conegioins of ligands detected at
each analytical window, the use of MAW highlightee distinctions between the ligand
pools in the surface and BBL. If only thg.sa),= 60 window was used (as in most of
the current electrochemical methods), subtletigherpatterns of 4, L3, and L, ligands
may have been masked by not using an optimal acalytindow. The contingency
table produced for the chi-squared analysis redehlat certain analytical windows were

indeed optimized for the detection of a given lig@hass based on the frequency of

detections for that ligand class. These were dlssame optimal windows predicted by
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using the ratio of log; / logag.sa), for determining the proper competition strength of
the added ligand in CLE-ACSV titrations. The usé&i#Ws may therefore be most
beneficial in dFe-binding ligand analysis with tee of targeted analytical windows
depending on the ligand class of interest. Ovelk#f{\W analysis enabled the detection
of several distinct ligand classes, compared toipus studies.
5.2 Distributions of DFe-binding ligands
5.2.1 L ligands

The strongest ligands measured in this study\lere dominant in surface
waters, and along the continental shelf (Fig. 3.4A)Xetected in this study is similar in
strength to the Ldefined by Rue and Bruland (1995) in the Northifitato be a
siderophore-like ligand, where a similar analytiwatidow was employedig.sa),= 73).
The highest [L] and excess 1(eL4; [L]-[Fe])) were observed in the regions influedce
by riverine or estuarine input (San Francisco Essl,River near Cape Mendocino),
suggesting these areas are sources of strong dBerpiligands. Few studies have
examined dFe-binding ligands in estuaries and siyBuck et al2007; Jones et al.
2011), but both detected high concentrations otlaiRding ligands in freshwater-
influenced systems. Buck et £007) found elevated [lin waters influenced both by
the Columbia River Plume (north of this study) &ah Francisco Bay. Buck et al.
(2007) found a strong correlation betweenq dnd [dFe], and attributed this to the
stronger ligand pool ‘capping’ [dFe] in this regidaspite high concentrations of
leachable particulate Fe which could otherwise rdoute to the dFe inventory. {| was
in excess of [dFe] in almost all of the surface gle® in this study, supporting the

finding from Buck et al(2007) that L is largely responsible for limiting [dFe] in the
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region, at least in steady state conditiong}] éindelL; also decline markedly offshore
(Fig. 3.7), suggesting a coastal source of thgseds.
Bacteria in both marine and freshwater system&m@oe/n to produce

siderophores (Haygood et al. 1993; Butler 1998; gléis et al. 2001), with similar log

K}fji‘fkfas the L class observed here. It is probable that teregsiriin situ strong

ligands from San Francisco Bay may be a source@figer ligands to CC coastal
waters. This is an interesting finding, considenqimgvious studies have suggested that L
is likely produced in situ (Rue and Bruland 19%)ck et al.(2010) and King et al.
(2012) found excess;Iproduction in bottle incubations when B@Fe gmol L™: nmol
L™ were high (> 10), indicating potential Fe stresiative to NQ (Bruland et al1991;
King and Barbeau 2007; Biller et @013). Coastal samples in this study had very high
NO;:dFe ratios (up to 92mol L':: nmol L'Y) due to elevated NOduring upwelling
conditions and relatively low dFe. In fact, someled samples with the highest MO
:dFe ratios were associated with hagh concentrations (data not shown). Macrellis et
al. (2001) isolated strong dFe-binding ligands witlown siderophore-like functional
groups from this region, thus supporting their pre in the CC. 1ligands were also
detected in some of the BBL samples (Table 3.8uygh much less frequently than in
the surface (7% of the BBL samples vs. 29% of thiéase samples). This implies L
may also have a sediment source (Jones et al. 20lhay reach the BBL without
degradation. The presence of stronger ligandsaBBL may therefore play an
important role in stabilizing dFe in this high Feveonment.

Although L; might have a coastal source, it may also havedfahare sink. The

decline in L3 offshore could be due to degradation processeeastal waters are
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advected offshore, resulting in the disappearahte and an increase in other ligand
classes. The photochemical and biological degraxlati L; has been hypothesized by
several authors (Hutchins et al. 1994; Barbeall 4986;seephotochemical review by
Barbeau 2006) but has only been documented in diédavstudies (Powell and Wilson-
Finelli 2003,b; Rijkenberg et al. 2006). When ligand concentrations in surface
nearshore waters (on the continental shelf) wenepawed to surface offshore waters
from both cruises in this study, the samples whovs to be significantly different (chi
squaredp < 0.025). This study presents indirect evidencelth&as a coastal source and
is degraded as water masses move offshore.
5.2.2 Ly ligands

L, ligands showed a similar spatial distribution tothough L, was detected
more often in offshore waters and in the BBL (BgiB, 3.5). While kL concentrations
(and excess 4. €el,) declined offshore, they were still detected ia tirthest offshore
stations (Fig. 3.7). 4, as defined in this study, is still part of theosger ligand pool,
and, as such, may have similar sources,;akéw studies examining dFe-binding ligands
in the marine environment have detected strongantis than the,lmeasured in this
study, but most studies detect throughout the water columagereview by Gledhill
and Buck 2012). This may be related to the analltendow used in the analyses, since
a higher window was used in this study and aldeue and Bruland (1995), who first
suggested the presence of a strongdigand class limited to surface waters in offshore
environments. Thedligand class defined here agrees with the majofifyrevious

work, in that it was the most ubiquitous ligandsslaneasured in this region: Was



90

found both in surface waters and the BBL, and lhasaged concentrations over the wide
continental shelf dominated by mud-flats (Wheatcetdfal. 1997).
Although CLE-ACSYV gives no information on the stiwe of the ligands

detected, additional analyses for HS in this stgistg some evidence that the ¢lass is

partly comprised of humic-like substances. TheR’ggiS s Of HS has been determined

to be 11.1 (Laglera and van den Berg 2007), anddvoake it part of the 4ligand class
in this work. HS analyses on selected samples frenBBL indicate that HS are one of
the components of the BBL ligand pool, with 22.6/ 88.2ug L™ HS amounting to 3-
18% of the complexation in the BBL in these sampldsere only L was detected).
Terrestrial derived HS have been found in coastdldeep waters to contribute to the
pool of dFe-binding ligands (up to 4% of the deegsolved organic matter pool; Laglera
and van den Berg 2009), and these results ar@iratige found by Laglera and van den
Berg (2009) in deep waters of the Pacific (36 [ lLower [HS] were observed in this
study than those reported for the Irish Sea byéraghnd van den Berg (2009) (70-400
ng L), yet HS still represented a portion of the dRediig ligand pool. Calculations for
the percentage of the ligand pool comprised of H&eveompleted using a binding
capacity for HS of 32 nmoltFe mg' HS determined by Laglera and van den Berg
(2009). The binding capacity of HS may vary widgdgeliminary results in this study
showed that different batches of Suwannee Riveidacid standard can bind anywhere
from 12-32 nmol [* Fe mg* HS (data not shown). Thus, 3-18% of the dFe-bipdirthe
BBL likely represents a lower bound on the binduagacity of HS in this system. These
results represent some of the first definitive ewice that coastal margin sediments may

be a source of HS ang lLigands.
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5.2.3 Iz and Ly ligands

The distribution of weaker dFe-binding ligands @ well understood in the
marine environment. This is partially due to anabjtconstraints, because studies to date
have focused on siderophore-like ligands usinghgieo analytical windows (Rue and
Bruland 1995) and the detection of weaker ligasdsot as statistically robust as the
stronger ligand class (Wu and Jin 2009). A lowealgical window was employed in
this study in order to gain insight into the spadiatribution of weaker ligands in the
surface and BBL, since they are hypothesized tp gsaimportant role in dFe cycling
(Boyd et al. 2010) and phytoplankton iron acquisit{Hassler et ak011). Samples with
the lowest temperatures in the surface and BBLdérd have the highest concentrations
of weaker ligands, suggesting the source of mostefveaker ligands is the BBL or
deeper waters. These samples also correspondetitms with high [N@] and
manganese (Mn) concentrations (Ana Aguilar-Islas.g@omm.; Biller and Bruland
2013), which supports the BBL as a source of webggands since Mn concentrations
are higher in areas influenced by reducing processmargin sediments (Johnson et al.
1992; Biller and Bruland 2013). Diffusive fluxes @ti-binding ligands have been found
in estuary environments (Skrabal et al. 1997), yimgj a similar process could be
occurring for dFe-binding ligands (Jones et al.201

The highest concentrations ofdnd L, ligands were detected in BBL samples in
the mud-belt regions of the continental margin (Bi&), known to be areas of high
organic matter content and particulate Fe (Homalal.e2012). Thesedand Ly may
thus represent organic by-products associatedasiganic matter degradation in margin

sediments. Although it is not entirely clear whainprises this weaker ligand pool, it is
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likely a combination of degraded cellular matefiram surface waters (Hunter and Boyd
2007) like polysaccharides (Hassler et2@l11), thiols (Dupont et a2006), or heme
(Hopkinson et al2008). Evidence from surface waters supports tipetmesis that the
weaker ligand pool is comprised of terrestrial anditu degradation products as well.
The Ls and Ly ligand classes both show distinct patterns offslsorapared to Land L,
(Fig. 3.7). Ly is only present in the stations closest to shor@5(km, Fig. 3.7B) and then
quickly disappears offshore, suggesting scavengfinti-e and L offshore and a
nearshore source. The samples collected in themafi@an Francisco Bay have the
highest concentrations of; Ligands, indicating San Francisco Bay is likelgaminant
source. On the other hand;ligands are the only class of ligands in this sttt
increase in concentration offshore (Fig. 3.7) desghie decline in dFe, strongly
suggesting k.is related to degradation processes, perhap®adf tAnd L, classes (Fig.
3.7). Stronger ligands may be degraded in surfaters by photochemistry (Barbeau
2006), or bacterial particle regeneration (Boydle2010) which have both been shown
to produce weaker dFe-binding ligands best desttiilyethe g class in this study.
5.3 Characteristics of the Fe-binding ligand poaturface and BBL waters

The surface waters in this study were shown toasorg continuum of ligand
classes, likely from terrestrial sources (HS froam &rancisco Bay), the BBL £ L3,
and L ligands), and in situ production4(LL,). This leads to heterogeneity of the surface
ligand pool between samples that was difficultstplain by linear correlations alone
(Pearson’s correlation, data not shown) supporesglts from the PCA that the variance
in surface ligand distributions must be explaingdéveral factors (Fig. 3.6). This

finding is consistent with the hypothesis that atsaium of dFe-binding ligands likely
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exists in seawater, as part of a heterogeneousidessorganic carbon pool. Although
the ligand classes are operationally defined i\ $shidy (based on the ligand strengths)
and not necessarily ligands with different chemstalctures, this analysis represents an
initial step in determining the relevant procesg@gerning complex ligand distributions
in coastal waters.

The grouping of surface samples along the firsirPfie PCA suggests a strong
relationship with water masses in the CC, sincevéite@nce in the first PC is primarily
explained by nutrient distributions. This resslsupported by the onshore to offshore
gradients in the ligand pool (Fig. 3.7) with theigace in surface waters explained
predominantly by temperature, distance from shamd, nutrient concentrations (Fig.
3.7A, C). This result is not surprising, since poer evidence suggests numerous
processes affect the dFe-binding ligand pool ifeserwaters (Gledhill and Buck 2012).
The greater variance seen among surface sammegglence that water mass-specific in
situ processes are more important in surface santipda in the BBL, which exhibited
relatively little variance between stations andssea (Fig. 3.6, 3.7). Further evidence to
suggest that the surface ligand pool is influertmedeveral sources and sinks is the
different scale lengths of dFe and each ligandscdaswater masses advect offshore.
Scale length can be defined as the distance atwthe&concentration has reached 1/e
(37%) of its original concentration (here, concatitm on the shelf; Johnson et al. 1997).
The calculated scale length of dFe in surface wdtem this study is 75 km, suggesting
dFe is rapidly removed offshore. Each ligand clessdifferent scale lengths from dFe,
suggesting distinct processes influence theiritigtions and simple water mass mixing

is not responsible for the patterns observed. éstargly, L3 and L, ligands have similar
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scale lengths of 133 and 187 km, respectively,evhjlhas a scale length of 6 km, and

L3 has a much longer scale length of 2000 km sinicetieases in concentration in many
of the offshore stations. These scale lengths geogvidence that the excess ligand pools
and dFe are largely decoupled in the CC, and cong@#erns control their distributions.
The longer persistence of ligands with distancenfstnore compared to dFe may in part
explain the higher deep water dFe concentratiossmkd in the Pacific compared to the
Atlantic (Johnson et al. 1997), if Pacific contitlrmargin sediments are sources of both
high [dFe] and ligands.

BBL samples show less variance than surface whedrgeen samples, and are
predominantly grouped along the second and thirdT€ low variance between BBL
samples and their relationship to spatial pararmdtatitude and longitude) suggest that
ligands in the BBL are primarily related to theacation on the shelf. The distribution of
ligands on the shelf shows coherence with sheltwéahd dFe concentrations (Fig. 3.5),
which have also been shown to be related to orgaatter degradation processes
(Homoky et al. 2012as well as sediment type (Wheatcroft et al. 1®8iTfer et al. 2013).
The Ly ligands were shown to be dominant in the BBL, amdenpositively related to
nutrient concentrations and (Pearson’s correlation, data not shown). If the Bigand
pool was directly related to degradation of thdaste ligand pool, we would expect to
see a negative trend between stronger(id L) and weaker ligands §land L) and a
similar grouping of BBL and surface samples in Bt space. However, surface waters
have much higher variance between samples andhtiance is explained by different

factors than BBL samples. This is strong indiradtience that the BBL ligand pool is
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comprised of material that has both been depositettie shelf from rivers and estuaries
(Fig. 3.5), and from degradation processes in ¢angents.

The surface and BBL are two very distinct biogeoaital regimes in the coastal
ocean and provided good contrast for which to explloe use of MAW analysis for dFe
speciation. The highest analytical window was optifor characterizing the strongest
Fe-binding ligands, while lower windows facilitatdte detection of weaker ligands
whose nature is poorly understood and often gotextkd by current single-window
methods. The MAW approach to dFe speciation inghidy helped to determine the full
spectrum of iron ligands, and may be an importawitin future studies looking at the
cycling of ligands in the marine environment. Thdity to define a wider range of
ligands with this analysis may also be helpfulfidure modeling efforts, where ligands
are often poorly defined but important to over&edlynamics (Moore et £004;
Tagliabue and Volker 2011; Jiang et al. 2013). Futiudies looking at mechanistic and
temporal variations in the ligand pool will providesential new information regarding
the important role of dFe-binding ligands in Fe@ypo productive coastal waters.
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Table 3.1 Classes of ligands used in this study where tlomgéar ligand classes are
represented byjland L, and the weaker ligands are representedstand L. Literature
range represents the range of conditional stalgibtystants reported for that ligand class
in the literature, as reported by Gledhill and B{@&12}.

Ligand
Category I log KES{‘ ‘;‘e/ Literature Range
Strong L >12.0 9.6-13.90
L, 11.0-11.9 9.6-11.95
Weak Ls 10.0-10.9

L4 <10.0
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Table 3.2 Hydrographic (temp. and salinity), chlorophglland macronutrient
(nitrite+nitrate: ‘nitrate’, phosphate, silicategtd for all stations sampled for organic Fe-
binding ligands during May 2010 and August and &eter 2011 in the surface and

benthic boundary layer. The notation ‘nd’ notesaeameter for which there is no data.
Date Transect Sta. LatitudeLongitude Depth Temp Salinity  Chla Nitrate Phosphate Silicate

Sampled N) (W) (m  (C) MgLYH  molLYy (umolL?  (umolL?
May 2010 1 2 39.1830 -123.8267 2 9.34 33.38 1.27 27.4 2.0 543
May 2010 1 3 39.4512 -123.8869 2 9.71 33.56 0.00 24.7 1.8 .9 33
May 2010 1 4 39.7025 -123.8817 2 11.18 33.33 0.00 25.4 19 463
May 2010 1 5 39.9421 -124.0867 2 9.82 34.01 0.00 29.6 2.2 .8 44
May 2010 1 6 40.1510 -124.3092 2 1557 35.48 0.00 29.9 2.2 125
May 2010 1 7 40.3781 -124.5318 2 11.29  33.00 0.00 13.9 12 4472
May 2010 2 1 40.1917 -125.1827 2 12,22 32.28 0.00 0.0 0.3 7 3.
May 2010 2 2 39.8687 -124.9036 2 11,71 3211 1.92 1.0 0.3 0 5.
May 2010 2 3 389608 -124.4121 2 10.26  32.69 1.99 19.0 14 6.8 2
May 2010 6 1 38.2712 -123.1036 2 8.58 33.99 1.01 29.3 2.1 441
May 2010 6 2 38.5350 -123.8423 2 9.72 33.33 0.37 21.1 15 125
May 2010 6 3 38,5747 -123.9531 2 10.27  33.36 6.86 12.1 1.0 361
May 2010 8 1 38.7817 -124.4115 2 10.83  32.28 14.01 5.1 0.6 2 8
May 2010 8 2 38.9321 -123.9908 2 11.36  32.27 3.58 2.3 0.5 3 2
May 2010 8 3 39.0100 -123.7887 2 9.92 32.54 1.36 215 1.6 .1 30
May 2010 8 4 39.3341 -123.8415 2 9.18 33.94 30.69 17.2 12 852
May 2010 9 1 39.5342 -123.8333 2 9.11 33.12 14.86 21.0 14 043
May 2010 9 2 39.6638 -124.0785 2 9.35 33.04 12.65 16.6 13 282
May 2010 9 3 39.8516 -123.939%4 2 9.49 33.11 28.74 6.3 0.6 413
May 2010 9 4 399199 -124.2714 2 10.63  33.27 4.07 7.1 0.9 0 8.
May 2010 10 1 38.6430 -123.4439 2 9.03 33.89 0.17 28.5 2.1 194
May 2010 11 1 37.9411 -122.9649 58 8.28 34.03 nd 29.3 2.2 549
May 2010 11 2 37.9063 -122.8802 53 8.50 34.01 nd 28.8 2.1 345
May 2010 11 3 37.7817 -122.9515 62 8.37 34.03 nd 29.4 2.2 .9 42
May 2010 11 4 37.8706 -123.0930 86 8.61 33.98 nd 28.6 2.1 241
May 2010 11 5 38.1120 -123.1234 74 8.19 34.04 nd 29.6 2.2 348
May 2010 11 6  38.1108 -123.0256 61 8.37 34.01 nd 28.8 2.2 943
May 2010 11 7  38.2553 -123.0805 69 8.14 34.04 nd 29.6 2.3 .8 50
May 2010 11 8  38.4600 -123.2448 67 8.06 34.04 nd 29.1 2.2 251
May 2010 11 9 38.6386 -123.4310 69 7.78 34.05 nd 30.0 2.3 251
May 2010 11 10 38.7849 -123.6212 65 7.80 34.05 nd 30.4 2.3 035
May 2010 11 17 39.0301 -123.7690 68 7.77 34.05 nd 31.9 24 9514
May 2010 11 19 39.3341 -123.8415 78 7.87 34.03 nd 31.9 24 6.4 4
May 2010 11 23 38.6390 -123.4369 72 8.02 34.04 nd 29.7 2.4 8.7 4
Aug 2011 1 1 38.0233 -123.0889 2 11.81  33.65 5.86 18.1 17 792
Aug 2011 1 2 38.2004 -123.1060 2 12.06 33.61 1.76 175 18 452
Aug 2011 1 3  38.6353 -123.4926 2 10.75  33.82 0.08 26.8 2.3 363
Aug 2011 1 4 38.9050 -123.7876 2 11.40  33.49 241 17.2 14 981
Aug 2011 1 5 39.3911 -123.8968 2 10.81 3353 10.13 15.7 1.3 13.1
Aug 2011 2 1 39.7127 -124.6647 2 16.09  32.66 0.08 0.0 0.3 8 2.
Aug 2011 2 2 39.1683 -124.2509 2 11.83  32.89 0.00 6.8 0.8 2 8.
Aug 2011 5 1 37.7793 -126.2642 2 17.16  33.15 0.00 3.8 0.6 5 2.
Aug 2011 5 2 38.0066 -125.7003 2 1526 33.14 0.00 5.4 0.6 8 3.
Aug 2011 5 3 38.0181 -124.9463 2 13.31  33.38 3.09 nd nd nd
Aug 2011 7 1 38.0684 -124.4368 2 1451 33.18 0.14 6.6 0.7 5 5.
Aug 2011 7 2 38.2556 -124.1933 2 13.25 3331 1.30 11.7 1.0 8 9
Aug 2011 7 3 38.3498 -124.0705 2 12.42  32.89 1.50 5.3 nd 7.1
Aug 2011 7 4 38.6132 -123.7229 2 12.39 32.86 1.18 7.4 0.8 0 8.
Aug 2011 17 2 38.7832 -123.6176 2 10.38  33.70 3.18 25.5 21 325
Aug 2011 17 3 38.8247 -123.6500 2 10.08 33.76 1.56 25.5 21 342
Aug 2011 17 4 38.8183 -123.6602 2 10.13  33.75 1.96 25.0 21 338
Aug 2011 17 5 38.7998 -123.6887 2 10.92  33.52 3.96 19.0 16 23.0
Aug 2011 17 6  39.1725 -123.7926 2 10.86 33.74 2.56 22.5 1.8 333
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Table 3.2 Continued. Hydrographic (temp. and salinity), chlorophg/land

macronutrient (nitrite+nitrate: ‘nitrate’, phosphasilicate) data for all stations sampled
for organic Fe-binding ligands during May 2010 @&djust and September 2011 in the
surface and benthic boundary layer. The notatiohriotes a parameter for which there

is no data.
Datz Tmansect St Latinde Lomgitnde Depth Temp Salinty Cha Mitrate  Phosthate  Silicae

Sampied N W @ (O (gl (mollY) (amoll) (awelL?)
Aug 2011 17 7 39.3333 -123.8426 2 10.44  33.85 2.35 26.6 2.2 39.6
Aug 2011 17 8 39.5356 -123.8295 2 11.42 33.62 9.81 0.5 0.4 95
Aug 2011 17 9 40.7374 -124.3291 2 11.64 33.62 4.05 13.5 1.0 13.3
Aug 2011 17 10 40.7672 -124.3858 2 10.81 33.57 2.84 18.6 14 19.2
Aug 2011 17 11  40.7885 -124.4169 2 11.94 33.38 1.31 16.6 1.3 16.6
Aug 2011 17 12 40.8169 -124.4664 2 12,93  33.38 1.45 13.4 1.0 126
Aug 2011 17 23 37.2802 -122.5273 2 1354 3354 15.95 0.2 0.3 1.7
Aug 2011 17 31 35.6452 -121.3041 2 12.18 33.58 7.21 10.5 0.9 1.7
Aug 2011 17 33 36.0606 -121.6140 2 12,27  33.52 nd 15.6 15 761
Aug 2011 17 35 36.2169 -121.8065 2 11.71  33.65 6.95 14.5 1.3 159
Aug 2011 17 37 37.4180 -122.6109 2 1445  33.36 6.62 3.3 0.4 8.7
Aug 2011 17 38 37.6034 -122.8299 2 12.88 33.28 nd 10.5 1.2 172
Aug 2011 17 39 37.7583 -123.0007 2 13.17 3331 nd 8.8 0.9 814
Aug 2011 17 2 38.7832 -123.6176 64 9.18 33.94 nd 311 2.8 951
Aug 2011 17 3 38.8247 -123.6500 48 9.18 33.94 nd 31.8 2.9 550
Aug 2011 17 4  38.8183 -123.6602 61 9.12 33.95 nd 31.4 2.8 .8 52
Aug 2011 17 5 38.7998 -123.6887 90 9.04 33.96 nd 31.2 2.6 .6 48
Aug 2011 17 6 39.1725 -123.7926 70 9.34 33.92 nd 31.3 2.6 350
Aug 2011 17 7 39.3333 -123.8426 81 9.17 33.94 nd 31.6 2.7 .6 49
Aug 2011 17 8 39.5356 -123.8295 68 9.13 33.94 nd 31.4 2.6 .8 47
Aug 2011 17 9 40.7374 -124.3291 40.3 8.72 33.90 nd 30.5 27 47.2
Aug 2011 17 10 40.7672 -124.3858 64 8.60 33.93 nd 30.5 2.6 544
Aug 2011 17 11 40.7885 -124.4169 100 8.36 34.00 nd 31.8 26 46.1
Aug 2011 17 12 40.8169 -124.4664 339 6.95 34.12 nd 37.2 29 606
Aug 2011 17 23 37.2802 -122.5273 75 9.98 33.86 nd 275 2.3 6.8 3
Aug 2011 17 31 35.6452 -121.3041 56 11.60 33.61 nd 22.1 18 233
Aug 2011 17 33 36.0606 -121.6140 49 10.61  33.72 nd 21.4 19 247
Aug 2011 17 35 36.2169 -121.8065 79 10.11 33.78 nd 259 2.2 286
Aug 2011 17 37 37.4180 -122.6109 64 9.95 33.86 nd 31.0 2.7 8.04
Aug 2011 17 38 37.6034 -122.8299 67 9.88 33.87 nd 30.9 2.8 994
Aug 2011 17 39 37.7583 -123.0007 62 9.90 33.84 nd 30.9 2.6 254
Sep 2011 16 1 37.8264 -122.4663 2 15.62  30.88 3.96 17.8 24 421

Sep 2011 16 2 377722 -122.5769 2 1465 31.92 5.55 13.7 16  29.6




Table 3.3 Average ligand (L, Ly, L3, Ls) concentrations and conditional stability
constants (log;, log K;, log K3, log K,,) for each analytical windowrg,sa),) during
the May 2010 (spring) and August and September 28drimer) sampling periods.
Averages and standard deviations are shown foaceiidnd benthic boundary layer
samples from each season, wherepresents the number of titrations. Ligand
concentrations are also shown from ‘overload’ iirés in the spring samplesgsa), =

100

500, 251).

Season Location ¢« n [L] +- logK; +- n [Lj] +- logK; +- n [Lg +- logK; +- n [Lg +- logK, +- loge +/-
Spring  surface 100 6 52 29 121 01 7 44 1661103 1 20 nd 109 nd Ond nd nd nd 145 04
10 60 8 34 19 122 02 16 42 32 115 02 3 336 106 03 Ond nd nd nd 142 04
30 3 41 10 121 02 5 26 12 116 03 10 4692107 04 Ond nd nd nd 141 05

BBL 500 1 129 nd 122 nd 0 nd nd nd nd O nd nd ndnd 0 nd nd nd nd 153 nd
251 3 101 51 124 05 2 119 44 119 00 0 ndnd nd nd Ond nd nd nd 152 05
100 3 162 11 122 02 10 152 48 114 03 0 ndnd nd nd O nd nd nd nd 148 05
60 0 nd nd nd nd 8 158 44 113 02 5 150 57081 01 1140 nd 100 nd 144 04
30 0 nd nd nd nd 7 144 34 112 03 4 170 7407102 0 nd nd nd nd 142 03
Summer surface 100 13 44 27 123 03 15 43 22 116 03 60 28 110 02 1218 nd 97 nd 144 05
11 60 10 36 19 123 03 17 36 18 114 03 115418 106 03 3139 136 98 01 141 06
30 3 40 32 122 00 13 38 21 114 03 13 5@4 107 03 3688 661 93 08 136 06
BBL 100 4 136 96 122 01 12 114 55 115 03 245 163 107 04 Ond nd nd nd 147 05
60 2 72 25 121 00 11 129 74 115 02 5 1988 104 02 Ond nd nd nd 144 05
30 0 nd nd nd nd 7 100 38 115 03 6 152 14205 02 4213 159 98 01 138 07
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Table 3.4 Eigenvectors for the first three principal compasg®C) for each of the
variables used in the principal component analydig. first three PCs explain 57% of
the variance. Larger magnitude numbers indicateoager contribution to that PC, with
positive and negative numbers contributing podiyiaad negatively to that PC,
respectively.

Variables PC1 PC2 PC3
Latitude 0.0084 -0.20530.4581
Longitude -0.1578 0.2290 -0.4632
Depth (m) -0.2743 -0.1017 0.1394
Temperature'C) 0.3196 0.1823 -0.0450
Salinity -0.2773 -0.2415 -0.0894

Nitrate @mol L) -0.3855 -0.0812 0.0178
Phosphatep(mol L) -0.3900 -0.0021 0.0222
Silicate qimol L")  -0.3846 -0.0196 0.0701

dFe (nmol [ -0.3266 0.0328 0.0791
L1 (nmol LY -0.1571 0.3693 -0.0988
log K4 -0.0169 0.3878 -0.2708
L, (nmol LY -0.2587 0.1738 0.1421
log K> -0.0541 0.1276 0.1969
Ls(nmol LY -0.1053 -0.2424 -0.3381
log K3 0.0340 -0.2340 -0.4392
L4 (nmol LY -0.0101 0.4633 0.0980
log K4 -0.0637 0.3579 0.2125

distance (km) 0.2328 -0.07690.1735
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Figure 3.1 Sampling stations in the surface and benthic bayndster (BBL) during the
(A) spring and (B) summer. (B) BBL stations in gwenmer were also sampled in the
surface waters. Stations are overlaid on a onedmavdrage (A,B) sea surface
temperature (NOAA Coast Watclg) and (C,D) chlorophyth (NOAA Coast Watch, mg
L™ for (A,C) spring and (B,D) summer cruises (Mayl @&ugust for spring and summer,
respectively).
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Figure 3.2 Surface dissolved Fe concentrations in the (A)gpaind (B) summer at
stations with accompanying Fe-organic speciatida.ddurface nitrate (nitrate+nitrite)
concentrations are also shown in the (C) spring(B)édummer for each station.
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Figure 3.3 Dissolved Fe concentrations sampled in the bembimdary layer (BBL)
during (A) spring and (B) summer at stations witb@npanying Fe-organic speciation
data. BBL nitrate (nitrate+nitrite) concentratiare also shown in the (C) spring and (D)
summer for each station.
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Figure 3.4 Ligandconcentrations determined in both spring and sunsméace waters.
(A) The strongest ligands {l measured at afg.sa),=100, (B) Lz ligand concentrations
measured at amg.sa), =60, (C) Lsconcentrations at agsa),=30, and (D) L
concentrations measuredagt,sa),=30.
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Figure 3.5 Dissolved Fe and benthic boundary layer (BBL) ldj@oncentrations (. L,
L3, and L) measured in both the spring and summer.
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Figure 3.6 The results of the principal component analysisAJP§hown as scatter plots
in the PC space. (A) PC loadings for the 18 vaeshised in PCA shown in the PCA
space along the first PC (x-axis) and the secon@yRis). Variable labels are ‘Lat’
(latitude), ‘Lon’ (longitude), ‘D’ (depth), ‘T’ (teperature), ‘Sal’ (salinity), ‘N’ (nitrate),
‘P’ (phosphate), ‘S’ (silicate), ‘Fe’ (dissolved k&.1’ ([L1]), ‘K1’ (log K;), ‘L2’ ([L 2]),

‘Ky' (log K3), ‘L3’ ([L3]), ‘K3 (log K3), ‘L4’ ([L4]), ‘K4’ (log K,), and ‘Dis’ (distance

from shore). (B) PC loadings for the 18 variablesdiin the PCA along the first (x-axis)
and third (y-axis) PCs. (C) The PCA scores of ithe data from each sample (82
samples) along the first and second PCs. (D) Th& $0res of all of the data from each
sample along the first and third PCs.
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1. Abstract

Dissolved iron (dFe) and organic dFe-binding ligamebre determined in San
Francisco Bay, California by competitive ligand lkange adsorptive cathodic stripping
voltammetry (CLE-ACSV) along a salinity gradientiin the freshwater endmember of
the Sacramento River (salinity < 2) to the moutkhefestuary (salinity > 26). A range of
dFe-binding ligand classes were simultaneouslyraeted using multiple analytical
window analysis, involving titrations with multipncentrations of the added ligand,
salicylaldoxime. The highest dFe and ligand conegioins were determined in the low

salinity end of the estuary, with dFe equal to 53imol L*and strong ligand (log

K,fgﬁﬁe, >12.0) concentrations equal to 139.5 nmdl The weakest ligands (log

KEord , < 10.0) were always in excess of dFe in low salimiters, but were rapidly

flocculated within the estuary and were not detdetesalinities greater than 7. The

strongest ligands (log ™%

reLre! > 11.0) were tightly coupled to dFe throughout the

estuary, with average excess ligand concentra([tihdFe]) equal to 0.5 nmol L.
Humic-like substances analyzed via both CLE-ACSW proton nuclear magnetic
resonance in several samples were found to bendisamt portion of the dFe-binding
ligand pool in San Francisco Bay, with concentraticanging from 559.hg L™ to 67.5

ug L™ in the lowest and highest salinity samples, rethpely. DFe-binding ligands and
humic-like substances were also found in benthimbdary layer samples taken from the
shelf near the mouths of San Francisco Bay andREvelr, suggesting estuaries are an

important source of dFe-binding ligands to Califarcoastal shelf waters.
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2. Introduction

Iron (Fe) is a growth-limiting micronutrient for ptoplankton in many regions of
the oceans, including even some coastal upweléggns (Biller and Bruland, 2014;
Bruland et al., 2001, 2005; King and Barbeau, 200fjs is especially true in the
California Current System (CCS), a highly produetonastal region dominated by
diatom growth during the spring upwelling seasoru(@d et al., 2001; Hutchins et al.,
1998). Although dissolved Fe (dFe) is widely redagd as a limiting nutrient, less is
understood about its chemical speciation in seawatech affects its reactivity and
availability to the biological community. It is kmm that dFe-binding ligands are
essential for maintaining dFe in solution abovehtrmodynamic inorganic solubility
limit (Liu and Millero, 2002) and they bind the roaty of the dFe in seawater (Gledhill
and van den Berg, 1994; Rue and Bruland, 1995pearberg, 1995). Organic
compounds that bind dFe appear to be ubiquitousaentikely a heterogeneous mixture
of complexes (Gledhill and Buck, 2012). The typédfee-binding organic ligands
present in seawater are thought to range fromivelgtweak macromolecules and
cellular byproducts such as polysaccharides (Hassk., 2014) and humics (Laglera
and van den Berg, 2009), to low-molecular weigtesiphore-like complexes such as
hydroxamates (Mawiji et al., 2011; Velasquez et2411,1), and catecholates (Poorvin et
al., 2011). Although only hydroxamates have thudé&en directly isolated from
seawater, indirect methods for detecting metalibmédgands such as competitive ligand
exchange-adsorptive cathodic stripping voltammg@MyE-ACSV) can provide
important insight on the characteristics of thad pool in seawatesgereview by

Gledhill and Buck, 2012).
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Identifying the sources of dFe-binding ligands éawater is an active area of
research, and ligands are important in the mectraafsiFe delivery to many marine
ecosystems. One such ecosystem may be the CCS thleemajority of the dFe supply
is hypothesized to come from Fe-rich sediment sssiatong the continental shelf,
ranging in character from narrow rocky shelves Woili dFe to wide-shelf mudflats with
high dFe near San Francisco Bay and Eel RivergBdt al., 2013; Elrod et al., 2004).
High dFe concentrations have been observed incuvaters over the wide region of
the shelf in the spring during the onset of upwell{Biller et al., 2013; Elrod et al.,
2008). Concentrations of dFe have been reportatttease during the initial upwelling
period and decrease slowly thereafter, despitaraced intensification of the upwelling
(Elrod et al., 2008). This has led to the suggedtiat the wide shelf regions act as
‘capacitors’ for dFe, charging with riverine-derivEe during the winter flood season
and discharging Fe when the Fe-rich sedimentsestespended during the initial spring
upwelling phase (Bruland et al., 2001; Chase ¢28D7). Mudflats in the wide shelf
region may also be a source of organic ligands hégiu concentrations of strong dFe-
binding ligands have been observed in the bentumdary layer (BBL) in this region
(Buck et al., 2007; Bundy et al., 2014). If thesgamic ligands, like the dFe with which
they are associated, are primarily from terressairces, then we would expect that the
organic Fe-complexes in the BBL should be simiathiose in local freshwater and
estuarine sources such as San Francisco Bay. Bsestiodies have examined the binding
strengths of dFe-ligand complexes in the high gglend of the San Francisco Bay
plume (Buck et al., 2007; Bundy et al. 2014), lngtré have been no studies of dFe-

binding ligands in lower salinity waters in the S&mancisco Bay estuary.
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In early classic work on Fe across salinity gratfien estuarine systems, Boyle et
al. (1977) found that up to 90% of the dFe in es@isas lost to scavenging, mostly due
to flocculation of humic-like substances (HS) afe ét low salinities. Sholkovitz et al.
(1978) expanded these observations to add thatohts¢ lost dFe occurred in the
colloidal size fraction. The chemical form of theal amount of dFe that survives
flocculation is still unclear, however, and it isgsible that organic complexation of dFe
by HS plays a role in stabilizing dFe concentratianross salinity gradients. Some
studies have examined the role of HS in dFe speniat estuarine and coastal
environments, using combined information about bilRding strengths and HS
distributions in the Irish Sea (Laglera and van Berng, 2009) and Thurso Bay (Batchelli
et al., 2010). Characterization of the HS poolame studies has also shown that the
high concentration of oxygen-containing functiogedups in terrestrial HS is largely
responsible for terrestrial dissolved organic mgtieOM) reactivity (Stevenson, 1994),
and of these functional groups, carboxyl groupstaeanost abundant (Cabaniss, 1991;
Hatcher et al., 1981; Leenheer et al., 1995; Swwenl994) and have the ability to
complex dFe. In this study we examined multiplessés of dFe-binding ligands and HS
using CLE-ACSV, in samples collected along a siligradient in San Francisco Bay.
Two BBL samples were also examined, from the adjacentinental shelf in the San
Francisco Bay region and from the Eel River shgdteam further north. In several
samples we applied proton nuclear magnetic resenGHeNMR) to complement our
CLE-ACSV analysis and provide insight into the plokeschemical character of organic

Fe binding groups.
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This work follows on a recently published studyd&®-binding ligands in the
CCS (Bundy et al. 2014), in which a multiple aniaigt window (MAW) CLE-ACSV
approach was applied to dFe-binding ligands in otaléletect several ligand classes. The
method used by Bundy et al. (2014) enabled thelsameous detection of a wide range
of dFe-binding ligands (l-L,4), each with distinct distributions in the CCS. Tehghors

hypothesized these ligand classes to be composadesbphore-like ligands (Llog

Ko ,>12.0), HS (I, log K2 . , 11-12), degradation products of the stronger

FeLq,Fe'= FeL,,Fe

Kcond

ligand classes @, logKzo/' .

» 10-11) and relatively weak macromolecules with

incidental Fe binding (1, log Ko7', < 10). HS was also measured directly by Bundy et

al. (2014) using cathodic stripping voltammetry Yg$Laglera et al., 2007), which
confirmed the presence of HS-like material in the_Bf mudflat regions of the
California continental shelf (Bundy et al., 201%he source of these compounds is
unknown, but is thought to originate from estuar@gions such as San Francisco Bay. It
is apparent from recent work (Batchelli et al., @0RBundy et al., 2014; Laglera and van
den Berg, 2009) that some portion of terrestrialveéel HS material is resistant to
flocculation in coastal estuaries, but how muctigbvered to the shelf in the CCS region
is an open question. This study seeks to idertigysburce of dFe-binding ligand
complexes to the broad, estuarine-influenced strelis of coastal California, and
characterize changes in the dFe ligand pool aeogstuarine salinity gradient by
employing MAW CLE-ACSYV, in combination wittH-NMR and HS analysis for some
samples.

3. Methods
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3.1 Sampling

Samples were collected in partnership with the éthBtates Geological Survey
(USGS) on board the R/Folaris on April 19, 2011 as part of the regular USGS San
Francisco Bay Water Quality Measurement Program

(http://sfbay.wr.usgs.gov/access/wgdata/index hthydrographic data was collected for

all 24 regular stations in the North Bay and Cdri@ay, and a subset of eight stations
were sampled for dFe, organic dFe-binding ligaads, humic-like substance (HS)
analyses (Figure 4.1). Hydrographic data in Sandtsao Bay was obtained using a
conductivity, temperature and depth (CTD) sensdtiitted with an oxygen electrode
(Sea-bird Electronics), optical backscatter se(B&A Instruments), and a fluorometer
(Turner Designs). Discrete samples were also tékemitrate measurements
(nitrate+nitrite) and other inorganic nutrients amlyzed by colorimetric methods

(http://sfbay.wr.usgs.gov/access/wgdata/overviewa8uee/index.html Two additional

samples were also obtained for HS analysesgection 2.4) from a previous cruise
(Bundy et al., 2014) in the benthic boundary Ig§8BL, stations 25, 26) outside of San
Francisco Bay and Eel River, the two main freshwiaituences on the CCS. Details
about the hydrographic and ligand data of the B&fsles collected in
August/September 2011 on board the RAInt Sur(seeBiller et al., 2013) can be found
in Bundy et al. (2014).

DFe and dFe-binding ligand samples were collectaagurace metal clean
Teflon tubing and a Teflon diaphragm pump (Colenfi&a) connected to an air
compressor. A small Teflon coated weight was fitkethe end of the pump tubing, and

the tubing was lowered approximately 2 m belowstheace off the starboard side of the
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ship. A fiberglass pole was used to extend tubp@ximately 2 m away from the
starboard side and samples were collected whilshiepwas moving forward at
approximately 1 knot. Samples were filtered in-hmiéh an acid-cleaned 0.48n
Osmonics cartridge filters (GE Osmonics) after df ater had been passed through the
tubing and filter. DFe samples were stored at re@mperature in 250 mL acid-cleaned
low density polyethylene (LDPE) bottles (Nalgengpld 1.8 (Optima HCI, Fisher
Scientific). DFe-binding ligand and HS samples waeeed in two 500 mL fluorinated
polyethylene (FPE) bottles (Nalgene) and immedjdtelzen (-26C) until analysis.
3.2 Dissolved iron

DFe samples were analyzed according to Biller andaad (2012), building on
earlier work of Sohrin et al (2008). This multi-elental analysis method utilizes an
offline pre-concentration step after pH adjustnm(@ii=6.2) of acidified samples onto the
Nobias-chelate PAL resin (Hitachi High-Technologtshrin et al., 2008). After pre-
concentration in a closed-column manifold, the nwois are rinsed with ammonium
acetate and the trace metals are subsequentlyl elsiteg 1 N quartz distilled nitric acid
(Fisher Scientific). Samples were measured usingneizc sector inductively coupled
plasma- mass spectrometry (ICP-MS). For dFe, tb@very from the column was
greater than 98%, with an average blank equala®nmol kg and a detection limit of
0.014 nmol k. This method had excellent agreement with repartetsensus values
for SAFe (Johnson et al., 2007) and GEOTRACES eefesg samples

(www.geotraces.olgyielding values for S1 of 0.090.001 nmol kg (0.093:0.008

nmol kg* consensus value as of May 2013) and £09809 nmol kg for D2

(0.933:0.023 nmol kg consensus value).
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3.3 Dissolved iron-binding ligands

Organic dFe-binding ligands were analyzed usingitiipte analytical window
(MAW) adaptation (Bundy et al., 2014) of traditibcampetitive ligand exchange-
adsorptive cathodic stripping voltammetry (CLE-AQSWethods ¢eeBuck et al., 2012
for an intercomparison of these methods). Competligand approaches utilize a well-
characterized added ligand to set up a competietween the added ligand and the
natural ligands present in the sample. The addeadi, in this case salicylaldoxime
(SA), makes an electro-active complex with the oiFtae sample and the Fe(SA)
complex adsorbs to the mercury drop of a contraieavth mercury electrode (CGME,
Bioanalytical Systems Incorporated). The dFe istlegluced and stripped from the
Fe(SA) complex (cathodic stripping) and the change imanitris recorded by the
analyzer (Epsilon 2, Bioanalytical Systems Incogped) connected to a laptop computer.
The peak height at each titration point can therelaed to the amount of Fe(SA)
formed, and the remaining speciation can be calediiaia the sensitivity and mass
balance.
3.3.1 Ligand titrations

In order to set-up each titration, individual acldaned Teflon vials were first
conditioned to the expected dFe addition for 24rotihen, 10 mL aliquots of the
sample were placed in 10 different vials along ve@hul of a 1.5 M boric acid buffer
(pH 8.2, NBS scale) made in 0.4 maét &ammonium hydroxide (Optima, Fisher
Scientific). The buffer and added dFe (0-100 nmid) Wwere left to equilibrate for at least

two hours. The competitive ligand SA was then addegach vial (9-33 pmolt) and
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was equilibrated for 15 minutes. The contents fe@oh vial were placed into a Teflon
cell and were analyzed consecutively via ACSV.
3.3.2 Multiple analytical window approach

The MAW approach used by Bundy et al. (2014) inesldoing multiple
titrations for each sample with a different concatidn of the added ligand, yielding
different competition strengths of SA. Five anagtiwindows were employed in this
study, ranging in [SA] from 9-33 pmol™L The highest analytical window (33 pmot L
SA, window 1) was the same in every sample, argltitnation was used as an ‘overload’
titration to determine only the sensitivity in eadmple ¢eesection 2.3.3); no ligand
concentrations were determined from these titratidime other four analytical windows
(windows 2-5) were used for determining four sefgaligand classes (tL,). The

analytical window is expressed as the side reacwafficient,ar, s, ., of the added
ligand, determined by

Are(say,= Kiotsny X [SA] + Bfoishy, X [SAT? (1)
WhereKﬁg&i) andﬂﬁg?s‘fq)zare the conditional stability constants of the mand bis-SA
complex with dFe. The strength of SA has been oyetharacterized in previous
studies under marine (Abualhaija and van den B¥j4) and estuarine (Buck et al.,
2007) conditions. Allrz. 54y, cOnstants used in this study were determined basé¢le
most recent calibration of SA (Abualhaija and vam @&erg, 2014) and corrected for
salinity effects oz, (sa, (Buck et al., 2007). Slightly different concenteais of SA
were used in each sample (with the exception obtleeload titration) at each analytical

window in order to have a similatz, 54, in €ach sample because of the effect of
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salinity onag,sa), - Although salinities were determined at eachatatising the CTD,
salinities were also measured in individual spemmesamples to account for any
differences in salinity due to different collectidapths with the trace metal pump and
the ship’s CTD. The salinity in speciation sampl@s measured using an aliquot from
the speciation bottles and a hand-held digitabtmeter. The salinity was found to
vary by up to 2 salinity units (psu) between thienggt measured in the field by the CTD
vs. the refractometer in the lab, and thus theggldetermined in each bottle was used
to calculate thers.(s4y, and these salinity values are also presented hetispeciation
data.
3.3.3 Determination of the sensitivity

The sensitivity of the method is often determingdriternal calibration of the
linear portion of the titration curve, where thejoaniy of ligands in the sample have
been titrated by added dFe (Rue and Bruland, 19385)ever, it has been shown
recently that HS may interfere slightly with thexsiivity determination in CLE-ACSV
when SA is the added ligand (Laglera et al., 20High ligand and surfactant
concentrations in estuarine samples also makeetggrdination of the ‘true’ sensitivity
difficult in these samples, especially in lowerisi®y samples where low sensitivities
were particularly apparent. ‘Overload’ titrationsre therefore employed at the highest
analytical window (33 umol 't SA) in order to outcompete all ligands in the skngmd
ensure an accurate determination of the sensitwityle still accounting for any
surfactant effects in the sample (Bundy et al. £&bgut and Voelker, 2001). This
‘overload’ sensitivity was then corrected by agati order to obtain the sensitivities at

lower concentrations of SA (windows 2-5; Hudsorlet2003). ‘Overload’ sensitivities
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in each sample are presented in the supplememfaryriation (S 4.1). The ratio used to
correct the ‘overload’ sensitivity for lower con¢eations of SA was calculated by
comparing the internal sensitivities in each san(gigpe of the last three titration points)
at every [SA], and using the average ratio fronsathples between the ‘overload’
sensitivity and the internal sensitivities. Therage ratio (R_) used to correct the
sensitivities at each [SA] is shown in the suppletas information (S 4.2) for the
corresponding analytical window. As noted above énvav, the [SA] used in each sample
for the four analytical windows (windows 2-5) vatislightly due to the effects of

salinity onar,sa), (s€esection 2.3.2), but the corresponding Ras not found to vary

significantly with only these small changes in [§&pm 1-2.7umol L. A constant
RaL was used for each window, corresponding to a value7, 0.5, 0.4, and 0.2 for
windows 2-5, respectively.
3.3.4 Data processing

Ligand concentrations and strengths were deternbasdd on the averages of
van den berg/Ru&iand Scatchard linearizations at each analyticatlaiv (Buck et al.,
2012; Mantoura and Riley, 1975; Scatchard, 1948is Tethod gives only a graphical
estimate of the error, so data was also fit usipgldicly available multiple detection
window analytical tool for comparisosdesection 2.3.5). Only one ligand class was
determined at each analytical window, and charae@ras L-L, based on the absolute

strength of the ligand according to recommendatfoora Gledhill and Buck (2012).

This study defines 1as ligands with lod(zo)'s, = 12.0, L, with 12.0 > logk£o'¢ ./ =

11.0, Ls with a logk<°™® , range of 11.0 > log<°™® , > 10.0 and L with a log

FeL,Fe FeL,Fe
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K§§Z§6,< 10.0. L ligands were determined at the highest analytidcatiow, just below

the ‘overload’ titration window and each subsequigaind class was determined at
progressively lower analytical windows, using tigimal analytical window for that
particular ligand class (Bundy et al., 2014). Aalgl was ‘not detected’ if the conditional

stability constant of a ligand class determinedreg analytical window was identical to

cond

that at a higher analytical window. For example, ifgand with a log(;.,; ,-= 10.0 was

determined at both windows 4 and 5, then that sampluld be deemed to contain np L
ligands since no ligands were measured with &(g,,< 10.0.

3.3.5 Data processing comparison

Several methods are in the intercalibration stégegrocessing multiple
analytical window CLE-ACSV data (Giambalvo, 1997ddon et al., 2003; Omano\et
al., in review; PiZeta et al., in review; Sandealet2011). None of these methods have
been tested yet for dFe organic speciation, butdfttbe methods are currently available
for download from the website of Scientific Comméton Oceanic Research (SCOR)
working group 139: ‘Organic Ligands-A key Contral drace Metal Biogeochemistry in

the Ocean’ (http://neon.otago.ac.nz/research/scks/htm). To ensure there was no

overlap in our ligand detection and that our liggadameters could accurately fit the
titration data, the data from each detection winaag fit using a modification of the
Hudson (unpubl.; PiZeta et al., in review) simudiams multi-window approach for
copper speciation data interpretation adaptedFerarganic speciation. This tool is

available online (https://sites.google.com/sitegk@ul/home/about-kinetéghnd

incorporates a KINETEQL equilibrium solver add-ar Microsoft Excel (Giambalvo,
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1997) to the approach developed by Hudson et @3Rand Sander et al. (2011). This
method for titration interpretation will be furtheferred to as the ‘Hudson’ protocol
throughout the manuscript. This method only alldéevghe detection of three ligand
classes, so a comparison was made between ttetdrmined by the Hudson multi-
window tool and k+L,4 found in this study (S 4.3).
3.4 Humic-like substance analysis by CSV

Humic-like substances (HS) were measured in five Sancisco Bay samples
(stations 2, 13, 24, 25 and 26) in order to assespotential contribution of HS to the
dFe-binding ligand pool. The [HS] at stations 28 &6 were presented previously in
Bundy et al. (2014), and this study expands thosaserements to include proton
nuclear magnetic resonancel{NMR) data. Four of the five stations where HS was
measured by CSV were analyzed usiHNMR (stations 13, 24, 25 and 26), as
described in section 2.6. HS by CSV were measwedrding to the methods described
in Laglera et al. (2007). Briefly, a 20 mg'Istock solution of Suwannee River Fulvic
Acid Standard (International Humic Substance Sgtiwts prepared in purified water
(MilliQ water, 18 mol L'* @ cm) and added to 10 mL sample aliquots along waitich
acid-ammonia buffer (pH 8.2, NBS scale) and dFé (ol L', secondary stock
solutions made from an AA standard). Three vialg@oed no added HS, while the rest
of the vials contained 5-15@ L*HS and were left to equilibrate for at least 2 Isour
Immediately before analysis by CSV, 40i0of 0.4 mol L* potassium bromate was
added in order to catalyze the reaction withoutliaxng the HS. Each aliquot was

analyzed separately using CSV as described by taagteal. (2007) using the standard
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addition method. This method measures all orgamistances that bind dFe and are
shown to be ‘humic-like’, or contributing to theeetrochemical peak at -0.6 V.
3.5 Dissolved organic carbon (DOC)

Samples for dissolved organic carbon (DOC) werendkom stations 13, 24, 25
and 26 and run in triplicate. Aliquots from the sp#ion bottles were taken and placed in
60 mL glass bottles and acidified to pH 2 with G~hbsphoric acid before analysis. DOC
concentrations were measured on a Shimadzu TOCsb@stion Analyzer using high
temperature (680°C) platinum (Pt)-catalyzed oxmatoupled to non-dispersive
infrared gas detection of carbon dioxide EQalibration standards were prepared using
a potassium hydrogen phthalate (KHP) standard.

3.6 Proton nuclear magnetic resonarteeNIMR) analysis

The dissolved organic matter (DOM) from four staid13, 24, 25, and 26) was
characterized byH-NMR at its natural DOM concentration without prizretreatment.

All the 'H-NMR experiments were acquired using a Bruker Aveattl 400 spectrometer.
D,0 (> 99.9%, Aldrich Chemical Company, Milwaukee,)\Wis added to 0.5 mL of the
sample at a ratio of 10:90 in 5-mm glass NMR tupesmad Glass Co., NJ). Solution
state'H-NMR spectra were acquired using a water suppegsichnique originally
described by Lam and Simpson (2008) with modifaratiA recycle delay of 2 s was
used along with a 119 ms acquisition time. Usirgglater suppression techniques
slightly attenuates the carbohydrate signal ar@®i6gppm (Lam and Simpson, 2008);
however, by using this technique we insured a ceteuppression of the water peak.

The'H-NMR spectra were then normalized to their totaba(0.20- 10.00 ppm) and
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vertically scaled by a factor of 1000. Using tl@shnique allows for characterization the
entire DOM pool without any fractionation, isolatior sample pre-treatment.
4. Results
4.1 Hydrographic data

All hydrographic data was collected by the USGS Bamcisco Bay Water
Quality Measuring Program and can be found in thatabase

(http://sfbay.wr.usgs.gov/access/wgdata/index htiie stations sampled ranged from

the freshwater endmember of the Sacramento Riaénify, S < 2), past the mouth of
San Francisco Bay (S > 21), and into the northeird of South Bay (18 < S < 21;
Figures 4.1 and 4.2). The maximum salinity was messin Central Bay at station 18,
with lower salinities in South Bay (station 24) asidser to the Sacramento River (station
2). The temperature ranged from 13-C5with higher temperatures in the low salinity
region of North Bay (Figure 4.2). Nitrate (nitriteitrate) ranged from 7.6mol L™ at
station 3 to a maximum of 158nol L™ at station 15 in Central Bay. Elevated
chlorophylla concentrations were observed at stations 21 amal 222 upper region of
South Bay (15.3 and 1314 L, respectively; Figure 4.2).
4.2 Dissolved iron

DFe concentrations were highest at station 2,erldiv salinity end of the bay,
and decreased towards the mouth of San Francisg@F8gure 4.3A), as observed in
many other estuarine studies (e.g. Boyle et a@71Buck et al., 2007; Murray and Gill,
1978; Sholkovitz et al., 1978). The non-consenebehavior in [dFe] with increasing
salinities indicates either (1) there is a net @hkFe due to flocculation; (2) the time

scale of variation in [dFe] for the marine and Ifn@ater endmembers is shorter than the
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flushing time of San Francisco Bay; or (3) thereniging from multiple freshwater
endmembers that have different [dFe]. The highdfs¢] was measured at station 8 in
Suisun Bay (Figure 4.1), and was 131.5 nnidl This likely reflects the additional
freshwater [dFe] and ligand sources from the Su&longh. The lowest [dFe] in San
Francisco Bay was 7.0 nmol*at station 21 in Central Bay. The highest [dFe]aver
found at the lower salinities in general, althotigl lowest salinity sample (station 2) did
not have the highest [dFe] (station 8) and higlaerability was seen in low salinity
samples (Figure 4.3A).
4.3 Ligand data comparison

The dFe-binding ligand results from this study wesenpared between two
different interpretation approaches: the convemtialiscrete linearizations approach and
the unified Hudson protocol (Giambalvo, 1997; Hudsbal., 2003; Sander et al., 2011),
modified for dFe organic speciation. Although theddon method has not been tested
yet for dFe speciation, a unified approach to ariatymultiple analytical window
datasets has been shown for copper speciatiorli lyetter results than interpreting
single window data alone (Pizeta et al., in revi®ander et al., 2011). Updated constants
for SA were used for the interpretations, ang Ras set to the values calculated in this
work (1.0, 0.7, 0.5, 0.4, 0.2; S 4.2). The inigakss for the sensitivity and ligand
parameters in the Hudson protocol were set to Ykeea@ad sensitivity determined in that
sample and the ligand concentrations determindtidolinearization techniques for this
work. Since only three ligands can be currentlg@ialted in the Hudson protocol
regardless of number of analytical windows employesl compared [4] from the

Hudson method to f+L4] from the linearization output. A comparison oé tfesults
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between both approaches is shown in S 4.3, withl ggreement seen between the two

methods i?= 0.87), particularly with the ligand concentrasofoorer agreement was

seen with the logc°™%

reL re’» Where the log was systematically higher in the Hudson

protocol results (S 4.3). Overall, the good agradrbetween methods ensured we were
not getting overlapping ligand concentrations in different analytical windows, and
that linearization techniques compare relativelyl wéh unified analytical window data
processing approaches currently under development.

4.4 Dissolved iron organic speciation

DFe-binding organic ligands are expressed as apesdiy defined ligand
classes, distinguished simply by their conditicstability constants (Bundy et al., 2014).
Traditionally, in the literature ‘I’ and ‘L,’ ligands are determined based on their relative
strengths, while the classification in this papebased on absolute strengths. Multiple
analytical window (MAW) analysis enables the dateta much broader range of ligand
strengths than have been observed in the literaesny one study (Gledhill and Buck,
2012). However, in general, the stronger ligandsafid L, in this study) are comparable
to ligand classes denoted ag ‘In the literature, and weaker ligands; @nd L) are
comparable to ‘L’ in the literature (Bundy et al., 2014; GledhiichBuck, 2012).

The strongest ligands were inversely related timisain San Francisco Bay
(Figure 4.3A). The highest [Lwere found at station 8, where [dFe] was alsdhilgaest
(Table 4.1). In order to examine patterns in thards that might be de-coupled from the
[dFe], ‘excess’ ligand concentrations are also showFigure 4.3B. ‘Excess’ ligand is
defined in this study simply as,[E[dFe], wherex denotes the ligand class. Excess L

ligand concentration®l 1; [L1]-[dFe]) ranged from -12.3 to 7.9 nmot'{Figure 4.3B),
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and were relatively tightly coupled to [dFe] comgzhto the other ligand classes. L
ligands showed a similar pattern tg though with higher concentrations and a slightly
larger range indL] (-10.4 to 9.6 nmol ).

The weaker ligands gland L;) showed a similar pattern with increasing salinity
as the stronger ligands and dFe, but with subtferdnces (Figure 4.3). The highest
concentration of ¢ ligands was at station 4, and the lowest at stéilbwith 88.8+ 9.4
nmol L*and 16.0+ 0.03 nmol [, respectively. Although every station contained
detectable stronger ligands, station 8 and 13 didhave detectableslligands (Table
4.1) though they were detectable again at higharitas. The range ofd3] was also
wider than for the stronger ligands, with a ranfye8® to 13.3 nmol L (Figure 4.3B).

L4 ligands were the most distinct in terms of thegras within the estuary, and
showed de-coupling from the [dFe] (Figure 4.3),] lvere extremely high within the low
salinity end of the estuary (163#33.7 nmol L* at station 8) and were no longer
detectable in any samples with salinities aboue the stations whereylligands were
detected, they were always in excess of the [d€adling to large excess ligand
concentrations (up to 65.9 nmof). Low salinity samples also had a higher overall
complexation capacity (log,,.; data not shown) based on the potential of comiob of
all ligand classes to bind dFe, suggesting the eeledands may also effectively
compete with stronger ligands for dFe in low s&jinvaters.

4.5 Humic-like substances

Humic-like substances (HS) were determined by CISAglera et al., 2007) and

also inferred fromtH-NMR (Abdulla et al., 2013) in samples in San Riaco Bay and

California coastal waters (Figure 4.1). HS deterdiby CSV were found to range from
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67.5ug L™ to 559.5ug L™ in San Francisco Bay, with the highest concemmatfound

at station 2, and lower concentrations found dist®4 (Table 4.1). In general, HS
behaved non-conservatively in the estuary like afekligands (Figure 4.4). HS were
measured by CSV in the two California shelf BBL gé&s (Bundy et al., 2014), and are

also shown in Table 4.1 for comparison. HS werermened to be part of the ligand

pool in previous work (Bundy et al., 2014) basedhmlogKijﬁe, determined by

Laglera et al. (2007), which was found to be eqoidl1.1-11.6 (Abualhaija and van den
Berg, 2014). There was also a direct relationshighis study 1’=0.95,p < 0.05,n = 4)
between HS concentrations and the concentratidn lijands (data not shown),
suggesting HS may be predominantly part of thédand pool. Some of this relationship
is likely driven by a similar relationship betwelds and [dFe], though a similarly robust
relationship does not hold for the concentrationtber ligand classes vs. [HS] (data not
shown).

The amount of potential dFe binding capacity bydd8 be calculated according
to the binding capacity of HS measured by Lagleici\an den Berg (2009). They
reported that HS could bind 32 nmol Fe perahblSon average, which results in a
range of binding capacities for dFe in San FramcBay samples (Figure 4.4). Based on
this calculation, the concentration of dFe bindingt could be accounted for by HS
ranges from 0.72 nmolat station 25 in the BBL to 17.9 nmof*iat station 2 in San
Francisco Bay (Figure 4.4). The percentage of dfreptexation by HS, in the absence
of competition from any other ligands, decreasethf23% at station 2 to 3% at station
26, though there was still a significant percentaigthe dFe complexed by HS at station

25 because of the much lower dFe concentrationsié¥al).
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The presence of HS was additionally inferred fridANMR in four samples
where HS was also determined by CSV (stations 4322, and 26) as described in
section 3.6 below.

4.6 DOC andH-NMR analysis

Four samples were analyzed for both DOC #hdNMR measurements as a first
step in trying to understand the chemical companehthe ligand pool coupled to
detailed electrochemical measurements (Table 8tdjion 13 showed the highest DOC
concentrations compared to the other stations 0@ L™, Table 4.2), which was
followed by the other surface station (Station@lmol LY). The two BBL stations (25
and 26) had a very similar DOC concentration, Wighand 76:mol L™, respectively
(Table 4.2).

All *H-NMR spectra of the DOM from the four stationsg(itie 4.5) had several
bands in common. They all illustrate an intensehyldiand (CH-C) centered on 1.2
ppm, which could be derived from either the lipi@33, group or the Ckigroup of
deoxy-sugars. Based on some recent studies, tlymamsnt of these signals is mostly to
deoxy-sugars. For example, Panagiotopoulos e2@D7) used both correlation
spectroscopy (COSY) and heteronuclear single quactherence (HSQC) NMR
analysis to verify that this band is mostly fromthy group of deoxy-sugars in oceanic
water samples isolated by ultrafiltration. Also,dAlia et al. (2013) also showed that this
band in ultrafiltration-isolated DOM has a posit@relation with the changes in
carbohydrate signatures and a negative correlatitnthe terminal methyl groups along
a salinity transect. Ultrafiltration was not usadhe current study, so there is a

possibility that lipid-like components are conttiimg to the DOM and the peak at 1.2
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ppm may have some contribution from lipids. A banound 2.0 ppm is attributed
mainly to methyl protons of the acetate functiagralup (CHC=0) (Aluwihare et al.,
1997; Repeta et al., 2002), and a broad band esh&t13.5 ppm was assigned to protons
from carbohydrate compounds_(OH; Aluwihare et al., 1997). Interestingly, all fou
stations show an absence of unsaturated and amsigtiatures as indicated by missing
the very broad band between 6.0 and 9.0 ppm. Tima&tst the contribution of the major
chemical functional groups, each spectrum was dividto seven defined bands
according to Abdulla et al. (2013): (1) GHC (0.25-1.02 ppm), (2)_GHleoxy sugar
(1.02—-1.39 ppm), (3) CHC—COO/CH-C—Ar (1.39-1.82 ppm), (4) GHC=0 (1.82—
2.08 ppm), (5) CH-COO/CH, —Ar (2.08-3.25 ppm), (6) OBH (3.25-5.80 ppm), and

(7) H-Ar/H-C=C (5.8-9.00 ppm). The area percentage of eatttesé functional groups
is presented in Table 4.2. These seven functiamaips are classified into two major
chemical components: a) Carboxylic Rich AlicyclioMcules (CRAM), which includes
band numbers 1, 3, 5 and 7; and b) HeteropolysadesaHPS), which consists of band
numbers 2, 4 and 6 (Hertkorn et al., 2006; Abdetlal., 2013). The surface stations in
San Francisco Bay (13 and 24) had a significantiidr CRAM percentage compared to
the BBL stations (25 and 26, Table 4.2), and th& B&tions had a higher HPS
component compared to the two San Francisco BapissaTable 4.2).

In order to account for the differences in the D&@@centrations between the
stations, the area percentage of CRAM of eachostatas multiplied by its DOC
concentration (%CRAM*DOC, Table 4.2). This normatizCRAM component
(%CRAM*DOC) was plotted against [HS] determined®S$V (Figure 4.6), and resulted

in a strong positive correlation’c 0.96,p < 0.05) between the two parameters.
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5. Discussion
5.1 The coupling of stronger ligands; @nd Ly) and dissolved Fe

The two strongest ligand classes measured in Sarcisco Bay have very
similar distributions within the estuary (Figur&}.The excess ligand concentrations
(Figure 4.3B) reveal that dFe in San Francisco iBaglatively tightly coupled to the
stronger ligand classes, especially in the highknisy samples wherel; andel
approach zero. Buck et al. (2007) was the firstdte this close correlation in the San
Francisco Bay plume, and suggested the strongardgywere the most important in
stabilizing the [dFe]. This was supported by thet that leachable particulate Fe
concentrations remained high in the plume, while dfas ‘capped’ at the stronger ligand
concentrations (Buck et al., 2007). The same phenomwas observed in additional
samples in the CCS in a follow-up study by Billeak (2013) and Bundy et al. (2014),
especially within the BBL.

Additional evidence for the tight coupling betwedffe and the strongest ligands
is apparent when the internal fluxes of each cturesit are calculated within the estuary.
These fluxes can be estimated according to theadstbf Flegal et al. (1991), where the
internal flux is defined a&;,; = R(C, — C,), andF;,; is the flux of the constituent within
the estuary (nmol d&, R is the river discharge (L day, C, is the hypothetical riverine
endmember given conservative mixing (nmd),Landc, is the actual riverine
endmember measured at station 2 (nmiYl The river dischargeR) was estimated
based on a 19 day average of the Sacramento Rivibealays immediately preceding
sample collection in April

(http://waterdata.usgs.gov/ca/nwis/current/?typmse&lgroup key=basin ddand was
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equal to 7.43 x 10+ 1.88 x 18L day™. The value of’, was estimated according to
Flegal et al. (1991) by extrapolating the lineastHé line from the linear portion of the
mixing curve at the highest salinities to the zeambnity endmember, if conservative
mixing from seawater alone were considered. Wherv#thue ofC, is less than the
measured riverine endmember at station 2, thendhstituent has an internal sink.
These calculations all assume steady state congditioSan Francisco Bay, and that the
variation in the freshwater endmember is small carag to the inventory of the
constituent (Officer, 1979). Very similar dFe contrations were obtained in this study
compared to others (Flegal et al., 1991; Safuddwifily et al., 1996) despite the
differences in sampling seasons. Thus, for theqrep of these approximations, steady
state conditions are taken as a valid assumptiase® on this calculation, dFe and the
strongest ligands have internal sinks in San FsaondBay of a similar magnitude (Figure
4.7). The magnitude df;,,; for dFe, L3 and L, were calculated to be -3233558.9, -
370.3+ 55.0, and -324.6 59.1 nmol day, respectively. These fluxes are statistically
indistinct ¢-test p > 0.05), and represent very similar processes effectoth dFe and
stronger ligands in San Francisco Bay. This is ajgmarent from the residual analysis in
Figure 4.8, where residuals are shown as deviafrons the best-fit polynomial line
through each of the datasets (dFe and ligands)sifaeger ligands (Land L;) and dFe
have relatively similar residuals when comparetheoweaker ligands, confirming the
trends observed in stronger ligands are correlatddthose in dFe.

Although there are high concentrations of strorigands in the low salinity end
of the estuary (Table 4.1) they are almost compyl¢itieated with dFe, which is made

apparent by the low, and sometimes negative, etigessl concentrations (Figure 4.3B).
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The excess stronger ligands remain fully titragethe higher salinities and perhaps even
slightly increase in the highest salinity sampligg@ife 4.3B). This suggests that the
strongest ligand complexes are the most resistdidadculation in the estuary, and that
dFe is perhaps even further stabilized at higm#es by a source of stronger ligands
from the seawater endmember. Elevated concentsatibstrong ligands have been
observed in CCS coastal waters (Bundy et al., 28d4)pastal waters may provide a
small but significant source of strong ligands &m$rancisco Bay and vice versa. In
Bundy et al. (2014), two samples were taken froentfouth of San Francisco Bay (on an
ebb tide) and those stations contained very higimgtligand concentrations (Bundy et
al., 2014; transect 16). Thus, it is not entirdgac whether low salinity waters are the
sole source of the stronger ligands observed inFgamcisco Bay. Regardless, the
stronger ligands appear to prevent some portigdheotiFe from precipitating at higher
salinities. This was also noted in the Satilla RiZstuary, where Jones et al. (2011)
observed a strong correlation between dFe-ligangptexes and [dFe] in the estuary,
which they hypothesized was accounted for by agodf the dFe pool bound to strong
ligands (Jones et al., 2011).

Krachler et al. (2012) observed a portion of theND@ool to be completely
resistant to flocculation in mixing experimenthagh salinities, which they hypothesized
to be comprised at least in part by HS (Batchelile 2010). They also found that
approximately 16% of the dFe in their study area t@und to small (0.5-3.0 nm)
organic molecules which comprised the portion o thiat was resistant to scavenging
(Krachler et al., 2012). These dFe-containing cexgs were found to be identical to

terrigenous lignin phenols that have been fountamy areas of the oceans (Benner et



141

al., 2005; Hernes and Benner, 2002, 2006; Loucmoeiaal., 2010; Opsahl and Benner,
1997). Abdulla et al. (2013) showed that the téri@dsSCRAM component consists
mainly of two different classes of compounds (&itph polycarboxyl compounds and
lignin-like compounds) and these two classes shiangar biogeochemical reactivity
along the estuary. Based on this finding, it iseeted that the Fe-rich nanoparticles
detected by Krachler et al. (2012) are also endakih aliphatic polycarboxyl
compounds as well as lignin-like compounds. Indlweent study, there was a significant
percentage of CRAM in all four samples analyzedHNMR, suggesting that the
CRAM component is relatively consistent acrosssdmapled salinity gradient, although
there were only four samples measured. It is likklelt the complexation of these
compounds with dFe represents at least some partithre stronger ligand pool seen in
this study to be resistant to scavenging.

Many of the siderophores that have been identifieatjuatic systems appear to
originate from freshwater cyanobacteria (Ito et2004; Simpson and Neilands, 1976;
Wilhelm and Trick, 1994) and heterotrophic bacté@éedhill et al., 2004; Mawiji et al.,
2011). Although diatoms clearly dominate in SamErsco Bay (Cloern 1996; Cloern
and Dufford, 2005), cyanobacteria and heterotrophitteria are present across large
gradients in salinity and appear to be ubiquit@is€rn and Dufford, 2005). It is,
therefore, likely that bacteria may be largely mspble for production of siderophores
in San Francisco Bay, which then contribute torttgasured strong ligand pool in low
salinity waters. The percentage of the CRAM componethe surface samples from San
Francisco Bay is slightly higher than the marind Bamples, and the CRAM

component has been linked to dFe binding in othaties €.g, Abdulla et al., 2010).
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Isolated siderophores in culture are known to @ontarboxylate functional groups
(Vraspir and Butler 2009), but these types of ©igaores have not been directly isolated
from seawater. Based on the presence of strongdgyand high CRAM components in
samples from San Francisco Bay, this study sugtjestsresence of carboxylate-
containing dFe-binding ligands in the estuary, tifothe extent of their presence is
unclear since not all stations were sampled. Algfnoitiis not certain how strong the
carboxylate-containing organic complexes are wih,dt is possible that CRAM
components may be present in the stronger ligants gt and Ly).

5.2 Flocculation of weaker ligands and dissolved ir

The distributions of weaker ligands in San FrarwiBay are distinct from those

of the stronger ligand pool (Figure 4.3). Theligands (IogKﬁngﬁe,: 10-11) are high in
stations 2-6 (Table 4.1), but were not detectedioh-salinity samples. They are detected
in higher salinity samples again, with slightly\edéed EL3] over the stronger ligands at
these salinities (Figure 4.3B). TheLf] in the low salinity samples are comparable to
[eL], though slightly lower than thell4]. The concentrations ofslligands are
extremely high in the low salinity end of the NoBRhy, and are not detectable at
salinities higher than 7 (Figure 4.3). The fact thdigands are no longer detectable at
higher salinities, ance[ 3] generally declines through the estuary, suggestsmost of
the dFe lost to flocculation occurs in the portadrdFe bound to weaker ligands.
Internal fluxes of the weaker ligands are alsastiaally distinct {-test, p <
0.005)from the flux of dFe and stronger ligands in Saank€isco Bay (Figure 4.7). The

internal flux of dFe and strong ligands were afpayximately -300 mol day; while for

Ls ligands it is -476.6 95.8 mol day and -599.2+ 105.9 for L ligands. This likely
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reflects the different processes and chemical cheniatics of the weaker ligand pool
compared to the stronger ligand pool in San Frandgay. Although no size-fractioned
ligand data is available for this study, it is pbksthat the majority of the weaker ligand
pool is in the colloidal size fraction which hasheshown to flocculate more rapidly
compared to the soluble fraction (Batchelli et2010; Moore et al, 1979; Murray et al.
1978; Safudo-Wilhelmy et al., 1996; Sholkovitzlet EH78).

There are a variety of possible sources for webg@nds in San Francisco Bay,
based on evidence from previous studies done andggand DOM in this estuary. In the
Buck et al. (2007) study of the Columbia River &ah Francisco Bay plumes, the
authors identified strong ligands in both areasdmly detected weaker ligands in the San
Francisco Bay plume. This was attributed to théed#t residence times of the two
estuaries, with North San Francisco Bay havinghgéo residence time (1-60 days;
Flegal et al., 1991) than the Columbia River. Th#hars suggested that weaker ligands
might be degradation products of the stronger ligamol based on the longer flushing
time (Buck et al., 2007). Although some weakerndmwere probably undetected in the
Columbia River due to the use of a relatively hagialytical window ¢, sy, = 60), it is
possible that residence time plays a role in thebiRding ligand pool. It is also likely
that the composition of DOM is important. This igpported by observations of high
concentrations of detrital DOM and particulate miganatter (POM) in the low salinity
endmember of San Francisco Bay (Murrell et al. @®hd organic matter fluxes from
sediments in Suisun Bay (Murrell et al., 2000).ded, higher weaker ligand
concentrations are observed in Suisun Bay in thdys(stations 4-8) and are likely

contributed from sediment resuspension in that siredar to what has been observed in
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other estuaries with high organic content (Jones.e2011). Additional sources of
ligands beyond those derived from the San JoaqudrSacramento Rivers, such as
sediment resuspension, are apparent from the edsadalysis (Figure 4.8), where
ligands are elevated at salinities 3-7 in Suisuy. Bas also possible that adjacent marsh
lands are a source of ligands, as elevated coppdmlg ligands were also seen in this
area in another study (Buck and Bruland, 2005)id&ssorganic matter from sediments
and marsh lands in Suisun Bay, Murrell et al. (30060 found that a large portion of the
organic matter in low salinity samples was from ir@malization of algal POC, which

has been shown in other studies to be a sourceakev ligands and dFe (Boyd et al.,
2010).

The'H-NMR data also provides a first step towards iging the weaker
ligands in San Francisco Bay and in the BBL. Theeoled flocculation of metals and
HS at low salinities in estuaries (Boyle et al.729Sholkovitz et al., 1978) and the loss
of weaker ligands at high salinities indicate thate portion of HS is likely also part of
the weaker ligand pool, despite its relatively ated conditional stability constant
(Laglera and van den berg, 2009). This is also aupg by the decline in dFe
complexation by HS at higher salinities (Figure)4ld addition to HS, Table 4.2
indicates a high percentage of heteropolysacch@i&&) components were found in all
four samples analyzed. Although polysaccharidegwet measured in this study and
have not been measured directly in San Francisgotigh concentrations of
carbohydrates have been observed in estuaries (laletal., 2013; Wang et al. 2010)
and shown to decline non-conservatively with sgli(iwVang et al., 2010).

Polysaccharides have the potential to transferotaftom the dissolved to particulate
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pools (Santschi et al., 2003), which could, in fuead to flocculation of polysaccharides
and associated trace metals in the estuary. Waalg (@010) observed a 5-10% loss of
carbohydrates in the Bay of Saint Louis in the Imemy Gulf of Mexico due to physical
mixing alone. Terrestrial polysaccharides contatagturonic acid, which can bind Fe. It
is therefore possible that these terrestrial palgisarides represent a portion of the dFe-
binding ligand pool in San Francisco Bay. Polysacicies have been observed in coastal
waters and in the open ocean in other studies (Wbdtal., 2013; Aluwihare et al.,
1997, 2002; Benner et al., 1992; Repeta et al.2R@hd they have been previously
implicated as an important component of the wedkerbinding ligand pool (Hassler et
al., 201H8), but this has not been tested directly in estsaidFe bound to
polysaccharides has been found to have enhancetivitgeand bioavailability to
eukaryotic phytoplankton in the Southern Ocean $kéa<t al., 2014), and thus may
render the dFe bound to weaker ligands in the BBl $an Francisco Bay relatively
bioavailable to coastal and estuarine phytoplankton
5.3 Contribution of humic-like substances to tlmibinding ligand pool

Humic-like substances (HS) were found to be an mamd component of the dFe-
binding ligand pool in this study, potentially colexing 23% of the dFe in San
Francisco Bay. HS, like dFe and ligands, appe&etave non-conservatively within the
estuary (Figure 4.4). This observation supportditiding that HS likely contribute to
the pool of dFe-binding ligands that are floccullate the estuary (Boyle et al., 1977,
Sholkovitz et al., 1978). However, there is alsmeevidence that HS are not only
components of the weaker ligand pool that are sgga@ but part of the stronger ligand

classes less prone to flocculation as well. HS mreasents made by CSV in our study
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(Table 4.1) and previous work (Abualhaija and van 8erg, 2014; Bundy et al., 2014,

Laglera and van den Berg, 2009) have found thaisHi&ely part of the kL ligand pool

since the log¢c°™% , for HS (11.1-11.6) falls in the L2 range (I&g= 11-12), although

FelL,Fe

there may be an even larger range of binding stinsrfgr HS. The estimation of the
CRAM component byH-NMR provides supporting evidence for the presesfddsS in
these samples, where CRAM components show a pesitirelation with [HS]
measured by the CSV method (Figure 4.6). Howeterpbsitivey-intercept in Figure

4.6 may indicate either that the CSV method undieneses the concentration of
aliphatic carboxyl ligand (in HS) or that there arele variations in the degree of
carboxylation among the compounds within the CRAhponent, and only the
compounds with a high degree of carboxylation (patpoxyl compounds) will act as
strong ligands for Fe while the compounds withvadpdegree of carboxylation (e.g. one
or two carboxyl functional group per compound) \aitt as weaker ligands. This is an
important aspect of HS and dFe interactions thgiires further investigation, and might
explain the apparent presence of HS in severaidigdasses.

The strong correlation between CRAM and HS meashyedSV here, as well as
data from other studies (e.g., Abdulla et al., 20%0pports the concept that aliphatic
polycarboxyl compounds act as strong ligands fa. dffom a theoretical point of view
according to the Hard and Soft Acids and Bases B)®ncept (Pearson, 1963), the
high negative charge density of the carboxyl grmgkes it an ideal strong Lewis base
group to bind with strong Lewis acids like*F¢Bertini, 2007; Kaim and Schwederski,
1994). Many studies have shown that carboxyl grauip$S are major binding sites of

complexed dFe (Byler et al., 1987; Karlsson ang$tar, 2010; Kung and Mcbride,
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1989; Schnitzer and Skinner, 1963). In additiorsdobon Fourier transform infrared
spectroscopy (FTIR) analysis, Abdulla et al. (20fb@)nd that ~60 % of the carboxyl
groups in high molecular weight (HMW) DOM isolatedm the Great Dismal Swamp
(Virginia) appeared to be bound to dFe. Based mnevidence, it appears that HS varies
widely in terms of its ability to complex dFe, ligaelated to its size fraction and the
degree of carboxylation of HS compounds.

The potential partitioning of HS into several dReelng ligand groups is not
surprising, given previous observations from ottwastal environments. Batchelli et al.
(2010) saw HS in both the soluble and colloidattins in Thurso Bay, with the
colloidal fraction behaving non-conservatively @hd soluble fraction mixing
conservatively. Previous studies suggested thatdhdle strong ligand pool observed
may be comprised of siderophores that can effdgta@mpete for dFe bound to HS
because of reversible binding to HS (Batchellilet2010; Laglera et al., 2007). HS
measured by CSV can also capture a wide rangengplexes, including humic and
fulvic acids (Laglera et al., 2007). The HS mayaist be only terrestrially-derived; Guo
et al. (2000) noted that a significant portiontod tolloidal HS material found outside of
Galveston Bay may have derived from phytoplankb@sed on the metal to organic
carbon ratios (Guo et al., 2000). Several studiesrganic matter cycling in estuaries
have noted a gradient in the size distributionrghaic matter complexes through an
estuary, ranging from high molecular weight compkeat the low salinity end to low
molecular weight complexes at the marine endmeriNdeore et al., 1979; Murray et al.,
1978; Murrell et al., 2000; Sholkovitz et al., 19,/8ipporting the transition from weaker

to strong ligands observed in this study and thergal presence of HS in more than one
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ligand class in San Francisco Bay. Collectivelgsthobservations suggest that the HS
pool in estuaries is heterogeneous and dynamiclikelyg plays an important role in the
cycling and transport of dFe in San Francisco Bay surrounding coastal waters.
5.4 Freshwater influences on coastal Californiar€urwaters

San Francisco Bay appears to influence Californieréht shelf waters as a
source of both dFe and strong dFe-binding ligaAtthough almost 90% of the dFe
from the Sacramento and San Joaquin rivers isridee estuary before reaching the
shelf, the remaining dFe is strongly bound by orgéigands resistant to flocculation.
The scavenged Fe is likely deposited on the shelf the estuary and transported to the
shelf, associated with weaker ligands and HS, aayllme further processed in the
surface sediments. The presence of HS both instuay and on the shelf outside of San
Francisco Bay and Eel River (Table 4.1), and thelarity in CRAM components
between low salinity samples to BBL samples (FiglBg, also suggest that some of the
BBL ligand pool is comprised of HS derived fromwesine sources. It is therefore likely
that this pool of dFe and ligands are responsiiméhfe pulse of upwelled dFe from the
shelf in early spring upwelling events in the caa€§ICS, as the ‘capacitor’ hypothesis
suggests. Due to reversible binding of dFe by stidife-binding ligands in surface
waters in the CCS (Bundy et al., 2014), much f tipwelled dFe is likely available to
phytoplankton and helps to fuel primary producyiatong the California coast.
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Table 4.1 Hydrographic and ligand data for all stations skathjin San Francisco Bay
(SF Bay) and in the California Current Ecosyster@E(J. Longitude (Lon?W), latitude
(Lat.,”N), sampling depth (Depth, m), temperature (Teft®), and chlorophyla
concentrations (CH, ug L) were obtained from the USGS San Francisco BayeWat
Quality Measuring program (http://sfbay.wr.usgs/@oeess/wgdata/index.htmBalinity
(S) measurements were taken from individual dFekihmligand samples. Ligand
classes (k-L4) represent dFe-binding ligands characterized biy thg Kﬁgﬁ?pe, (log K1
—logKy,) as described in section 2.3.4. The concentratidrumic substances (Hig L
1) were determined according to Laglera et al. (3@@3cribed in section 2.4. The
notation ‘nd’ means not detected, and (*) indicdigsnd data that was previously
published in Bundy et al. (2014).

Region Sta.  Lon. Lat. Depth Temp. S Chla dFe L logKy La logK: Ls logK3 Ly logks HS
(W) (N) m) (O (psw) (ug L) (amol L") (nmolL™) (nmol LY (nmol 1Y) (nmol L) (ug B
SFBay 2 121.855 38.063 2.0 159 42 4.2 77.1 823 12.9 84.0 11.7 68.9 10.3 143.0 99 5395
SFBay 4 121.935 38.048 2.0 160 23 43 86.9 78.5 124 90.7 11.7 88.8 10.9 126.2 9.2 nd
SFBay 6 122.035 38.065 2.0 155 3.0 4.6 4.5 422 12.8 553 11.3 67.7 10.8 453 9.6 nd
SFBay 8 122.152 38.030 20 155 3.1 5.6 1315 139.5 12.5 121.2 12.0 nd nd 163.3 9.2 nd
SFBay 13 122370 38028 20 147 72 58 26.0 28.1 13.1 356 11.3 nd nd 67.0 99 1112
SFBay 18 122422 37847 2.0 13.1 144 7.9 232 19.0 12.3 17.3 114 21.7 10.4 nd nd nd
SFBay 21 122358 37.788 2.0 140 223 153 7.0 10.3 122 121 114 16.0 11.0 nd nd nd
SFBay 24 122338 37.698 2.0 144 200 93 10.3 10.6 13.2 13.3 11.8 236 104 nd nd 67.5
CEE 25‘ 122,611 37418 64.0 10.0 33.9 nd 6.8 92 12.2 1.3 1.5 nd nd nd nd 392

CCE 26 124386 40767 640 86 33.9 nd 20.5 nd nd 16.9 11.0 nd nd nd nd 22.6
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Table 4.2 Dissolved organic carbon (DOC) concentrations #h#IMR integrated area
percentages of the major chemical functional grdugrs stations 13, 24, 25 and 26.

DOC . CH;- CH,-C-CO0O/ CHs- CH-COO H-Ar % CRAM
Sta. . CH;-C ) CHOH % CRAM % HPS
umol L Deoxy Sugar CH.-C-Ar c=0 CH,-Ar H-C=C x 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 4004
26 76 8 20 13 8 30 19 2 53 47 4028
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Figure 4.1 Dissolved Fe (dFe) amdFe-binding ligand surface sampling locations in Sa
Francisco Bay (filled circles; stations 2, 4, 618, 18, 21, 24) and the California
continental shelf benthic boundary layer (BBL, oggunares; stations 25, 26).
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Table $4.1 *Overload’ titration sensitivities are presenteoinh each sample, along with
the deposition time. This sensitivity was used kaslthe ‘initial guess’ in the Hudson et
al. (2003) protocol comparisoadeSI-3), and it was used as the sensitivity in each

titration following a correction factor, &R, shown below for the lower detection windows
(S4.2).

Overload Sensitivity Dep. time

Station (nA) (s)
2 18.6 60
4 5.3 60
6 10.4 60
8 10.1 60
13 40.9 60
18 16.2 60
21 17.0 60
24 53.5 60
25 37.2 60

26 40.5 60
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Table $4.2 The average [SA] for each analytical window alevith the average R at

each window. The R was used to correct the overload sensitivitiesHerlower
analytical window titrations, and was also usethmHudson et al. (2003) data

processing protocol comparison.

Analytical Window [SA] umol L' AVG Ra.

1

a b wN

32.3:0.0
25.%1.4
22.142.7
17.7#2.3
12.6:2.2

1.0
0.7
0.5
0.4
0.2
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Figure $4.3 The results shown below show the comparison otitlia obtained in this
study using traditional linearization techniquempared to data obtained using a
modified version of the Hudson method (Hudson e&l03; Sander et al., 2011) for
ligand concentrations (left) and stability conssafnight). Only three ligand classes can
be measured using the Hudson approach, so thefsugand L, is shown for
comparison purposes. Both methods agree very wigtl,slightly higher logKs
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1. Abstract

The distributions of dissolved iron and iron-bingliorganic ligands were
examined in several deckboard incubation experisnantl water column profiles in the
southern California Current Ecosystem (CCE) alotrgquasition from coastal to semi-
oligotrophic waters. Analysis of the iron-bindingdnd pool by competitive ligand
exchange-adsorptive cathodic stripping voltamm@MyE-ACSV) using multiple
analytical windows (MAWSs) revealed three classesaf-binding ligands present
throughout the water column{L3), whose distributions closely matched those of
dissolved iron and nitrate. Despite significantgg@ochemical gradients, ligand profiles
were remarkably similar between stations, withacefminima in strong ligandsi(and
L,), and relatively constant concentrations of wedikands (l3). A phytoplankton
grow-out incubation, initiated from an iron-limitechter mass, showed dynamic
temporal cycling of iron-binding ligands which werearly identical between controls
and +iron treatments despite drastic differenceghytoplankton biomass. Modeling
results were able to capture the patterns of tieagtigands in the incubation relatively
well with only the microbial community as a soues®l sink. An experiment focused on
remineralization of particulate organic matter sedwproduction of both strong and
weak iron-binding ligands by the heterotrophic caumiity, supporting a mechanism for
in-situ production of both strong and weak ligamdthe subsurface water column.
Photochemical experiments showed a variable infleerf natural sunlight on the
degradation of natural iron-binding ligands, prongisome evidence to explain
differences in surface ligand concentrations betwstations. Statistical analyses

comparing incubation experiments to water colunufil@s revealed variances in ligand
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distributions were primarily related to macroneitri concentrations, suggesting
microbial alteration of the ligand pool might doraia on longer time-scales over short-

term changes from photochemistry or the phytoplamkbmmunity.
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2. Introduction

Dissolved iron (dFe) is an essential trace elerf@mihytoplankton and microbial
growth in large areas of the ocean (Morel and PA663). High nutrient low chlorophyll
regions are especially susceptible to iron (Feitéiton in surface waters (Martin et al.,
1991). Some coastal eastern boundary upwellingnsguch as the California Current
Ecosystem (CCE) can also exhibit a range of Fetihigpiconditions, from the nearshore
continental shelf to the transition zone 10-250dfshore (Biller and Bruland, 2014;
Hutchins et al., 1998; King and Barbeau, 2007; 20DEe is important for primary
production in the ocean, but it is scarce in seamatd almost always associated with a
heterogeneous pool of organic ligands (Rue andaBdyl1995; Wu and Luther, 1995;
van den Berg, 1995). Bacteria and phytoplanktontmsis an assortment of cellular tools
in order to access dFe from this diverse organittenanatrix (Granger and Price, 1999;
Hutchins et al., 1999; Maldonado and Price, 1998 identity and behavior of organic
ligands is therefore important for understandirgritechanisms of Fe-acquisition in the
ocean. However, the chemical composition and ssuand sinks of these ligands are
still largely unknown.

It is known that dFe-binding organic ligands cang&from highly-specific low
molecular weight siderophore-type ligands to largeromolecules with only weak dFe-
binding (Gledhill and Buck, 2012). Although dFe-thimg ligands can be directly isolated
from seawaterdq.g, Mawiji et al., 2008), ligands have also been detkasing indirect
electrochemical methods, most commonly competligand exchange-adsorptive
cathodic stripping voltammetry (CLE-ACSV). CLE-ACSNethods allow for the

identification of dFe-binding ligands based on tlew@incentrations and binding strengths
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(seereview by Gledhill and Buck, 2012), and not thehiemical composition. However,
the strengths of the strongest ligands identifrethe ocean based on electrochemical
methods are nearly identical to strong ligands éounculture media and other model
ligands, such as siderophores. Strong dFe-bindyagds appear to be largely
biologically produced both as a strategy for conmggEe-limitation (Buck et al., 2010;
King et al., 2012; Mawiji et al., 2011; Maldonadaaét 2002) and for keeping Fe in
solution (Reid et al., 1993). The closest link betw ligand production and biological
growth is associated with the microbial communitycrobes have been shown to
produce siderophores both in culture and in tHd fi&@min et al., 2009; Cabaj and
Kosakowska, 2009; Hider and Kong, 2010; Vraspir Bader, 2009). CLE-ACSV
measurements coupled to high performance liquidmhtography (HPLC) methods
have also enabled the detection of siderophorexiated with natural bacteria
assemblages (Gledhill et al., 2004; Mawji et &12). Microbial communities may not
be a source of only strong ligands to the wateurool, as microbial degradation of
particulate organic matter has been implicated smuece of weaker ligands to deep
waters (Boyd et al., 2010). It appears that baxt@ay be a source of strong and weak
dFe-binding ligands, but whether there are othetiofa contributing to changes in dFe-
binding ligands is less certain. There have beearatlines of evidence which
demonstrate the ability of phytoplankton to chatigedFe-binding ligand pool, though
the mechanism is unclear. Diatom culture studie® ndentified organic exudates that
exhibit some degree of dFe-binding (Urbani et2005; Watt, 1969). Some field studies
have also seen ligand production associated wattoai growth (King et al., 2012;

Kondo et al., 2008; Rue and Bruland, 1997), paldrtyiwhen the diatom community
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appears to be Fe-limited (Buck et al., 2010). h@yanaxima in the water column are
also often associated with the chloroplaythaxima (Boye et al., 2001, 2006; Croot et
al., 2004; Ibisanmi et al., 2011; Wagener et &08). It is not clear from field studies
however, if the higher ligand concentrations as ttepth in the water column are due to
active production, or incidental dFe-binding simglye to elevated organic material.

In addition to biological alteration of the ligapdol, photochemistry can also
affect the concentration and strength of dFe-bigdijands. Laboratory studies have
shown that some siderophores can be degradedrayvidiet (UV) light when bound to
dFe, and their binding strength is subsequentlyedsed after exposure to light (Barbeau
et al., 2001; Barbeau et al., 2003; Barbeau, 20063% mechanism has been invoked to
describe the ligand minima often seen in surfacemgGledhill and Buck, 2012), as
well as the reason for the presence of weaker digam surface waters. However, field
studies to date have had mixed results with respgatiotochemical degradation of
natural dFe-binding ligands (Powell and Wilson-Hin2003; Rijkenberg et al., 2006).
Despite mixed results in the field, modeling stsdieutinely invoke a photochemical
sink for dFe-binding ligands in surface watersr{giat al., 2010; Parekh et al., 2005;
Tagliabue et al., 2009; Tagliabue and Voelker, 200bwever, since the identity of dFe-
binding ligands is still largely unknown, it is fidult to link laboratory studies on the
photochemical reactivity of siderophores with natligands measured in the water
column.

Siderophores produced by marine bacteria have $le®nn to include
catecholate, carboxylic acid, and/or hydroxamai@dlfrdinding groups and often

exhibit an amphiphilic nature due to the preserfcefatty acid tail (Vraspir and Butler,
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2009). Hydroxamate-type siderophores are the adgrgphores that have been directly
isolated from seawater via solid-phase extractiethods (Gledhill and Buck, 2012), but
this bias may be largely methodological. HoweJes, ligands detected in seawater are
likely not only siderophores. A spectrum of dFeebng ligand strengths have been
found to exist in seawater, having a range of domml stability constants (usually

expressed as |&gfg;'¢,/) from 9.0-14.0, with the weaker ligands often atated with

coastal and deep waters, and stronger ligands fouswtface waters and regions of high
productivity (Gledhill and Buck, 2012; Hunter andy®#l, 2007). Most studies to date
have concentrated on measuring one particulardigéass, either strong or weak, often
denoted as strong jLligands or weaker ‘k’ ligands. Recent studies in our group have
focused on measuring several ligand classes isaime sample using CLE-ACSV with
multiple analytical windows (MAWSs; Bundy et al., 2@ Bundy et al. in review). This
approach has shed light on the sources and sirfdatlofstronger and weaker ligands in
surface and benthic boundary layer waters (Bundy.e2014) and estuarine-influenced
shelf waters off California (Bundy et al., in remie A range of dFe-binding ligands was
detected in these studies{lL4), with the highest concentrations of ligands asted
with the coastal environment and declining offsh@endy et al., 2014). High weak
ligand concentrations were also detected nearsthttethe weakest Jligands only
measureable in estuarine-influenced waters (Bubhdy.,&n review). The measurements
thus far using MAWSs have been restricted to onlyage and benthic boundary layer
waters, so the changes ig-lL, with depth in the water column are uncertain.

Although data suggests the presence of strong aa#t df~e-binding ligands

throughout the water column, the mechanisms linkgand distributions to sources and
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sinks have not been well-studied. This is despieaidvent of large-scale projects such
as GEOTRACES, which have vastly increased the nuiate geographic extent of
ligand measurements (Buck et al, in review; Saetlat., 2014; Thuréczy et al., 2010;
20113, b). An understanding of the processes behind thegdsato the ligand pool
associated with biogeochemical gradients is impomat only for understanding ligand
distributions, but also for informing current bi@egdemical modeling efforts which are
increasingly attempting to incorporate dFe-bindiggnds (Archer and Johnson, 2000;
Fan, 2008; Moore et al., 2004; Moore and Brauck@0d8; Parekh et al., 2005; Tagliabue
et al., 2009; Tagliabue and Voelker, 2011). Thislgtmakes the first upper ocean profile
measurements of Fe-binding organic ligands utgj2AW CLE-ACSV, and seeks to
link profile data with mechanistic deckboard Fecaion studies carried out on the
same cruise in the southern California Currentaegalso employing MAW CLE-
ACSV. Sources and sinks of different classes ofloiRding ligands will be inferred
from a multi-pronged approach combining both biadagand photochemical incubation
studies, a zero-dimensional model, and profilestraing and weak dFe-binding ligands
with ancillary profile data. This combination of theds provides a first step in linking
ligand source and sink mechanisms to field obsemsatin the same region.
3. Methods
3.1 Sampling region and environmental context

Samples for this study were collected as part®iGhlifornia Current Ecosystem

(CCE) Long-Term Ecological Research (LTER) progiattp://cce.lternet.edlin the

southern California Bight (Figure 5.1) on-board B/& Melville in June-July 2011. This
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cruise was a CCE-LTER process cruise, which opériat Lagrangian mode, using
drifters to follow distinct water masses (Landryakt 2009). Each series of stations
sampled within the same water mass were denotadcgsle’ (Landry et al., 2009).
However, only one station from each cycle was sathpl this particular study, so
sampling locations will simply be referred to astisins. Each station has been given the
same number as the cycle to which it belongs (tangle, station 1 was part of cycle 1)
in order to compare to other studies from the samise €.g, Brzezinski et al., in prep;
Krause et al., submitted).
3.2 Sampling and storage

All trace-metal clean samples were collected eitisemg single Teflon-coated 12
L GO-Flo bottles (General Oceanics) or 5 L X-Nishmttles (Ocean Test Equipment)
mounted on a powder-coated rosette and non-meliaki¢Cutter and Bruland, 2012).
Sampling depths were determined from a readout@nvinch for the GO-Flos, or by
pressure triggered by an auto-fire module mountethe rosette (Seabird Electronics).
GO-Flo or Niskin casts were done immediately follogva cast by the standard ship
CTD rosette, and depths were chosen based onagheéme hydrographic data from the
ship’s rosette. GO-Flo or X-Niskin sampling bottlesre brought inside a Class-100
trace metal clean van upon arriving on deck, alteréd in-line using acid-washed
Teflon tubing and Acropak-200 0.2 um capsule ftgall Corporation) pressurized by
filtered nitrogen gas. Filtered samples for dFdysimawere placed in 250 mL LDPE
bottles, acidified to pH 1.8 (Optima HCI) and stbfer at least 3 months until analysis in

the lab. Samples collected for dFe-binding ligawdse either run immediately (within 3
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days) or stored frozen at “ZDuntil analysis. Results for fresh vs. frozen gses of

dFe-
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binding ligands have been shown to be indistin@b#hin previous studies (Buck et al.,
2012).

Filtered samples for silicate (Si(OBt)phosphate (P£), nitrate (nitrate+nitrite;
denoted as N§), and chlorophylh (chla) were taken from the standard CTD rosette
cast and on-board incubation experiments. Nutsaniples were collected in 40 ml
polypropylene centrifuge tubes (Fisher Scientifinjl frozen at -2 before analysis.
Chl a andphytoplankton pigmergamples were placed in dark bottles and filterdd on
GF/F filters (Fisher Scientific). Cla samples were subsequently placed in acetone and
analyzed on-board. Pigment samples were placedavials (Nalgene) and stored in
liquid nitrogen until analysis in the lab. Microggosamples for phytoplankton cell
counts were collected in 50mL glass vials and starel % tetraborate buffered formalin
until analysis.

3.3 Ancillary data analysis

Chla samples from the depth-profiles and incubatioreexpents were run
immediately on-board the ship, after being extrdéte 24 hours in acetone at Chl
a samples were analyzed using a Turner Designs 16-abrometer, fitted with a red-
sensitive photomultiplier tube. Phytoplankton pigineamples were stored in cryovials
and placed in liquid nitrogen until analysis by HFPaccording to (Zapata et al., 2000).
Macronutrients from water column profiles and froroubation experiments were
analyzed by the Marine Science Institute Analyticab at the University of California

Santa Barbara (http://msi.ucsb.edu/services/acalyial) using a Lachat QuickChem

8000. Samples for phytoplankton cell counts wenst &djusted by volume to 60 mL

before settling in a 50 mL Utermdhl settling chamddey were then counted using a
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Zeiss phase-contrast inverted light microscopé@k2nagnification (UNESCO, 1981;
Utermohl, 1958). Phytoplankton were classified bypgra or the following broad
categoriesChaetoceros sppPseudo-nitzschia sppther diatoms (>10 um),
dinoflagellates, flagellates (< 10 um), and cikat8ample volume enumerated ranged
from 5.6 to 1.1 mL (1/9 of slide) and detectabl# abundance was between 245 and
1,227 cells/L, depending on volume settled.
3.4 Dissolved iron

DFe was analyzed by flow injection analysis (FIAeacomplete reduction of
the dFe with sulfite according to King and Barb€2@07; 2011). This method has been
shown to yield accurate results with respect to S&L and D2) and GEOTRACES
(GS) consensus samples, and has a detection fi®i®® nmol L (three time the
standard deviation of the blank= 72). Values obtained f&1 (0.11+0.02 nmol £, n =
39), D2 (0.93+0.07 nmol £, n = 36), and GS (0.51+0.02 nmof'Ln = 12) compare well
to the most recent consensus values
(http://es.ucsc.edu/~kbruland/GeotracesSaFe/kwb&mstBaFe.html).
3.5 Dissolved iron-binding ligands

DFe-binding ligands were analyzed using competiityend exchange-adsorptive
cathodic stripping voltammetry (CLE-ACSV). This thetl has been used extensively for
determining the concentration and binding strengtid~e-binding ligands in seawater
(seea recent review by Gledhill and Buck, 2012). Thetmod involves titrating a natural
sample with dFe in order to saturate the natugahlds. Then, a well-characterized
electroactive ligand is added, in this case saidgxime (SA). The added ligand

competes with the natural ligands for dFe, and=&(&A) complex is deposited on the
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mercury drop and analyzed using adsorptive cathstdping voltammetry (ACSV) on
a hanging mercury drop electrode (BioAnalytical t8gss, Incorporated).

The titrations in this study were completed bytfadding 50 pl of a 1.5 mol'L
boric acid-ammonium buffer (pH 8.2, NBS scale) @onilL aliquots of the sample. Next,
0-25 nmol ' dFe was added to the 11 separate Teflon vials [{&avEontaining the
sample and buffer. The buffer and dFe were leétoilibrate with the natural ligands in
the sample for two hours, before adding the appaigpconcentration of SA depending
on the detection window (17.7, 25.0 or 32.3 pmbBA). The SA was left to equilibrate
for 15 minutes before each aliquot was run seplgragegng ACSV with a 150 s
deposition time. All electrochemical parametersembie same as have been reported
previously (Buck et al., 2007; Rue and Bruland,3)98nd all constants for SA were
updated to the most recent calibration reportedlnyalhaija and van den Berg (2014).
Ligand concentrations and strengths were calculadsed on traditional linearization
techniques, and are reported as the average betheenncentration and strengths
determined by a Ruaivan den Berg linearization (Mantoura and Riley73@and
Scatchard linearization (Scatchard, 194%)e sensitivity is an important parameter in
these data processing methods, and there are bewagtsato determine the sensitivity.
The most traditional method is using an internakgevity (Sn) or the slope of the
titration curve at the end of the titration wheresiassumed all the natural ligands are
saturated. Thepcan often be underestimated by this method ibfalhe ligands have
not been titrated, which can especially be a prablrecoastal samples (Kogut and
Voelker, 2001). However, this is not often a probl@ samples with low [dFe] and low

ligand concentrations, and other iterative methzadseven over-estimate the sensitivity
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(Laglera et al., 2013). DFe concentrations werg i@ in this region (< 1 nmol B),

and therefore all sensitivities used in this stwdye Sy. The $ was consistent between
samples analyzed at the same analytical windgyw&s generally greater at lower
analytical windows (200-286 nA nmol*). compared to the higher analytical window
(45-189 nA nmol [}) as reported by Abualhaija and van den Berg (2014)

The concentration of the added ligand determinesigtection window of the
method, or the strength of the ligands that caddiected. A higher detection window
targets stronger ligands, while a lower window éésgveaker ligands. Recently, this
method has been used to examine surface and béwotnclary layer samples (Bundy et
al., 2014) as well as surface samples along aityajradient (Bundy et al., in review),
and an updated calibration of SA allows for an eweter range of detection windows to
be employed (Abualhaija and van den Berg, 2014)thie study, three different
concentrations of SA were used, or three deteetiodows, in order to examine several
distinct ligand classes ([SA] = 17.7, 25.0, and332mol L%). One ligand class was
detected at each analytical window, except the $bwetection window ([SA] =17.7
pumol L' where two ligand classes were detected. Thegésirdigand class (). was
determined at the highest detection window (32.®itit SA), the next ligand class {L
was detected at the middle detection window (2@ ™" SA) and the weakest ligand
classes (band L) were detected at the lowest detection window7(fifnol L* SA).

Currently, there are several methods that have deegloped in order to analyze
MAW data (Hudson et al., 2003; Omanoet al., in review; Pizeta et al., in review;
Sander et al., 2011), but only two of the methadscarrently publicly available

(Hudson et al., 2003; Omano\wt al., in review) and all of these methods tedetve
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only been tested using copper titration data. H@amea recent study tested the use of the
Hudson et al. (2003) method modified for dFe orgapieciation and found very similar
results between the linear techniques used heréhandhified data treatment approach,
when the initial guesses were set to the valuerm@ted by linear techniques (Bundy et
al., in review). Since a rigorous intercomparisas hot yet been completed for dFe-
binding ligand titration data using new numericathwods, traditional linearization
approaches were used in this study which we hawersio compare relatively well with
unified data processing techniques (Bundy etmakeview).
3.6 Experimental set-up
3.6.1 Biological incubation experiments

Two experiments were conducted in this study taeskibiological sources of
dFe-binding ligands in the CCE, one phytoplanktomowgout experiment (experiment 1)
and one remineralization experiment (experimentlarh immediately followed the
termination of the grow-out experiment. Both expemnts were conducted at station 3
from water collected at 30 m in the subsurfaceaamlaximum (Figure 5.1). Whole
seawater was collected for these experiments ambdgenized in a clean 50 L carboy
before being aliquoted into acid-cleaned 4 L palgoaate (PC) bottles. Experiments 1
and 2 contained a set of three unamended con@olst ol A, B and C) and three +Fe (5
nmol L™ FeCk; +Fe A, B and C) bottles. All 6 bottles for expreints 1 and 2 were
placed in on-deck flow-through incubators that wareeened to 30% light levels. Bottles
for experiment 2 were placed in multiple heavy-doigck garbage bags and also placed
in the on-deck flow-through incubator. Experimemtds terminated after six days, and

experiment 2 was terminated after 3 days. ExperirBevas initiated using the
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phytoplankton biomass that had accumulated in éinérals and +Fe treatments at the
end of experiment 1, and were simply placed inddud following the termination of the
light portion of experiment 1 on day 6.

Samples for ché, macronutrients (N, PQ%, and Si(OH)), phytoplankton
pigments, phytoplankton cell counts, dFe, and diRdibg ligands were taken from
experiments 1. Experiment 2 was only sampled fer afd dFe-binding ligands.
Samples for chh were taken every day from all six bottles in expemts 1, and
macronutrients were sampled every two days fromeialbottles. Pigment concentrations
and phytoplankton cell counts were sampled on dg@yilal conditions) and day 6 (final
conditions) in all controls and +Fe bottles. DFd dire-binding ligands were sampled
every day in experiment 1, but only from one bditten each treatment until day 6,
when all bottles were sampled. For example, Coitrahd +Fe A bottles were sampled
on days 1, 4, and 6, Control B and +Fe B were sathph days 2, 5, and 6, and Control
C and +Fe C were sampled on days 3 and 6. DFagartls for experiment 2 were only
sampled on day 0, and then on day 3 from all treatm
3.6.2 Photochemical experiments

Photochemical experiments were performed at sttloi2, and 6 at the cal
maximum. Seawater was collected in X-Niskin botde$O Flos and filtered in-line
with a 0.2 um Acropak-200 filter in order to is@ainly the effects of light on the dFe-
binding ligand pool. Filtered seawater was homazgshin a clean carboy and dispensed
into four conditioned quartz flasks with Teflon gpers (Quartz Scientific). Two of the
flasks were wrapped tightly in aluminum foil foretdark controls. All four flasks were

placed in a shallow tray coupled to the on-deck{tbrough incubators and left in the
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natural sunlight for 12 hours. Samples for dFe @e-binding ligands were taken
randomly from one of the dark flasks for the iditime-point, and from each bottle
(Dark A, B and Light A, B) at the end of the 12 hau
3.7 Modeling

We modified a biological model developed for thaeithern Ocean (Jiang et al.,
2013) to test the experimental results of inculaéiperiment 1. The model resolves the
classical food web and microbial loop, includingehtypes of nutrients (NQ Si(OH),
Fe) and two types of dFe-binding ligands,(L;). The Fe cycle is simulated with five Fe
species including dissolved inorganic Fe'{Fdissolved Fe bound to the two stronger
ligand classes (Feland Felk), colloidal Fe and particulate Fe. The ligand dyics
include most of the key processes including bioqolexation, thermal dissociation; L
ligand production by bacteria during stress condgj and k ligand production by the
remineralization of particulate organic matter. Iig@and production due to
phytoplankton growth or zooplankton grazing is utgd €.g.Barbeau, 1996; Sato et al.,
2007), and there was no attempt to model the wedigasd classes gand L;). The
model had been tested with data from shipboard gratwncubation experiments and in-
situ data during two cruises in the Antarctic Penla area, through zero-dimensional
and one-dimensional experiments, respectively §Jaral., 2013). In this project, some
of the model parameters were adjusted to the lowrent conditions in the southern
CCE. In particular, we assume that the low dFe entrations do not limit bacterial
activity, despite perhaps limiting phytoplanktoogth.

3.8 Statistical analyses
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A standard principle component analysis (PCA) wsedun order to
guantitatively compare the experimental data frooubations with the profile data. PCA
aims to explain the variance in a dataset by usinljiple weighted variables, rather than
just simple linear regression. This type of analydiowed for the comparison of how
multiple variables explained the variance betweafilps and incubation experiment.
Only biological experiment 1 was included in theA@ue to the lack of ancillary data
in experiment 2 and in the photochemical experimefte PCA was performed using
the Statistics Toolbox in Matlab with all ancillagata from CTD profiles and incubation
experiment, including the dFe and ligand data.dalla categories were normalized by
their standard deviation, and missing values waerpolated using a regression with
depth for the profile data, or a regression withetifor incubation data.

4. Results
4.1 Water column profiles

Each station was loosely grouped as ‘nearshoransition’ or ‘offshore’ based
on physical characteristics (Krause et al., suleajttStation 4 was classified as a
‘nearshore’ station, stations 1 and 6 were ‘tramsitstations, and station 2 was
considered ‘offshore,” based on defining water ntdesacteristics in relation to a
persistent frontal feature that was sampled inréggon as part of the CCE-LTER
program. The depth and magnitude of both theachbximum and nitracline correspond
well with these groupings (Figure 5.2). StatiorFgy(re 5.2c) was characterized by a
relatively shallow biomass maximum (< 50 m) andaaiine (< 20 m). Very high cld
concentrations were observed at station 4 (upptg 8%), corresponding with almost

complete draw down of NQin surface waters. The transition zone stationgufé 5.2a,
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d) were similar to the nearshore station but halightly deeper nitracline (40-50 m) and
lower [chla]. The offshore station (station 2, Figure 5.2b) hadugh deeper nitracline
(> 50 m) and a deep chAlmaximum.

The [dFe] ranged from < 0.3 nmot'in surface waters to approximately 0.8
nmol L*at 500m in the nearshore station (Figure 5.3c). DRke southern CCE is
characterized by low concentrations and a deeflies, often deeper than 100 m (King
and Barbeau, 2011). DFe-binding ligands show alaimattern to dFe (Figure 5.3). The

strongest ligands QLIogKﬁgffpe, > 12.0) were present throughout the water column and

were still present at 500 m (the deepest depth keathgMost of the profiles showed a
subsurface maxima imlassociated with the biomass maxima and then mirbefare
increasing slightly again at depths below 100 nthédigh there were elevated L
concentrations at the calmaxima, there were not significantly higher ligand
concentrations associated with the large bloontadios 4 (Figure 5.2c¢, 5.3c). Three of
the stations showed a minimum ipih surface water (Figure 5.3a, b, and c¢), but@tati
6 had elevated concentrations in the shalloweghdsgmpled (Figure 5.3d). There is
also some evidence at the base of the profiled thaight begin to decline below 500
m, but it is difficult to determine without morerspling depths. For a detailed
description of all dFe and ligand data see the Ilsapgntary information (S5.1).

L, ligands (Iog(ﬁgzlz"fpe, =11.0-12.0) were present in slightly higher
concentrations tham lthroughout most of the water column, but had alami
distribution with depth. However, a surface maximé, was only apparent at station 2
compared to all stations having a subsurface makirha There is also some evidence

that L, began to decrease below 400 m at station 2, bint agare sampling depths
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would be needed to confirm this pattern in deepevgafl he Lconcentration was
greatest at station 1 (ranging from 1.5-4.2 nmb) tompared to the other three stations
where L, did not exceed 3 nmol't This matched the pattern in dFe and other ligand
concentrations, perhaps due to enhanced mixingiassd with the frontal transition
zone at this station (Figure 5.1).

L3 was relatively distinct from the stronger liganfls] remained mostly constant
throughout the water column with a few exceptiansurface waters (Figure 5.3). The
highest concentrations of strong ligands in theaud®0 m were found at the ‘transition’
stations (stations 1 and 6), and the lowest conagons of strong ligands were offshore
at station 2. On average, this pattern was opptmitine weaker ligands gL There were
higher [Lg] in the nearshore station (station 4) and offslstaéion (station 2) than in the
transition zone. No Jligands were detected in any of the profiles at@ithe depths
sampled.

Statistical analyses of the profiles revealed sinmésults as the incubation
experimentsgeesection 4.3.2), with variances in ligand distribos with depth
primarily related to macronutrient concentrationd ather parameters which also
increase with depth (Supplementary Information2p3 hese variables mostly all
contributed positively to the first principal compent (PC), which explains 53.7% of the
variance in ligands at different depths. Tempemtakygen concentrations, particulate
organic carbon (POC), particulate organic nitroffe@N), chla, and fluorescence
(which all decrease with depth) all contribute rtegdy to the first PC. Since the ligand
data could be explained predominantly by a comtnaif several variables that also

increase with depth, a cluster analysis was alsgpbeted in order to examine differences



190

in ligands between stations (data not shown). bssical difference was observed in
the ligand distributions between stations, anddiffgrences in clustering was related to
biogeochemical patterns alone.
4.2 Biological ligand production experiments
4.2.1 Incubation experiment 1

Experiment 1 was sampled at 30m depth from an agedelled water mass that
had likely originated nearshore near Point ConoepiKrause et al., submitted). The
initial conditions for the experiment started wighatively elevated macronutrient
concentrations (11.5 pmol'iNO3’; Figure 5.4c) and dFe (0.54 nmot)L Thus, the
phytoplankton community was likely not macronuttiemited. Little NOs” was drawn
down in controls, but significant macronutrientwldmwn was observed by day 4 of the
experiment in +Fe treatments (Figure 5.4a). Theramadrient drawdown was
accompanied by a significant increase inablomass in +Fe treatments compared to
controls {-test p < 0.05). Although the initial community was relatly diverse (Figure
5.4d), the increase in biomass by day 6 was alemtgely due to an increase in the
abundance of diatoms, mosBgeudo-nitzschiapp. (Figure 5.4d). The increase in
diatoms was apparent both from cell counts (Figudel) and from elevated fucoxanthin
pigment concentrations compared to initial condgigdata not shown). Although the
total biomass was much higher in +Fe treatmengspltytoplankton community
structure was very similar between the controls #ifel treatments (Figure 5.4d). Even
though the composition of the phytoplankton comrtyuwias not significantly different
between controls and +Fe treatments, the evolatidfO; compared to dFe (NO dFe;

pumol L' nmol LY over the course of the experiment was drastictffgrent in
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controls and +Fe bottles (Figure 5.4b). Previooskvin this region has shown thanol

L2 NOs: nmol L* dFe ratios of approximately 10-12 and higher adiciative of Fe
limitation of the diatom community (King and Barlobe2007). The initial water mass
contained a N@: dFe ratio of 21.5, likely indicating that the ien community was
initially Fe-limited. However, the 5 nmol'LdFe addition in +Fe bottles appeared to
alleviate this Fe-limitation based on the N@Fe ratios observed over the course of the
experiment (Figure 5.4b) and the increase in bierbgday 6 (Figure 5.4a).

Although the phytoplankton biomass response différetween controls and +Fe
treatments, the evolution of dFe-binding ligands weary similar (Figure 5.5). DFe was
drawn down in +Fe treatments after day 4 (Figusa)s.concomitant with the increase in
phytoplankton biomass and decrease isNDFe decreased slightly in controls, likely
due to a combination of uptake and scavengingaavdlls of the bottles. The strongest
ligands (L) increased in both controls and +Fe treatments filays 0-1, and then
remained relatively constant for the remaindehefeéxperiment (Figure 5.5b); ligands
increased consistently over the 6 days of the exyert (Figure 5.5¢). The weaker
ligands showed distinct temporal patterns comptyelde stronger ligands, withsL
slowly decreasing during the sampling period aptigands only appearing on days 4-6
(Figure 5.5d, e). The temporal distributions offelgand class were not statistically
distinct from one another between controls and tréa@ments over the course of the
experiment (ANOVAp > 0.05).

4.2.2 Experiment 2
Experiment 2 was conducted in the dark for thrges dallowing the termination

of experiment 1 on day 6. Control and +Fe bottlms&ined different amounts of
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phytoplankton biomass initially (Figure 5.4a), loefatively similar dFe and ligand
concentrations (Figure 5.6). The goal of this expent was to assess microbial
alteration of the ligand pool in response to ddtemmounts of particulate biomass and
relative Fe enrichment of the system. Control bsttiontained 0.14+0.05 nmof-(n =
3) dFe on day 1 of the experiment, and 0.54+0.38In1dFe was remineralized by day
3 (n = 3). In +Fe treatments the dFe increased frorh@®7 nmol [* (n = 3) on day 1
to 1.29+0.21 nmol £ (n = 3) on day 3. In general, ligands increased ritotke controls
than in the +Fe treatments (Figure 5.6), thoughetinas high variability between
replicate bottles. Lligands increased by 32.6+1.7% on average in otsngn = 3), but
they decreased by 1.3+1.2% in +Fe bottles @8). A similar pattern was seen for L
ligands, which increased by 29.7+2.1% in contreatments, but decreased by
16.8+2.0% in +Fe bottlex & 3). L; ligands decreased in both treatments, but by a
significantly higher percentagetést p < 0.05) in controls (33.9£2.1%) then in the +Fe
case (5.9+2.5%). The weakest ligandg @howed the greatest change between days 1-3
in both treatments, but increased by a signifigaftitest p < 0.05) greater percentage in
controls (109.1+3.2%) compared to +Fe bottles B2%%0,n = 3). In general, the
average concentration of total ligands¥L,+Ls+L4) was higher in controls on day 3
than in +Fe bottles on day Btést p < 0.05).
4.3 Modeling and statistical analyses of incubaggperiment 1
4.3.1 Modeling

Numerical experiments using the model developedidnyg et al. (2013) were
performed for incubation experiment 1 in ordermeastigate biological ligand sources

and sinks based on non-measured parametgysifacterial growth rate and abundance).
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Certain rates and other ancillary data were obthat the same station and depth for
experiment 1 as part of the CCE-LTER program (@ta8), and were used as the initial
values of key parameters in the model, with sonpgsatients (Table 5.1). Changes in
nutrient concentrations over time both in contrud &Fe treatments (Figure 5.7a, b, and
c) were reasonably reproduced by the model. Thegponding increase in calwas

also generally captured by the model (Figure 5.Xd)measurements were made for
bacteria or organic matter during the course okexrpent 1, but the model results show
an increase of both bacteria and organic matteFatreatments (Figure 5.7e, f). The
temporal pattern iniwas also described relatively well, with the exeapof the
increase in Lligands from day 0 to day 1 (Figure 5.7g), anddhamme was true for,L
ligands (Figure 5.7h). The data indicates thereeviggher L, concentrations in control
treatments from days 0-1, while the model resuitsslittle difference between the two
treatments during the first few dajhe differences between treatments in the model
become apparent between days 4-6, due to muchrtbgbeerial activity in +Fe
treatments (Figure 5.7e, g). Modeled][Is significantly higher in +Fe treatments
compared to controls due to degenerationiadnd L, production from PONd.g, Boyd

et al., 2010). However, the model was unable toaatcfor the peak in 1between days
3-5in +Fe treatments (Figure 5.7h). The modebktesygest that Fe stress is not a
significant factor altering bacterial ligand protioo during incubation experiment 1,
because of the similar {|.between control and +Fe treatments. Although dFe
concentrations were relatively low in control treants, it is possible that particulate Fe
was a significant Fe source (not tested by the Mhéaléhe microbial community based

on the Fe partitioning in the model. It is alsogbke that bacteria communities in this
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system have been adapted to the low Fe environimémé southern CCE. Similar to
Jiang et al. (2013), no direct source of ligandheénmodel is assumed to come from
phytoplankton growth or zooplankton grazing. Thts, striking differences in biomass
between controls and +Fe treatments did not leadsimilar difference in dFe-binding
ligand concentrations in the model, which is caesiswith observations.
4.3.2 Statistical analyses

Simple linear regression comparing the ligand tlat@her measured parameters
did not explain the temporal variability in liganigsincubation experiment 1 (data not
shown). Therefore, in order to analyze the contrdouof multiple variables to the
variance in ligands over time, a PCA was performeaddition to the modeling study.
Approximately 77% of the variance between samplimg points in experiment 1 could
be explained by the first three PCs (S5.2). Thands measured during incubation
experiment 1 were primarily correlated with macrommts and changes in pigments
over time. The first PC for the incubation expenntsais predominantly explained by
macronutrient concentrations, which are negatieelyelated with the biological
variables measured. This is not surprising, givenMariance between samples from
different treatments differed significantly in thautrient concentrations and biomass
over time. The second PC however, is dominatedositige contributions from the
ligands and dFe, along with the pigments and matriamts (S5.2). These parameters
were negatively correlated with ligands, and the biological response from theodinest
This suggests the second PC may have more of laemte on the variances seen in the

ligand pool between treatments and over time. Tilvd PC contributes the least to the
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percentage of the variance explained (10.9%) anthats strong contributions from a
mixture of the parameters measured.
4.4 Photochemical experiments

Each photochemical experiment was completed usatgneollected from the
chla maximum at each station (30m for station 1, 70nsfation 2, and 20m for station
6). Filtered seawater was incubated in the darklightifor 12 hours, and dFe and
ligands were measured at the beginning and endabf experiment. The first experiment
at station 1 contained similar concentrations drgg ligands in the initial conditions and
dark treatments, and slightly higher]were observed in the light treatment (Figure
5.8a), though the differences were not signifi¢atest p > 0.05). No weaker ligands
(L3) were observed in this experiment in the initiafinal conditions. Experiments 2 and
3 from stations 2 and 6, respectively, showed dbfferesults (Figure 5.7b, c). Again, the
dark bottles contained similar dFe and ligandshagi conditions in both experiment,
but light treatments had lower concentrations pligands and also contained ligands,
which were absent initially and in the dark treattsgFigure 5.7b, c¢). The weakest
ligands measured in this study, (igands) were not detected in any of the photocbaim
experiments.
5. Discussion
5.1 Distribution of multiple classes of iron-binditigands in the southern California
Current system

DFe and ligand profiles in this study were simitathose measured in other
oceanic regimessgeGledhill and Buck, 2012), with a minimum in liganoh surface

waters and an increase with depth along with digu(E 5.3). Ligand profiles between



196

stations were also similar, despite the differennebiogeochemical regimes sampled
(Krause et al., submitted). Most of the profilesl laasurface minimum in;ligands

(Figure 5.3), which may be related to photochemilegjradation consistent with
previous findings of potential photochemical degitazh of Fe-binding ligands in near
surface waters. This feature can be patchy howsirere station 6 for example, had a
maximum in L in surface waters (Figure 5.3d). The minimum jimias also sometimes
associated with elevated concentrationspthough not at station 1. There appear to be
other dynamics affecting [Lin the profiles as well, as a maximum ipdan be seen at
stations 2 and 6 associated with, or near, tha aximum (Figure 5.2). Other studies
have also observed a maximum in strong ligands la¢low the biomass maximum
(Buck and Bruland, 2007; Boye et al., 2001, 200@0oCet al., 2004; Gerringa et al.,
2006, 2008; Ibisanmi et al., 2011; Rue and Bruld®®5; van den Berg, 1995, 2006;
Wagener et al., 2008). The mechanism leading soféaiture is not entirely clear, but one
field study done in the Canary Basin showed th&b @8 the variance in ligands above or
coinciding with the chh maximum was explained by phytoplankton biomasssaiac
acid concentrations (Gerringa et al., 200@)nlthis study was defined as any ligands
with a Iog{ﬁgzlffFe, > 12.0, and were present at all depths sampledsrstady (up to

500 m). Some other studies in the Atlantic Oceanll€@ et al., 2006) and Southern
Ocean (Ibisanmi et al., 2001) have only detectgd hear surface waters (< 200 m),
though Cullen et al. (2006) used a higheﬂdﬁ@ffpe, cut-off (13.0). In this study, it
appears that relatively strong ligands are consiistpresent in the upper water column
in this region. In our previous work examining swd samples in the central and

northern CCE we also found that declined in surface waters offshore (> 200 km)
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perhaps due to degradation of the stronger ligéass, or a nearshore source, though
only a few samples were measured offshore (Bundy.,e2014). Other studies have also
noted a slight decline in ligand strength from ¢aki® offshore waters (Sander et al.,
2014). All stations sampled in this region werehwit200 km of the coast (Figure 5.1),
and Ly was present in surface waters of each station (&i§LB). Thus, it is still uncertain
whether Ly is restricted to the upper ocean or within 200 Krthe coast in this region.
On a GEOTRACES zonal transect in the Atlantic hasverecent work has shown-L
type ligands (average wggzlgFe,: 12.29+0.31n = 548) present throughout the entire
water column, even down to 6000 m (Buck et alreiiew). There is likely an in-situ
source of strong ligands throughout the water coluespecially in the upper ocean
where L ligands appear to be a common feature.

L. ligand distributions were very similar to the distitions of Ly in the profiles
(Figure 5.3). kligands, as defined in this study, are generalilycginsidered ‘strong’ in
terms of previous work in the dFe-binding ligantérature (Gledhill and Buck, 2012),
and thus may be controlled by similar processds .a®ur work in coastal regions has
also demonstrated a strong coupling between theselasses of ligands in the stronger
ligand pool (Bundy et al., 2014; Bundy et al., @view). A surface salinity transect from
San Francisco Bay showed the dFe which survivesilation in the estuary was tightly
coupled to stronger ligands (Bundy et al., in reyidout the profiles in the southern CCE
show significant excess strong ligand(§l-[dFe])). This is especially true in surface
waters, and then strong ligand concentrations siatowly decline as [dFe] increases
(Figure 5.3). This may be evidence of in-situ bgibal production, even at mid-depths

and deeper waters. From the bulk of previous ssugieasuring dFe-binding ligands, L
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appears to be a relatively ubiquitous ligand ctass in deeper waters (Gledhill and
Buck, 2012). Buck et al. (in review) also measwaad;ligand class on the zonal

Atlantic GEOTRACES transect (Itb@g?f;ce; 11.31+0.31n = 427) which was also

present down to 6000 m along with Thus, similar processes affecting the cycling of
L; may also contribute to the distributions gfih. the water column.

The weaker ligands detected in the four profileg (lere slightly distinct from
the stronger ligands.slconcentrations were almost constant with depthast stations,
with a slight minimum in surface waters at statio(Figure 5.3). Evidence from our
previous work has shown thag igands increase in surface samples in a trarfisauot
nearshore to offshore in the CCE (Bundy et al. 420derhaps due to degradation of the
stronger ligand pools. Elevated concentrationszahlthe profiles relative to stronger
ligands support this preliminary hypothesis. Thegtglminimum in surface waters might
be related to dissolved organic matter (DOC) uptdKke; ligands comprise a portion of
the labile organic matter pool utilized by bactefibe hypothesis that microbial
communities are responsible for altering the wedéigand pool in the deep ocean
(Hunter and Boyd, 2007) is also supported by tkalte from the water column profiles,
suggesting an in-situ source of weaker ligandsibssrface waters.

5.2 Iron-binding ligand dynamics in biological ifmation studies

Two experiments were performed in this work in ordeobserve the temporal
evolution of the ligand pool during phytoplanktogth (biological incubation
experiment 1) and microbial remineralization oftjgdes (biological incubation
experiment 2). Each experiment shed light on diffiépossible mechanisms leading to

alteration of the ligand pool over time. Incubatexperiment 1 examined changes in
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dFe-binding ligands over time in an Fe-limited wateass (Figure 5.5). Although there
have been links between diatom growth and chamggstambient ligand pool observed
in previous work (Buck et al., 2010; King et al012), incubation experiment 1 showed
somewhat different results. Likely some of thedtetknces were related to the
characteristics of the initial water mass. For eplenexperiment 1 was likely initiated
under Fe-limiting conditions, as evidenced by thigal NOs:dFe (Figure 5.4b) and the
eventual diatom response to Fe addition (Figura)5EBxperiment 1 also had elevated
strong ligand concentrations initially, which remedl relatively constant throughout the
experiment (Figure 5.5). It is possible that thevated concentrations of strong ligands
in experiment 1 remained relatively constant ouaetdue to initial Fe-limitation of the
planktonic community, in contrast to other incubatstudies which were initiated in
nutrient replete waters and evolved into Fe-limitabver the course of the incubation
(Buck et al., 2010; King et al., 2012).

Overall, the difference in biomass in experimebefween controls and +Fe
bottles was striking, yet the ligand pools werdaegimilar. Depending on the source of
the strong ligands in these experiments, there eagifferent mechanisms for the
increase in strong ligands in controls versus +&atments. Only a few previous
incubation studies have examined dFe-binding liganoduction associated with Fe-
limited diatoms (Buck et al., 2010; King et al. 120 or Fe-induced diatom blooms
(Kondo et al., 2008). Several studies have alsaalerelationship between dFe-binding
ligands and diatoms (Buck et al., 2010; Gerringal €2006; King et al., 2012;
Rijkenberg et al., 2008; Soria-Dengg et al., 200ick et al., 1983)Chaetoceros brevis

was one of the dominant diatom species in expetirtheand may have altered the
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natural ligand pool similar to what has been obsegin culture media (Gonzalez et al.,
2014; Rijkenberg et al., 2008). Other evidenceldeen found in the field to showing
strong ligands are produced associated with laierd blooms such as those observed
during IronEx-1l (Rue and Bruland, 1997) and SEED&ondo et al., 2008). It seems
clear from these studies that diatom-dominatedq@igihkton blooms can be associated
with changes in the strong Fe-binding ligand pdadéast on short timescales, but the
mechanisms are unclear. The connection betweenewéginds and diatoms is easier to
explain based on the available data and some pegimdies. Phytoplankton have been
shown to release polysaccharides and other cethdderial during growth (Myklestad et
al., 1989; Myklestad, 1995; Urbani et al., 2005;tsVE969) which may explain the
increase in weaker ligands observed on days 4e@periment 1 (Figure 5.5d). It is not
entirely certain what compounds may comprise thakeeligand pool in the marine
environment, but the decrease in thdifjand class over the duration of experiment 1
along with a slight increase at the terminatiothef experiment points to perhaps
polysaccharides (Hassler et al., 2011) or some édhnm of labile DOC such as free
amino acids (Ducklow et al., 1993). Polysaccharidesld fall into the L ligand

category in this study based on their conditiotethidity constant (Hassler et al., 2011),
and they are readily consumed by most bacteriasasi@e of DOC (Arnosti et al., 1994;
Zweifel et al., 1993). Thedligand class was only detected on days 4-6 in@xeat 1
(Figure 5.5e) which could be partially explainedtbg release of domoic acid by
Pseudo-nitzschijavhich are known to produce this compound duriloginm formation

(Rue and Bruland, 2001). Domoic acid has aﬂﬁgfﬁe/ = 8.6, which falls into the /.

class as defined in this study (Rue and Brulan@1p@nd experiment 1 was dominated
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by Pseudo-nitzschiarhese ligands may also be comprised of otheradiegk cellular
material, such as viral lysis products (Poorvialet2011), or other high molecular
weight (HMW) compounds that have been shown tacéffely bind dFe (Abdullha et
al., 2010; Laglera et al., 2009). HMW compoundsehaiso been identified associated
with diatom growth in culture media containimgweissandC. Antigua(Fuse et al.,
1993), suggesting other diatomsexperiment 1 may have contributed to the increas
the weaker ligand pool at the end of experimerRijkénberg et al., 2008).

While diatoms must be considered as potentialriag the ligand pool in
experiment 1, the production of dFe-binding ligahds also been associated with
copepod grazing (Sato et al., 2007). Grazing mayhéeeason for the initial increase in
stronger ligands from day 0-1 (Figure 5.5b,c), sigrazing was likely elevated in the
incubation bottles compared to in-situ. Grazing raEp be an explanation for higher
[L2] on days 3-5 in +Fe treatments in experiment gufé 5.5c¢), coinciding with
elevated diatom growth on those days. However tadsénilarities between controls and
+Fe bottles in experiment 1, it is unlikely thatpdplankton grazing was a significant
factor affecting ligand concentrations in that expent. This hypothesis is corroborated
by the modeling results for experiment 1, whichvgtithere were potentially significant
differences in grazing rates between controls dfeltfeatments during the later days of
the experiments (data not shown). This impliesalstiould be differences in ligand
concentrations between treatments if zooplanktaaigg was a significant source of
ligands.

Bacteria were not directly sampled in this studg tluvolume constraints, but the

ability for the natural microbial community to altine ligand pool in experiment 1 was
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analyzed via modeling (Figure 5.7). Modeling reswere able to depict the cycling of
the stronger ligand pool {land L) reasonably well with only bacteria as biological
sources of ligands (Figure 5.7). From the modelesyllts, it does not appear that the
microbial community was Fe-limited in experimenbt that the temporal pattern of
ligand production was due to different mechanismsontrols and +Fe treatments. If the
heterotrophic microbial community was the sole dgit¢al source and sink of ligands,
this could explain the similar temporal trendsigahds between treatments in incubation
experiment 1 (Figure 5.5). Although strong ligaads generally considered to be
produced under Fe-limiting conditions as an Fe esiipn strategy, some previous
studies have observed siderophore production umgteent enriched conditions as well
(Gledhill et al., 2004; Mawiji et al., 2011). Theoduction of strong ligands in the +Fe
treatments of experiment 1 may be the result a¥@chicrobial production due to
nutrient enriched conditions, since these treatmeaver reached Fe-limiting conditions,
even for the phytoplankton community (Figure 5.4Db).

The temporal pattern in ligands in incubation expent 1 was likely the result of
several processes, perhaps dominated by microbesafility for the heterotrophic
community to alter the ligand pool was explicitsted in incubation experiment 2
(Figure 5.6). Microbial remineralization of orgaruarticles has been examined
previously by Boyd et al. (2010) in the Southerre@t, which found that microbial
breakdown of POC produced dFe andigands (Boyd et al., 2010). Our incubation
study examined microbial remineralization of sel/bgand classes using MAWSs, and
found that almost all the ligand classes increased the incubation period in controls

(days 1-3) and the ligand increase was greatewsnirals than +Fe treatments. It is
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possible the strong ligands produced during expartr@ could be siderophores,
especially in control treatments which contained/yew [dFe] even after some had
been remineralized (Figure 5.6). Siderophores baes shown to be produced by a wide
range of marine bacteria (Amin et al., 2009; Vragpid Butler, 2009), and several
siderophores have been found in the marine envieomifHaygood et al., 1993, Reid et
al., 1993, Martinez et al., 2000, Martinez et 2001 and Martinez et al., 2003 L
ligands had a different pattern than the othemlidgelasses in experiment 2, since they
decreased slightly from day 1-3, though the difiees between the initial and final time
points were not significant in either treatmemrtieSt p > 0.05). Similar to experiment 1,
it is possible that some form of labile DOC fala the I3 ligand category, which may
have been consumed during this experiment. In astto Ls, L, clearly increased during
experiment 2. This is consistent with other obsgowa which have shown that HMW
organic compounds can increase due to DOC reminatiaih (Repeta et al., 2002).
5.3 Iron-binding ligand dynamics in photochemidaldses

Photochemical experiments done in this region sklawied results with respect
to the effect of natural sunlight on the dFe-bigdilgand pool (Figure 5.8). This is
similar to other field efforts, where some studiese observed a decrease in the
concentration of strong dFe-binding ligands upoposxre to natural sunlight (Powell
and Wilson-Finelli, 2003) and others have seenffexziof UV light on ligands found in
Dutch estuaries (Rijkenberg et al., 2006) despéaeated ligand concentrations. Thus, it
appears not all natural dFe-binding ligands areeqitshble to photo-degradation, as has
been shown with certain siderophores in laborastugies (Barbeau et al. 2001, 2003;

Barbeau 2006). One reason for this difference actreity may be related to the size
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class or binding strength of the natural liganassent in the particular environment. For

example, natural ligands observed initially in prattemical experiment 1 from this

study were slightly weaker (Idglfggze: 12.51+0.14), though still strong, than in

experiments 2 and 3 (13.70+0.02 and 12.79+0.1perdvely;t-test p < 0.05). It is
possible that only the strongest ligands were digtaipon exposure to natural sunlight,
since the production ofilligands was observed in experiments 2 and 3 atdhee time
that Ly ligands slightly decreased (Figure 5.8). Soméiefrtatural dFe-binding ligands

in the study conducted by Powell and Wilson-Fin@003) had slightly elevated log

cond
KFeL,Fe

 compared to the Rijkenberg et al. (2006) studyg (dp"”d . of approximately 12

eL,Fe

compared to 10.1-11.0), and no degradation ofttleeg ligands was observed by
Rijkenberg et al. (2006). The chemical identitysie class, of the natural ligands in
each study may also be distinct, causing differemc@hotochemical reactivity. Samples
for photochemical experiments in this study weketafrom sub-surface calmaxima

as opposed to surface waters (Powell and WilsoeHki2003; Rijkenberg et al., 2006)
and therefore, the initial ligands may have hatélib no sunlight exposure prior to the
experiment. It is notable that ngligands were detected initially in any of the
photochemical experiments, despite the fact thigands were detected in the water
column at similar depths (Figure 5.3). We specula&¢ there was some scavenging of L
ligands onto the walls of the quartz flasks usethis study, since the initial samples
were taken directly from the flasks after fillingcawe have noted this problem in other

experiments with quartz (data not shown). This f@wanother reason for differences in
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field studies examining degradation of naturaldids, if weaker ligands produced from
photo-degradation are rapidly scavenged.

Another possible explanation for mixed findingghe field may be related to
analytical methods. This study employed MAW analygihich enabled the detection of
both the strongest and weakest dFe-binding lig@mglssa, = 74-115). Powell and
Wilson-Finelli (2003) employed a lovetfe(rac),= 55) and highdge(racy,= 300)
analytical window, while Rijkenberg et al. (200&ed only a high windowa, rac),=
300). It is possible that the competition strengtthe Rijkenberg et al. (2006) study may
have been too high to effectively detect some efwkaker dFe-binding ligands. These
differences in analytical methods support thetytdif using MAWSs in the context of
mechanistic ligand studies where more than one dbdFe-binding ligand may be
detected.

5.4 Sources and sinks of iron-binding ligands mgbuthern California Current system

To our knowledge, this is the first study to medkacally link dFe-binding
ligand profiles with deckboard incubation experinseon the same cruise, using MAW
analysis of the ligand pool. Although only a fevefiles were examined in this study, the
stations were in biogeochemically distinct sampliegions, and large hydrographic and
biological gradients were also sampled verticdllgspite the large gradients however,
the ligand profiles were very similar between siasi. Station 4, for example, had much
higher [chl a] in subsurface waters, but did navela significant difference in ligands at
this depth ittest p > 0.05, Figure 5.2, 5.3). Similarly, biological ufzation experiment 1
showed essentially no differences in the ligand pebwveen an Fe-limited

phytoplankton community and an Fe-fertilized phyamton bloom (Figure 5.5), despite
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the much higher biomass in +Fe bottles (Figure)5:Baese findings suggest that large
changes in phytoplankton biomass in surface watenghave little impact on the overall
composition of the dFe-binding ligand pool.

MAW analysis helped to reveal the presence of thgaed classes at almost
every sampling depth in the upper 500 m of thersmat CCE, suggesting there are
ubiquitous in-situ sources of each of these ligeladses, or they have a relatively long
residence time. Although no other studies have ¥&W's to measure dFe-binding
ligand profiles, most studies agree that both stramd weak ligands are present
throughout the water column, with perhaps an exaegally strong ligand class only
present in some surface watezgy( Cullen et al., 2006). Experimental and statistica
evidence from this study suggests a mechanisnihéptesence of both strong and weak
ligands in surface and subsurface waters. Staistitalysis of the profiles revealed that
there were no apparent differences between statat€ould be explained by the ligand
distributions alone; all variances were primarikpkined by vertical hydrographic
differences. In fact, the variances in the ligarsdributions between profiles were
primarily explained by macronutrient distributiomgich likely points to microbial
remineralization as the dominant control on thard pool with depth over longer
timescales. A field study also found a close liekwreen ligand concentrations in surface
waters, DOC and bacterial abundance (Wagener, &0418) and microbes are known to
be the dominant control on DOC in the ocean. Algiosome interesting features were
also seen in the upper water column that may lageetko phytoplankton dynamics, they
may function on shorter timescales than microlaalineralization processes altering the

ligand pool. Incubation experiment 2, which focusadhe ability of the heterotrophic
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community to produce dFe-binding ligands from P@®ineralization, showed that both
strong and weak ligands are produced during tlosgss, in contrast to Boyd et al.
(2010) which only explained a mechanism for wediggnd production in deeper
waters. The results from incubation experiment® poovide a mechanism for in-situ
strong ligand production in subsurface waters dt we

Although Ly ligands appeared to also be produced during botbdacal
incubation experiments, none were detected in tolgs (Figure 5.3). It may be that
these weaker dFe-ligand complexes are scavengkuhgar timescales and were
therefore not present in the station data, orlthigands have only a nearshore source
such as the benthic boundary layer or San Fran8agas seen in our previous work
(Bundy et al., 2014; Bundy et al., in review). Tdanditional stability constants of, L
ligands are very weak, and may therefore only lesgt under certain conditions or on
certain timescales in the water column. The bia@abincubation experiments performed
in this study suggest that there are, howeverfunssurces for these very weak ligands
in the oceanic environment.

Subsurface ligand concentrations appear to bellacgatrolled by the microbial
community, but photochemical effects appear to ichpaar surface waters in this region
as well. Evidence from photochemical experimentgsats that photochemical
degradation of natural ligands can be variable,raag be restricted to only the strongest
ambient ligands. This may provide an explanatiarrégional differences between
studies on photochemical effects (Powell and WHBEorelli 2003; Rijkenberg et al.
2006) and the differences between stations instiigdy (Figure 5.3). Additional

explanations for the variable influence of photouolstry on the natural ligand pool will
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be important to constrain in future studies, apjtears to be a significant sink forih
CCE surface waters.
6. Conclusions

Experiments and profiles from the CCE point to salMeariables influencing the
distributions of strong and weak dFe-binding ligarBliological incubation experiments
show that strong ligands can be present underfmtfeplete and Fe-limiting conditions,
with higher ligand concentrations not necessaalgted to higher concentrations of
phytoplankton biomass. Modeling results suggedtttieatemporal evolution of the
stronger ligands is closely related to microbiawvgh rates, and ligand distributions
might be similar in different biogeochemical regsrepending on the status of the
microbial community. Statistical analyses from ibation experiments and profiles
cannot preclude the fact that diatoms may also #leeambient ligand pool, though a
mechanistic understanding of this process iswtitlear. Photochemical degradation of
natural ligands in sunlight is variable, and figBrmay depend on the initial strengths of
the ambient ligands and the analytical methods eyegl for their detection. The
distribution of macronutrients best explains thearece in dFe-binding ligands between
stations and with depth, suggesting microbial atten of the ligand pool over longer
time scales might dominate any short-term changésetligand pool due to
phytoplankton growth. Overall, a combination of &l variables, ranging from
chemical to biological, is needed to explain therddutions of strong and weak dFe-
binding ligands in the CCE.
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Table 5.1 Ancillary measurements made in the water columpaassof the CCE-LTER

program for biological experiment 1 and used asainparameters in the model.

a. The model specifies the initial small phytoplanksord diatom biomass based on the
measured chlorophyll using a C/N ratio of 6.625 @ahl ratio of 40:1.

b. Model initial Fe concentration for the plus Fe expent was adjusted because the model
was unable to reproduce the initial drop of abontl L™

c. DON was converted from measured DOC (58.4 pnlusing a C/N ratio of 6.625.

d. Bacteria biomass was converted from measured limetenndance (1.07x1@ells L") using
a biomass to cell ratio 20 mgCP1¢ells (Lee and Fuhrman, 1987) and a Redfield Cdam
ratio of 6.625:1.

e. Initial ligand concentrations were adjusteddoount for unknown jumps during the first day
of the experiments.

Parameter Measured Value  Model Initial Value
PAR (LE n? sb) 263.7 263.7
Temperature'C) 134 134
Chlorophyll (mg n#) 0.93 0.93
Dissolved Fe (nmol 1) 0.54 (5.54) 0.54 (3.5%)
Nitrate (umol ) 11.5 11.5
Silicate (umol %) 2.49 2.49
Particulate N (umol &) 1.015 1
DON (pumol L% 8.8 10
Bacterial biomass (umol) 0.27 0.27
L, (nmol LY 1.69 5.5

L, (nmol LY 0.86 35
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Figure 5.1 Sampling locations for water column profiles ancuipation experiments
during the June/July 2011 cruise. Stations weregpgzdin the nearshore (3, 4), transition
(1, 6) and offshore (2) side of a distinct frorfedture (Krause et al., in prep) shown as
the average in cld from MODIS for the month of July in 2011.
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standard deviation between the two linearizatichnéues employed, except on day 6
when the bars represent the standard deviation tineraverages of all control (A, B, C)
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FeC) treatments.
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Table S5.1 All dFe, and ligand data from each profile sampladiuding the station
(Sta.), latitude (Lat.), and longitude (Lon.). Thé' indicates the standard deviation
between replicates. ‘Nd’ denotes a sample wherédhrd class was not determined.

dFe Ly nmol L, nmol L3 nmol
Sta. Lat. (N) Lon (W) D(jﬁ;h m[nol T]_'l - 1L'1 - logKy +- _]_'i +- logKy +- _L'l /- logKz +-
1 3390 -12142 30 009 001 149 004 1242 013 195 011 1172 015 123 0.00 1017 0.01
1 3390 -12142 60 024 004 271 011 12.68 024 3.01 030 1193 0.10 317 0.08 1049 0.06
1 3390 -12142 100 015 001 259 0.08 11.93 008 321 004 1195 033 351 017 1033 007
1 3390 -12142 150 038 001 315 043 1190 012 393 001 11.13 0.00 384 019 1034 0.09
1 3390 -12142 200 051 003 326 001 11.93 000 438 1.04 1172 013 440 005 1049 001
1 3390 -12142 250 048 002 3.00 0.89 1191 022 340 0.03 1130 001 384 024 1026 0.25
1 3390 -12142 300 053 006 423 002 12.08 001 294 053 1148 0.01 423 002 1091 027
1 3390 -12142 350 047 002 337 013 1245 012 388 001 1121 0.06 408 007 1077 017
1 3390 -12142 400 048 001 3.09 011 1198 027 409 011 1198 017 474 010 1065 0.03
1 3390 -12142 450 036 001 248 012 1192 003 315 0.08 1153 031 448 015 1092 0.03
1 3390 -12142 500 039 000 238 008 12.11 004 328 0.03 11.55 001 452 006 1059 0.13
2 3341 -121.62 10 007 006 075 013 12.03 001 174 011 1133 0.06 203 050 1016 0.10
2 3341 -12162 30 012 002 191 019 1246 050 196 087 1149 0.12 382 038 1025 022
2 3341 -12162 75 019 001 1.04 012 1288 001 1.83 008 1134 023 317 020 1079 032
2 3341 -121.62 100 024 002 135 001 12.84 002 133 002 1146 0.08 328 0.02 1023 008
2 3341 -121.62 125 017 001 126 018 12.19 012 nd nd nd nd nd nd nd nd
2 3341 -12162 150 023 005 152 007 1293 024 181 038 1150 0.06 310 014 1109 0.04
2 3341 -121.62 200 023 001 176 016 1252 004 240 045 1197 0.08 342 058 1046 006
2 3341 -121.62 250 026 005 1.82 022 1217 015 275 035 1186 005 333 006 1012 001
2 3341 -121.62 300 024 005 215 003 1251 003 280 0.15 11.88 0.03 372 0.07 1083 0.01
2 3341 -121.62 350 022 001 246 018 13.14 009 3.07 007 1171 0.01 346 0.18 1094 0.09
2 3341 -121.62 400 026 001 280 036 12.63 001 302 008 11.17 0.01 380 036 1053 0.09
2 3341 -121.62 450 033 003 238 006 1246 114 273 014 1179 011 415 027 1096 0.03
4 3338 -121.16 10 030 001 0.55 000 1224 000 1.06 0.02 1165 0.02 261 148 1001 0.34
4 3338 -121.16 25 025 001 141 020 13.18 028 176 268 11.51 032 304 315 1089 0.07
4 3338 -121.16 40 014 001 147 019 1191 006 206 036 1199 0.00 308 003 1012 019
4 3338 -121.16 55 020 000 142 002 1248 000 216 037 1L75 010 331 047 11.08 010
4 3338 -121.16 70 028 001 2.01 002 1243 001 241 010 1151 001 348 032 1041 0.13
6 33.04 -12126 20 024 000 262 003 12.17 003 211 0.09 1196 0.00 294 051 1063 022
6 33.04 -121.26 60 025 000 1.5 008 1245 0.07 295 092 11.28 026 297 033 11.04 053
6 33.04 -12126 75 026 000 186 014 1279 013 223 014 11.82 011 287 091 1022 0.05
6 33.04 -121.26 100 030 000 1.57 059 1237 009 291 009 1176 0.01 317 021 1030 0.08
6 3297 -12127 125 028 000 1.82 006 13.10 006 255 0.03 11.19 0.13 326 0.03 11.09 0.13
6 3297 -121.27 175 031 000 214 015 1282 025 293 0.34 1166 001 294 015 1062 0.25
6 3297 12127 225 030 000 229 001 1244 000 284 026 1135 0.13 288 (.36 1026 022
6 3297 -121.27 1275 032 000 222 004 1253 002 285 0.65 11.85 006 326 0.03 1050 0.01
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Table S5.2 Key variablesn the principal components (PC) analysis performvét data
from the incubation experiments and water colunwiil@s. The percentage of the
variance explained (% Explained) is shown for eRCh along with a description of the
variables contributing significantly to that P@< 0.05). The variables used are: nitrate
(NO3), phosphate (P£), silicate (Si), chlorophyl (chl a), dissolved iron (dFe),
ligands (L-L4), fucoxanthin (fuc), 19’-hexanoyloxyfucoxanthirBthex), 19'-
butanoyloxyfucoxanthin (19-but), chlorophichl b), divinyl chla (dv chla),
zeaxanthin (zeapseudo-nitzschiaciliates, other diatoms, particulate organicagan
(PON), particulate organic carbon (POC), surfacat@dynthetically available radiation
(SPAR), transmission, fluorescence, temperatutijtyapressure, oxygen,
nitrate:dissolved iron (N:dFe), particulate carlpamticulate nitrogen (C:N) and
longitude.

Data Type PC % Explained + Components - Components
Incub_atlon 1 370 NQ, PO chl a, all pigments and
experiments cell counts
dFe, L, Ly, Ly, NO3, PO, L, chla, fuc, dv chla,
2 29.2 19-but, 19-hex, zea, chl b Pseudo-nitzschisother
ciliates diatoms

dFe, L, PQ?, Si, chla,

3 10.9 Ly, Ly, flagellates 19-hex, chb, dv chla,
cell counts
pressure, salinity, temperature, oxygen,
Water Column 1 53.7 transmission, all nutrients, fluorescence, PON, POC,
N:dFe, all ligands chla
longitude, salinity,
2 18.0 SPAR, transmission fluorescence, PON, POC,
dFe, L, chla

pressure, temperature, SPAR
3 7.6 fluorescence, PON, POC,
N:dFe, chla

' longitude, transmission,
C:N, Ly, L
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1. Introduction

Copper (Cu) and iron (Fe) are important traceients in the ocean, and are
needed by phytoplankton and bacteria for basiclkelfunctions. The dissolved forms of
Cu and Fe are predominantly associated with ordagands in seawater, of various
strengths and reactivities. Although the distribn$ of dissolved Cu and Fe have been
studied in several ocean basins, comparativelg bithta exists for metal-binding ligands.
Elucidating the sources and sinks of organic miatading ligands in the marine
environment however, is important for understandiogy these metals cycle in the
ocean, and how they interact with the carbon cyidhés is especially pertinent for Fe,
where ligand concentrations can significantly afteée overall biologically available Fe
inventory and thus, the draw-down of carbon dioxrden the atmosphere via
photosynthesis (Tagliabue et al., 2014). Receriajlbiogeochemical modeling efforts
have incorporated Fe-binding ligands, but the sesiend sinks of these ligands are
understudied compared to metal distributions.

Previous work on metal-binding ligands in seawhtes been largely limited to
the electrochemical detection of two operationdtfined ligand classes, which span
several orders of magnitude in ligand strengths Thesis modified existing
electrochemical methods in order to enable thectleteof several classes of Cu and Fe-
binding ligands. The expansion of this method isyel multiple analytical window
(MAW) analysis, and allows for the simultaneousedébn of both strong and weak
ligands on the same sample. Recent advances orghaic metal-binding ligand field
have shown that both strong and weak ligands gperitant for metal bioavailability and

cycling in seawater (Hassler et al., 2011). MAWIgsia can therefore permit valuable
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insights to be gained about metal speciation@ntiarine environment, by expanding
the range of ligands that can be perceived. MAWyaiahad only previously been used
for Cu-ligand analyses in near-shore high-Cu emvirents, where a large range of Cu-
binding ligands was hypothesized to exist and playmportant role in buffering Cu
toxicity (Buck and Bruland, 2005; Moffett et al997). It was previously unknown
whether a similar range of Cu-binding ligands migkist in the open ocean, and no
studies had examined the potential range of Feufigrichands that might exist in the
marine environment. In this work MAW analysis waplked to studying Cu-binding
ligands in an open ocean setting, and was utiliaedudy Fe-binding ligand distributions
for the first time. This thesis added significaahtributions to the body of current
knowledge about metal-binding ligands in marindesys, and paves the way for future
work on ligand sources and sinks.

Chapter 2 expanded upon the use of the MAW eldotnmecal method to open
ocean environments in order to detect a broadetrge of Cu-binding ligands. A
relatively large range of binding strengths wenenid to exist in waters surrounding the
Antarctic Peninsula, and there were distinct ligalagses in the four different water
masses sampled. Most interestingly, strong Cu-bmtigands were detected in the Fe-
limited waters of the Antarctic Circumpolar CurréACC), despite low Cu
concentrations and low biological activity durifggtwinter sampling time. This was
some of the first evidence to suggest there magther sources of Cu-binding ligands
besides active production from bacteria sucByasechococcusnder Cu-stress

conditions. The strong complexation of Cu in thissaof the Southern Ocean has
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significant implications for some diatoms in theimn, as C&' levels in this study were
approaching concentrations that are limiting fansdypes of inducible Fe acquisition.
Chapters 3, 4 and 5 expanded MAW analysis to stgdye-binding ligands in
the California Current. Previous hypotheses suggesiat only a small range of Fe-
binding ligands should exist in seawater, due &high inorganic side reaction
coefficient of Fe. Compared to previous work whaetty defined an Land Ly ligand
class, this work expanded the detection of eleb&otcal methods to four ligand classes
whose strengths spanned several orders of magnithéemethod was first verified in
Chapter 3 in surface and benthic boundary layeemsaiff central California, which were
hypothesized to contain potential endmembers dfifRéing ligand strengths.
Significantly different ligand pools were detectadurface versus benthic boundary
layer waters, verifying the method and suggestiffgrént sources and sinks of the
ligand pools. Principle component analysis reve#tadlin fact, variances in the ligand
pool in surface waters were predominantly explaiogevater mass type and variances in
the benthic boundary layer pool were mostly ex@diby the shelf sediment type or the
location on the continental shelf. Additional arsy showed that some portion of the
ligand pool in the benthic boundary layer was husubstances, hypothesized to
originate from San Francisco Bay or other freshwsdeirces along the coastline.
Chapter 4 extended these analyses to San Framascto test the hypothesis that
estuarine environments are ligand sources to frahvinfluenced shelf regions of the
California Current. MAW electrochemical analysisipted to proton-nuclear magnetic
resonance analyses revealed that the ligand potthe ibenthic boundary layer outside of

estuarine-influenced environments contained siniigands to those in San Francisco
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Bay. In addition, these new electrochemical analysgealed a mechanism for how
some Fe from estuaries survives flocculation inlokesalinity end of the estuary. Strong
Fe-ligand complexes were found to be the mostteetiso flocculation, and the weaker
ligand complexes, comprised at least in part byibsnwere scavenged at low salinities.
This flocculated material is likely deposited oe ttontinental shelf and serves as an
important Fe source during spring upwelling evemtihe region.

Chapter 5 explores Fe-binding ligands in the wetdumn offshore in the
southern California Bight, across a frontal featwiéh a gradient in biological activity.
Three of the four ligand classes detected in eashapters were found to be present at all
sampling depths, with the exception of the weakgahd class which had only been
detected in nearshore environments in Chaptersl 3 aMechanistic incubation studies
in this chapter revealed that photochemistry igrgportant process altering the ligand
pool in surface waters, but not all natural ligangse photochemically reactive. An Fe-
addition grow-out experiment which simulated thevgth and decline of a
phytoplankton bloom also implicated bacteria astemtial source of ligands, as well as
remineralization processes which produced botmgtemd weak Fe-binding ligands.
Overall, several sources and sinks govern thellligstons of strong and weak Fe-binding
ligands in the California Current.

This study utilized the simultaneous electrochehdegection of stronger and
weaker ligands for the first time for Fe speciatiand extended the regions where this
method had been applied for Cu speciation stu@ab; a few profiles were examined in
this study, but future work could provide importamgight into the distributions of Fe

and Cu ligands in different regions of the oceansh as suboxic zones or hydrothermal
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plumes. Although it is difficult to use MAW analgn large sample sets due the time
intensive nature of the analyses, new data praug$sols are beginning to minimize
processing time which may facilitate broader aggian of these methods. Several new
numerical methods are currently in developmentctvivould allow the analyst to
evaluate the MAW data as a unified dataset, witle lio no user input (Hudson et al.,
2003; Pizeta et al., in review; Sander et al., 20This would significantly lower the
time investment needed to process the titratioa ftatn MAW analyses, and could
allow this method to be applied on a much largatessuch as the international
GEOTRACES program. Additional technological advaneats such as auto-samplers
for metal-binding ligand analyses, would also helmcrease sample throughput. These
processing methods have so far only been testedudrinding ligand analyses, and
have yet to be extended to Fe-binding ligands. agication of MAW analysis on a
broad scale would enable a deeper understanditig gfrocesses governing Cu and Fe
cycling, and could eventually inform modelers abmeichanistic sources and sinks of
ligands. Overall, this work significantly increaghs number and quality of metal-
binding ligand measurements we have in the oceahpaves the way for future studies
to look more closely at the range of ligands thast in seawater.
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