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EPIGRAPH

“All goes onward and outward, nothing collapses”

Walt Whitman

While the sun and the rain live, these shall be;
Till a last wind’s breath upon all these blowing
Roll the sea.

Algernon Sinburne
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The cycling of iron in the ocean is intimately tied to whole ecosystem processes and other
biogeochemical cycles. While ocean basin surveys of iron concentration have revealed important
sources to the ocean, questions remain regarding the controls on supply of this critical
micronutrient to productive planktonic ecosystems. Using a combination of oceanographic-scale
observations and mechanistic experiments, work in this thesis seeks to advance our
understanding of controls of new and regenerated iron supply to coastal polar and temperate
ecosystems and microbially-mediated cycling in such marine environments.

In Chapter 2 we comprehensively characterized the cryospheric inputs of iron to Andvord
Bay, a cold glaciomarine fjord located on the west Antarctic Peninsula. Iron content and speciation
were measured to characterize inter-seasonal changes in the water column, a subglacial
meltwater plume and glacial ice, fjord sediments, including a first assessment of iron-binding
organic ligands in a highly productive fjord environment. We utilized multi-elemental analyses to
understand the cycling of iron sources. Results from a high-resolution numerical model revealed
episodic atmospheric forcing events are important for supplying subglacial meltwater to the
surface, and for the export of surface meltwater and associated iron away from the coast. In
Chapter 3 we characterize iron supply and cycling in a coastal upwelling filament, a mesoscale
feature which commonly occurs during times of intensified along-shore winds in eastern boundary
current systems, such as the southern California Current. We used a Lagrangian framework to
capture the biogeochemical evolution of a filament, including: the development of iron-limitation
of the phytoplankton community, assessment of in situ geochemical proxies of iron stress, and
impacts of diminishing iron flux on phytoplankton allometric ratios, namely the biogenic silica-to-
organic carbon content of diatoms. We have determined filaments are not likely significant
sources of dissolved iron to the open ocean, yet their importance for advecting particulate iron
remains to be tested. Coincident with the development of iron-limitation of the phytoplankton
community we observed greater biogenic silica-to-organic carbon ratios and enhanced export

efficiency to depth. In Chapter 4, within microcosm a field experiment, we examined the
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production of organic iron-binding ligands during remineralization — an important process
supplying iron regenerated from phytoplankton blooms. As a part of this work we developed an
improved data processing methods for multiple analytical windows electrochemical iron ligand
titration data, enabling more robust detection of distinct pools of iron-binding ligands produced by
heterotrophic bacteria and in diverse oceanic waters.

Together, this work examines the processes involved in the flux of new iron to the ocean,
and internal transformations affecting its fate within the water column. We hope this work results
in an improved understanding of the controls on modern iron supply and ties to the marine

biogeochemical cycles of macronutrients.
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Chapter 1: Introduction

1.1. Iron in the marine environment

At the base of the food web, microscopic organisms support all life in the ocean. These
primary producers flourish in the sunlit surface ocean when nutrients are replete. Dissolved iron
(dFe, <0.2 um) is an essential micronutrient for microbial growth in the marine environment (Morel
and Price, 2003). It functions as a metal cofactor present in many enzymes required for life
processes and facilitates the transport of electrons during photosynthesis, respiration, and
nitrogen fixation (Morel, Milligan and Saito, 2013). Throughout the modern ocean, the demand for
dFe surpasses its supply. When this occurs, phytoplankton biomass no longer accumulates and
net growth ceases until a new source of dFe is supplied. In vast regions of the world ocean, dFe
exists in ultra-low concentrations (sub-nanomolar), but other nutrients (i.e. nitrate, phosphate,
silicic acid), supplied to the surface through upwelling, are not completely consumed, and so,
accumulate. These regions are classically referred to as high nutrient — low chlorophyll regimes
(HNLC'’s), the largest of which is the entirety of the Southern Ocean.

When the ratio of concentrations of macronutrients to dFe changes, as when upwelled
deep water delivers excess nitrate, phosphate, and silicic acid, relative to dFe, to the surface, the
phytoplankton community may become dFe limited, since the ability for phytoplankton to uptake
nitrate (NOs") is dependent on the iron-rich nitrate reductase enzyme (Price, Andersen and Morel,
1991). It is now established that episodic HNLC conditions occur in Eastern Boundary Currents
(EBC), when summer winds upwell deep water and alter the concentration ratios (Hutchins and
Bruland 1998; King and Barbeau 2007; Biller and Bruland 2014). Together, chronic and episodic
HNLC conditions occur in approximately 40% of the modern ocean. Furthermore, studies have
revealed that the supply of dFe in these regions has wide-ranging effects on key biogeochemical

processes (Boyd et al. 2004, 2007; de Baar 2005; Moore et al. 2002; Moore and Doney 2007).



Why is there widespread ocean anemia? In oxygenated seawater, Fe** quickly forms
insoluble iron (oxyhydr)oxide precipitates (Liu and Millero, 2002). These minerals sink below the
surface where they are unavailable for biological uptake. Due to its reactivity with sinking particles,
dFe is further removed from the surface ocean via scavenging. These two processes keep the
surface dFe reservoir low and less bioavailable. In high-particulate regions, where adsorption
processes dominate the physical size partitioning of dFe and particulate forms of Fe (pFe), it is
important to measure total dissolvable Fe (TDFe), which represents the total reactive
(bioavailable) pool of Fe. TDFe is defined as >6 month weak acid leach (pH ~1.8) of unfiltered
seawater, followed by filtration (0.4 um filter). This treatment allows for dFe that is adsorbed to
the surface of particles to solubilize at weakly acidic pH; such conditions are found within the gut
of a zooplankter. Extensive complexation of dFe (>99%), by a heterogenous pool of organic Fe-
binding ligands, has been shown to stabilize dFe over long time and spatial scales and can
significantly impact the bioavailability and global inventory of dFe in the ocean (Rue and Bruland
1995; van den Berg 1995; Johnson, Gordon, and Coale 1997; Sunda and Huntsman 1997;
Tagliabue, Aumont, and Bopp 2014). Thus, our ability to explain and predict the distribution of
primary production in time and space is deepened by our knowledge of the distribution, the
sources and sinks, and biogeochemical cycling of dFe and organic Fe-binding ligands.

The ability to cleanly sample and directly measure the trace elements present in seawater
has grown leading to the identification of multiple sources of dFe, including aeolian dust (Jickells,
2005), coastal and shallow sediments (Elrod et al., 2004; Lam and Bishop, 2008), sea ice
(Lannuzel et al., 2007), hydrothermal vent fluids (Sander and Koschinsky, 2011; Saito et al., 2013)
and enriched deep ocean water masses. Recently, icebergs and glacial meltwater were proposed
to constitute an important, yet greatly understudied, source of bioavailable dFe to the high-latitude
ocean (Raiswell and Canfield 2012; Bhatia et al. 2013). These external sources supply new dFe
to the surface ocean and their significance, in the cryosphere and beyond, including projected

changes due to climate change, need to be evaluated. Due to the recognized importance in



controlling the availability of dFe for biota, sources and sinks of natural organic Fe-binding ligands
are also now being investigated.

Studies into the organic complexation of dFe have revealed that numerous biotic and
abiotic processes produce organic Fe-binding ligands, and that the ligand pool is composed of a
continuum of ligand classes, where each class may represent coherent chemical groups. Much
uncertainty remains as to the chemical identity of individual ligands present in seawater, however,
indirect electrochemical methods, namely Adsorptive Cathodic Stripping Voltammetry (ACSV),
allow us to differentiate ligand classes by their affinity for Fe and concentration (van den Berg,
1986). Ligand classes, and their associated binding sites, are distinguishable by their conditional
stability constant (KreLi, re), and have generally been grouped into strong (L1) and weaker (L>)
classes (see review by Gledhill and Buck 2012). Water column profiles of ligands have revealed
general partitioning of each class, with L detected in the surface layer and close to dFe sources
and boundaries, and L. ligands at higher concentrations detected throughout the ocean interior
(Buck, Sohst and Sedwick, 2015; Buck et al., 2018). Now, with the expanding number of ligand
analyses performed in most of the ocean basins, a regional classification is under development
to examine the ocean biogeochemical cycle of Fe-binding ligands (Hassler, van den Berg and
Boyd, 2017).

The detection of ligands in natural seawater and laboratory experiments has revealed
similarity in the KreL;, re Of distinct ligand classes with those of cellular exudate (e.g. exopolymeric
substances) (Stolpe and Hassellév, 2010), siderophores (Rue and Bruland, 1995), and humic-
like substances (e.g. fulvic acid) (Laglera, Battaglia and van den Berg, 2007; Laglera and van den
Berg, 2009). Siderophores are small molecules with high affinities for Fe, and are produced by
heterotrophic and autotrophic bacteria to aid in Fe acquisition. It is thought siderophores make up
a significant fraction of L+ ligands, which dominate Fe speciation in the ocean (Mawiji et al., 2008).
Most studies of Fe-binding ligands have only reported L and L classes, making it difficult to

ascertain robust definitions of conditional stability constants. Combined with a Multiple Analytical



Windows (MAWSs) approach, which utilizes varying competition strength of a well-characterized
added ligand, a wider swath of ligands present in seawater may be examined, and qualitative
differences among different sources can be resolved. Despite these advances, there is a lack of
data linking Fe sources and ligand chemistry to the supply of Fe to biologically important regions
of the modern ocean.

Mechanistic bottle incubation experiments can be used to simulate different environmental
conditions and key components of the marine Fe biogeochemical cycle can be captured, such as
remineralization. Remineralization carried out by heterotrophic bacteria associated with biogenic
particles, can contribute recycled Fe and L: ligands to the pool of nutrients sustaining life in the
ocean through the breakdown of particulate organic matter (POM) (Boyd et al. 2010; Weber et al.
2016; Boyd et al. 2017). This transformation is essential to controlling the depth of the ferricline,
the longevity of phytoplankton blooms, and the physicochemical form of Fe (Boyd and Ellwood
2010). With laboratory and bottle incubation experiments pointing towards a bacterial source of
L+ ligands, which dominate dFe speciation and compose a bioavailable dFe pool, remineralization
is likely an important process strongly affecting the physicochemical form and residence time of
dFe in the ocean. MAW electrochemical methods applied to incubation experiments is a powerful

approach to understanding this key component of the marine Fe biogeochemical cycle.

1.2. Specialized methods for analysis

The methods used in this thesis to measure Fe and Fe-binding ligands are discussed below.
Measurements of dFe and total dissolvable iron (TDFe) concentrations are conducted in-

house using a flow-injection chemiluminometric method (FI-CL) (Figure 1) based on a similar

method described in Bowie et al. (1998), and a manifold adapted from Lohan et al. (2006). The

general idea behind the method is that Fe is present in seawater in vanishingly minute amounts

(picomolar concentration). Thus, a specially designed column is used to pre-concentrate this

analyte. The column is filled with a resin, which has an affinity for Fe and not dissolved salts



present in the seawater matrix. Following an oxidation step converting all Fe?* to Fe®', Fe is
selectively pre-concentrated on the resin (Toyopearl 650 M chelating resin) at pH ~3.5. After the
sample has been eluted with hydrochloric acid (0.23 M Q-HCI), the production of radicals by Fe3*
catalyzes a three-step oxidation reaction with hydrogen peroxide (0.3 M Q-H20) and luminol
(0.25 mM). The chemiluminescent reaction is detected by a photomultiplier tube (PMT) and
controlled using Waterville Analytical software and Labview program and interface. In-house and
consensus reference standards are measured each analytical run to ensure long-term accuracy
and precision (see Table 1).

The organic speciation of iron is measured using a hanging-drop mercury electrode
(HDME). The mass balance equation for dFe, regarding its organic speciation, can be expressed

as,

[Fer] = [Fe'] + [FeL,] (1)

where Fe'is the sum of all inorganic species (assumed to be Fe(lll) due to the short half-life of
Fe(ll) in oxygenated seawater), and FeL;is the organically-bound fraction. CLE-ASCYV is carried
out in two phases, the first being the titration of the natural ligand pool with dFe and the addition

of a well-characterized organic ligand to compete with the ambient pool, which then allows for the

concentration of ambient ligands and the conditional stability constant (K,S‘e’z}‘f,)h_pe,) to be

determined. Salicylaldoxime (SA) is the added ligand used to detect electroactive organic Fe
complexes, and is shown to coordinate metal ions in a bis fashion. A new mass balance is

expressed as,

[Fer] = [Fe'] + [Fe(SA),] + [FelL;] (2)



and the following equilibrium expression describes the competition reaction between natural

ligands and SA, for Fe®":

Fe'+ L' & Fe(III)L
+
2SA'

)
Fe(I11)SA,

The mass action expression for complexation of Fe'by SA is,

zcé’ﬁﬁe(m) = [Fe(SA),]/([Fe'] = [SA']Z) (3)

and the side reaction coefficient for Fe(SA)., with respect to Fe' is, aresay, = [F?gfl]h] =

B5ehteeqin * [SA'1?, which was determined such that a4, Was 10-100x the inorganic side

reaction coefficient to outcompete [Fe(lll)] with [OH7], but not the natural ligands (Buck and

Bruland, 2007). Since [SA7? is proportional to a;e(SA)Z, the amount of SA added defines the

analytical window, which most directly describes the likelihood of Fe(lll) to form an organic ligand
complex with SA, given a competition exists for binding sites of uncomplexed ligands.

The second phase is electrochemical detection of the natural ligands. During the
deposition step, an optimal potential is applied (0 V) and the metal-SA complex adsorbs to the
surface of a controlled-growth mercury drop electrode (BioAnalytical Systems). The sample is
subsequently scanned in differential pulse mode, and the reducing current (at -0.5V) is analyzed
by Epsilon 2 software. The current peak intensities, in nA, are plotted versus the added dFe to
form a titration curve. The sensitivity (slope) is inversely proportional to the amount of Fe’, thus

the concentration of FeL can be determined. Using advanced chemical equilibrium software,



multiple linearizations are used to calculate the natural ligand concentration and conditional
stability constant for each analytical window (Omanovi¢, Garnier and Pizeta, 2015). Using MAW
methods leads to a more complete picture of the ligand pool by estimating its complexation
capacity for dFe and determining more robust definitions of stability constants, which describes

the effective influence of Fe-binding ligands on Fe speciation.

1.3. Iron in seasonal seas
1.3.1. West Antarctic Fjords

Rapid climate warming along the western Antarctic Peninsula (WAP) has altered the
freshwater budget of the region due to increased glacial discharge to the ocean (Meredith et al.,
2016). Icebergs and large ice sheets are important sources of dFe nutrition to phytoplankton in
the offshore iron-limited surface waters; yet, poor constraints on dFe in glacial meltwater and its
dispersal to iron-poor regions hinder our ability to predict regional changes in productivity and
climate.

Fjords are deep estuaries originating from the flow of glacial ice from the continent to the
ocean. Glacio-marine fjords exist at high-latitudes due to the cold air and ocean temperatures
required to sustain marine-terminating glaciers (i.e., tidewater glaciers), which extend into the
ocean, thus making them important boundaries between the cryosphere and the ocean. Across
this boundary, the chemical gradients are intense. Meltwater discharge and glacial calving
processes increase the flux of chemical species on seasonal timescales and sustain highly
productive coastal systems. How these fluxes affect WAP fjord ecosystem structure, and their
sensitivity to cryosphere-ocean interaction and climate warming remain largely understudied.

Climate controls the rates and mechanisms by which glacial meltwater and ice are
delivered to the ocean (reviewed in Meredith, Stefels, and van Leeuwe 2017). The WAP is home

to the most extensive system of glacio-marine fjords on the Antarctic continent, and is



experiencing many times the warming rate of the global average (Steig and Orsi, 2013). This will
undoubtedly lead to declines in ice volume, increasing the glacial meltwater and ice flux to the
coastal ocean. Air temperatures above the WAP have risen steadily over the last few decades,
but it is now apparent that intrusions of warmer ocean temperatures at mid-depth are responsible
for the acceleration of the retreat of glaciers (Cook et al., 2016; Couto et al., 2017). It is estimated
that ninety percent of the 674 glaciers on the WAP are in retreat and calving more ice (Cook et
al., 2016). Recent studies have shown a significant freshening of the coastal ocean due to the
increase in discharge in the form of meltwater and ice (Meredith et al., 2016). While the impact of
warmer temperatures on the freshwater budget of the WAP has been given some attention, the
impact of increased glacial melting on Antarctic marine ecosystems is unknown.

Cryospheric inputs are important for sustaining coastal productivity through the delivery of
nutrients, such as Fe (Smith et al. 2007; Hodson et al. 2017; Alderkamp et al. 2012; Wehrmann
et al. 2014; De Jong et al. 2015). More recently, a study by Meire et al. (2017) demonstrated
inputs from buoyant meltwater plumes of marine-terminating glaciers in Arctic fjords entrain and
deliver nutrient-rich deep water to the surface. This mechanism would also supply Fe up to the
surface, however, high concentrations of particles, observed in the vicinity of glacial outflows,
likely promote rapid removal of dFe from solution. In this thesis, cryospheric sources of new Fe,
including a subglacial plume, glacial ice, and marine sediment cores were measured. The physical
circulation within the fjord was modeled to constrain the flux of important bioactive elements (Fe
and manganese) to the euphotic zone and export to the coastal ocean.

Due to the effective removal of dFe by estuarine processes (Boyle, Edmond, and
Sholkovitz 1977), it is somewhat controversial as to the extent glacial meltwater dFe and pFe
could contribute to open ocean primary production (Schroth et al. 2011; Bhatia et al. 2013;
Planquette et al. 2013; Schroth et al. 2014; Hodson, Nowak, and Christiansen 2016; Annett et al.
2015; Zhang et al. 2015; Lyons et al. 2015; Hopwood et al. 2016; Markussen et al. 2016; Hodson

et al. 2017; Stevenson et al. 2017). Recently, Annett et al. (2016) showed that Fe enrichment on



the open shelf region of the WAP was correlated with elevated proportions of meteoric water. It
is clear from these previous studies that the fate of glacial dFe, after mixing into the ocean, is
dependent on the mode in which it was delivered (e.g. glacial streams, icebergs, meltwater
sediment plumes). One shortcoming of these studies has been little evidence for a mechanism
that stabilizes and facilitates long-range transport of dFe, although organic complexation of dFe
has been suggested to be one such mechanism (Tagliabue, Aumont and Bopp, 2014;
Fitzsimmons et al., 2017). This burgeoning source of dFe to coastal regions could be advected
further offshore to iron-limited waters of the Southern Ocean and will depend on the quality and
magnitude of the dFe flux across the ice-ocean boundary, in addition to physical forcing.

Excess ligands, defined as [eL] = [L] — [dFe], are a proxy for ligand undersaturation and
complexation capacity (Wu and Luther, 1995; Thuréczy et al., 2010). Uncomplexed ligands could
mobilize particulate forms of Fe, which are expected to dominate in particle-rich systems, and
stabilize sources of new dFe. Excess ligands have been shown to occur with high primary
productivity in the surface and could be a result of dFe drawdown (Buck and Bruland 2007;
Thurdczy et al. 2012). Grazing pressure on phytoplankton blooms also have been shown to
increase el (Sato, Takeda and Furuya, 2007). Analyses of the composition of the ligand pool
present with Fe can be used to understand how ligands impact the reactivity and ultimate fate of
cryospheric Fe.

As the WAP responds to a changing climate, cryospheric Fe will be released into
biogeochemically sensitive regions like the Southern Ocean. We need to better understand the
physicochemical form and realm of influence of cryospheric Fe in the Antarctic region. The
FjordEco project consisted of two field expeditions (December 2015, April 2016) with the goal of
understanding the ecosystem function of Andvord Bay — a productive glacio-marine fjord located
on the WAP. The data collected from these expeditions are poised to advance our knowledge of

cryospheric Fe inputs to the ocean, which are globally increasing in significance.



1.3.2. Towards a more detailed picture of Fe biogeochemistry in the California Current

Ecosystem

Gradients in Fe concentrations reveal a mosaic of biogeochemical conditions exist in
highly dynamic Eastern Boundary Current regimes. A framework for Fe biogeochemistry for these
regions has existed since the early 2000’s, identifying the importance of sedimentary sources and
wind-driven upwelling as the dominant mode of Fe supply to the euphotic zone. In contrast, our
understanding of how mesoscale transport mechanisms, such as coastal filaments, connect the
nearshore and offshore regions through the delivery of Fe is lacking.

The California Current Ecosystem (CCE) Long-Term Ecological Research (LTER) site is
in a coastal upwelling biome. The food web is dependent on seasonal phytoplankton blooms,
which occur during the late spring and summer months when along-shore winds intensify and
bring nutrient-rich deep water to the surface. As in other eastern margins, upwelling makes these
biomes among the most productive ecosystems in the global ocean. No longer in its infancy, the
CCE LTER program now seeks to characterize the transient nature of coastal filaments, and their
importance for cross-shore fluxes of nutrients, bioactive elements, and biota. How these
mesoscale features structure the pelagic ecosystem in time and space, and how these will change
in a future climate are the main motivating questions of the program.

Past studies on Fe biogeochemistry in this upwelling region have revealed an important
bottom-up control on the phytoplankton community (Johnson, Gordon, and Coale 1997; Hutchins
and Bruland 1998; King and Barbeau 2007, 2011). Deckboard and in situ bottle amendment
experiments show a rapid response of the phytoplankton community to the addition of Fe. To this
end, King et al. (2012) highlighted the value of conducting quasi-Lagrangian studies combined
with fixed-station observations in a highly heterogeneous and dynamic upwelling region of the
California Current System. Incubation experiments conducted in these studies showed that
geochemical proxies, such as Si excess (Siex = [Si(OH)4] — Rsino3[NOs]), NOs:dFe, and the

production of Ls-type ligands can be used to assess the degree of Fe limitation experienced by
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the phytoplankton community (King, Buck, and Barbeau 2012). Diatoms uptake silicic acid and
nitrate at relatively the same proportion, but when experiencing Fe stress, will preferentially
uptake more silicic acid, relative to nitrate (Brzezinski 1985; Hutchins and Bruland 1998).
Therefore, a negative Siex value is a proxy for Fe limitation (King and Barbeau 2011). Since strong
Fe-binding ligands (L1) are important in controlling the availability of dFe, the production of these
ligands can serve as an additional indicator of the bacterial and phytoplankton response strategy
to access low growth-limiting concentrations of this micronutrient (King, Buck, and Barbeau 2012).
However, Bundy et al. (2016) found that bacteria also produce L+ ligands in Fe replete conditions,
which could be a strategy to keep recently supplied Fe in solution, such as from sedimentary
sources.

The main source of dFe to this region, during the productive season, is thought to be the
continental margins, which accumulate sediments from riverine inputs and enrich the overlying
water column in dFe. These iron-rich deposits are rich in organic compounds and have been
shown to be a source of dFe and Fe-binding ligands to the overlying water column (Jones, Beckler
and Taillefert, 2011; Homoky et al., 2012; Bundy et al., 2014; Boiteau et al., 2019). Having
collected fluvial sediments over the Winter season, the pronounced BBL is brought to the surface
through strong upwelling close to the coast (several kilometers) and subsequently advected
offshore in a coastal filament. Organic ligands from the high-Fe environment could aid in
remobilizing and stabilizing BBL dFe, contributing to the bioavailability of this source for the
downstream surface phytoplankton community. This general process is episodic and creates a
region of Fe replete conditions near the coast, a transition zone from Fe replete to Fe depleted
(Fe-limited), and oligotrophic waters further offshore (nitrate-limited).

The filament studies described in this thesis were conducted in June 2017 aboard the R/V
Roger Revelle (P1706) and in August 2019 aboard the R/V Atlantis (P1908). The major goals of
these studies were to determine the supply of subsurface BBL Fe, the subsequent lateral

transport by a coastal filament, and the response of the phytoplankton community, which have
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been the subjects of many, yet separate, studies in this region. Work in this thesis will provide
new insights into Fe biogeochemistry of the California Current through a holistic examination of

cycling across a large Lagrangian spatial scale.

1.4. Mechanistic role of iron-binding ligands

Heterotrophic bacteria associated with particles carry out remineralization of POM in the
ocean. Remineralization converts POM back to soluble forms and strongly influences the vertical
distribution of dissolved species. In HNLC regions, remineralized or recycled Fe can account for
most of the biological supply (Boyd et al. 2010; Tagliabue, Aumont, and Bopp 2014). It was shown
in a previous study that L1 ligands were produced during the initial stages of remineralization of
an induced bloom in bottle incubation experiments in the California Current Ecosystem (Hogle et
al. 2016). Genomic analysis of the bacterial community revealed that the production of these
ligands was correlated with the presence of copiotrophic bacteria, which have been shown to be
enriched in their siderophore biosynthesis and organic-Fe uptake capabilities (Hogle et al., 2016;
Manck et al., 2020). This suggests ligand production is an active strategy in the ocean for
acquiring Fe from POM and that copiotrophic bacteria play a disproportionate role in the marine
biogeochemical cycle of Fe. The parameterization of Fe remineralization will contribute greatly to
Fe biogeochemical modeling efforts, which fail to accurately represent this process in the deep
ocean (Volker and Tagliabue, 2015). Examination of the production of Fe-binding ligands in
oceanic Fe remineralization and during phytoplankton blooms will elucidate how this process
affects the oceanic vertical distribution of Fe and physicochemical forms of surbsurface sources
of new dFe.

Bacteria that sense sinking concentrated organic matrices could release strong ligands to
mobilize pFe into more labile forms. Fecal pellets are important model marine particles that can,
at times, dominate the vertical flux of carbon. Other bioactive and scavenged elements, like Fe,

could be removed from the surface by the production of fecal pellets by planktonic grazers, where
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it is later remineralized deep in the water column or once sedimented. Concentrated in biomass,
fecal pellets are hotspots of Fe and are quickly colonized by copiotrophic bacteria within the water
column. To gain energy and essential nutrients for growth, bacteria respire POM and release
dissolved species back into the water column (Azam, 1998; Azam and Malfatti, 2007).

Cabanes et al. (2017) conducted dark remineralization experiments on salp fecal pellets
and detected elevated concentrations of L, ligands through the duration of the incubation. Though
it was surprising that strong ligands were not detected, possibly because 0.2 ym filtered seawater
was used for the experiment, which may exclude bacteria that might colonize sinking POM. In an
analogous experiment, Velasquez et al. (2016) measured siderophores produced during the
remineralization phase of phytoplankton biomass, but again, no Li ligands were detected
electrochemically possibly because the voltammetric analyses did not target strong dFe-binding
ligands. Given that no L ligands were detected during remineralization in those studies, more
mechanistic experiments, with careful considerations for experimental and analytical design, are
needed to ascertain the role of strong dFe-binding ligands. The balance between the removal and
remineralization processes sets the vertical distribution of bioactive and particle reactive
elements.

Objectives of work in this thesis are to explore the patterns in presence of Fe-binding
ligands in productive coastal systems and during a simulated bloom and subsequent
remineralization. A link to the bacterial community to production and presence of specific ligand
classes will be possible. One impasse is that electrochemical and data processing methods which
allow for simultaneous detection of multiple ligand classes within seawater samples require
analytical robustness. Therefore, novel methods for improved processing of multiple analytical
window (MAW) electrochemical data are developed in this thesis. These MAW methods are then
applied to environmental samples and incubation experiment samples to detect multiple classes
of dFe-binding ligands. This advance will allow for a more accurate depiction of the dFe-binding

ligand pool, and to better pinpoint the presence of the strongest (L+) class of iron-binding ligands,
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ultimately with the goal of interpreting these chemical signatures in the context of in situ

biogeochemical conditions and cycling.

1.5. Thesis organization

Chapter 2 focuses on identifying important Fe sources to a heavily glaciated Antarctic fjord
through an examination of seawater, glacial ice, and sediments. Another focus was to understand
the physical drivers of Fe supply to the euphotic zone within the fjord and export downstream.
This chapter has been published in Biogeosciences in 2021 (Forsch et al. 2021).

Chapter 3 examines Fe sources and supply for the first time associated with the cross-
shore advection of upwelling coastal filaments in the southern California Current. Impacts on
diatom physiology and export flux were also determined in the context of Fe-limitation indicators.
This chapter will be submitted to Limnology and Oceanography in 2022.

Chapter 4 applies multiple analytical window CLE-ACSV analysis with simultaneous
processing of data for the first time to seawater Fe organic speciation, by examining ligands in
contrasting productive regions (Antarctic fijord, upwelling filament) and a simulated bloom

experiment. This chapter includes multiple publications to be submitted in 2022.

1.6. Figures and Tables

Table 1.1 Analytical figures of merit show long-term precision for the duration of seawater
analyses. The detection limit (DL) is calculated as 3 x the standard deviation (SD). In this case,
the blank is acidified MilliQ (pH ~1.8). Reference standards are within consensus values (GSP
0.155 +0.045 nmol Fe I'", SAFe D1 0.67 +0.07 nmol Fe I'", GSC 1.535+0.115 nmol Fe I") from
Johnson et al. 2007 and latest compilation (geotraces.org).

Blank GSP SAFe D1 GSC
Mean +SD (nmol Fe I'') 0.10 £0.02 0.180 +0.027 0.62 +0.09 1.449 +0.115
DL Mean (nmol Fe I') 0.07 0.08 0.09 0.35
RSD Mean (%) 15 5 14 6
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Figure 1.1 Schematic of the FI-CL manifold for the determination of Fe(lll) with
chemiluminescence.
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Chapter 2. Seasonal dispersal of fjord meltwaters as an important source of iron
and manganese to coastal Antarctic phytoplankton

2.1. Abstract

Glacial meltwater from the western Antarctic Ice Sheet is hypothesized to be an important
source of cryospheric iron, fertilizing the Southern Ocean, yet its trace metal composition and
factors that control its dispersal remain poorly constrained. Here we characterize meltwater iron
sources in a heavily glaciated western Antarctic Peninsula (WAP) fjord. Using dissolved and
particulate ratios of manganese-to-iron in meltwaters, porewaters, and seawater, we show that
surface glacial melt and subglacial plumes contribute to the seasonal cycle of iron and
manganese within a fjord still relatively unaffected by climate change-induced glacial retreat.
Organic ligands derived from the phytoplankton bloom and the glaciers bind dissolved iron and
facilitate the solubilization of particulate iron downstream. Using a numerical model, we show that
buoyant plumes generated by outflow from the subglacial hydrologic system, enriched in labile
particulate trace metals derived from a chemically-modified crustal source, can supply iron to the
fijord euphotic zone through vertical mixing, and that prolonged katabatic wind events enhance
export of meltwater out of the fjord. Thus, we identify an important atmosphere-ice-ocean coupling

intimately tied to coastal iron biogeochemistry and primary productivity along the WAP.

2.2. Introduction

Warm atmospheric temperatures are accelerating glacial retreat and increasing meltwater
discharge, rapidly changing Earth’s cryosphere (Rignot et al., 2013; Mouginot et al., 2019).
Ranging from diffuse flows to waterfalls and streams, cryospheric meltwaters deliver dissolved
and particulate material, altering coastal ocean biogeochemistry. Glacial meltwater enters the
ocean through surface runoff, direct melting of glacial ice (including icebergs), and discharge from

liquid water reservoirs beneath glaciers, carrying iron (Fe) and other trace metals weathered from

22



continental crust. In the surface ocean, the delivery of new Fe is critical for the growth of
phytoplankton; and when enhanced, naturally or artificially, primary production increases and
potentially carbon export (Boyd et al., 2019). However, direct measurements of Fe in heavily
glaciated fjords reveal that up to 90-99% of dissolved Fe (dFe) originating from glaciers is
removed upon mixing with seawater due to estuarine-type removal processes, including:
precipitation of insoluble oxyhydroxides, adsorption to the surfaces of existing particles, and
aggregation of colloids and particles (Boyle, Edmond and Sholkovitz, 1977; Schroth et al., 2014).
Together, these processes are known as scavenging and constitute a major control on the
distribution of Fe in the ocean by converting soluble forms of Fe into colloidal aggregates and
particles (Wu et al. 2001). Constraints on the flux of newly delivered glacial Fe that escapes this
sink and is transported across continental shelves will enable better predictions of open ocean
primary production and carbon sequestration, especially in oceanic regimes where Fe is a limiting
nutrient. Given that recent studies revealed a critical role for manganese (Mn) in co-limiting
primary production in coastal Antarctica and the core of the ACC (Wu et al., 2019; Browning et
al., 2021), an investigation of Mn delivery by glacial meltwaters is also needed (Bown et al., 2018).
Currently, very little is known about how glacial meltwaters affect marine Mn cycling.

Evidence for Fe delivery from the cryosphere is historically based on geochemical analysis
of endmember glacial discharge (Hawkings et al., 2014; Raiswell and Canfield 2012; Hodson et
al., 2017; Hawkings et al., 2020), and discrete sampling of glacial ice (e.g. Hopwood et al. 2018)
and seawater adjacent to marine-terminating glaciers and ice sheets (Hopwood et al., 2016;
Annett et al., 2015; Gerringa et al., 2015; Alderkamp et al., 2012; Sherrell et al., 2018). Trace
metal studies at the ice-ocean interface have been conducted previously in fjords experiencing
intense seasonal melt, such as in Alaska, Greenland, and Svalbard (Schroth et al., 2014; Zhang
et al., 2015; Hopwood et al., 2016; Kanna et al., 2020). These temperate and high Arctic coastal
waters are experiencing large freshwater and sediment fluxes as a result of increased glacial

discharge, that in turn creates extreme physical and geochemical gradients. Ultimately, such
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dramatic changes in turbidity decrease light availability while strong stratification reduces
macronutrient supply to local primary producers (Meire et al., 2017; Holding et al., 2019). Even
with high particulate and dissolved Fe contents, meltwaters from these fjords do not feed directly
into offshore waters without undergoing significant scavenging, mixing and dilution (Hopwood et
al., 2015), bringing into question the effectiveness with which glacial meltwater-derived Fe may
fertilize the surrounding ocean.

In Antarctica, fjords are less well-studied than their Arctic counterparts, but are also
locations of intense seasonal blooms with comparable or higher primary production relative to the
adjacent continental shelves, and high sequestration efficiencies of organic carbon (Vernet et al.,
2008; Grange and Smith 2013; Taylor et al., 2020). Along the western Antarctic Peninsula (WAP),
674 marine-terminating glaciers drain into the coastal ocean, primarily in fjords (Cook et al., 2016).
The vast majority of these marine-terminating glaciers are retreating due to intrusions of warm
deep water from the shelf, but many still remain as ‘cold-water’ glaciers (that is, local ocean
temperatures are too cold to melt the glacier terminus), particularly in the northern WAP where
Weddell Water from the eastern side advects and mixes into the Bransfield Strait (Pritchard and
Vaughan, 2007; Cook et al., 2016). These glaciers are thought to have relatively small subglacial
meltwater discharge, with suspended sediment signatures that spread laterally in the coastal
ocean (Domack and Ishman, 1993; Domack and Williams, 2011). This makes cold glacio-marine
Antarctic fjords unique locations for sampling subglacial discharge with minimal dilution by
ambient seawater.

Subglacial environments distinguish themselves from other cryospheric sources of Fe to
the oceanic euphotic zone. Within the subglacial cavity, anoxia develops due to enhanced
microbial respiration processes, high weathering rates, and limited diffusion of oxygen and
exchange with the coastal ocean (Mikucki et al., 2009). The result is increased solubility of iron
as Fe(ll), and other redox sensitive elements, such as Mn. Meltwater discharge from beneath

marine-terminating glaciers enters the ocean in the subsurface but may be mixed into the surface
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because of the positive buoyancy of meltwater-seawater mixtures. Enhanced vertical shear
occurs episodically in the Antarctic coastal ocean as cooled dense parcels of air accelerate down
ice sheets, generating the strongest coastal winds on Earth (>30 m s™), near the coast. These
episodic katabatic wind events could also be important for enhancing the supply of subsurface
meltwaters to the surface (Jackson et al., 2014; Lundesgaard et al., 2019). The subglacial
meltwater source represents a large uncertainty in the supply of cryospheric Fe to the ocean given
the challenge of acquiring samples of this reservoir directly or with minimal alteration, particularly
in Arctic environments with intense seasonal melt flows and associated sediment turbidity
(Straneo and Cenedese, 2015).

We present trace metal results from two expeditions (December 2015 and April 2016) to
Andvord Bay, a cold glacio-marine fjord located mid-latitude along the WAP. This study is part of
the FjordEco project which assessed the ecosystem function and seasonality of Andvord Bay
(Pan et al., 2019; Pan et al., 2020; Ziegler et al., 2020; Eidam et al., 2019; Lundesgaard et al.,
2020, 2019; Hahn-Woernle et al., 2020). The WAP is host to the most extensive collection of
glaciomarine fjords on the Antarctic continent, and its shelf waters are subject to ongoing
biogeochemical and ecological alteration linked to large-scale changes to the western Antarctic
Ice Sheet (Henley et al., 2020). We present a detailed and unprecedented picture of fjord Fe and
Mn biogeochemistry and seasonality in the early stages of glacier retreat associated with recent

climate change (Pritchard and Vaughan, 2007).

2.3. Methods

2.3.1. Oceanographic setting and sampling

Andvord Bay is a glacio-marine fjord located mid-latitude along the west Antarctic
Peninsula (WAP). This site was chosen because it has been identified as a productivity “hotspot”
(Grange and Smith, 2013), and because of its proximity to long-standing ecological research

programs (Palmer Long Term Ecological Research program). This location is characterized by
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converging deep water masses with distinct physical properties (relatively warm modified Upper
Circumpolar Deep Water, cold Weddell Water). Bordering Andvord Bay are 11 marine-terminating
glaciers (Fig. 2.1) with Moser and Bagshawe glaciers responsible for the majority of the solid ice
flux. These glaciers are cold-water (-1 to -0.5 °C) resulting in weak meltwater signatures within
the fjord (Lundesgaard et al., 2020). Observations and sampling of Andvord Bay were conducted
during two cruises as part of the FjordEco program: LMG15-10 from 27 November to 22
December 2015 (late Spring) on R/V Laurence M. Gould, NBP16-03 from 4 April to 26 April (Fall)
aboard R/V Nathaniel B. Palmer. On December 11, 2015 a strong katabatic wind event, with peak
along-fiord velocities of 30 m s, was observed and lasted for 5 days. Atmospheric observations
by two automatic weather stations (Neko Harbor, Useful Island) recorded episodes of high velocity
katabatic winds between field seasons, showing that these are common events in this study
region.

A total of 18 stations per season were sampled for Fe geochemical variables using acid-
cleaned 12 L GO-Flo bottles (General Oceanics) suspended in series on a clean hydroline
(Amsteel) and triggered with acid-cleaned Teflon messengers designed by Ken Bruland (UC
Santa Cruz). This sampling effort coincided with concurrent CTD stations. Once on board, GO-
Flo bottle tops and bottoms were covered with plastic and placed on a wooden rack located within
the trace metal clean shipboard plastic “bubble”, which was positively-pressurized with HEPA-
filtered air. Samples for dFe analysis were pressure-filtered (N2 gas, 99.99%) directly from GO-
Flo bottles through 0.2 um Acropak 200 capsule filters (VWR International), into low-density
polyethylene bottles (Nalgene) and acidified to pH 1.7 to 1.8 using HCI (Optima grade, Fisher
Scientific). Samples for Fe-binding ligands were similarly filtered in-line but collected in fluorinated
high-density polyethylene (Nalgene) bottles, unacidified, and frozen at -20°C until laboratory
analysis back on land. In brief, sample bottles were soaked in a soap detergent overnight with
heat applied (60°C), followed by a one-week soak in 3N HNOs (trace metal grade) at room

temperature, and finally, a one-week soak in a 3N HCI (trace metal grade) bath at room
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temperature. Rinsing with ultrapure MilliQ water occurred after each step. This sampling protocol
followed established trace-metal clean methods to the standards of the GEOTRACES program
to avoid metal contamination. In addition to the filtered samples, unfiltered seawater was sampled
directly from the GO-Flo bottles and acidified to pH 1.8 and stored for >6 months (up to 2 years)
and vacuum-filtered prior to analysis using acid-cleaned 0.4 um polycarbonate (PC) filters in a
Teflon filtration apparatus to determine total dissolvable Fe (TDFe). Labile particulate Fe (LpFe)
is calculated as the difference between TDFe and dFe. Particulate samples were collected on 0.4
um PC filters and stored at -20°C until complete digestion using an HNO3z/HF mixture. The
digestion method employed is described in Planquette and Sherrell (2013) and is widely used in
the GEOTRACES program (Cutter and Bruland, 2012; Fitzsimmons et al., 2017) .

Acute attention to cleanliness was applied when sampling icebergs during small boat
deployments in the fjord. Floating icebergs were sampled using a clean stainless-steel pickaxe
and rust-free stainless-steel screwdriver and plastic mallet for chiseling pieces of ice. Samples
were collected by slowly (engine idled) approaching the target piece of floating ice from downwind,
limiting the chance of engine exhaust contamination. Each piece of ice was collected above
freeboard (sea surface), to reduce the chance the ice was altered by seawater and rinsed with
MilliQ prior to placing into acid-cleaned 2 gallon Ziploc polyethylene bags and storing at -4°C until
sample processing. Prior to filtration, ice samples were removed from the freezer and left to melt
at ambient shipboard temperatures. Once completely melted, a small incision was made on the
Ziploc bags using a clean stainless-steel razor and contents poured into the Teflon filtration
manifold or directly into sample bottles, thus collecting samples for dissolved, total dissolvable

and particulate trace metal fractions.
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2.3.2. Trace metal concentrations

Stored acidified filtered seawater samples were analyzed for Fe at Scripps Institution of
Oceanography using flow injection with chemiluminescence methods described by Lohan et al.
(Lohan, Aguilar-Islas and Bruland, 2006). Dissolved Fe in the samples was oxidized to iron(lll) for
1 h with 10 mM Q-H2O- (Suprapur grade), buffered in-line with ammonium acetate to pH ~3.5 and
pre-concentrated and matrix removed on a chelating column packed with a resin (Toyopearl® AF-
Chelate-650M). Dissolved Fe was eluted from the column using 0.14 M HCI (Optima grade, Fisher
Scientific) and the chemiluminescence was recorded by a photomultiplier tube (PMT, Hamamatsu
Photonics). The manifold was modified based on Lohan et al. (2006). Standardization of Fe was
carried out with a matrix-matched standard curve (0, 0.4, 0.8, 3.2, 10 nmol kg™' added high purity
Fe metal ICP spectrometry standard in 2% HNO3) using 0.34 nM Pacific surface seawater.
Standards were treated identically to samples. Accuracy was assessed by repeated
measurements of GEOTRACES coastal and Pacific Ocean reference seawater samples. Our
measurements of GSC gave Fe = 1.391+0.115 (n = 19, over a three-month period, consensus
1.53540.115). Our measurements of GSP gave Fe = 0.164+0.024 (n = 8, over a one-month
period, consensus 0.155+0.045). Consensus values are from the most recent July 2019
compilation (geotraces.org). Precision, determined by replicated analyses of an in-house large-
volume reference seawater sample within each analytical session, was typically 25% or better.
For the duration of these analyses, the average limit of detection (defined as 3x the standard
deviation of the blank) was 0.036 (n = 10).

A subset of the seawater samples and all freshwater samples were run for Fe and Mn at
Rutgers University using isotope dilution-inductively coupled plasma mass spectrometry (ICP-
MS) methods based on Lagerstréom et al. (2013) and similar to those described in Annett et al.
(2017). Briefly, 10 mL aliquots of seawater samples were extracted using a commercially available

automated SeaFAST pico system (Elemental Scientific, Inc.) after online buffering to pH
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approximately 6.5 using ammonium acetate buffer, achieving a 25-fold pre-concentration after
column elution in 0.4 mL 1.6 M ultrapure nitric acid (Optima grade, Fisher Scientific)(Lagerstrom
et al., 2013). Isotope dilution was used to standardize Fe, while Mn was standardized using
external matrix-matched standard treated identically to samples. The analysis of the concentrate
was performed on an Element 2 sector-field ICP-MS (Thermo Fisher Scientific). Accuracy and
precision (3%, 1SD, for Fe and Mn) was assessed by repeated measurements of in-house large-
volume reference seawater samples within each analytical session. Blanks averaged 51 pmol kg
' for Fe (n = 59; limit of detection, or LOD = 48 pmol kg™') and 4 pmol kg™' for Mn (n = 69; LOD =
4 pmol kg™ for all analytical runs. A comparison of the seawater analysis methods employed here
is shown in Fig. A1. In general, there is good agreement (average 11% and 6% difference late
Spring and Fall, respectively) between the chemiluminescence and ICP-MS methods,
comparable to the uncertainty of GEOTRACES consensus values from the intercalibration of 13

trace metal laboratories (for Fe, RSD 10%, https://www.geotraces.org/standards-and-reference-

materials/). Total dissolvable trace metals and particle digests, including freshwater dissolved
metals (i.e., glacial melt), were analyzed using direct-injection ICP-MS methods using external
standards and added In as a matrix and instrument drift corrector for the quantification of

particulate Fe, Mn, aluminum (Al), and titanium (Ti) concentrations (Annett et al., 2017).

2.3.3. Sediment cores and diffusive flux

Cores for this study were collected using a 12-barrel Megacore multi-coring device aboard
the R/V Nathaniel B. Palmer cruise NBP16-01 in January 2016. Multiple barrels were sampled
from a single Megacore deployment. See Taylor et al. (2020) for a complete account of coring
efforts and Komada et al. (2016) for a description of the pore water sampling procedures.
Porewater dFe and dMn was determined colorimetrically using the ferrozine and formaldoxime
techniques, respectively (Armstrong, Lyons and Gaudette, 1979; Burdige and Komada, 2020).

For dFe, hydroxylamine-HCI (0.2% v/v final concentration) was added to the samples before
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analysis, to reduce any dissolved Fe(lll) in the samples to Fe(ll). For dMn, a hydroxylamine
solution was added to an acidified (pH ~1-2) sample, and an EDTA solution was added to remove
interference from a colored Fe complex. Porewater oxygen concentrations were measured using
a polarographic microelectrode (Brendel and Luther 1995; Luther et al. 1998, 2008). A sequential
extraction technique (Poulton and Canfield, 2005; Goldberg et al., 2012) was used to determine
sediment Fe speciation for the following fractions: Feox (highly reactive, poorly crystalline iron
oxides), Femag (Mmagnetite), Feps (Fe in poorly reactive sheet silicates), Fer (total sediment Fe),
Fepyr (Fe in pyrite), and finally Fey (unreactive pool under all treatments = Fer — (Feox + Femag +
Feps + Fepyr)). All extracts were analyzed for Fe by flame Atomic Absorption Spectrometry (for
details see Burdige and Komada 2020).

In this study, we investigate the potential for efflux of dissolved trace metals as a source
to the overlying water column. Using equation 1, we can estimate the approximate sediment

diffusive flux (Jseq) for dissolved porewater species.

dc
Jsea = _¢Dseda (1)

In this equation, ¢ is the porosity of the sediments, and was found to be 0.9 on average near the

sediment surface. Porewater analyses of dissolved Fe and Mn in the Outer Basin (OB) cores
reveal high variability in the top-of-core gradient (%) in porewater Fe and Mn (Fig. A2). An average
of two cores gives a gradient of 21.9 uM cm™ dissolved Fe and 3.6 uM cm™ dissolved Mn.
Assuming a diffusion coefficient for Fe and Mn in free solution for seawater (Dsw) at 0°C to be
3.15x10"° m? s for Fe(ll) and 3.02x10"° m? s for Mn(ll), we can then estimate the diffusion

coefficient in the sediments (Dseq) by the following relationship (van Duren and Middelburg, 2001;

Halbach et al., 2019):
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D
Dgeq = 1_;;‘;14) (2)

2.3.4. Iron-binding ligands

A subset of seawater samples was analyzed for dFe-binding ligands using single
analytical window methods. The methods applied here are described extensively in Buck et al.
2018 (Buck et al., 2018). Briefly, natural seawater samples were titrated with dFe (0-35 nM) in
order to fully saturate the natural ligands. Following a 2 hour equilibration with the added Fe, a
well-characterized ligand (salicylaldoxime, SA) was added to compete with natural dFe-binding

ligands. The concentration of SA used in this study to examine ligands was 25.0 umol L (AFe(sa),

= 115). After at least 15 minutes of equilibration, the Fe(SA), electroactive complex was measured
using adsorptive cathodic stripping voltammetry (ACSV) on a hanging mercury drop electrode
(BioAnalytical Systems, Incorporated). Peak heights were measured using ECDSOFT and
sensitivity was optimized in ProMCC (Omanovié, Garnier and Pizeta, 2015). A combination of
traditional linearization techniques was used to determine the concentrations and strengths of
natural ligands within the seawater sample using ProMCC (Omanovi¢, Garnier, and Pizeta 2015).
The uncertainty on modeled complexation parameters was optimized using single or multiple
ligand fitting. These methods were applied successfully to the GEOTRACES speciation data sets
(Buck et al., 2015, 2018).

We calculate the capacity for the free ligand pool to bind Fe at equilibrium (Fitzsimmons

et al., 2015), or oreL, defined as:

e = 1+ ([eL] X K), (3)

31



where el is the difference between the total ligand concentration (L) and the dFe concentration,

and K is the conditional stability constant.

2.3.5. Numerical model simulations

Based on Hahn-Woernle et al. (2020), the ocean in the Andvord Bay region is modeled
with the primitive-equation, finite-difference Regional Ocean Model System (ROMS, Haidvogel et
al.,, 2008). The grid has a horizontal resolution of ~350 m and a terrain-following vertical
coordinate system with 25 depth layers. Due to the changing terrain, the fixed number of layers,
and surface intensified resolution, the maximum thickness for deeper layers is 84.6 m and the
minimum thickness for surface layers is 0.5 m (to better resolve e.g. the surface currents). The
domain has three open boundaries: the western end of Bismarck Strait, a passage to the
continental shelf in the northwest, and along Gerlache Strait to the northeast (Fig. 2.1). Boundary
and initial conditions were derived from CTD and ADCP observations. The model is forced with
tidal and meteorological data (from TPXO8 Egbert and Erofeeva 2002 [updated] and RACMO van
Wessem et al., 2014, respectively) and run from November 2015 for five months. After one month,
the transient effects, based on dynamics and thermodynamics, were found to no longer be
present, and the system was consistent. Only the final four sea-ice free months were analyzed
(December through March). Processes like melting of icebergs and floating sea ice are not
modeled directly, therefore such local freshwater sources are represented in a surface intensified
meltwater input applied along the glacial fronts (for further details see Hahn-Woernle et al. 2020).
These new freshwater sources include also surface runoff and local melt of glacial ice, while
precipitation and snowfall are represented in the meteorological forcing. To represent the
seasonal cycle of temperature-induced melting the volume flux of inflowing meltwater follows a
bell-shaped temporal distribution peaking at the end of January.

We use this model to identify the potential supply pathways and estimate the hydrographic

export of three Fe-rich sources in Andvord Bay: surface glacial meltwater, subsurface subglacial
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plume, and deep water masses located within the inner basin. For this purpose, we designed
three model experiments with numerical “dyes” to track potential iron pathways: one, to track the
current seasonal input of meltwater from glaciers in Andvord Bay (surface meltwater dye
experiment) released along the glacial fronts in the inner fjord at 0-50 m depth (Fig. 2.1); and two
additional experiments involving subsurface water masses in front of Bagshawe Glacier in Inner
Basin A (IBA, 64° 53’ 36” S, 62° 34’ 48” W) at two different depths (subsurface and deep dye
experiments, respectively). Due to the model geometry, the mean depths the subsurface and
deep dyes were released were 107 (94-120 m) and 314 m (290-342 m), respectively. Covering
two horizontal grid cells each (with different thickness), the subsurface and deep dyes had initial
volumes of 5 x 10°and 11.3 x 10° m3, respectively. It follows from the experiment setup that the
surface meltwater dye has a continuous source while the total amount of the other two dyes is a

constant as long as they do not leave through the open boundaries of the model domain.

2.4. Results

2.4.1. Seasonality and hydrography in Andvord Bay

In Andvord Bay (Fig. 2.1), seasonal changes in phytoplankton biomass were documented,
as indicated by the proxy Chlorophyll-a, which shows a 10-fold concentration decrease across all
taxonomic classes between the late spring and fall cruises (Pan et al., 2020). Associated with
these changes in primary production, depletion of the surface macronutrients nitrate (N) and silicic
acid (Si) were observed (Ekern, 2017). Increased Si concentrations, with respect to nitrate, within
the inner fjord are driven by dissolution of biogenic silica sediments, or weathering of the bedrock
by contact with the 11 marine-terminating glaciers feeding into Andvord Bay since Si-to-N ratio is
highly correlated with MWf below the surface layer (Hawkings et al., 2018; Ng et al., 2020).
Surface stocks of macronutrients were never exhausted (Fig. 2.2). The phytoplankton community

was dominated by small size classes, with very few large diatoms (Pan et al., 2020). The
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microplankton class, including large diatoms, was sparingly present in the Fall, however, benthic
cameras captured a large sedimentation event of marine aggregates indicative of a large diatom
bloom in late-January. The export of biogenic particles from the surface also showed a distinct
seasonality indicated by increased Chlorophyll-a pigment content in seafloor surface sediments
in Fall (Ziegler et al., 2020), as well as higher respiration rates from chamber incubation
experiments in the Fall compared to Spring (data not shown), although no indication of sulfate
reduction was observed in sediment box and Kasten cores (2.3 m long), suggesting that oxygen,
nitrate, and metal oxides were sufficient to oxidize organic matter within the upper sediments (C.
Smith pers. comm.).

Derived glacial meltwater fractions (MWf, Fig. 2.2), based on salinity and oxygen isotopes
of seawater, ranged from 0.75-2% in late Spring, and from 0.5-2.5% in the Fall (Pan et al., 2019).
The fjord also exhibited a gradient in meltwater content, with highest MWf at the glacier terminus.
Using a simple mass balance for the surface layer in Andvord Bay, we estimate an approximate
meltwater input of 23600 m® d" in order to account for the observed changes in oxygen isotope
ratios. This estimate is within the derived estimates of surface meltwater flux generated by warm
atmospheric temperatures (1.4 x 10* to 1.2 x 10° m® d''; Lundesgaard et al., 2020). The MWf is
strongly correlated with phytoplankton abundance within Andvord Bay; for a detailed discussion
see Pan et al. (2019). We find that glacial meltwater impacts phytoplankton within the fjord, but
the geographical influence of meltwater can extend across the shelf, hundreds of kilometers from
the coastal inputs (Dierssen et al., 2002; Meredith et al., 2017).

Physical properties measured in the study region showed the dominant water masses in
the fjord were Antarctic Surface Water (cold fresh) and Bransfield Strait water (cold salty)
(Lundesgaard et al., 2020). However, during late Spring, greater influence of modified Upper
Circumpolar Deep Water was observed outside of the fjord, indicated by its distinctly higher
temperature at depth, but this water mass is prevented from entering the fjord due to a shallow

sill near the fjord mouth in the Gerlache Strait (Fig. 2.2). Optical measurements recorded a change

34



in the particle concentration and assemblage between the two cruises. Profiles of beam
attenuation coefficient and particulate backscattering coefficient showed strong seasonality (see
Fig. 2.4 and discussion in Pan et al., 2019). Pan et al. interpreted these optical signatures in the
upper water column as a change from a surface biogenic-dominated signal in late Spring to a
subsurface lithogenic-dominated signal in the Fall, composed of fine suspended particles
contained within plumes. An important feature observed within the fjord was a subsurface
neutrally-buoyant plume (~100 m) characterized by a point source of relatively cold and particle-
laden water emanating from the terminus of Bagshawe Glacier and extending several kilometers
over the inner basin (Fig. A3).

Strong buoyant plumes can drive circulation in fjords via the “meltwater pump”, but small
amounts of basal and subglacial melt have a negligible effect on circulation in Andvord Bay. While
this process is described in-depth for Arctic glaciers, Andvord Bay differs in that ocean
temperatures are approximately -1 °C at depth, too cold to ablate the glacier terminus, and neutral
buoyancy is reached below the surface layer (indicated by subsurface sediment plumes, Domack
and Ishman 1993). However, cold-water glaciers must have some mass loss even at seawater
temperatures below the glacial ice melting point. Two important consequences of these plumes
are a flux of suspended particulate matter within subsurface “layers” as indicated by high beam
attenuation coefficient and optical backscatter (Fig. S3 in Pan et al., 2019), and general mid-water
cooling found in the inner fjord (Figure 8 in Lundesgaard et al., 2020). Downstream mixing
mechanisms, such as flow over topographic features or wind induced upwelling, can displace

plume water closer to the euphotic zone.

2.4.2. Water column trace metals
Dissolved Fe concentrations in the surface, defined as the upper ~20 m based on similar
mixed layer depths (MLD) for both seasons (Lundesgaard et al., 2020), changed seasonally with

an overall increase in dFe concentration in the Fall (Fig. 2.3). The average surface concentration
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during late Spring was 2.47+0.92 nM (n = 21), while in Fall it was 6.67+1.41 nM (n = 19). Water
column trace metals are presented in Table S1. These concentrations are within the ranges of
dFe determined in prior studies (1-31 nM) in the northern WAP region but indicate that large
temporal variability exists in surface waters in this region (Bown et al. 2018; Hatta et al. 2013;
Sanudo-Wilhelmy et al. 2002; Ardelan et al. 2010; Martin et al. 1990). The smaller range of surface
concentrations during late Spring suggests that dFe was more tightly controlled by phytoplankton
uptake, whereas in the Fall, patchiness among stations arises due to varying proximity to Fe
sources and the effects of circulation and mixing. Vertical profiles of dFe showed a steep increase
to values greater than 10 nM at the deepest depths sampled during late Spring, especially at
stations located within the inner fjord and basins (Fig. 2.2, 2.4). In the subsurface (50-150 m), an
enriched dFe source was present with average concentrations 3.68+1.52 nM in late Spring and
7.382£2.49 nM in the Fall. Deep water masses greater than 150 m deep had the highest average
concentrations of dFe and similar mean concentrations were observed for both seasons
(8.7914.75 nM in late Spring, 6.37£2.38 nM in Fall). The greatest concentrations of dFe were
found in the inner fjord and basin stations, with the exception of one station located at the mouth
of the fjord near Aguirre Channel (station AC in Fig. 2.1). Water column concentrations were lower
in the Gerlache Strait and fjord mouth. The general shapes of the profiles in late Spring are
characteristic of a stratified water column, with dramatic ferriclines below the surface.

In the Fall, surface dMn was more than double that observed in the late Spring, but surface
dFe showed a greater seasonal increase, such that the dissolved Mn:Fe ratio decreased overall
and was more variable than in late Spring, when concentrations of dMn remained below 4.5 nM,
even at depth. Labile particulate Mn (LpMn = TDMn — dMn) showed strong co-variation with LpFe
and beam attenuation coefficient c(660). The comparatively high surface dissolved Mn:Fe ratios
in late Spring were presumably due to intense biological drawdown of Fe during the vernal bloom,

evidenced from low concentrations of dFe where phytoplankton biomass (as Chl-a) was highest
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(Fig. 2.5a). In the late Spring, dFe is anti-correlated with MWf (Fig. 2.5¢), whereas there was no
significant trend between dFe, biomass and MWf variables in the Fall (Fig. 2.5b,d). The correlation
between dMn and dFe was stronger in the Fall, however, compared to the late Spring (Fig. 2.5¢,f).
Labile particulate iron (LpFe = TDFe - dFe) concentrations were elevated in the inner basins in
the late Spring and Fall, and strongly correlated with suspended particle concentrations, indicated
by optical beam attenuation coefficient c(660) m™” (Fig. 2.5.2n, 6). Average TDFe and LpFe
concentrations in the surface were comparable to surface waters in Ryder Bay (southern Antarctic
Peninsula), where TDFe varied temporally from 57 to 237 nM (Annett et al.,, 2015). This
comparison between LpFe and TDFe is valid since TDFe is much greater than dFe in these two
coastal locations, hence it is a good approximation of LpFe. The LpFe maxima were associated
with high turbidity in the inner basins, reaching as high as 900 nM at 300 m depth in the Fall (Fig.
2.6). Dissolved Fe and LpFe were correlated (r> = 0.48 late Spring n = 19; 0.77 Fall n = 28) (Fig.
2.5g,h). On average, dFe made up 3.1% (late Spring) and 4.6% (Fall) of the total dissolvable pool.
The LpMn concentrations displayed similar seasonality to LpFe and similar association with total
particles, but were more strongly correlated in the Fall (Fig. 2.5). Dissolved Mn and LpMn were
highly correlated (r> = 0.70 late Spring n = 19; 0.79 Fall n = 28; Fig. 2.5i,j). On average, dMn

composed 52% (late Spring) and 57% (Fall) of the total dissolvable pool.

2.4.3. Glacial ice and plume trace metals

Glacial ice and plume samples were analyzed for Fe, Mn, Al, and Ti concentrations, which
are presented in Table 2.1. Three glacial ice samples were analyzed for dFe (72121 nM) and
dMn (49183 nM). Visual inspection of Glacial Ice 3 and 4 showed these pieces contained low
particle loads, while Glacial Ice 1 and 2 had a comparatively high content of dark colored coarse-
grained particles. Hence, these and the “clean” glacial ice samples are indicative of the variability

of trace metal concentrations in icebergs found in Andvord Bay. Labile particulate trace metal
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concentrations were two orders of magnitude higher than the dissolved fraction based on two ice
samples (41+86 uM LpFe, 3.6£5.1 uM LpMn). We did not determine labile particulate trace metals
for Glacial Ice 3 and 4, thus these average labile particulate concentrations are skewed toward a
high value. Total particulate trace metals showed similar concentration variability to the dissolved
fraction (95+181 uM TpFe, 2.7£5.1 uM TpMn). For Glacial Ice 3 and 4, the concentration of dMn
was greater than TpMn. The ratios of labile and total particulate Mn:Fe were 0.061+0.002 mol:mol
and 0.028+0.004 mol:mol, respectively.

Dissolved Al and Ti were not analyzed for these ice samples, but total dissolvable and
total particulate samples were analyzed for Glacial Ice 1 and 2, and 1-4, respectively. We defined
the refractory particulate trace metal concentration as the difference between the total particulate
and total dissolvable fractions (RpTM = TpTM - TDTM). Total dissolvable Al and Ti average
concentrations were skewed due to the heavy particle load present within Glacial Ice 1 and 2
(603+716 uM TDAI, 20.8+27.1 uM TDTi). Total particulate Al and Ti had similar variability to the
total dissolvable fraction and included all four glacial ice samples with averages of 428+790 uM
TpAl and 13.4+25.7 uyM TpTi, therefore the average total particulate concentrations were lower
than the average determined for total dissolvable Al and Ti in Glacial Ice 1 and 2. We found the
labile particulate concentration to be a valid comparison to total dissolvable since dFe
concentration was on average 1.8+1.5% of TpFe concentration. Thus, the particulate fraction
dominated trace metal speciation of total Fe, Mn, Al, and Ti in glacial ice.

Four seawater samples were collected from 100-110 m depth, corresponding to the core
of the subsurface turbidity plume within IBA. Average concentrations of dissolved metals were
8.752+2.25 nM dFe and 5.52+0.62 nM dMn. LpFe (351+148 nM) and LpMn (8.23+2.68 nM) were
indistinguishable from the total particulate fractions (416+93 nM TpFe, 9.52+2.05 nM TpMn) within
measurement error, including filter splitting and sample distribution uncertainties. The average

ratio of labile particulate Mn:Fe was 0.024+0.003 mol:mol. Particles collected from the plume had
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high concentrations of Al and Ti, but with distinctly different lability from that of Mn and Fe. The
TDAI was 894468 nM while TpAl was 1734+£369 nM. Similarly, TDTi was 14.1+0.45 nM and TpTi
was 45.1+£10.7 nM. The total dissolvable Al:Ti ratio was 6416 mol mol™" and the total particulate
Al:Ti ratio was 39+1 mol mol'. The Al:Ti ratio is elevated above the crustal ratio (35 mol mol ') in

the total dissolvable fraction, suggesting a larger adsorbed fraction for Al than for Ti.

2.4.4. Glacial sediments

Solid phase Fe speciation of one sediment core from the outer basin station (OB, 64° 46’
46" S, 62° 43’ 57" W, ~500 m, collected in January 2016), showed an enrichment of authigenic
Fe oxides at the surface. Chemical treatments of the sediments with HCI dissolves poorly
crystalline Fe oxy(hydr)oxides (ferrinydrite and lepidocrocite), which are found to be 10% of the
total particulate Fe of the surface sediments in this location, compared to an average of 2% below
1.5 cm (Fig. A4). In the surficial sediments, a larger portion of the Fe is associated with poorly
labile sheet silicates (e.g. structural Fe(lll) in clays, 36%), and a comparable fraction is refractory
and is not liberated by any of the solution treatments (31%). Other fractions of particulate Fe are
associated with more crystalline Fe oxides (goethite, hematite) and the minerals magnetite and
pyrite. Porewater analyses were performed on two OB cores using colorimetric methods,
revealing high concentrations of dFe and dMn. Below the well-oxygenated layer (upper ~0.5 cm),
but within the upper 10 cm, dFe reaches its peak concentration of 80 uM, while maximum dMn is
6 M. Down-core from the peak, concentrations tend to decrease for both trace metals, but there
is considerable variability between 15 and 25 cm, including several deeper local maxima. The
average porewater concentration of dFe in the top 2.5 cmis 26 uM (Fig. A2). There is considerable
difference in the porewater concentrations of the two OB cores indicating bioturbation of the

sediments resulting in large variability on small scales. Points excluded from the oxygen profiles
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were below the detection limit, while several samples were lost from the porewater profiles,

represented as gaps in the vertical traces of dFe and dMn.

2.4.5. Fe-binding organic ligands

To gain insight into the speciation of dFe within the fjord, we analyzed seawater samples
for Fe-binding ligands and to identify comparative strengths of organic Fe complexes (See
Methods). Analysis of the ligands within Andvord Bay shows a down-fjord gradient in both quantity
and quality (all ligand data presented in Table 2.2). In the late Spring, strong ligands

(LogKgdre,r = 12.0) were detected in the surface at stations located within the fiord at

concentration levels ranging from 4.06+£1.74 nM at Inner Basin A (IBA) to 7.27+1.97 nM at Sill 3

(S3), while only weak ligands (LogK;gﬁﬁe, < 12.0) were detected in the Gerlache Strait (GS;

5.72+2.21 nM). An excess of strong ligands, relative to dFe, was detected in the inner basins. A
gradient in concentration of undersaturated ligands (eL in Table 2.2) is observed towards the GS,
with increasing eL. Within the fjord, weak ligands were detected at Inner Basin B (IBB), closest to
Moser Glacier. In the Fall, total ligand concentrations (L:) were elevated everywhere within the
fiord, but the surface ligands were somewhat weaker compared to the late Spring. The greatest
concentrations of ligands were found closest to the glaciers (range 11.18 — 15.42 nM) and in the
GS (12.00+2.94 nM). For both seasons, weak ligands were detected in the subsurface, but a
greater concentration in the Fall suggested that these ligands have a local source within the fjord.
Compared to other stations in the Fall, we found the plume to contain a small excess of weak
ligands (IBA, 110 m). Interestingly, the highest concentration of strong ligands (17.44+1.12 nM)
among all sites was in deep water of Station IBA, at 280 m. This is the deepest depth sampled

for Fe-binding ligands and the IBA bottom depth was 382 m. We found a down-fjord gradient in

ligand strength at the surface, decreasing with distance from the inner basins (LogKP?gf_,‘ie, =11.95

at IBA, 11.03 at GS).
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We determined the free (uncomplexed) Fe concentration (Fe' in Table 2.2) within samples
analyzed for Fe-binding ligands. In the surface, a greater mean concentration of Fe' was found in
the Fall (8.7416.43 pM, n = 7) compared to the late Spring (2.44+2.18 pM, n = 7). Water below
the surface showed similar concentrations for each season (5.8+0.21 pM late Spring, 4.61+£2.22
pM Fall). The greatest concentrations of Fe' were observed mid-fiord at the surface (18.7 pM Fe'

at MB, 15.67 pM Fe' at S3) in the Fall.

2.4.6. Dye experiments

To study the transport pathways for dFe, we use numerical passive dyes in the Hahn-
Woernle et al. (2020) regional model of Andvord Bay (see Fig. 1 in Hahn-Woernle et al., 2020) to
track three potential sources of dFe: surface glacial meltwater (0-50 m) from Bagshawe and
Moser Glacier termini, neutrally-buoyant subsurface plume (100 m), and deep water located in
IBA (300 m; as in Methods). Due to numerous inputs and complex biogeochemical processes
which result in observed dFe distributions in time and space, we simplify the problem by assuming
no removal over the duration of simulated dye experiments. We use this approach to illustrate the
multiple transport pathways for dFe supply to the fjord and surrounding ocean from December
through March (St-Laurent et al., 2017). The results are presented first for the surface meltwater
experiment, followed by two fixed-volume experiments, referred to as subsurface and deep dye
experiments.

Most of the surface glacial meltwater dye remains in the upper 100 m throughout the model
run, and due to its proximity to the surface, it is quickly dispersed over a large region by relatively
rapid surface currents. It takes about 10-15 days for the surface meltwater to exit the fjord mouth,
where most ends up in the central and northern Gerlache Strait after 120 days (Fig. A5a).

The subsurface dye (100 m) is spread more rapidly than the deep dye (300 m). After 8
days, the subsurface dye reaches the fjord mouth, which is 4 days before the deep dye, implying

it has a shorter residence time within the fjord compared to the deep dye. We loosely define
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residence time as the model timestamp at which a fixed fraction of dye remains within the fjord
domain. After 22 days, 25% of the subsurface dye has left the fjord, while it takes the deep dye
almost twice as long (43 days). At the end of the 120 days long model run, less than 18% of the
subsurface dye and over 30% of the deep dye remain in the fjord domain (Fig. A6a). Looking at
the whole model domain in Fig. 2.1, which includes Andvord Bay and Gerlache Strait, only 59%
of the subsurface dye and 75% of the deep dye are still present after 120 days. The missing 41%
(25%) has mainly left the model domain through the Gerlache Strait to the north, where these
waters mix with Bransfield Strait water and subsequently with the southern Antarctic Circumpolar
Front waters.

We analyzed the vertical distribution of the subsurface and deep dyes along the fjord
mouth and horizontally over different depth layers. Within the first day, the subsurface dye
spreads over the depth range of 20 to 125 m and the deep dye over 125 to 500 m (>1% of dye
per depth layer). The subsurface dye leaves the fjord mainly within the upper 200 m. After 8 days,
as the subsurface dye reaches the fjord mouth (Fig. A5b), the maximum concentration is still
found close to its release depth at 100-125 m. Over the next few days, surface layer
concentrations (<20 m) increase, but the highest concentration is soon found below 125 m (after
2 weeks) (Fig. A6a).

The deep dye remains mainly below 200 m as it passes the fjord mouth (maximum water
depth at the fjord mouth is 360 m). After 12 days, as the deep dye reaches the fjord mouth, the
maximum concentration is found below 300 m depth. In contrast to the subsurface dye, the deep
dye remains longer in the proximity of the fjord mouth and on several occasions, re-enters the
fiord leading to a longer residence time within the fjord (Fig. A5c). The majority of the deep dye
leaves the fjord at depths below 100 m and along the southwestern coastline. Both dyes,
subsurface and deep, have low concentrations in the upper 100 m of the northeastern flank of the
fiord mouth. This is due to the inflow of external water from the GS along the northeastern

coastline. Throughout the run, the deep dye is confined to the inner basins of the fjord. In all
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cases, the dyes remain at higher concentrations and for longer periods in the subsurface fjord

waters than in the surface layer, which shows faster transport out of the fjord.

2.5. Discussion

2.5.1. Iron sources in a heavily glaciated fjord

Due to the proximity to glaciers and influence of ice within Andvord, we hypothesized
meltwaters to be an important source of Fe. We focus on quantifying dissolved, total dissolvable
and particulate Fe and Mn, as well as total dissolvable and particulate Al and Ti. Ratios of these
elements are treated as proxies for contributions of various endmembers. Candidate
endmembers include reducing sediments, weathered crustal material, and biogenic particles
(Taylor and McLennan 1995; Twining et al., 2004). Where possible, we estimate fluxes of dFe.

We begin by examining the relationship between glacial meltwater and dFe.

2.5.2. Role of surface glacial meltwater

Glacial meltwater at the surface has the potential to be a significant source of Fe to
phytoplankton. There exists a weakly negative correlation between derived MWf and dFe at the
start of the melt season (late Spring: r> = 0.29, n = 30; early-Fall: r* = 0.05, n = 13; Fig. 2.5c,d).
One possible explanation is that increased meltwater at the surface leads to greater stratification
and limits upwelling of Fe-rich deep water, with the effect augmented by removal processes, such
as biological drawdown and scavenging of dFe onto sinking particles. Indeed, higher rates of
primary production are associated with greater fractions of meltwater in Andvord Bay (Pan et al.,
2020). While we observe high concentrations of dissolved and particulate trace metals within
glacial ice, we note that the icebergs within Andvord were predominantly “clean” ice, with little
sediment embedded in the ice, indicated by relatively low dFe and TpFe (for instance, Glacial Ice

3 and 4 in Table 2.1). Based on Fe:Al ratios in particles and average values for continental crust
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(Taylor and McLennan 1995), we estimate 87+22% (n = 4) of the particulate Fe contained within
Andvord icebergs is terrigenous in origin. This is consistent with mechanical weathering of
continental crust followed by inclusion of the particles into the ice (freeze-in, Raiswell et al., 2018).
Low Fe:Ti and Al:Ti ratios also reflect a continental crust source, but it is worth noting that Glacial
Ice 2 had significantly more Mn and Al, relative to continental Fe and Ti. Further, Mn and Al solid
speciation suggests there are high concentrations of Mn- and Al-oxides, which may be formed
when crustal material is altered (Raiswell et al., 2018). It is also possible that fjord sediments were
the source of particulate matter within Glacial Ice 2, which would correspondingly have higher Mn
content (and higher Mn:Fe) than what is found in basal ice interacting with the subglacial
environment (Hawkings et al., 2020). Continental crust material delivered to the ocean would
contain a relatively low Mn content compared to Fe (Fe is 4% w/w in crustal material, while Mn is
0.08% w/w, Rudnick and Gao 2013). Since glacial meltwater is restricted to the surface, it
constitutes a significant input of Fe to the surface throughout the growth season.

Visual inspection suggests that the majority of the ice within Andvord has relatively low
concentrations of particles, whereas basal ice, with dark layers of sediment (Glacial Ice 1 in Table
2.1), will likely skew the average towards high values (Hopwood et al., 2019). A compilation of
TDFe in icebergs in Antarctica estimated an average concentration of 24 yM (Hopwood et al.,
2019). Our two measurements of LpFe in glacial ice are different (mean for this study is 61+70
MM LpFe, n = 2) but are within the range of concentrations determined in the previous study.
Thus, we use our mean concentration (Table 2.1) as indicative of the glacial ice composition in
Andvord to compute the following meltwater fluxes. It is important to note that the mean and
median values in glacial ice are likely different, with median values closer to Glacial ice 1 and 2
concentrations. Using a range of estimated surface glacial meltwater volume inputs (2.4 x 10* m3
d™ for this study based on oxygen stable-isotope mass balance; 1.8 x 10* to 1.2 x 10° m? d”’
Lundesgaard et al., 2020; 1.1 x 108 m3 d"' Hahn-Woernle et al., 2020 including other freshwater

sources that are not precipitation) and assuming the input of meltwater is distributed evenly over
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the fjord surface layer, we calculate fluxes on the order of 15 to 704 nmol m2 d*! for dFe and 10
to 487 nmol m2 d' for dMn. Based on modeling work in this paper, it will become evident that
meltwater released to Andvord does not stay within the fjord. Additionally, significant metal loss
results from scavenging processes, transferring Fe to depth on sinking particle surfaces,
rendering it inaccessible for phytoplankton uptake. Still, the availability of excess macronutrients
within Andvord Bay (Fig. 2.2) means that substantial increases in the supply of trace metals from
glacial meltwater would stimulate growth in the euphotic zone if light were not limiting (Pan et al.,

2020).

2.5.3. The nature of Fe in subglacial plumes

The inner basins consistently show higher beam attenuation and particle backscattering
coefficients than mid-fjord and shelf stations (see Figure 3 in Supplementary Information in Pan
et al. 2019). These signals are attributed to ultra-fine suspended sediments (<0.8 um). The high
particle backscattering coefficient in the surface at all stations in late Spring is due to the high
concentrations of biogenic particles associated with the vernal bloom. Inner basins also show
local maxima in beam attenuation coefficients at 70-150 m, as well as approaching the benthic
boundary layer (Fig. 2.6). Buoyant turbulent plumes that spread laterally are consistent with the
presence of glacial meltwater plumes, or “cold tongues”, which originate at the glacier grounding
line (described in Domack and Williams 2011), entrain deep water masses, and resuspend
sediments (Straneo and Cenedese, 2015). Since ocean temperatures remained below 0°C in
Andvord (see Fig. 2.2), there is little to suggest basal melting of the ice, as is observed further
south along the WAP. It appears reasonable on the basis of the evidence given above, that the
subsurface plume signature is subglacial in origin.

Total digestion and subsequent analyses of marine particles collected within the plume

revealed high concentrations of weathered crustal sediments (82-86% of TpFe, 61-64% of TpMn),
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and also ingrowth of authigenic particles most likely consisting of precipitated Fe- and Mn-oxide
phases (16-18% TpFe, 36-39% TpMn). These results suggest that the origin of plume particles is
a chemically-altered crustal source (see Supplemental Methods). Labile particulate Fe is 82-100%
of TpFe (Table 2.1). The Fe:Al and Fe:Ti in plume particles (0.24+0.01 mol mol™" and 9.25+0.24
mol mol, respectively) were elevated above the average crustal ratios (0.2 mol mol™ Fe:Al, 7 mol
mol" Fe:Ti), which implies these samples are enriched in Fe relative to both crustal Al and Ti. In
agreement with these results, particulate Al:Ti (3911 mol mol ') was elevated above crustal ratios
(35 mol mol™), indicating a large oxide fraction is associated with this particulate matter, since the
total dissolvable fraction, more enriched in Al than the total particulate fraction, forms when Al is
heavily scavenged on to oxy(hydr)oxides at oceanic pH levels (Kryc et al., 2003). This
substantiates our claim that most of the Fe found in the plume is weakly adsorbed to particles and
recently precipitated, since dilute HCI leaches liberate the most labile forms of Fe, most likely
oxy(hydr)oxides (e.g. ferrihydrite) in addition to some Fe from clays. This could include oxides
directly precipitated from the anoxic subglacial source, as well as a potential fraction of oxides
derived from fjord sediments and porewaters entrained at the grounding line.

Cold-water glaciers are locations where the subglacial environment flows directly into the
fijord with minimal mixing with seawater. We find elevated concentrations of dMn (~15 nM, Fig.
2.2) emanating from the inner fjord, indicative of the reducing conditions beneath Moser and
Bagshawe glaciers, consistent with other studies of subglacial environments (Henkel et al., 2018;
Zhang et al., 2015). Compared to subglacial fluids in contact with bedrock, we report relatively
low concentrations of dFe within the plume (8.75+2.25 nM) <1 km away from the glacier terminus.
If we assume a MWf of 0.01 for the plume, and assuming a deep fjord seawater concentration of
zero, the subglacial meltwater endmember would have a dFe concentration of 8751231 nM, which
is higher than the mean value for TDFe measured within the plume (347+160 nM) suggesting
settling loss through flocculation is likely occurring even within 1 km of the grounding line. The

subglacial endmember dFe is lower than the range used to parameterize subglacial inputs from
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ice shelves to the SO (3 — 30 uM in Death et al., 2014). The long residence time and enhanced
chemical weathering beneath large glaciers in west Antarctica (PIG, Thwaites Glacier) could
result in large accumulations of dissolved trace metals in subglacial outflow. However, subglacial
discharge occurs at some distance from the open continental shelf waters because of the broad
floating horizontal ice shelves, which make up about 45% of the Antarctic coastline (Schodlok et
al., 2016). Advective transport under ice shelves reduces the flux of dFe upwelled into the
euphotic zone 10s — 100s km away from the point source of meltwater discharge (Krisch et al.,
2021). Our results suggest that assumptions of high export efficiency to the coastal ocean (i.e.,
using endmember dFe concentrations from glacial runoff and groundwaters as in Death et al.,
2014) potentially overestimates dFe supply from anoxic subglacial environments because
significant dFe boundary scavenging occurs during lateral transport. It is therefore important,
albeit difficult, to parameterize scavenging and removal at the ice-ocean interface as all studies

suggest intense removal of dFe on short time and length scales.

2.5.4. Role of sediments

Analyses of Andvord Bay sediments reveal they are compositionally distinct from
temperate fjords consisting of poorly sorted fine silt and clay, many dropstones, suspension
deposits and ice-rafted debris (Eidam et al., 2019). Sediment accumulation rates are spatially
variable, but a weak along-fjord gradient is present. These deposits suggest sluggish circulation,
allowing for the deposition of sediments close to their source, likely through flocculation processes
(Cowan and Powell, 1990).

Profiles of beam attenuation coefficient show highest concentration of particles in the inner
basins compared to other station locations (see Figure 4 in Pan et al., 2019). There is little
evidence for mechanical resuspension through gravity flows (i.e., turbidites) along the steep basin
walls, yet such processes could be responsible for the near-bottom elevation in water column

particles (Eidam et al., 2019). The presence of elevated particles in the inner basins is

47



accompanied by the greatest concentrations of dissolved and labile particulate Fe and Mn (Fig.
2.6), demonstrating the potential of resuspended fjord sediments as a source of dissolved trace
metals.

Based on the core top porewater profiles, we estimate the sedimentary efflux to be 43.7
umol m2 d for dFe and 7.2 umol m2 d-' for dMn, due to diffusion alone (Fig. A2). This magnitude
of flux was also observed in the shelf sediments in the vicinity of South Georgia Island in the SO
(Schlosser et al., 2018). Abundant epibenthic fauna were observed within Andvord Bay, which
mix the sediments through bioturbation while consuming labile organic matter. Taylor et al. (2020)
used 2%Th as a proxy to investigate the effect of bioturbation on short timescales and found
Andvord Bay sediments possess a high mixing coefficient down to 5 cm (D, = 36 cm? yr)
consistent with greater deposition and subsequent utilization of organic carbon in the sediments
compared to data from the adjacent continental shelf. We believe this accurately reflects the
conditions in this fjord: bioturbation by dense aggregations of epibenthic fauna within the basins.

These results are not surprising when compared to a global compilation of in situ
measurements of sedimentary efflux of dFe, which is on average ~12 umol m2 d for water
masses located on continental margins and with O, concentrations greater than 63 umol L' (Dale
et al., 2015). The bottom water oxygen concentration in Andvord Bay always exceeded 230 umol
L. The bottom water O, concentration for OB at the time sediments were cored, was 270 umol
L-'. Abundant epibenthic fauna found within Andvord (Ziegler et al. 2017, 2020) would introduce
oxygen to the upper few centimeters of the sediments through bioturbation and could decrease
the efflux of reduced metals (Severmann et al., 2010). Taylor et al. (2020) found Andvord Bay
sediments possessed high inventories of 2'°Pb relative to open shelf and Palmer Deep stations
indicating a high mixing coefficient for sediments between 7 and 22 cm depth on timescales of
100 years (Taylor et al., 2020). The effect of this process is mixing of oxide- and organic carbon-

rich surficial sediments further down in the core on short- to long-timescales. These dFe flux
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estimates, together with solid phase speciation results, highlight the importance of rapid oxidation
and precipitation occurring at the seawater interface, which effectively retain most Fe as oxy-
hydroxides within the sediments (Burdige and Komada, 2020; Laufer-Meiser et al., 2021). The Fe
oxides are enriched within the penetration depth of oxygen (~0.5 cm, Fig. A2 inset) and once
bioturbated downward, could be a source of dFe following microbial cycling. Multiple local maxima
of porewater dFe were observed deeper in the cores. While dissimilatory iron reduction would be
a source for Fe, oxidation of Fe with bottom water Oz and Mn(1V) are important sinks and exert a
control on the dFe concentration of deep water masses. The deep inner basin water column
samples had high dFe concentrations concomitant with high LpFe concentrations (Fig. 2.2, 2.6),
suggesting some loss of porewater dFe to the water column and rapid formation of authigenic Fe
mineral particles. Therefore, the fluxes calculated from porewater profiles are upper limit
estimates because they do not account for oxidative losses at the sediment-water interface (e.g.,
Burdige and Komada 2020). In the Ross Sea, Marsay et al. (2014) estimated spatially variable
efflux spanning 0.028-8.2 umol m2 d! based on water column dFe profiles, which might better
illustrate the net effect of rapid oxidation of reduced Fe, for which large uncertainties remain
(Marsay et al., 2014).

Due to weak midwater circulation, low tidal energy, and stratification of the surface, a
disconnect between deep water masses enriched in dFe and the surface of Andvord Bay persists
during prolonged quiescent periods. For these reasons, we believe most sedimentary-sourced Fe
is restricted to deep water masses and therefore plays a minor role in dFe concentrations within
the upper water column. There is potential, however, for resuspension and entrainment of surface
sediments where subglacial meltwater discharges at the grounding line. Due to the low inferred
volume of discharge and lack of strong tides in Andvord Bay, it is unclear if resuspended
sediments contribute to the total particulate mass within the plume.

The Mn:Fe ratio is a useful signature of the source of dissolved and particulate trace

metals in Antarctica and has been applied to the PAL LTER data set (Annett et al., 2017). Applying
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this same framework to our study, we find that water column dissolved trace metals are heavily
influenced by surface glacial ice melt and subglacial meltwater, and to a lesser extent, sediment
sources within the fjord, irrespective of season, depth, and meteoric water input (Fig. 2.7). Due to
the shorter residence time of dFe relative to dMn (i.e., inorganic oxidation of Mn(ll) is 107 times
slower than Fe(ll), Sherrell et al., 2018), we would expect the porewater dissolved Mn:Fe ratio to
tend towards higher values once exposed to the seawater oxidative front. We therefore cannot
rule out porewaters as a source of dMn to the water column. A similar process occurs within the
plume, where the elevated dissolved Mn:Fe (0.65 mol mol™") relative to labile particulate Mn:Fe
(0.024 mol mol™) shows the effect of rapid conversion of Fe to authigenic mineral particles.
Although we do not have comparable measurements for sedimentary labile particulate Mn, based
on labile particulate Mn:Fe, we find that the water column labile particulate Mn:Fe ratio is precisely
the same ratio as particles found within the subglacial plume, again irrespective of when and
where the sample was taken (Fig. 2.8), suggesting plume particles remain suspended throughout

the fjord water column.

2.5.5. Organic speciation of dissolved Fe

It has been hypothesized that excess ligands (eL = [L{] — [dFe]) increase the solubility of
particulate Fe phases (Thurdczy et al., 2011; Gledhill and Buck, 2012; Wagener et al., 2012;
Tagliabue et al., 2019). The persistence of exchangeable pools of dFe would therefore be
controlled primarily by particle assemblage and organic ligand complements, where pFe
dominates total Fe speciation. We observe remarkable consistency between late Spring and Fall
in the relative contribution of dFe to total Fe (4% to 5% of TDFe, respectively), implying dFe is
controlled by scaling closely to LpFe (Fig. 2.5g,h) since both pools have large interseason
differences. An increase in eL between seasons is observed (average 2.1+1.3 nM late Spring n
=9, 6.0+3.2 nM Fall n = 12). The ligands are likely produced during microbial high-affinity uptake

or remineralization processes following the termination of a bloom (Gledhill and Buck, 2012; Hogle
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et al., 2016). The only subsurface sample to contain strong Fe-binding ligands is the deep inner
basin adjacent to Bagshawe Glacier (IBA), possibly indicating these ligands have a sedimentary
source. It appears, based on these results, ligands in Andvord Bay have the capacity to complex
additional Fe input, as well as prevent significant loss due to scavenging (Thurdczy et al., 2012).
The nature of these ligands, taken together with the low concentration of dFe and abundance of
LpFe within the plume, leads us to speculate that Fe minerals are the target for ligand-mediated
mineral dissolution and perhaps microbial uptake, previously hypothesized to occur in deep-sea
hydrothermal vent plumes (Li et al., 2014). In the Fall, despite a greater elL, a lower average
conditional stability constant of the ligand pool results in lower complexation capacity and inferred
ability to compete with particle binding sites (Ardiningsih et al., 2020). However, the fraction of
dFe and TDFe does not reflect a greater enrichment of particles.

While we observe a seasonal increase in the excess ligand concentration, there is no
significant change in the ratio of Li:dFe (late Spring 1.8+0.5, Fall 2.0+0.7). In the Amundsen sector,
Thuréczy et al. (2012) found waters heavily influenced by the Pine Island Glacier to have Li:dFe
ratios <2.5 throughout the water column, with relatively weaker ligands compared with those found
in the highly productive surface waters of the polynya. We too identify weaker Fe-binding ligands
associated with the glaciers, and only at MB and Sill 3 did we observe elevated Li:dFe (3.13, and
2.99 respectively, in the Fall). It is possible that sea ice released strong Fe-binding ligands in
Andvord that remained in the surface until sampling in the late-Spring (Lannuzel et al., 2015). The
presence of excess strong Fe-binding ligands at IBA and S3 during the bloom onset also
correspond to elevated NOs:dFe (data not shown) above the threshold for potential Fe-limitation
of coastal diatoms in the California Current region (10-12 ymol nmol' King and Barbeau 2011).
The presence of strong Fe-binding ligands might suggest an active microbial strategy in this
coastal region to sequester additional Fe from particulate phases during the bloom initiation.

The intense seasonality in primary production and the presence of an undersaturated

ligand pool could further increase the bioavailability of particles for downstream communities,
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where particles within the water column are rare. We calculated the capacity for the free Fe-
binding ligands to bind Fe (arel' = 1 + (eL ¢ K)). Calculations of arer' are included for each sample
in Table 2.2 as well as the inter-seasonal percent change in Fe' for reoccupied stations (Rre)). We
find the are increased between late Spring and Fall at IBA and Sill 4, while a decrease was found
at IBB, Sill 3, and Gerlache Strait stations. While all reoccupied stations show an increase in the
Fe' concentration (Rre), the percent change is greatest where arer decreased in the Fall. Thus,
the seasonal increase in Fe' reflects the increase in dFe concentrations as well as lower
complexation coefficient of weaker Fe-ligand complexes, which contribute most to dFe speciation
in the Fall and are associated with surface waters adjacent to glaciers.

These first results of organic speciation of dFe in an Antarctic fjord highlight the importance
of seasonal ligand sources in establishing the solubility of new Fe entering the coastal ocean.
Accurate ligand pools are not currently represented within SO biogeochemical models (Death et
al., 2014; Oliver et al., 2019; Person et al., 2019; St-Laurent et al., 2019). During the bloom
initiation, overall ligand strengths are higher than in the Fall, however, concentrations of ligands
increase following the bloom. Concurrently, dFe concentrations increase and do not saturate the
ligands to the same extent as in late-Spring. This is due to the lower complexation capacity of the
ligand pool resulting from considerably weaker ligands present. Therefore, the dFe pool in the
Fall may be more subject to boundary scavenging as free Fe. Ligand-mediated complexation has
the potential to greatly expand the spatial extent over which solubilization of particulate Fe occurs
and could be critical for sustaining productivity over a larger geographical region (Lippiatt, Lohan
and Bruland, 2010; Ardiningsih et al., 2020). Thus, the size, sinking rate, and composition of
particles is critical to their lateral transport and reactivity over time with excess ligands. Our
understanding of how cryospheric Fe is transformed after entering the coastal ocean is an
important step towards understanding its impact on marine productivity and global

biogeochemical cycles of the macronutrients. For the marine Fe cycle, these geochemical
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transformations control the bioavailability of Fe, while vertical advection and mixing supply this

critical micronutrient to the surface ocean and the euphotic zone.

2.5.6. Using dye experiments to explore Fe sources and export

Rapid communication between the surface and subsurface water masses occurs during
katabatic wind events. The large magnitude of vertical shear initializes an upwelling cell close to
the inner basins of the fjord. Using an idealized model of a fjord, Lundesgaard et al. (2018) found
that katabatic winds can export the surface layer, depending on wind velocity, elapsed time of the
event, and whether the wind is along-fjord versus off-axis. Within this idealized model of the fjord,
the forcing event leads to outcropping of deeper isohalines (up to 0.3 PSU greater) at the surface
along the northern flank of the fjord, corresponding to upwelling (see Figure 11 in Lundesgaard
et al., 2019). Wind-induced overturning circulation, along with deepening of the mixed layer by up
to 25 m, would increase surface dFe concentrations. These general model results showed that
wind forcing caused water at depths of 50-150 m to upwell rapidly (within 24 hours) near the
glacier termini. This is an important consequence explored further in the highly-resolved model
representation of the study region by Hahn-Woernle et al. (2020).

The results of the dye experiments allow for the determination of fluxes, either prescribed
(in the case of glacial meltwater) or as a result of wind forcing. St. Laurent et al. applied similar
methods in the Amundsen Sea with explicit coupling of sea ice — ice sheet — ocean interactions
(St-Laurent et al,, 2017). In a more rigorous biogeochemical model, which included ocean
interactions with both sea ice and ice shelves, as well as parameterized Fe reactions, the
productive waters in the Amundsen Sea Polynya were supplied by an advected source of dFe
from the “meltwater pump” and coastal currents, but this model lacked explicit contributions of
subglacial Fe (St-Laurent et al., 2019). These prior modeling results highlight the importance of
lateral exchange of surface water masses, providing the impetus to investigate the export of the

surface water out of the fjord mouth as explored in the following section.
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2.5.6.1. Surface meltwater Fe sources and export

Given that the MWf varied from 1-2.5% within Andvord Bay during the time of sampling, it
is expected that the input of glacial meltwater throughout the melt season would supply some dFe
to the surface. We extracted vertical profiles of MWf from the model at both stations and found
that glacial meltwater originating from Bagshawe and Moser glaciers reaches maximum
concentration during the summer bloom (late-January 2016) at Sill 3, relatively constrained to the
upper 25 m (Fig. A7b). In early February, when the bloom was terminated, glacial meltwater
concentrations in the fjord decreased due to a weakening meltwater input and lateral dispersal.
The weakening input is designed to reflect the seasonal cycle of ice melting. Ocean circulation
dispersed the meltwater into the Gerlache Strait, as shown by a progressive increase in meltwater
in the upper water column throughout the melt season (Fig. A7a). If the volume flux of meltwater
input is indeed correlated to the seasonal air temperature cycle, as it is parameterized in the
model, the results in Fig. 2.3 would reaffirm that meltwater is an important control on the
accumulation of phytoplankton biomass within Andvord Bay (Pan et al., 2020).

The effect of the wind in driving vertical fluxes will vary with wind direction and location
within the fjord. The vertical velocity is analyzed for the observation site at Sill 3 and in front of
Bagshawe Glacier (IBA). The latter site is an example location for which katabatic winds are
expected to lead to intensified upwelling and is also the location of the subsurface and deep dye
experiments. Figure 2.9 (a) and (b) depict the relationship between the katabatic wind events and
vertical velocities at 20 m: landward-blowing wind generally leads to downwelling, while seaward-
blowing katabatic wind leads to upwelling. Based on observations of dFe from the late Spring
prior to a wind event that started on December 11 ([dFe] at 20 m: 1.97 nM at S3, 2.01 nM at IBA),
and the modeled maximum vertical velocities during the wind event (2.09 x 10° m s™ at S3, 5.08
x 10 m s at IBA), we computed the upwelling flux of dFe into the surface (20 m) at Sill 3 and

IBA to be 3.54 ymol m? d" and 8.81 umol m2 d!, respectively. These results shed light on the

54



spatial heterogeneity of upwelling conditions within the fjord. Model results for Sill 3 are supported
by late Spring observations of elevated dFe and low meltwater fraction at this station (Fig. 2.3).
We argue that these punctuated periods of upwelling could be a substantial source of dFe to
surface waters in Andvord Bay. Further, this supply, together with the flux of glacial meltwater,
provides dFe to fuel phytoplankton community growth.

The efficiency with which wind events export the fjord surface water is explored in the
glacial meltwater dye experiment. To account for the changing amount of meltwater in the fjord,
export across the fjord mouth in Fig. 2.9c is given as the percentage of the total amount of dye
present within the fjord to resolve the effect of katabatic winds on dispersal dynamics of Fe-rich
sources. The meltwater dye experiences up to a 28-fold increased export into the Gerlache Strait
during periods of strong along-fjord wind, primarily through the surface. To analyze the correlation
between along-fjord wind velocity and the relative meltwater export, we first apply a 24-hr
Gaussian filter to the relative export of glacial meltwater (Fig. 2.9), to exclude tidal signals.
Applying the same filter to the wind time series, we find the wind and export data are positively
correlated (r = 0.628). The correlation between export and along-fjord winds supports the results
by Lundesgaard et al. (2019) who found that katabatic winds control the export of fjord water. This
has important implications for the dispersal of Fe-rich waters downstream, which eventually mix

with Fe-poor waters located on the continental shelf (Annett et al., 2017).

2.5.6.2. Subsurface and deep sources supplying Fe to export

In addition to upwelling at the glacier terminus, periods of vertical mixing due to overturning
circulation and mixed layer deepening are shown to occur during katabatic wind events
(Lundesgaard et al., 2019, 2020). This could be an important mechanism for supplying additional
dFe to the fjord surface from the subglacial plume. Prior to the wind event on December 11, the
subsurface dye increases gradually in the upper 20 m (Fig. A6b). With the onset of the wind event,

the vertical transport of the subsurface dye into the upper 20 m intensifies and reaches a
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maximum of 32.7 x 103 m® d". In comparison, the deep dye does not enter the upper 20 m prior
to the wind event and its maximum vertical transport is only 4.2 x 10°* m*® d'. It follows that
katabatic wind events increase mixing in front of Bagshawe Glacier and have a particularly strong
effect on water masses at intermediate depth. Assuming a mean concentration of 8.75 nM dFe
for the subsurface plume (Table 2.1) and 8.68 nM dFe for deep (~300 m) IBA waters in the late
Spring, these periods of vertical mixing correspond to dFe fluxes of up to 2.81 nmol dFe m2 d
and 0.36 nmol m2 d (3.17 nmol m* d' combined) based on the subsurface dye and deep dye,
respectively. Following the katabatic wind event, which lasted approximately 11 days, model
results show that 36% of the subsurface dye has shoaled above 75 m, with 10% of dye found
within the surface layer (<20 m, Fig. A6b). Of the deep water dye, less than 1% is found within
the surface layer. The behavior of the deep water masses suggests an insignificant contribution
of deep water masses to the surface hydrography and thus, to surface dFe inventory. The vertical
fluxes estimated in this section are interpreted as a lower-bound for the contribution of the
subsurface plume, since the modeled subglacial plume is a fixed volume, when in reality,
subglacial meltwater might be supplied continually throughout the melt season. Compared to the
flux of surface glacial meltwater input, and the flux due to subsurface and deep water mixing, the
upwelling flux generated by wind events is the largest by an order of magnitude.

The quicker export of the subsurface dye, and therefore the low surface dye concentration,
is mainly due to its proximity to the ocean surface (Fig. A5b). The upper water column is controlled
by katabatic winds, which exports the surface layer out of the fjord mouth. In contrast, the deep
dye is exported more slowly and is more continuously released to Gerlache Strait (Fig. A5c).
These modeling results provide evidence for the flushing of fjord water to the Gerlache Strait
which coincides with periods of intensified winds. Thus, katabatic winds are important both for
replenishing the surface Fe concentrations from the subglacial plume as well as exporting Fe-rich

surface waters. It is reasonable to assume that in the absence of a strengthened buoyancy-driven
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overturning circulation, sources from fjord sediments are negligible in supplying the surface with

dFe in Andvord Bay.

2.4.7. Wind driven meltwater export from WAP fjords

Given that the west Antarctic Peninsula hosts the greatest number of glaciomarine fjords
on the continent, and multiple katabatic wind events occur throughout the year, wind events can
play a crucial role for the export of Fe and Mn to the larger shelf water region. The modeled export
of meltwater integrated over the week after the wind event on December 11 is 38x10” m?, which
is about 43% of the meltwater input during the same time. For comparison, during the following
week, with relatively calm wind conditions, only 20% of the meltwater input is exported. We
estimate the Fe export to be 272 mol dFe week™" and 245 mol dMn week™" for this event. However,
the warming climate may lessen the likelihood for pulsed export of meltwater-derived Fe by
intensifying coastal currents due to declines in sea ice (Moffat et al., 2008), and reduced surface
cooling, decreasing the velocity and frequency of katabatic winds over the west Antarctic Ice
Sheet (Bintanja et al., 2014).

The large variability in inferred dFe content of glacial meltwaters along the WAP (Annett
et al., 2017) means that supply likely depends on fjord-specific processes and future changes in
ice volume. Advected sources of dFe remain the largest contribution (~50%) to the inventory on
the productive continental shelves (De Jong et al., 2015), while reducing marine sediments are
thought to be the main source of dMn (Annett et al., 2015; Sherrell et al., 2015, 2018). Therefore,
we believe that a latitudinal assessment of WAP fjords could begin to address variable responses
to ocean and atmospheric forcing in these productive ecosystems. Indeed, less than 160 km south
of Andvord Bay, observations of warm modified UCDW intrusions and an invigorated “meltwater
pump” present an alternative mechanism for sustaining local primary production in Barilari Bay, a

glaciomarine fjord (Cape et al., 2019).
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The scope of our results should be highlighted. If we assume Andvord Bay is
representative of a typical cold-water fjord, and similarly, Barilari Bay is representative of a warm-
water fjord (6% MWT at surface, Cape et al., 2019) then we can estimate the glacial meltwater
export resulting from a single wind event for the entire western coast of the WAP (see
Supplemental Methods). A total of 3.6 x 10'° m® (36 km?3) of surface glacial meltwater is exported
seaward, which corresponds to 2.0 x 106 mol dFe and 1.8 x 108 mol dMn. Thus, katabatic winds
are highly efficient at delivering surface meltwater produced near the coast to the continental
shelves and ACC, where Fe and Mn limit and co-limit primary production (Browning et al., 2021).
However, this volume of surface meltwater exported per year from WAP fjords is small compared
to the total basal meltwater production rate due to warm ocean temperatures for the largest ice
shelves in Antarctica. Using highly accurate remote sensing topographic measurements
Adusumilli et al. (2020) found that the major Antarctic ice sheets have a steady-state meltwater
production value of 110060 km?® yr'. In a different modeling study, it was estimated 300 — 800
km? yr' meltwater enters the SO accounting for observed trends in SO sea surface temperature,
sea ice expansion, and sea surface height (Rye et al., 2020). It should be noted that the WAP
feeds most directly into the Antarctic Circumpolar Current (ACC), which advects modified coastal
waters downstream to the productive Scotia Sea region, potentially magnifying the ecological

impact of WAP fjord meltwater production.

2.6. Conclusion: Andvord Bay as a source of Fe and Mn to shelf waters of the western
Antarctic Peninsula

We have argued that, for glaciers terminating in cold-water fjords with a resultant absence
of buoyancy-driven upwelling, the interaction of the ice sheet, atmosphere, and surface ocean is
important for resupplying the surface waters with Fe throughout the summer season. Using a
high-resolution ROMS model of the study region, we showed katabatic wind events result in

pulsed export of the surface layer to the adjacent shelf water, while upwelling and vertical mixing
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entrains subglacial plume water in the inner fjord. Observed surface concentrations of dFe in Fall
lend support to these modeled dynamics since elevated concentrations of dFe and meltwater are
found within the inner fjord and at Sill 3 (see Fig. 2.3). At both fjord locations, upwelling of
subsurface water masses occurs, potentially entraining subglacial plume water. We summarize
the findings of this study in a conceptual diagram showing important seasonal sources of Fe
during the growth and melt season (Fig. 2.10). We highlight important processes in the diagram
using circled number notation. We found ocean temperatures are cold @ and do not melt the
fronts of glaciers, but warm summer atmospheric temperatures contribute to the surface melting
of glacial ice @. Variability in dissolved and particulate Fe concentrations in glacial ice imposes
large uncertainties in the calculated Fe flux associated with melting. Iron occurs in glacial ice
predominantly in the form of refractory Fe-bearing mineral particles ®. Only a small fraction of
these particles may be stabilized by excess organic ligands. Another Fe source is fjord sediments
@, though there is considerable uncertainty shown in the magnitude of this flux because evidence
indicates that a significant fraction of porewater Fe rapidly precipitates at the oxidative front,
forming a rich surface layer of Fe oxyhydroxides at the sediment surface ®. Intense bioturbation
of fijord sediments mixes the surface sediments downwards fueling redox processes in deeper
sediment layers. The dFe that escapes this sink enriches deep waters within the fjord basins.
Small amounts of subglacial meltwater discharge enter the ocean and form turbid buoyant
subsurface plumes ®. Within the plumes, speciation is dominated by high concentrations of labile
authigenic Fe-bearing particles that can be solubilized by Fe-binding organic ligands @. Seaward-
blowing katabatic winds ® occur episodically and cause upwelling and vertical mixing supplying
additional Fe to the surface phytoplankton assemblage. These intense energetic periods facilitate
the dispersion and export of surface Fe, Mn, and meltwater away from the fjord where it is
advected downstream in the Gerlache Strait and into the Bransfield Strait ©.

In Andvord Bay, primary production will be sensitive to future changes in subglacial

discharge as Antarctic glaciers continue to melt in response to oceanic and atmospheric warming
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(Smith et al., 2020). As part of a natural tidewater glacier cycle, increased meltwater discharge
will generate a greater flux of sediment to the fjord (Brinkerhoff, Truffer and Aschwanden, 2017),
reducing light availability for primary producers, while stratifying the upper water column and
preventing nutrient replenishment (Hopwood et al. 2018). A key question outside the scope of this
research is how the quantity and quality of Fe-binding ligands will change in the future. To a first
approximation, decreases in the magnitude of local phytoplankton blooms and associated ligand
sources is expected to reduce efficacy of solubilization of particulate Fe and natural fertilization
downstream resulting from this fjord. This climatic trend is not yet realized within Andvord Bay
(Eidam et al., 2019), but is expected to decrease dFe export through increased scavenging and

sedimentation, further resembling high-Arctic and temperate fjords (Hopwood et al., 2016).
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2.8. Figures and Tables

Table 2.1. Glacial ice and seawater samples analyzed for dissolved, labile, and total particulate
trace metals. Crustal averages from Taylor and McClellen (1995): Mn:Fe (0.017 mol:mol), Fe:Al
(0.2), and Al:Ti (35).

dFe TDFe TpFe dMn TDMn TpMn ] . LpMn:LpFe TpMn:TpFe
Sample Type Cruise  Location [nmol kg-1] [nmolkg-1]  [nmol L-1]  [nmol kg-1] [nmol kg-1] [nmol L-1] dFe:LPFe dFe:TpFe [no1mol) [mol:molj  Description
(0.017)  (0.017) Crustal averages
Glacial Inner .
oo LMG1510 g T, 21159 122228 366332 144.85 7359 10187 017%  0.1% 0.059 0.028 floating
Glacial Inner i
g LMG1510 e, na. 994 13036 na. 61.55 435 na. na. 0.062 0.033 floating
Glacial Neko ,
g NBP1603 o0 1.43 na. 56.36 1.62 na. 1.41 na. 2.5% na. 0.025 floating
Glacial Neko )
ot NBP1603 o0 152 na. 52.75 1.81 na. 1.26 na. 2.9% na. 0.024 floating
AVG 7152 61611 94869 49.43 3710 2656 017%  1.8% 0.061 0.028
STDEV 12131 69994 181078 82.64 5160 5025 15% 0.002 0.004
Plume Inner
18, 100m NBP1603 Ml 11.64 419.89 402.26 5.82 15.73 9.169 29%  2.9% 0.024 0.023 seawater
Plume Inner
20, 100m NBP1603  plner 9.40 538.34 514.90 6.22 17.29 11.73 1.8%  1.8% 0.021 0.023 seawater
Plume Inner
26. 110m NBP1603 1ol 7.26 227.24 33037 5.28 11.63 7.665 27%  22% 0.024 0.023 seawater
Plume Inner
27 110m NBP1603 el 6.72 202.35 na. 4.79 10.36 na. 3.4% na. 0.028 na. seawater
AVG 875 346.95 415.84 5.52 13.75 9.52 27%  2.3% 0.024 0.023
STDEV 225 160.40 93.01 0.62 329 205 07%  05% 0003  0.0002
' ! DAl TpAl TOTi TpTi  TpFe:TpAl RpFe:RpAl TpFe:TpTi LpFe:TDA TDAITDTi  TpAl:TpTi -
Sample Type Cruise  Location [nmol kg-1] [nmol kg-1]  [nmol kg-1]  [nmol kg-1] [mol-mol]  [mol:mol] [mal-mol] [mol:mol] [mol-mol] [molmel] ~ DeScription
(0.2) (0.2) %) 0.2) (35) (35)  Crustal averages
Glacial LMG1510  Mner 1109261 1611691 39878 51906 023 0.49 706 041 28 31 floating
Ice1 Basin A
Glacial LMG1510  nner 97132 100239 1614.4 1709.0 0.13 3.88 7.63 0.01 60 59 floating
Ice 2 Basin A
Glacial NBP1603  Neko na. 259.19 n.a 6.56 0.22 na 8.59 na. na. 40 floating
Ice 3 Harbor
Glacial Neko
lce 4 NBP 1603 Harbor na. 262.50 n.a. 6.58 0.20 n.a. 8.02 na. n.a. 40 floating
AVG 603197 428113 20747 13407 0.19 218 7.82 0.06 44 42
STDEV 715684 790458 27057 25679 0.04 2.40 0.40 0.07 23 12
Plume Inner
19, 100m NBP1603 o, 887.79  1719.1 14.57 44.45 023 0.01 9.05 0.46 61 39 seawater
Plume NBP1603  !Mner 96550 21105 13.74 56.07 024 0.01 9.18 0.55 70 38 seawater
20_100m Basin A
Plume Inner
26.110m NBP1603 10, 82898 13734 13.85 34.72 024 0.1 9.52 0.33 60 40 seawater
Plume Inner
27_1 10m NBP 1603 Basin A n.a. n.a. n.a. na. n.a. n.a. n.a. n.a. n.a. n.a. seawater
AVG 89409 17343 14.06 45.08 024 0.03 9.25 0.44 64 39
STDEV  68.48 368.79 0.45 10.69 0.01 0.07 0.24 0.1 6 1
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Table 2.2. Ligand concentrations and equilibrium constants detected in seawater samples. Fe'is
the free (unbound) iron concentration. L; is the total ligand concentration. logK is the conditional
stability constant. eL is the excess ligand concentration (eL = L: — [dFe]). logorer is the
complexation capacity. Rre is the ratio of Fe' of reoccupied stations, expressed as a percentage.

Depth dFe Fe' Lt eL .
m] [oM] [pM] [aM] = logKk =+ Li:dFe logorer  Rre
6

Station
[nM]
IBA 1.85 0.62 406 1.74 12.13 0.69 2.21 2.2 12.5
IBA 160 5.84 566 8.18 057 11.63 020 234 1.4 12.0
IBB 6 336 1.19 6.22 052 1199 0.14 2.86 1.9 12.4

December MBA 8 212 470 2.82 037 11.58 020 0.69 1.3 11.4

2015 S3 11 341 079 727 197 12.05 044 3.85 2.1 12.6
(LMG1510) S4 7 201 239 500 122 11.44 033 299 25 11:9
S4 175 476 595 5.05 1.06 10.90 0.28 0.29 1.1 10.4

GS 6 1.53 620 226 033 11.00 0.14 0.73 1.5 10.9

OBB 6 250 1.16 572 221 11.82 044 322 2.3 123
IBA 25 780 1.15 1542 282 1195 026 7.62 2.0 12.8 85%
IBA 110 672 7.18 854 0.88 11.69 0.35 1.82 1.3 12.0
IBA 280 1445 182 1744 1.12 1242 037 299 1.2 12.8
IBA 80 851 386 17.62 3.57 1138 0.27 9.11 2.1 12.3
IBB 20 6.89 416 11.18 139 11.58 0.26 4.29 1.6 12.2 249%
IBB 75 594 3.64 14.03 157 1130 0.13 8.09 2.4 12.2

April 2016
0,
(NBPlgo3) MBA 20 425 1870 1332 408 1037 025 907 3. 113 297%
S3 15 541 1567 1533 218 1154 014 992 3.0 125 1883%
S4 25 693 463 1540 3.11 1120 024 847 22 121 94%
Fjord 15 460 1005 629 129 1143 055 160 13 116
Mouth
Fiord 100 537 656 734 187 1160 068 197 14 11.9
Mouth

GS 15 514 6.82 12.00 294 11.03 032 6.86 23 11.9 10%
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Figure 2.1. Regional map of study region (red box, inset right) and model domain (dashed red
box) with nearby Palmer Station, shelf station (Stn B), and Bismarck Strait (BS). Bathymetric map
of Andvord Bay with important stations labeled (GS = Gerlache Strait, AC = Aguirre Channel, EC
= Errera Channel, OB = Outer Basin, S4 = Sill 4, S3 = Sill 3, MB = Middle Basin, IBA = Inner
Basin A, IBB = Inner Basin B) and the surrounding tidewater glaciers numbered (4 = Moser
Glacier, 7 = Bagshawe Glacier). The locations for sediment cores collected in January 2016 and
included in this study are indicated by the star. The dashed yellow line indicates the transect along
which vertical sections are plotted. Blue outline (inset right) shows glacial fronts where meltwater
is introduced in the model.
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Figure 2.2. Seasonal phytoplankton, macro-, micronutrient, temperature, and meltwater
distributions plotted as sections extending from the inner basin (1B, left) towards Gerlache Strait
(GS, right). Plots were made with Ocean Data View visualization software (Schlitzer, 2002, Ocean
Data View, last access: 1 February 2021).
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Figure 2.3. Surface (<20m) dissolved Fe (top) and meltwater fraction (bottom) for late Spring (left
two panels) and Fall (right two panels). Plots were made with Ocean Data View visualization
software (Schlitzer, 2002, Ocean Data View, last access: 1 February 2021).
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Figure 2.4. Depth profiles of dissolved Fe [nM] sampled in the Andvord Bay region for December
2015 (A) and April 2016 (B). The colored lines indicate highlighted profiles: the geometric mean
of the linearly interpolated data points within Andvord Bay (black), Station B on the continental
shelf (light blue, see Fig. 1), Station GS (Gerlache Strait, yellow) and Station S3 (dark blue). Other
Andvord Bay stations are shown in grey. The dashed line is the average bottom depth within the

fjord.
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Figure 2.5.1 Dissolved trace metals plotted against observed and derived variables for December
2015 (a, c, €) and April 2016 (b, d, f). Dissolved Fe (a-b) versus logChlorophyll-a concentrations.
Dissolved Fe (c-d) versus meltwater fraction. Dissolved Mn (e-f) versus dissolved Fe. Least-
squares regression lines are shown where they are statistically significant (p < 0.005).
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Figure 2.5.2 Dissolved Fe and Mn concentrations versus labile particulate Fe and Mn for each
season. Dissolved Fe (g-h), labile particulate Mn (k-1), and beam attenuation coefficient (m-n)
versus labile particulate Fe. Dissolved Mn (i-j) versus labile particulate Mn. Least-squares
regression lines are shown where they are statistically significant (p < 0.005).
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Figure 2.6. Total dissolvable trace metals and beam attenuation coefficient c¢(660) for both
seasons. The transects are plotted as distance from the Bagshawe Glacier terminus. Plots were

made with Ocean Data View visualization software (Schlitzer, 2002, Ocean Data View, last
access: 1 February 2021).
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Figure 2.7. Dissolved Fe and Mn plotted for water column samples. The colorbar shows depth
(top panel) or meltwater fraction (bottom panel). For both panels, December 2015 cruise is
indicated by filled circles and the April 2016 cruise is indicated by filled diamonds. The lines
indicate the average Mn:Fe ratio for each candidate source.
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Figure 2.8. Labile particulate Fe and Mn plotted for water column samples. The colorbar shows
the influence of depth (top panel) or meltwater fraction (bottom panel). For both panels, December
2015 cruise is indicated by filled circles and the April 2016 cruise is indicated by filled diamonds.
The lines indicate the average ratio of Mn:Fe determined from candidate sources.
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Figure 2.9. (a) Modeled vertical velocities at 20 m for the following locations: Bagshawe Glacier
(IBA), Sill 3 and the fjord region average. 24 hr gaussian filter applied to time series of along-fjord
wind velocity (b) and relative meltwater export out of the fjord (c). Wind events exceeding an
absolute velocity of 8 m s are indicated by vertical dashed lines. Wind speed data is based on
bias-corrected RACMO model output for the center of the fjord, used to force the ROMS model.
The transport of meltwater dye is shown relative to the total amount of meltwater dye within
Andvord Bay to focus on the physical dynamics and not the changes in volume of dye present in

the fjord.

73



Seasonal Fe sources and export in Andvord Bay
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Figure 2.10. Conceptual diagram showing the important seasonal sources of new Fe during the
growth and melt season. The red arrows indicate the major fluxes (in [uM m2d™"]), with the size
ranges showing the uncertainty in the measurement — some fluxes are difficult to quantify. These
fluxes also vary from season to season and from location to location and may even be going
through long-term changes due to human influences, such as climate change, though this is not
shown here. The small arrows show internal transformations of Fe, which play an important role
in the supply of Fe to phytoplankton. See text for a description of important processes highlighted
by circled numbers.
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2.10. Appendix
2.10.1 Supplemental Methods: Estimating particulate matter crustal and authigenic
fractions

To estimate the fractional contribution of crustal, biogenic, and authigenic particulate
matter in our samples using equation 4, we first identify the geochemical composition of the
weathered source bedrock surrounding Andvord Bay. It is known that there is widespread
volcanism and metamorphism (Jordan, Riley and Siddoway, 2020), and thus, ratios (Me:Al, where
Me is either Fe or Mn) should reflect basaltic and andesitic crusts. However, uncertainty of the
source of weathered particulate matter leads us to use average upper continental crust values
(Table 1), although any contribution of a volcanic source would lead to some enrichment of TpFe

and TpMn relative to TpAl and a greater estimate of the crustal contribution. Equation 4 allows for

the calculation of the crustal contribution:

%crustal = ([TpAl]sample * Me: Alcrustal)/[TpMe]sample (4)

After accounting for a biological contribution based on Me:P quotas for Fe-replete diatom cultures

(0% for all samples, data not shown), we then assume the remaining particulate fraction to be

authigenic.

2.10.2 Supplemental Methods: Limitations of surface meltwater dye experiment
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When we examine the time series derived from the model, we find the model consistently
underestimates the contribution of meltwater to the surface (Fig. S8). The MWf does not exceed
0.0013 at either S3 or GS stations, and its seasonal maximum of 0.0046 is found at IBB in early
February. Since processes like melting of drifting icebergs and sea ice cannot be captured in the
model, the applied meltwater flux is based on a simplified representation of all new freshwater
sources except for precipitation in Andvord Bay. These sources include, for example, surface
runoff and local melt of glacial ice exposed to the atmosphere. The flux which best recreates
observed salinity and temperature profiles in Andvord Bay was achieved by a meltwater input of
0.15 GT over 4 months (Hahn-Woernle et al., 2020).

The overall low modeled meltwater fraction is likely a consequence of multiple factors of
which we discuss three. First, the meltwater was tracked only for the field season. The generally
low salinity in the upper layer at the beginning of the season and the presence of meltwater dye
at the end of the summer season (fjord average of 0.0003 MWf in upper 20m) suggested that
meltwater can reside for multiple years in the fjord and cannot be fully captured by our meltwater
dye. Second, local melt of glacial ice, e.g. floating icebergs, caused by a summertime surface
heat flux, can have a strong impact on the MWf in the surface layer and is likely to be
underestimated and not well-represented with the parameterization of the modeled meltwater
input. Third, only meltwater from the inner Andvord Bay is tracked and other sources are
neglected. Based on other modeled meltwater dyes that track sources just outside Andvord Bay,
the impact of the external sources is minor (maximum of 0.0003 MWf in early February) compared

to the local sources, but they still contribute to the seasonal increase in MWH.

2.10.2 Supplemental Methods: Estimating total surface meltwater export from WAP fjords
To estimate the meltwater export resulting from a single katabatic wind event along the
WAP, we first identify two fjord types: 1) fjords where waters are below the freezing temperature

(cold-water); and 2) fjords where intrusions of modified UCDW reach the glacier terminus (warm-
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water). This distinction leads to different MWf production rates. We use data collected from
Andvord Bay as a basis for export occurring in cold-water fjords. In this instance, a maximum MWf
of 0.025 was observed, which corresponded to an export of 38x107 m? glacial meltwater and is
based on the glacial meltwater dye export across the mouth of Andvord Bay integrated over the
duration of a week-long katabatic wind event.

Meltwater runoff from glaciers due to warm atmospheric temperatures is parameterized
as a function of number of days above a temperature threshold. The area of the glacier in contact
with the atmosphere predicts how much meltwater is generated. We use this simple relationship
with surface area and relate it to the MWf we observe, allowing us to estimate the fractional
contribution from each glacier in Andvord Bay. As an example, Bagshawe Glacier has an area of
250 km?, which is 48% of the total glacier area for this fjord, and so would be responsible for
producing 48% of the surface glacial meltwater (~18.4 x 10" m®). By dividing the total surface
glacial meltwater export for a single katabatic wind event by the total area of glaciers in Andvord
Bay, we calculate the export rate of meltwater in Andvord Bay glaciers to be 7.4 x 10° m® km
assuming glaciers have an equal rate of meltwater production per unit area. We use this rate as
representative for cold-water type glaciers.

Since warm atmospheric temperatures in contact with the glacier surface cause
production of meltwater, which enters the ocean as surface runoff, this seems a reasonable
assumption. Additionally, intrusions of modified UCDW can reach the glacier terminus, causing
slightly higher fractions of meltwater at the surface (~0.06 in Barilari Bay). Our general model
results showed exchange with water outside of the fjord occurred during katabatic wind events,
including inflow of water masses at depth located from outside of the fjord. Thus, these events
are likely to enhance delivery of modified UCDW to the glacier terminus (Jackson, Straneo and
Sutherland, 2014). We scale the meltwater export to the meltwater fraction since both Barilari and
Andvord Bays had similar mixed layer depths. Also, ~40% export of meltwater during katabatic

wind events in our model is reasonable compared to estimates for Arctic fjords (10-50%, Jackson
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et al., 2014). Based on the area of glaciers in Barilari, we calculate an export rate of meltwater for
representative warm-water glaciers to be 10.2 x 10° m® km?. We extrapolate these rough
estimates for all glaciers on the western coast of the WAP identified by Cook et al. (2016). All
glaciers to the south of Andvord Bay are considered warm-water, while those to the north are
cold-water (Fig. S9). The area of each of the glaciers used here is published in Cook et al. (2016).

Summing the entire volume export of surface glacial meltwater, we find that if all surface
waters along the western coast of the WAP experienced a single katabatic wind event,
reminiscent of the one recorded in Andvord Bay, a total of 3.6 x 10" m® (36 km?®) of surface glacial
meltwater is exported towards the continental shelf (5 km? from cold-water glaciers; 31 km? from
warm-water glaciers). This latitudinal difference is consistent with greater meltwater fractions
found on the continental shelf in the southern lines of the PAL LTER grid (Annett et al., 2017).
Based on a recent compilation of TDFe content in icebergs from Antarctica (Hopwood et al.,
2019), and including two measurements from our study, we use a median concentration of 544
nM (n = 57). We then assume a rough estimate for 10% of TDFe as the dissolved phase, which
yields a dFe content of glacial meltwater to be 54.4 nM. This is close to our average dFe measured
for three glacial ice pieces in this study (71121 nM). To our knowledge, there are no other
measurements of dMn in glacial ice, so we use our mean for three glacial ice pieces from this
study (49182 nM). We estimate a single wind event lasting one week on the western coast of the
WAP corresponds to an export of 2.0 x 10 mol dFe and 1.8 x 10° mol dMn.

We realize this analysis does not take in to account the impact of shallow sills in fjords
that might be important for restricting UCDW from entering the fjord mouth and interacting with
glaciers. Invigorated upwelling due to buoyant plumes originating at the glacier face is expected
to have a positive feedback on the melting of the glacier terminus by increasing the delivery of
modified UCDW to glaciers and enhancing melt (Cape et al., 2019). This may be driven by warm
ocean temperatures, directly melting the face of the glaciers, or atmospheric warming could

increase drainage of surface melt to the base of the glacier, resulting in subglacial discharge and
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buoyant plumes driving circulation. Directionality of the katabatic winds is an important parameter
for wind forcing in fjords surrounded by steep topographic features (Lundesgaard et al., 2019).
We have explored the possibility when one katabatic wind event per year occurs in the along-fjord
direction (seaward) for the entire western coast of the WAP. These mechanisms are fjord specific
and deserve further attention due to the complex interactions between the ice, ocean, and
atmosphere. We also concede that areal extent of glaciers may not be the most representative
measure for meltwater production, when in fact glacier flow velocities might better correlate with
meltwater production rates, and thus, meltwater export rates. However, the interplay between
surface melt and the subglacial hydrological system, and thus flow rates could mean this is a
sufficient, albeit rough assumption. Finally, large uncertainties exist for the average glacial ice
content of dFe and the degree to which TDFe may be solubilized and made bioavailable. This
analysis does not take into account the large quantities of solid ice (i.e., icebergs) exported via

this mechanism.

2.10.4 Figures and Tables
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Table A1. Seawater samples: Fe, Mn determined for the dissolved (dTM, 0.2 ym) and the total
dissolvable (TDTM) determined by FIA and ICPMS methods, and collected during LMG1510 and

NBP1604. Additional information covers sampling date, location (station), and latitude and
longitude.
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Figure A1. Comparison of analytical detection methods used for the determination of dissolved
Fe (FIA versus ICP-MS). The red line denotes the 1:1.
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Figure A2. Porewater dissolved metal concentrations for Fe (red), manganese (blue), and oxygen
(green) for Mega Core 8 (left) and 10 (right), at the coring station near OB (see Fig. 1).
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Figure A3. Bagshawe Glacier CTD transect during LMG1510 (late Spring) showing temperature
(top panel) and beam attenuation coefficient at 660 nm (bottom panel). Section plots are oriented
as if facing the coast. The transect is highlighted by a red box on the map. (Plots were made with
Ocean Data View visualization software (Schlitzer, 2002, Ocean Data View, last access: 1
February 2021).
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percent total Fe (right) for defined fractions based on chemical lability, as in Burdige et al. (2020).
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and location are highlighted by the arrows. The plots are oriented from the inner basins (0 m) to
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Figure A6. (a) Fraction of initial subsurface (blue) and deep (orange) numerical dye within the
fjord domain over the 120-day model run. (b) Percentage of subsurface and deep dye within the

surface layer (0-20m) over the 120-day model run.
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Figure A7. Modeled meltwater dye profiles as a percent of water volume in the (left) Gerlache
Strait and (right) Sill 3. Each profile corresponds to a different timepoint: late Spring (December
11, 2015 Gerlache, December 3, 2015 Sill 3), peak bloom period (January 27, 2016), and
simulation end (March 29, 2016). Note the different x-scales.
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Figure A8. Modeled surface (0-20m) meltwater fraction for Gerlache Strait and Sill 3 (map inset),
over the course of the 2015-16 summer season.
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Figure A9. Map sFl.ow'ing élkl 432 glaciers (blue déts) (Iocated on the western coast of the WAP
(from Cook et al., 2016). The yellow line indicates the region of convergence of two intermediate
water masses; cold Weddell Water to the north and warm modified UCDW to the south. Image

was produced using © Google Maps, 10 January 2021.
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Chapter 3. The ‘Morro Bay’ and ‘Pt. Sur’ coastal upwelling filaments: Examinations of

iron cycling during lateral advection in the southern California Current

“Flesh is grass.” Walt Whitman
“Fish is diatoms.” Henry Bigelow
“Diatoms are nitrogen and iron.” Ken Bruland
3.1. Abstract
In the spring and summer, high rates of primary production occur in the California Current

System (CCS) when nutrients are supplied to the euphotic zone. During periods of intense coastal
upwelling, a flux of the micronutrient iron comes from nearshore sedimentary sources. In this
upwelling region, mesoscale filament features distribute iron laterally, leading to distinct iron-
influenced ecological zones. The studies here are the first to focus on the biogeochemical links
between iron, the macronutrients, and carbon in coastal upwelling filaments. Broad spatial
patterns of iron and biogenic silica concentrations, and proxies of iron-stress of diatoms, support
results from microcosm amendment studies conducted during CCE LTER (California Current
Ecosystem Long Term Ecological Research) process cruises in the summers of 2017 and 2019.
We found that the benthic boundary layer source and the shoreward filament endmember supply
dissolved and total dissolvable iron, but rapid conversion to sinking biogenic particles depletes
the surface. In turn, diatom blooms formed in recently upwelled water masses become iron
limited, affecting the ratios of surface macronutrient reservoirs and biogeochemical length scales
and lateral fluxes. The development of Fe-limitation during lateral advection may lead to efficient
carbon export of downstream, offshore primary producers in a biologically productive and globally

significant ecosystem.
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3.2. Introduction

The California Current is the eastern limb of the large, clockwise circulation of the North
Pacific Ocean subtropical gyre. The California Current System (CCS) of central and southern
California consists of a broad, eddy-rich, southward flowing section of the California Current, a
seasonally variable surface northward flowing Inshore Countercurrent, a persistent but variable
subsurface California Undercurrent (CUC) centered on the continental slope, carrying water from
the tropics poleward, and an energetic and seasonally dynamic zone of frontogenesis and mixing
near the continental shelf. This nearshore zone alternates between a wind-driven equatorward
flow, driving periods of intense coastal upwelling in spring and summer, to a poleward flow in the
fall and winter (Hickey, 1998).

Upwelling of cold, dense, nutrient-rich water occurs when equatorward winds strengthen
during the summer through the process of Ekman transport. When this occurs in the California
Current System, which is a characteristic Eastern Boundary Upwelling System (EBUS), high rates
of primary production may be observed in these upwelled waters (Carr and Kearns, 2003;
Checkley and Barth, 2009). Despite the small spatial area that EBUSs occupy in the ocean (<1%),
they host nearly 20% of global fisheries yield because of the intense spring-summer blooms
(Chavez et al., 2009; Carr, 2001).

Macronutrient (e.g., nitrate NOg’, silicic acid Si(OH)a4, phosphate PO.*) replete conditions
in upwelling waters in the California Current region, which typically have ~20% more silicic acid
Si(OH)4 than nitrate NO3™ (Zentara and Kamykowski, 1977) generally result in blooms of diatoms
(Van Oostende et al., 2015). Diatoms are an abundant type of phytoplankton whose prominent
siliceous shells (frustules), relatively large size, and fast growth rates make them critical
components of oceanic primary production; fixing as much carbon as all terrestrial rain forests
and account for up to 40% of all marine carbon export (Nelson et al., 1995; Field et al., 1998;
Marchetti and Cassar, 2009). Dense silica (Si) frustules offer some protection from zooplankton

grazers (Wilken et al., 2011; Zhang et al., 2017). Frustules also play a role in mineral ballasting
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of organic material, making it more likely for biogenic particulate matter to sink from the mixed
layer. A portion of this carbon sediments on the seafloor and becomes sequestered, balancing
the input of Si to the ocean from the world’s rivers. For these reasons, diatoms are major exporters
of both Si and organic carbon (Smetacek, 1999; Timmermans et al., 2004). Factors that affect
diatoms’ nutrient uptake, growth, sinking rates, and remineralization rates can have major impacts
on macro- and micronutrient cycling, coupling of pelagic and benthic communities, and carbon
sequestration. Understanding how the biogeochemical landscape affects diatoms will enable
models to predict future ocean primary productivity more accurately.

Iron (Fe) supply in upwelling regions is now recognized as an important bottom-up control
on the diatom community (Bruland et al., 2005; Hogle et al., 2018; Hutchins and Bruland, 1998;
King, 2007; King and Barbeau, 2011). All studies indicate that new dissolved iron (dFe) sources
to the ocean are rapidly removed from the water column (Boyle et al., 1977), which means that
for diatom blooms, with high cellular Fe quotas (Twining et al., 2021), diatom community dFe
demand increases while supply decreases. Fe-limitation has been observed in high production,
coastally upwelled water masses in EBUSs (Biller et al., 2013; Bruland et al., 2001; Firme et al.,
2003; Hutchins and Bruland, 1998; Johnson et al., 1999; Till et al., 2019). Deckboard and in situ
bottle amendment experiments in many cases show a rapid response of the diatom community
to the addition of dFe, indicating Fe-limitation.

Links between Fe and Si biogeochemistry are particularly important in areas of natural Fe-
limitation. Low-latitude nutrient-replete marine diatoms use dissolved NOs and Si(OH)s, on
average, in approximately equimolar ratios (1:1) (Brzezinski, 1985). Under Fe-limitation, this
uptake ratio is significantly affected (Hutchins and Bruland, 1998; Takeda, 1998), increasing to 4-
6 (Franck et al., 2003), and these uptake ratios can increase cellular Si content (Bucciarelli et al.,
2004; Rocha et al., 2000). This has been documented in areas of natural Fe fertilization and in
bottle manipulation experiments (Brzezinski et al., 2015; Hoffmann et al., 2007; Price, 2005;

Takeda, 1998; Twining et al., 2004). Under Fe limiting conditions, the surface reservoir of
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macronutrients is preferentially depleted of Si(OH)4, relative to nitrate and is correlated with the
occurrence of negative Siex (Siex = [Si(OH)4] — Rsionynos- X [NO37) values in the water column,
where Rsionpunos- is the ratio of Si(OH)s:NOs™ found in subthermocline waters on the shelf
(Rsiony:no3- ~1). Indeed, negative Siex values are co-located with direct evidence of Fe-limitation
occurring at subsurface Chla maxima in the CCS (Hogle et al., 2018).

Previous studies have demonstrated changes in diatom nutrient uptake ratios in response
to Fe-limitation, and correlations between export efficiency and diatom Fe-limitation are now being
examined in the California Current Ecosystem (CCE) (Brzezinski et al., 2015; Krause et al., 2015).
Episodic mesoscale features, such as eddies and filaments, can move upwelling-related Fe
fertilization events offshore. As upwelling waters flow over the continental shelf, they become
enriched in resuspended Fe-rich sediments (Bruland et al., 2001) and Fe-binding ligands
accumulated from riverine input (Biller et al., 2013; Bundy et al., 2014; Homoky et al., 2012).
These turbid layers overlying continental shelves are thought to be the primary source of new Fe
(mainly as mineral Fe forms) for upwelling- associated blooms (Chase et al., 2005; Elrod et al.,
2004; Johnson et al., 1999). Fluvial inputs accumulate in the benthic boundary layer (BBL) over
the winter season and are transported to the surface with strong spring and summer upwelling.
As upwelling water masses age and move offshore, there is a tendency for Fe limiting conditions
to develop (King, 2007; Till et al., 2019).

The data presented here are unique in that they attempt to follow the progression of two
upwelling filaments from recently upwelled and nutrient-replete to aged and Fe-limited conditions
to gain insight into the changing dynamics of Fe and biogenic silica (bSi) as this evolution occurs.
Filaments are characteristic of most eastern boundary currents (e.g., Rossi et al., 2013; Sangra
et al., 2015; Chabert et al., 2021) and usually contain a long core of cold water that originates
from subsurface water upwelled near the coast. They have cross filament scales of 10 - 50 km,
and along-filament scales of 50 - 200 km (Zaba et al., 2021). The offshore flows make filaments

efficient vehicles for transporting biogeochemical tracers from zones of upwelling to offshore
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waters, with nutrient-rich conditions enabling the formation of phytoplankton blooms and fast-
moving cores advecting particulate matter offshore (Mohrholz et al., 2014; Muller et al., 2013;
Nagai et al., 2015). Mesoscale features such as filaments can contain a predictable primary
producer population gradient driven by processes of mixing, nutrient drawdown, and
phytoplankton community evolution. Thus, they are excellent natural laboratories for studying
processes of ecosystem connectivity and ecological transitions. Although filaments as physical
phenomena and Fe-limitation as a biogeochemical condition have both been studied in the CCS
for decades, no published work has yet examined these concepts simultaneously.

The study locations were chosen because of their characteristic seasonal filaments. The
coastline in the Point Conception region abruptly bends to the east to form the Santa Barbara
Channel and the Southern California Bight (SCB). In this region, cool pools often form (Sverdrup
1938) and upwelled waters to the north meet northward flowing coastal currents (Barth and Brink,
1987; Winant et al., 1999, 2003). Where these currents meet, a cold filament can form and
propagate 10s of km offshore where it can be tracked for hundreds of km (Centurioni et al., 2008;
Kim et al., 2011). Further north, strong upwelling is observed off Pt. Sur and is a region with
historical importance to the field of Fe biogeochemistry in the California Current System. We
hypothesized that filaments would likely be particularly susceptible to the development of Fe-
limitation as upwelling water picks up Fe from the BBL but is then rapidly transported offshore
and away from the Fe sources as phytoplankton take up Fe and Fe is lost from the system. The
framework we build upon is that as coastal filaments are drawn offshore, diatom communities
become Fe limited, leading to preferential removal of Si as sinking biogenic material (Figure 3.1).
We argue that changes in diatom physiology and community driven by the availability of dFe in
coastal upwelling filaments may lead to enhanced carbon export and pelagic-deep ocean coupling
in the CCS.

This chapter addresses important aspects of Fe biogeochemistry in the California Current

System, with an emphasis on eastern boundary coastal upwelling filaments. We address the
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following questions: What is the source of iron to filaments? Are there distinct iron-influenced
ecological regimes? What are the consequences of iron-limitation on the biogeochemistry of the
macronutrients, biogenic silica, and carbon?

3.3. Materials and Methods

3.3.1. Study sites and Lagrangian approach

An initial hydrographic survey was conducted using a towed SeaSoar and a ship-mounted
Acoustic Doppler Current Profiler (ADCP). In June of 2017, a cold, chlorophyll-rich, and offshore-
moving water parcel was detected in Morro Bay (Figure 3.2). Over the span of two weeks (June
9 — June 25), the ‘Morro Bay’ Filament (P1706) was tracked aboard the R/V Roger Revelle. On
the next process cruise in August 2019, another upwelled water parcel was identified just south
of Pt. Sur (Figure 3.2). The ‘Pt. Sur’ Filament (P1908) was tracked aboard the R/V Atlantis. In the
fashion of previous CCS process studies (Landry et al., 2009), four Lagrangian studies of each
filament (termed cycles) followed the upwelled water parcel by deploying low-profile floating drift
arrays and sediment traps, each equipped with a holey sock drogue centered at 15 m depth to
follow mixed layer surface currents. Drifters were deployed at the beginning of each cycle,
initiating a study period of 2 — 5 days per cycle. Locations for the beginning of each cycle were
chosen based on Spray glider, remote sensing (Chla), and Moving Vessel Profiler (Ohman et al.
2012) survey data.

Cross-filament surveys were achieved by sampling in a line perpendicular to the mean
current of the filament (‘Transects’), capturing the structure and bounds of the filament over a 24
hr period. This sampling strategy allowed for quasi-synoptic portraits of the filament structure,
important for the quantification of lateral biogeochemical fluxes. A BBL survey was conducted of
the shoreward filament endmember at Morro Bay (35.35°N, -120.93°E) and Pt. Sur (36.23°N, -
121.83°E) located on the inner-continental shelf. Additional sampling of long-term BBL transect
sites and the Santa Barbara Basin (SBB) were conducted following the last filament cycle as part

of an ongoing time series in the Barbeau Lab.
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3.3.2 In situ samples

During cycles and transects, profiles for bSi, macronutrients, Chla and POC were collected
as whole seawater from Niskin bottles once per day at 11 a.m. (local). Trace metal clean samples
for dFe and TDFe were sampled from Teflon-coated X-Niskin bottles on a powder-coated rosette,
deployed on a coated hydrowire. Fe samples were handled in a Class 100 trace metal clean van
and filtered in-line using acid-washed Teflon tubing and acid-washed 0.2 uym Acropak-200
capsule filters pressurized by filtered air. Filtered samples were acidified to pH 1.8 with
hydrochloric acid and stored in 250 acid-clean low-density polyethylene (LDPE) bottles for on-
shore analysis (King and Barbeau, 2007). The trace metal methods described here are to the
standards of the GEOTRACES program (Cutter and Bruland, 2012). Briefly, the cleaning
procedure for plastic sample bottles and filters involved a series of bath soaks: acidic detergent
with heating (60°C), one week leach in 3N HNOs (trace metal grade), followed by a one-week
leach in 3N HCI (trace metal grade). In between each soak step, sample and incubation bottles
were rinsed thoroughly 3x with 18.2 MQ cm™" MilliQ water (total organic carbon = 28 ppb). Filters
were rinsed with methanol prior to soaking in 3N HCI at room temperature, followed by a MilliQ

rinse and storage in pH~1.8 MilliQ.

3.3.3. Benthic boundary layer sampling

Trace metal clean samples from the BBL were collected using Teflon-coated 10 liter GO-
Flo bottles (General Oceanics) suspended on a Kevlar line and triggered with Teflon messengers.
Hydrographic data was collected using the ship’s rosette system, which contained a conductivity,
temperature and depth (CTD) sensor as well as a Chl-a fluorometer, dissolved oxygen sensor
and beam transmissometer. The BBL sampling locations were determined based on the local
maximum in beam attenuation within 10 meters of the ocean bottom obtained from a CTD cast

immediately preceding the GO-Flo cast. An attempt was made to obtain the GO-Flo sample
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approximately 5 meters off the bottom within the BBL. A total of 9 stations were sampled during
the ‘Morro Bay’ filament. Three ‘Pt. Sur’ filament BBL stations were sampled near the shoreward
filament endmember within 5 km of the coast. An additional 9 stations were sampled during the

2019 BBL transect, reoccupying stations sampled in 2017.

3.3.4. Fe addition grow-out incubations

The biochemical response of the phytoplankton community to the addition of Fe was
tested in incubation studies. These were initialized during the Lagrangian cycles at various stages
of each cruise. Seawater from the trace metal clean rosette was collected from the depth of
maximum Chlorophyll-a (Chla) fluorescence and placed into acid-cleaned 2.7 L polycarbonate
(PC) bottles with unamended controls and +Fe (5 nmol L-1 FeCI3 in pH 1.8 MilliQ water)
treatment. Each treatment was done in triplicate. On-deck incubations were conducted in flow-
through incubators (sea surface temperature, SST) screened to 30% surface irradiance using
nickel grading for 3-4 days. On-deck incubation studies were sampled every day for Chla and
macronutrient (NOs™ and Si(OH)4). At the final timepoint (t;), bSi, POC and community composition
were sampled. The water sampled for these experiments was analyzed for dFe. For the ‘Morro
Bay’ filament, the phytoplankton community composition was assessed by 18S v9 genomic
sampling of the water column (P1706, Rivera et al. in prep). For P1908, the community
composition was assessed by 18S genomic sampling on the initial sample (o) (P1908, Lampe et
al. in prep). During the ‘Pt. Sur’ filament cruise, an additional two treatments (+N and +N/+Fe)
were used in the Cycle 4 incubation experiment to test for NOs and dFe co-limitation at the
subsurface chlorophyll maximum. NOs was added in this experiment so that the bottle had a final

concentration of 10 uM NOs'.

3.3.5. Sediment traps
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Eight to twelve VERTEX-style particle interceptor traps (PITs) were placed on a sediment
trap array at three nominal depths: 150 m, 100 m, and the base of the euphotic zone (40 — 60 m).
PITs were 70 mm in diameter, with an 8:1 height to diameter aspect ratio, and a baffle on top
consisting of 13 acrylic tubes with a similar 8:1 aspect ratio and tapered ends. Tubes contained a
solution made from 0.1 pym filtered seawater amended with 60 g L' NaCl and 0.4% (v/v, final
concentration) formaldehyde. Sediment traps were deployed at the beginning of a cycle, collected
on the last day of the cycle and vertical flux was averaged over the deployment period (Knauer et

al., 1979; Morrow et al., 2018).

3.3.6. Macronutrient and Chlorophyll-a analysis

Macronutrient samples were collected and filtered from in situ water column and Fe-
addition incubations and immediately frozen at -20°C for on-shore autoanalyzer analysis. Water
column nutrient samples in most instances were filtered through a 0.2-um capsule filter before
being frozen. Chla samples in dark bottles were filtered onto 25 mm glass fiber filters (GF/F) and
analyzed on-board the ship, following an extraction step for 24 hr in 90% acetone at -20°C. Chla
concentrations were calibrated using a standard curve quantified by a Turner Designs 10-AU

Fluorometer, fitted with a red-sensitive photomultiplier tube (PMT).

3.3.7. Biogenic silica (bSi) analysis

In situ bSi samples were transferred to 1 L PC bottles and filtered onto 47 mm 0.8 ym
polycarbonate filters, placed into cryovials, which were then dried in the oven (with the vial cap
loosened) at 60°C for 24 hours and stored for on-shore analysis. Incubation bSi samples used
400-900 mL seawater, depending on availability, and were filtered and dried similarly. Samples
were digested in 4 mL 0.2 N NaOH in HF-clean teflon tubes at 95°C for 40 minutes and then
cooled in an ice bath and neutralized with 1 mL 1 N HCI. After centrifuging 10 min at 1100 x g, 4

mL were withdrawn, diluted, and measured at 810 nm for reactive silicate via the colorimetric
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ammonium molybdate method (Brzezinski and Nelson, 1995; Strickland and Parsons, 1972),
where a 10 mL sample was added to a 4 mL molybdate solution and allowed to stand 10 minutes
before being reduced for 2 hours. A total of 262 and 284 water column and incubation samples
were processed for P1706 and P1908, respectively. BSi export flux data was collected at nominal
depths of 50 m (base of euphotic zone), 100, and 150 m for all cycles by deploying drifting

sediment traps at the start and end of each Lagrangian cycle.

3.3.8. Particulate organic carbon (POC) analysis

0.5-2 liters of seawater was filtered through pre-combusted 25 mm Whatman GF/F filters
under low vacuum pressure. The filter was subsequently wrapped in precombusted aluminum foil,
flash-frozen in liquid nitrogen and stored at -80°C until processing. Samples were then placed on
combusted petri plates and acidified in a desiccator with HCI fumes to remove particulate
inorganic carbon, then dried for 48 hr at 60°C. The samples were cut in half, weighed, placed in
tin capsules, and measured on a CHN elemental analyzer at the Scripps Institution of
Oceanography Analytical Facility. More information on this method can be found at
https://cce.lternet.edu/data/methods-manual/. POC export flux data was collected at nominal
depths of 50 m (base of euphotic zone), 100, and 150 m for all cycles by deploying drifting

sediment traps at the start and end of each Lagrangian cycle.

3.3.9. Dissolved iron (dFe) and total dissolvable iron (TDFe) analysis

Stored acidified filtered seawater samples were analyzed for dFe using flow injection with
chemiluminescence methods described by Lohan et al. (2006)(Lohan et al., 2006). DFe in the
resulting samples was oxidized to iron(lll) for 1 hr with 10 mM Q-H.O,, buffered in-line with
ammonium acetate to pH ~3.5 and selectively pre-concentrated on a chelating column packed
with a resin (Toyopearl® AF-Chelate-650M). DFe was eluted from the column using 0.14 M HCI

(Optima grade, Fisher Scientific) and the chemiluminescence recorded by a PMT (Hamamatsu
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Photonics). The methods used were described by King and Barbeau 2007, 2011, and a manifold
adapted from Lohan et al. (2006). The standardization of Fe used was a matrix-matched standard
curve (0, 0.4, 0.8, 3.2, 10 nmol kg™") using low-Fe surface Pacific seawater (0.4 nM). Standards
were treated identically to samples. Accuracy was assessed by repeated measurements of
GEOTRACES coastal and open Pacific Ocean reference seawater samples. Our measurements
of GSC gave Fe = 1.5061£0.148 nM (n = 23, consensus 1.535+0.115). Our measurements of GSP
gave Fe = 0.1954£0.029 nM (n = 20, consensus 0.155+0.045 nM). Consensus values are from the
most recent July 2019 compilation (https://www.geotraces.org/wp-
content/uploads/2020/03/2019_Consensus_Values_2009_samples.pdf). Precision, determined
by replicated analyses of an in-house large volume surface Pacific (0.40 nM) and GEOTRACES
reference seawater within each analytical session, was typically 5% or better. For the duration
of these analyses, the average limit of detection (defined as 3x the standard deviation of the blank)
was 0036 nM (n = 43). Al dFe station data is available at
https://oceaninformatics.ucsd.edu/datazoo/catalogs/ccelter/datasets.

Total dissolvable Fe (TDFe) samples were analyzed using the same analytical methods
as for dFe samples. These unfiltered samples were acidified to pH 1.8 (HCI, optima grade) and
stored for 22-24 months. Immediately prior to analysis, the samples were syringe-filtered using
acid-cleaned syringes and filters (Supor, 0.2 um). The process blank from the syringe-filtration
was assessed to be an average 0.058 nM, which is at most a 6% correction to the overall
measurement of TDFe. Due to the calibration range of the standards, it was necessary to dilute
many of the samples, especially nearshore. Therefore, offshore filtered surface Pacific seawater
(0.22 nM) was used to dilute samples by a factor of 10 prior to analysis.

A subset of BBL samples were analyzed for dissolved and total dissolvable iron and
manganese using sector field inductively coupled plasma mass spectrometry (ICP-MS) methods
at Rutgers University in October 2018. Standardization for Fe was accomplished by isotope

dilution methods while Mn (with only one stable isotope) was calibrated using a standard curve.
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Internal drift was monitored by an addition of Indium spike (1 ppb) with each sample. The methods

employed are described in Forsch et al., 2021.

3.3.10. Estimating cross-shore advective flux

Cross-filament transects were used to estimate the lateral and vertical structure of the
filament, and then using ADCP data from the Cycles, to estimate current velocities over specific
depth intervals. The high-resolution data acquired by ship-based ADCP can be used to estimate
the zonal flux (J,) of dFe and bSi in the off-shore flowing filaments. The horizontal current
determined by ADCP from a moving ship can be prone to masking by tidal currents, turbulence,
and other small-scale flows (Foreman and Freeland, 1991). To analyze flow patterns of the
filament, it is necessary to remove these interference signals. Since we are in a Lagrangian
framework, our approach was to time-average (25 hr) the ADCP data for each Cycle, in which a
single water mass was monitored for 3 — 5 days. We then spatially average ADCP profiles over
0.01 degrees of latitude and longitude around a transect profile located within the filament core.

The depth-average horizontal velocity measurements were binned as <25 m, 25 — 50 m,
and 50 — 150 m. We estimated geometric means of Fe and bSi concentration data for these depth
bins and multiplied them by the average zonal velocity measurements for each Cycle to estimate
Ju and J, within the filament core (Table 3.1). Before the velocity vector u and concentration data
were multiplied to estimate J,, we necessarily defined the boundaries of the filament. We used
Ocean Data View (ODV) graphing software to plot sections of interpolated potential temperature,
Chla, and derived buoyancy frequency, which is a measure of the stability of the water column or
degree of stratification. We assumed the filament was a productive surface feature and contained
a signature of its upwelled water mass source, namely its relatively cold temperature. This
analysis was applied to ‘Morro Bay’ filament Transects 1 and 2, and ‘Pt. Sur’ filament Transects
1, 2, and 3. ‘Morro Bay’ filament Transect 3 was excluded since the filament water parcel

properties were considered heavily modified by CC water entrainment.
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3.4. Results
3.4.1. Spatial orientation
3.4.1.1. The ‘Morro Bay’ Filament (P1706)

Remotely sensed sea surface temperature (SST) and Chla, and MVP profiling transects
informed the location for the first Lagrangian cycle. The water parcel was relatively low
temperature (10-12°C), high salinity (33.75), and high in Chla located on the shelf near Morro
Bay. The water parcel was determined to have a fast-moving southwestward flow. Cycle 2 began
off the shelf and within the filament, 71 km southwest from the start-point of Cycle 1, just above
the Santa Lucia Escarpment. At the end of Cycle 2, a sediment trap drift array (Cycle 2.5) was
deployed and left for five days while Cycle 3 was completed, 135 km southwest of the start-point
of Cycle 2 (Figure 3.2). Cycle 4 sampling was conducted in the northeastward flow, the most time-
evolved signature of the ‘Morro Bay’ filament. A Temperature versus Salinity (T-S) plot (Figure
3.3) shows that the signatures of the water masses in Cycles 1, 2 and 4 have similar water mass
origins while Cycle 3 is heavily modified and did not resemble the filament. Besides the first day,

Cycle 3 was conducted in a relatively fresher water mass, more characteristic of CC water.

3.4.1.2. The ‘Pt. Sur’ Filament (P1908)

The ‘Pt. Sur’ Filament process study was initiated toward the end of summer 2019 and the
upwelling season (August 18 - September 2). A pool of cold and salty upwelled water formed just
south of Pt. Sur and was quickly advected ~75 km offshore directly west (Cycles 1 and 2), before
warming significantly and moving 25 km south (Cycle 3, Figure 3.2). Cycle 4 was started in a
westward propagating water mass characterized by well stratified, relatively warm, and fresh CC

surface water ~200 km offshore (Figure 3.3).

3.4.2. In situ biogeochemical conditions
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3.4.2.1. Macronutrients and dissolved iron

Nitrate (NO3") and silicic acid (Si(OH)4) were elevated in recently upwelled Chla-rich water
masses (Figure 3.4). The ‘Morro Bay’ filament had an initial surface concentration of ~10 uM NO3
and ~9 uM Si(OH)s. Similarly elevated concentrations of macronutrients were found in the ‘Pt.
Sur’ filament shoreward endmember, with initial surface concentrations of ~10 yM NO3- and ~13
MM Si(OH)4. Given similar initial concentrations, the ‘Pt. Sur’ filament showed greater decrease
of the macronutrient concentrations relative to the ‘Morro Bay’ filament during lateral advection.
By the end of the filament studies, surface waters were heavily depleted of Si(OH)4 (<1 pM) but
contained some remaining NOs (3.5 uM and 1 uM for the ‘Morro Bay’ and ‘Pt. Sur’ filaments,
respectively).

The ‘Morro Bay’ filament BBL endmember had an elevated concentration of 14.77 nM dFe
at 57 m depth. Nearshore surface waters, where Cycle 1 was initialized, had a concentration of
~1.2 nM dFe. Over all cycles, concentrations of dFe decreased in the surface (Figure 3.5), and
quickly reached levels less than 0.2 nM dFe in Cycle 2, where concentrations remained low in the
offshore cycles. An elevated dFe plume was observed ~50 km offshore at a depths of 50 to 75
m. A subsurface dFe maximum of 2-3 nM was found occurring at 75 to 150 m depth approximately
140 km along the filament track at Cycle 2 Day 4 profile.

The ‘Pt. Sur’ filament BBL endmember had a concentration of 8.49 nM at 34 m depth, and
this dFe rich plume was found extending only 35 km along the filament track, at a depth of ~40
m. Profiles from Cycle 1 showed a thick (50 — 250 m depth) ~3 nM dFe signature close to the
continental slope (Figure 3.5). Like the ‘Morro Bay’ filament, dFe concentrations in the surface
decrease along the filament track although concentrations approaching 0.2 nM are not found until
Cycle 3. Cycle 2 had surface (<25 m) concentrations around 0.4 to 0.6 nM dFe. Similar to the
‘Morro Bay’ filament, a deep maximum in dFe (1.5 nM) is found ~100 km along the ‘Pt. Sur’

filament track at the Cycle 2 Day 4 profile.
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3.4.2.2. Labile particulate iron, biogenic silica, and particulate matter

Cycle 1 vertical profiles of labile particulate Fe (LpFe = TDFe — dFe) are shown in Figure
3.6. The ‘Pt. Sur’ filament had subsurface maxima in LpFe for the first two days of the cycle (days
1 and 2). The ‘Pt. Sur’ filament day 4 profile, which is furthest from the continental margin, had
similar concentrations to the ‘Morro Bay’ day 1 profile. At this station a maximum in the surface of
~8 nM LpFe decreases with depth. Water column bSi and POC measurements were highest in
Cycles 1 and 2 for both cruises (Figure 3.7). While bSi and POC maxima are restricted to the
euphotic zone (<50 m), LpFe and beam attenuation coefficient (beam c) show surface and
subsurface maxima. Beam c has highest absolute values in the euphotic zone, where biogenic
particles associated with the phytoplankton bloom are present. Close to the continental margin,
elevated beam ¢ and LpFe co-occur indicating potential resuspension of shelf sediments. This
was most clearly observed for the ‘Morro Bay’ filament. A prominent turbid plume was not detected
during the ‘Pt. Sur’ filament, however, elevated LpFe concentrations coincided with higher dFe in
profiles adjacent to the margin sediments.

The trends in bSi and POC for the ‘Morro Bay’ filament were previously documented
(Fulton, 2019). These prior results showed that bSi and POC generally increased through Cycle
1, and then decreased in Cycle 2 (Figure 3.7) indicating the dynamic nature of biogenic particles
during a bloom cycle in upwelled waters. These changes were accompanied by a deepening of
the Chla maximum as the filament moved offshore. Offshore cycles had significant reductions in
bSi and POC concentrations within the euphotic zone. During the ‘Pt. Sur’ filament cruise,
concentrations of bSi were greatly elevated in surface waters in Cycle 1 (range 3.1 — 11.4 uM),
but quickly decreased by Cycle 2 (0.38 — 1.36 uM). A nearly undetectable level of bSi (<0.1 uM)
was found in the surface throughout Cycle 3. Trends in POC are more dynamic than bSi, where
nearshore concentrations decrease during Cycle 1, followed by an increase to the highest
measured concentrations in Cycle 2. Finally, Cycle 3 had low concentrations of POC at the

surface.
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3.4.3. Benthic boundary layer transects

We conducted repeat surveys of BBLs at 9 stations located on the continental shelf
extending from Cambria to just south of Pt. Conception (Figure 3.8). In summer 2017, we
measured dFe, TDFe, dissolved manganese (dMn), and total dissolvable Mn (TDMn) and the
results are shown in Figure 3.9. In 2017, the concentrations of dFe ranged from 2.4 (station 1) to
15 nM (station 4) with an average of 8.77+4.41 nM. TDFe concentrations ranged from 140 (station
1) to 719 nM (station 4) with an average of 424+227 nM. We observed a similar pattern with dMn,
where station 4 had elevated levels compared to adjacent stations, however, the highest
concentrations of dMn were observed at stations 7 and 9 (5.41 and 5.81 nM, respectively). The
highest concentration of TDMn was found at station 7 (13.0 nM), followed by stations 3 (12.2 nM)
and 4 (11.6 nM).

Results for dFe and TDFe for the summer 2019 transect are shown in Figure 3.10. Similar
to the summer 2017 transect, concentrations of dFe and TDFe were highest at station 4 (27.0 nM
dFe, 1175 nM TDFe). Compared to the 2017 transect, the average concentrations of dFe
(11.418.10 nM) and TDFe (5461284 nM) were higher and with greater variability in dFe between
stations. At the shoreward Pt. Sur region of upwelling, 3 BBL stations were sampled (Figure 3.11).
Station 2 was considered as the ‘Pt. Sur’ filament shoreward endmember, located within the zone
of upwelling. The Pt. Sur region BBL stations had an order of magnitude lower TDFe
concentrations (33.4 — 58.3 nM) than 2017 and 2019 BBL transects, but similar dFe

concentrations.

3.4.4. Incubations
Direct evidence of Fe stress was revealed by significant increases in biomass, by proxy
of Chla concentrations, and macronutrient uptake in incubation bottles amended with +Fe and

+Fe/+N. For the ‘Morro Bay’ filament, significant differences in the uptake of NO3s™ and increases
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in Chla (i.e., Fe-limitation) were found in 4 of 5 incubations (Figure 3.12). Cycle 1 Day 1 was the
only location which did not show a significant response to +Fe treatment, and therefore was
considered Fe replete. Rapid response in Chla and uptake of NOjs; occurred at Cycle 2
incubations, with ~8 uM NO3™ taken up by the +Fe treatment within 24 hours of Cycle 2 Day 1
incubation. A similar response occurred in Cycle 2 Day 4 and Cycle 3 Day 1 incubations, although
NO3 concentrations remained nonzero up to 48 hours following +Fe. Following exhaustion of
NO3  concentrations, Chla declined. The Cycle 4 Day 2 incubation only showed evidence of Fe
stress after 3 days. No significant differences in the uptake of Si(OH)s was observed in any of the
treatments and incubations.

Fe-limitation of the phytoplankton community was tested during the ‘Pt. Sur’ filament and
was observed in three of the four +Fe amendment studies. Like the ‘Morro Bay’ filament, Fe
replete conditions were found to occur at Cycle 1 Day 2, close to shore (Figure 3.13). Cycle 2 Day
2 and Cycle 2 Day 3 incubations are characterized by Fe-limitation, where +Fe treatments draw
down NO3 and accumulate Chla faster than the control. However, the results are less obvious for
Cycle 2 Day 3, which was initialized with surface water containing already little NO3 (1.5 yM).
Cycle 3 Day 2 +Fe treatment showed a strong response but was not significantly different from
the control until 24 hours. Unlike all other incubations where Fe limitation was observed, a
significant increase in the uptake rate of Si(OH)s was found in the +Fe treatments of Cycle 2 Day
2 and Cycle 3 Day 2 incubations.

Co-limitation of Fe and NOs was observed in the far offshore Cycle 4 incubation of
subsurface chlorophyll maximum (SCM, ~70 m) water (Figure 3.14). Following 48 hours of
incubation, no growth was observed in the control, but greater Chla concentrations were observed
in the +Fe, +N, and +Fe/N treatments, in order of increasing growth response.

In all instances where the addition of Fe stimulated additional Chla production, there was
a corresponding increase in the POC concentration, but no difference between treatments in the

bSi concentration (Incubations 2 — 5 ‘Morro Bay’ filament, 2 — 4 ‘Pt. Sur’ filament). Additional POC
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within the +Fe treatments in these incubations resulted in a significantly lower bSi:POC ratio
(Figure 3.15), however the difference in bSi:POC ratio between the +Fe and control in the ‘Pt.

Sur’ filament were smaller than in the ‘Morro Bay’ filament.

3.4.5. Offshore Transport: dFe and bSi advective flux

In the ‘Morro Bay’ filament Transect 1, outcropping of the 12.5°C isotherm and elevated
concentrations of Chla indicate stations within the loosely defined filament. A relatively cold-core
feature is still present at Transect 2, indicated by outcropping of the 13.5°C isotherm. The filament
is expected to warm as it is advected offshore due to insolation at the sea surface. A broader and
more cohesive filament is indicated by elevated concentrations of Chla (>3 pg L-1). The horizontal
structure of the ‘Pt. Sur’ filament was less distinct. Transect 1 contained elevated Chla
concentrations across all stations, however, it was slightly higher within a core of 12°C water. In
Transect 2, a broad core of Chla was contained within a core of 14 — 15°C surface water. Lastly,
Chla and temperature were broadly even over the entire Transect 3. We interpret a maximum in
the Brunt-Vaisala frequency (N) as the lower boundary of the filament, where resistance to vertical
displacement is at a maximum. Nmax occurs at 45 - 50 m across the ‘Morro Bay’ filament cycles,
whereas it varies from 25 - 40 m across the ‘Pt. Sur’ filament cycles.

In the ‘Morro Bay’ filament, the within-filament zonal flux (J,) of bSi increased between the
transects 1 and 2 due to increases in both the off-shore velocity of the filament and inventory of
bSi. At the surface (<25 m) and in the subsurface (50 — 150 m), dFe J, increased between
transects, but a decrease was found at 25 — 50 m (Table 3.1). A similar trend was found for bSi.
Overall advective fluxes in the ‘Pt. Sur’ filament are higher than the ‘Morro Bay’ filament. The dFe
Ju is the same for all depth bins in Transect 1, due to high concentrations of dFe at the surface
and at depth. The highest bSi J, is found <25 m in Transect 1 (1191 ymol m-2 s-1 westward) and

a decrease of two orders of magnitude in Transect 2 (16 pmol m-2 s-1 westward). The greatest
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flux is also found at the surface in Transect 1, and a decrease with depth due to lower bSi

concentrations. In Transect 3, there is a small bSi flux in the onshore direction in all depth bins.

3.4.6. Export

For the ‘Pt. Sur’ filament, an additional deep trap was deployed at Cycles 2, 3, and 4 at a
nominal depth of 450 m. The flux data are per day averages over the duration of the cycle and
shown in Figure 16. For the ‘Morro Bay’ filament, bSi export was highest at the base of the
euphotic zone and in Cycle 1 (16 mmol Si m2d"), followed by Cycle 4 (11 mmol Si m? d'), while
the lowest export was found at Cycle 3 outside of the filament (3.5 mmol Si m? d'). POC export
for the ‘Morro Bay’ filament was highest at the base of the euphotic zone in Cycles 2 (44 mmol C
m2 d"), Cycle 3 (47 mmol C m2 d), and Cycle 2.5 (46 mmol C m? d'), however flux strongly
attenuated with depth. The POC flux in the deepest trap in Cycle 4 (26 mmol C m2 d at 56 m)
attenuated 28% from the flux at base of the euphotic zone (36 mmol C m2 d-'). Higher POC export
was measured in the ‘Pt. Sur’ filament compared to the ‘Morro Bay’ filament. The highest POC
export was found to occur at Cycle 3 at the base of the euphotic zone (53 mmol C m2 d™). The
‘Pt. Sur’ filament followed a similar trend towards higher POC export values during offshore
cycles. However, there is much lower bSi export occurring during all cycles when compared to
the ‘Morro Bay’ filament (0.26 — 7.1 mmol Si m?d™"). Generally, the bSi and POC export track

each other during the ‘Pt. Sur’ filament.

3.5. Discussion
3.5.1 Fe limiting conditions and macronutrient ratios in upwelling filaments

From the standpoint of Fe biogeochemistry in the CCS, the ‘Pt. Sur’ location is of particular
interest, because the Big Sur upwelling region was one the of the areas characterized as
chronically Fe limited in the seminal work of Ken Bruland, Dave Hutchins, and co-workers in this

area. For example, the well-known “iron mosaic” paper published in 1998, which Hutchins et al.
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contrasted the Big Sur upwelling and filament region with the Mendocino shelf region further north,
to make the case that spatial variation in the mud belt shelf width and riverine input along the CCS
region is a key factor in determining the Fe-limitation status of upwelling waters (Hutchins et al.,
1998). With narrow shelf widths and low riverine input, the Morro Bay and Pt. Sur regions are
likely candidates for potential Fe-limitation, especially given that Fe-limitation has been shown
even with moderate shelf widths in upwelling areas (Till et al., 2019). Whether or not the parcel of
water is beyond the shelf break is an additional indicator for upwelled waters to become Fe limited.
These results highlight the need to further examine the link between sampling location and time
with respect to Fe-limitation. Despite the number of previous studies in this region, the Lagrangian
approach in CCE LTER studies has not generally been applied.

Biomass limitation by Fe (Liebig limitation) can be approximated using the NOs":dFe ratio
because coastal diatoms have an optimal uptake ratio required for their cellular components.
Ratios with values > 10-12 uM:nM are indicative of a nutrient regime that is likely to become Fe-
limited because diatoms lack sufficient Fe to draw the surface NO3s completely (King and Barbeau,
2007). Additionally, Fe limited diatoms preferentially deplete the water of Si(OH)s over NOs
(Brzezinski et al., 2015; Firme et al., 2003; Franck et al., 2003; Hogle et al., 2018; Hutchins and
Bruland, 1998; Krause et al., 2015; M. Franck et al., 2000; Takeda, 1998), decreasing in situ Siex
and leaving a compounding signature of Fe-limitation. By utilizing both the in situ NOs:dFe ratio
as well as Siex, We can gain insight into where and importantly, when, coastal upwelling filaments
exhibit evidence for Fe-limitation.

The phytoplankton community composition for the ‘Morro Bay’ filament was investigated
in a previous study based on 18S and microscopy data (Fulton, 2019). This work showed the
‘Morro Bay’ filament to be diatom-dominated community, contributing most to biomass and Chla.
Mixed layer Siex values decreased significantly in Cycle 2, compared to Cycle 1, and remained
low in Cycle 4 (Figure 3.17). These changing uptake rates of macronutrients suggest that dFe

was rapidly consumed between Cycles 1 and 2, resulting in an Fe-limited diatom community,

119



which preferentially depleted the surface of Si(OH). relative to NOs (low Siex). This was also
reflected in the NO3s:dFe which reached values >100 uyM:nM, indicating the potential for strong
Fe limitation (Figure 3.17). These high values have only been observed in chronically Fe-limited
regions of the ocean, such as the Gulf of Alaska and the Southern Ocean (Hopwood et al., 2020).
The onset of significant Fe-limitation of the bloom was captured in the Cycle 2 Day 1 incubation
(Figure 3.12), where complete exhaustion of the NOs™ pool occurred within 24 hr of Fe addition.
Rapid accumulation of Chla and consumption of NO3; was also observed for the Fe addition
treatments in Cycle 2 Day 4 and Cycle 3 Day 1 incubation experiments. These were conducted
using surface water from off the shelf break (Figure 3.2). In the Cycle 4 Day 2 incubation, growth
was slower, and Fe-limitation was not observed to be significant until the third day of growth
(Figure 3.12) likely due to the degree of senescence occurring within the bloom. These results
confirm the hypothesis put forth by Chavez et al. (1991), that waters advected offshore with their
phytoplankton populations will become Fe limited.

The high concentrations of bSi within the ‘Pt. Sur’ filament suggests that in Cycle 1 and
for the first few days of Cycle 2, the phytoplankton community was dominated by diatoms.
However, surface NOs:dFe ratios decrease in Cycle 2 and 3 (Figure 3.17), driven by decreasing
concentrations of NOs™ at the surface (Figure 3.5). This suggests a weakly Fe-limited community,
as incubations from these cycles do show some evidence of Fe-limitation of the phytoplankton
community at Cycles 2 and 3 (Figure 3.13). It could be the case that the +Fe treatment in these
incubations selected for highly silicifying diatoms, while the control phytoplankton community had
overall lower Fe and Si(OH)4 requirements.

Metagenomic assessments of the eukaryotic communities showed that phytoplankton
communities of inshore Cycles (1 and 2) from both cruises were dominated by high relative
abundance of pennate (Pseudo-nitzschia) and large centric diatom (Chaetoceros, Thalassiosira)
sequences. A shift to smaller flagellate phytoplankton (Pelagomonas) occurred in offshore cycles

as the Chla maximum deepened (Rivera et al. in prep, Lampe et al. in prep). These two datasets
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are not directly comparable due to the different sequencing methods used (operational taxonomic
units, Rivera et al. in prep, amplicon sequence variances in Lampe et al. in prep), but broad
generalizations within each are discussed. Compared to the ‘Pt. Sur’ filament, the ‘Morro Bay’
filament contained much greater relative proportions of Pseudo-nitzschia, a pennate diatom,
which are able to acquire additional dFe as luxury Fe and store it intracellularly as ferritin
(Marchetti et al., 2006). Further, pennate diatoms are able to maintain Fe quotas 10 times higher
than centric diatoms due to this enhanced ability for storage (Twining et al., 2021). Together with
intense scavenging onto particles, these community compositions could explain the rapid
depletion observed in surface dFe concentrations between Cycles 1 and 2 in the ‘Morro Bay’
filament, but a quantitative assessment of pennate versus centric diatom contributions to the
phytoplankton community Fe demand is outside the scope of this paper. The ‘Morro Bay’ and ‘Pt.
Sur’ filaments had different relative proportions of pennate and centric diatoms in Cycle 1 and 2,
which may suggest that a different NOs:dFe ratio might be more appropriate threshold indicator
for potential Fe-limitation of ‘Pt. Sur’ phytoplankton communities. In both filaments, the formation
of SCMs at Cycles 3 and 4 led to shifts in diatom communities towards picoeukaryotes known to
inhabit deep nitraclines in the CCS (Hogle et al., 2018). These SCM communities located at the
top of the nitracline exhibit Fe and NOs co-limitation (Figure 3.14) and could be a widespread
biochemical condition for eukaryotic and prokaryotic primary producers over vast regions of the
oligotrophic ocean where SCMs are ubiquitous.

The geochemical indicators of Fe stress (NOs:dFe, Siex) agree with direct evidence of Fe
stress from incubation samples which point towards diatom growth being Fe limited off of the shelf
break, consistent with the hypothesis of the upwelling filament transitioning from nutrient replete

to Fe limiting for diatom growth as it moves offshore (Figure 3.1).

3.5.2 Sources of Fe to upwelling filaments

3.5.2.1 Sediments within the Benthic Boundary Layer
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The continental shelf is a well-studied dFe and TDFe-rich source (Elrod et al., 2004) and
relationships between the shelf width, winter storms, riverine deposition of lithogenics and Fe
concentrations within the BBL are established (Chase et al., 2005, 2007). These historical insights
of Fe content of upwelled waters are considered first-order controls on phytoplankton biomass,
describing Fe concentrations in a predictable spatial context. Recently, the assemblage of Fe-
binding organic ligands was shown to be distinct within the BBL compared to surface and offshore
waters (Bundy et al., 2014), adding nuance to our simplified perspective of Fe supply from margin
sediments. Adding to this complexity, we speculate on the effect of additional controls, including
particle concentration and dissolved oxygen (DO), by leveraging the BBL dataset from the ‘Morro
Bay’ filament cruise in summer 2017.

The dFe and TDFe content of ‘Morro Bay’ filament cruise BBL stations 3, 4, 7, and 9 were
elevated relative to other stations (Figure 3.9). Since TDFe and total dissolvable manganese
(TDMn) may be related to the suspended particulate mass, we plotted profiles beam transmission
and found that stations 3, 4, and to a lesser extent station 7, had thick bottom suspensions of
particles at the time of sampling (Figure A1). Beam attenuation coefficient is correlated with dFe
(r> = 0.35, n = 21) and TDFe (r? = 0.60, n = 21) when considering all BBL data collected in
summers 2017 and 2019, indicating the expected first-order control of sediment resuspension on
Fe concentrations. The relationship between dFe and suspensions of particles is, however, less
straightforward, since adsorption sites compete with organic Fe-binding ligands to scavenge dFe
(Ardiningsih et al., 2020). Such high concentrations of dFe in BBL waters could be explained by
the excess of organic material available in sediments to bind and stabilize dFe from returning to
particulate form and is resuspended during times of upwelling (Bundy et al., 2014). Therefore, the
nature of this dFe is most likely a mixture of Fe mineral colloid and soluble organic Fe-ligand
complexes.

Dissolved oxygen in the CUC is declining (Ren et al., 2018), and the areal extent of

sediments in contact with low oxygen water masses may increase (Dussin et al., 2019). Bottom
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water DO may be an additional control, adjusting the relative proportions of soluble Fe flux from
sediments (as reduced Fe(ll)) and co-occurring Fe-oxy(hyr)oxide colloids (Burdige and Komada,
2020; Dale et al., 2015). Fluxes of reduced Fe from sediments rapidly oxidize at the sediment-
seawater interface. To investigate this point further, we plotted DO profiles for the 9 stations from
the 2017 BBL survey (Figure A1). Manganese (Mn), similar to Fe, undergoes dissimilatory
reductive cycling in marine sediments, however, its oxidative half-life is ~10° times that of Fe(ll)
and is therefore a good tracer for recent sedimentary input (Sherrell et al., 2018). A comparison
of dFe and dMn concentrations at the summer 2017 BBL stations 3 and 4 with station 7 illustrates
the importance of bottom water DO on the sensitive redox behavior of dFe. Stations 3 and 4 have
bottom water DO of ~72 umol kg™, relatively high dMn concentrations, and the highest dFe
concentrations measured (~15 nM, Figure 3.9). At station 7, bottom water DO is ~112 umol kg™
(Figure A1), dMn concentration is similar to BBL stations 3 and 4, yet dFe concentrations are
greatly reduced (4 nM, Figure 3.9). This indicates bottom water DO could be an important control
on dFe supply from the BBL, since dFe is rapidly oxidized and converted to insoluble particles
once in the water column, if equilibration with strong Fe-binding ligands is absent.

The summer 2019 BBL transect overall had a greater range in dFe and TDFe
concentrations compared to the 2017 transect, despite having overall higher DO concentrations
(126 to 183 ymol kg™). This suggests that the conditions were not similar between the two cruises
at the time of sampling (Figure A1). We do not have corresponding measurements of Mn for the
2019 survey, but future work might utilize differences in redox kinetics of Fe and Mn through trace
metal ratios. Within the BBL, depth sampled was found to strongly correlate with dFe and TDFe,
which we interpret as the ability to sample close to the sediments depending on shipboard
personnel, sampling configuration, and ocean state. In summer 2019, our samples were taken
closer to the sediments and had correspondingly higher dFe concentrations, although accurate
detection of the bottom depth depends on shipboard instrumentation performance. The Pt. Sur

BBL stations had much an order of magnitude lower TDFe concentrations compared to the
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transect further south (Figures 3.10, 3.11). This is consistent with observations of Fe-limitation in
this region, which were attributed to a zone of poor sedimentary Fe accumulation because of the
extremely narrow shelf and lack of fluvial inputs. We also note that the Santa Maria and Santa
Ynez rivers discharge closest to BBL stations 4 — 7, but these stations do not consistently contain
the highest concentrations of dFe, suggesting considerable deviation from trends found in the
northern CCS (Chase et al., 2005). Therefore, local factors must be considered. Inner shelf
dynamics are important for the formation of BBLs, but the longevity of these turbid layers has not
been investigated and has important implications dFe scavenging and timing with upwelling and
coastal filament formation. More statistical approaches and continued monitoring of these stations
are required to understand the relative strengths of upwelling currents, winter riverine discharge,
local circulation, topography, Fe-binding organic ligands, and DO on setting the Fe content of

these waters.

3.5.2.2 California Undercurrent

In the ‘Morro Bay’ filament cruise, the California Undercurrent (CUC) was the primary
water mass composing crosshore advected waters (Zaba et al., 2021). Low-oxygen CUC water
can impinge on the shelf during times of upwelling. The degree to which the CUC contributes to
the upwelled Fe source has thus far been overlooked as a significant source of Fe in the CCS.
The ‘Pt. Sur’ filament showed much higher subsurface concentrations of dFe and TDFe (2 - 3 nM
and 30 — 60 nM, respectively) adjacent to the shelf slope, compared to the ‘Morro Bay’ filament
(0.5 — 1 nM dFe)(Figures 3.5,3.6). In the ‘Morro Bay’ flament, a dFe maximum was found ~100
km offshore at 75 — 150 m depth, which could be an offshore signature of the CUC, although it is
expected to be found closer to the coast during the summer months (Kurczyn et al., 2019; Rudnick
et al., 2017).

Summertime climatological maps of the CCS indicate that the CUC is located close to the

shelf slope (centered 50 km offshore) off Pt. Conception (Rudnick et al., 2017). Further north,
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near Monterey Bay, the CUC core is found 75-100 km offshore, but can be found in the subsurface
up to 150 km from the coast. The elevated concentrations of dFe (~2-3 nM) in the ‘Morro Bay’
filament subsurface offshore waters match those found in the inshore profiles during the ‘Pt. Sur’
filament, with similarly elevated salinity (33.75 to 34) but lower DO (50 to 100 ymol kg™, Figure
A2). Generalizing water mass climatologies for the Morro Bay and Pt. Sur regions and the
biogeochemical signatures, the observed dFe subsurface signatures in ocean transects (Figure
3.5) may be derived from the poleward flowing CUC.

How can we explain the offshore CUC signature in the ‘Morro Bay’ filament transect?
Isopycnals are domed within this feature (Figure A2) indicating this may be a subsurface
anticyclonic eddy, or puddy (poleward undercurrent subsurface eddy, Frenger et al., 2018). These
features have been described previously as low DO and high nutrient extreme events in the CCS
that propagate westward along the 26.7 kg m™ isopycnal, but biogeochemical measurements
within puddies are sparse. Puddies can travel several thousand kilometers, isolating a parcel of
CUC water and advecting it offshore (Lukas and Santiago-Mandujano, 2001). Therefore, in
addition to surface filaments, puddies are important for the leakage of CUC water towards the
subtropical gyre. We speculate that during the ‘Morro Bay’ filament, the presence of a puddy with
elevated dFe, derived from the CUC, removed an dFe enriched portion of CUC water from being
upwelled. Thus, it is possible that this physical and biogeochemical feature contributed to the
intensity of Fe-limitation observed in 2017 by removing dFe from being upwelled. Determination
of the geostrophic currents in these transects will help to ascertain the location of the CUC.

Northward geostrophic currents are intensified near the continental margin during the
summer and into the Fall. We hypothesize that the CUC, during its northward transit, may entrain
additional dFe and TDFe from resuspended margin sediments and that this is enhanced near
prominent headlands during times of wind driven upwelling. Additional local considerations, such
as seasonality in internal waves breaking on shelf slopes (Lam et al., 2018) may be important

additional mechanisms for suspending Fe-bearing sediments and increasing LpFe in subsurface
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water masses near the coast. New results suggest that the CUC may be the most biologically-
active water mass in the CCS since it provides upwelling water with remineralized sources of
macronutrients (Zaba et al., 2021). Now, we suggest such high rates of primary production
associated with upwelled CUC waters may be, in part, explained by its relatively high
concentrations of dFe. The relative contribution of dFe from the CUC and the BBL to upwelled
waters should be explored further to accurately predict changes in the primary production

potential of upwelled waters in the CCS.

3.5.3 Fe-limitation and diatom community elemental stoichiometry

Phytoplankton Fe stress affects light harvesting, carbon acquisition, and NO3 assimilation
because these are Fe-intensive processes (Hutchins and Bruland, 1998; Morel, 2008). Diatoms,
when Fe stressed, may prefer to remain in cell cycle stages that facilitate slower growth,
increasing silicification (Rocha et al., 2000; Smith et al., 2016). When Si(OH). is not limiting,
cellular Si (as bSi) content can increase, but even so, reductions in NO3™ assimilation and carbon
fixation increase Si:N and Si:C uptake ratios. This results in increases in the bSi:POC ratio
(Marchetti and Harrison, 2007). Such cellular reconfigurations can affect the efficiency of carbon
export and sequestration, through changing sinking speeds and predation pressure (Assmy et al.,
2013; Brzezinski et al., 2015; Hutchins and Bruland, 1998).

Concentrations of bSi, POC, and bSi:POC ratio in deckboard incubation experiments
conducted during the ‘Morro Bay’ filament were previously documented (Fulton, 2019). The
increasing trend in bSi:POC between Cycles 1 and 2 suggests that diatoms entrained into the
filament underwent a physiological change with the development of Fe-limitation (Figure 3.7).
Both bSi and POC measurements include detrital material and contributions from other planktonic
organisms, besides diatoms, and differences in the remineralization of POC and bSi in
incubations could also contribute to these spatial and temporal trends. A decline in the bSi:POC

ratio, was found to occur in Cycles 3 and 4 suggesting a decline of the diatom bloom. The higher
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bSi:POC diatom communities are likely to sink faster due to their increased ballast, which could
contribute to the observed declines (Brzezinski et al., 2015). These studies provide useful
correlations between in situ nutrient data and bSi:POC ratios in this region. The results of
amendment experiments (Figure 3.15) are strong evidence in support of a mechanistic link
between the Fe biogeochemical condition and increasing bSi:POC ratios of diatom blooms. In
particular, our results point towards Fe-limitation of photosynthesis as a likely driver for bSi:POC
ratios, since greater POC concentrations and lower bSi:POC ratios resulted when Fe-limitation
was alleviated. Silicification rates, on the other hand, remained unchanged by the addition of Fe
in any of the experiments. While we attributed bSi:POC ratios to physiological changes of diatom
communities, a shift in community composition towards more lightly silicified small diatoms would
also decrease bSi:POC (Quéguiner, 2013; Tréguer et al., 2018). Other planktonic organisms
could affect the observed patterns in bSi:POC, but a quantitative assessment is currently lacking.
Caveats with interpreting in situ ratios will be discussed later (see section 3.5.4).

Fe addition grow-out incubations were generally carried out for 3 days, as has been typical
in Fe-limitation studies of surface phytoplankton communities. In previous studies in the California
Current, as well as the Ross Sea, the Humboldt current and the Peru Upwelling (Hutchins et al.,
1998, 2002; Hutchins and Bruland, 1998; King, 2007; Sedwick et al., 2000), a 3-4 day incubation
timeline captured macronutrient depletion and Chla increases following Fe addition fairly evenly.
However, in the ‘Morro Bay’ filament incubation studies, macronutrients in Fe limited Cycles were
quickly depleted compared to these previous studies (Figure 3.12). This observed decoupling of
nutrient uptake has been observed in and is consistent with previous Fe incubation studies
(Hutchins and Bruland, 1998; Till et al., 2019). The Fe acquisition strategies likely differ between
the phytoplankton communities, where ‘Morro Bay’ diatoms might have higher affinity uptake of
Fe, and are able to divert these few atoms per cell towards assimilating available nitrate as was

discussed in section 3.5.1.
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3.5.4 Length scales, advective flux, export efficiency, and oceanic budgets

Macronutrient and dFe concentrations decrease exponentially with distance the upwelled
water parcel has traveled along the core of the filament. Since phytoplankton are present in
surface waters, the distribution of dFe in the upper 10-25 m is a function of both uptake by
phytoplankton and conversion to other particulate pools because of scavenging. The

concentrations (C) of dFe, Si(OH)., and NOs" are fit exponentially to the equation

C(x) = Cye™*/P

where Cy is the concentration of the upwelled water at the surface, x is the distance traveled along
the core of the filament during Lagrangian cycles (km), and D is the scale length (km), defined as
the distance where C(x) = 0.37Cy (i.e., the concentration has decreased to 37% of the initial
concentration). During the ‘Morro Bay’ filament, for dFe at 10-25 m, we find [dFe] = 2.673e™*3 (r?
=0.89, n =12, D = 43 + 15 km, Figure 3.18). The ‘Pt. Sur’ filament had a significantly longer
length scale, where [dFe] = 0.687e?% (r> = 0.53, n = 22, D = 250 + 150 km, Figure 3.18).

The degree of Fe-limitation was found to be more extreme in the ‘Morro Bay’ filament,
whereas more efficient consumption of the macronutrients occurred during the ‘Pt. Sur’ filament,
suggesting, in part, sufficient concentrations of bioavailable Fe remained within the filament for
longer, or the phytoplankton community shifted towards small phytoplankton with lower Fe cellular
quotas. This is reflected in the length scale parameters for NO3s™ and Si(OH)4 during the ‘Pt. Sur’
filament, which are 85 + 18 km and 79 £ 18 km, respectively, compared to 399 + 173 and 155 +
45 km in the ‘Morro Bay’ filament (Table 3.2). An important implication of these observations is
that Fe-limitation modulates the ability for upwelled nutrients to be advected offshore to the
oligotrophic ocean (Chabert et al., 2021).

The efficiency with which bSi and POC are exported from the filament depends on the

remineralization efficiency and time spent within the water column, the latter of which is strongly
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related to sinking speed. Sinking speed in this sense is related to the density of the particle
(Stokesian settling rate), but also the energetics of currents and turbulence. As the filaments
accelerate offshore, particles, even large ones, can remain suspended until the current slows and
lacks sufficient energy to maintain a particulate suspension. Additional biological processes can
greatly affect sinking speeds, such as packaging of diatom cells into quick sinking aggregates
and fecal pellets produced by micro- and mesozooplankton grazers (Longhurst and Glen
Harrison, 1989). Given that particulate matter with high bSi:POC ratios sink quicker, it might be
surprising we do not observe greater bSi:POC in sediment traps (Figure 3.16) compared to
suspended particles in the overlying water column, except for at Cycle 1 in the ‘Pt. Sur’ filament
(Figure 3.7).

There are several caveats with interpreting in situ and sediment trap bSi:POC ratios. First,
while diatom community changes were observed, we do not necessarily know the Si content of
each species present. Furthermore, we lack a quantification of each species’ contribution to the
overall bSi and POC inventories. Second, even though incubation results suggest a mechanistic
link between Fe-limitation and bSi:POC ratios of diatom communities, in situ ratios include a
detrital fraction not accounted for in our incubations. The fraction of detrital particulate matter to
the total is unknown. Finally, micro- and mesozooplankton have been shown to preferentially
graze on lightly-silicified diatoms, which are typically smaller diatoms (Zhang et al., 2017).
Zooplankton grazing has also been shown to promote the remineralization of bSi and POC within
the water column (Schultes et al., 2010). Therefore, diatom community composition, contributions
of detrital bSi, and preferential predation and remineralization may also be responsible for
controlling in situ bSi:POC ratios, in addition to Fe-limitation.

Stukel and Barbeau (2020) compiled sediment trap export flux data for all CCE LTER
process studies, including the ‘Morro Bay’ filament (P1706) and found that patterns in the nutrient
landscape of the CCS region are better predictors of the flux of sinking particles than

measurements of net primary production (Stukel and Barbeau, 2020). Carbon export was found
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to be enhanced during high-nutrient and Fe-stressed conditions. We investigated the efficiency
with which particulate matter is exported from the euphotic zone with relation to the Fe-limitation
status of the phytoplankton community. In the ‘Morro Bay’ filament, Cycle 4 showed the highest
export of POC relative to all other cycles, despite having the lowest biomass. The same is true
for bSi, except for at Cycle 1 in the ~100 and 150 m traps, which is likely a result of the production
of anchovy fecal pellets (Figure 3.16). Bourne et al. (2021) found these pellets in Cycle 1 were
full of diatom frustules and fragments (Bourne et al., 2021). We found that ~9% of the bSi inventory
at Cycle 1 is exported to 150 m, whereas ~24% is exported at Cycle 4. POC export efficiency
shows similar trends with 1.5% and 4.9% of the inventory exported per day for Cycles 1 and 4,
respectively.

The ‘Pt. Sur’ filament showed similar export efficiency of POC within the top 50 m in Cycles
1 and 2 (3.8% per day and 4.0% per day, respectively). However, Cycle 3 reached as high as
11% of the POC inventory exported per day to 50 m. This cycle had the highest values of POC
flux measured over both cruises (Figure 3.16). Far offshore, 3.2% of the POC inventory reached
120 m per day. The bSi export efficiency to 150 m depth was similar between Cycles 1 and 2
(3.3% per day and 4.2% per day, respectively). An increase to ~27% bSi inventory per day was
estimated at Cycle 3, which is similar to the export in the offshore cycle in the ‘Morro Bay’ filament.
The oligotrophic Cycle 4 had the lowest export efficiency (2.8% bSi inventory per day). Cycles 1
and 2 had the highest bSi flux in the ‘Pt. Sur’ filament, however, these stations also had the highest
bSi concentrations measured. It is likely that the high concentrations of bSi accumulated in early
stages of the filament remained suspended until Cycle 3, where incubation results showed the
greatest degree of Fe-limitation (Figure 3.13).

It appears that within regimes of Fe-limitation, export of biomass is more efficient. These
results support the hypothesis put forward by Stukel and Barbeau (2020) and finding of increased
diatom-mediated POC export in Fe-limited CCS upwelled waters (Brzezinski et al., 2015). Coastal

upwelling filaments are mechanisms by which coastally upwelled waters are advected offshore,
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resulting in decoupling of net primary production and export (Chabert et al., 2021; Kelly et al.,
2018). This decoupling within mesoscale features of the CCS has been described previously and
was attributed to lateral transport of high-biomass stages of phytoplankton blooms (Landry et al.,
2009; Plattner et al., 2005). We argue that increased ballasting due to Fe-limitation of diatom
aggregates and fecal pellets may be an additional control of when and where export occurs.
These findings may help better resolve and explain the spatial and temporal observations of Fe-

limitation in the CCS, with implications for global models of primary productivity and export.

3.6. Conclusions

Coastal filaments are seasonally transient features of high productivity in global Eastern
Boundary Upwelling Systems, connecting the coastal pelagic to the deep open ocean. The ‘Morro
Bay’ and ‘Pt. Sur’ coastal upwelling filaments allowed for in situ observation of developing Fe-
limitation of diatom blooms carried offshore from areas of cool, nutrient-rich, upwelling waters.
These are the first studies to follow coastal upwelling filaments in the California Current from
upwelling to offshore, in a Lagrangian fashion, with a focus on Fe biogeochemistry and Fe-
limitation. Two filaments were successfully identified, followed in Lagrangian sampling scheme,
and defined by cross-sectional quasi-synoptic transects.

We found that the extent to which additional NOs  stimulated primary production in
filaments depends on the availability of Fe. The BBL source of dFe is important, especially in the
heavily Fe-limited ‘Morro Bay’ filament. CUC is an additional new source of dFe and TDFe, which
likely depends on the topography (headlands), latitude, and breaks in its flow due to subsurface
eddies. Trends in this current suggest decreasing dissolved O, content (Ren et al. 2018), which
could result in greater dFe concentrations in BBL waters as soluble Fe (as Fe?*) in places which
lack extensive continental shelves or riverine input. Ongoing climate change is expected to
intensify regional droughts and ocean hypoxia which will have important consequences for Fe

biogeochemistry in the CCS. We do not reject our hypothesis, Fe-limitation occurs in upwelling
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filaments and this condition is reflected in macronutrients, upholding the use of geochemical
proxies in the CCS. The development of Fe-limitation led to elevated in situ NOs:dFe ratios and
decreasing Siex signatures. Deckboard incubation studies showed varying degrees of growth and
uptake of NO3 and Si(OH)4 in response to Fe-fertilization in cycles located offshore form the
continental shelf. Changes in the uptake ratios of the macronutrients and the effects of Fe-
limitation on photosynthesis were linked to bSi:POC ratios of the phytoplankton communities. At
Fe-limited stations, enhanced bSi:POC ratios are attributed to decreased POC content, rather
than changes in bSi.

Changes in diatom elemental stoichiometry makes them denser and more probable to
sediment in the deep ocean. We also presented evidence in support of enhanced organic carbon
export efficiency offshore coincident with these biogeochemical spatial and temporal
observations. In offshore evolutions of the filaments, we found enhanced export of carbon, which
is a consequence of lateral transport of biogenic particles and enhanced ballasting of diatoms due
to increased bSi:POC ratios under Fe-limitation. This is an important step towards understanding
how nutrients in mesoscale features in eastern boundary upwelling systems support high rates of
primary production and facilitate carbon sequestration in the ocean. The length scales of
macronutrients are related to incomplete utilization, which is modulated by Fe-limitation. This has
important implications for oceanic gyre budgets of the macronutrients. Filaments are important
for lateral advection of elements derived from the continental crust, as well as biogenic particulate
matter, but dFe appears to be controlled by diatom community growth in the surface and sub-
mesoscale features and sediment plumes in the subsurface. We expect that a similar fate is
shared for other bioactive or heavily scavenged metals. The Lagrangian approach reveals that

the iron limitation mosaic in the California Current System is more temporal than spatial.
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3.9. Figures and Tables

Table 3.1. DFe (units nM) and bSi (units uM) concentrations are averaged over the indicated
depth interval. Average zonal (J,) and meridional (J,) advective flux estimates with uncertainties
associated with spatial and temporal averaging. Units for dFe J, and J, are in nmol m? s™ and
bSi J, and J, are units ymol m2 s,

. Depth [dFe] [bSi] dFe dFe . .

Cruise Transect Interval AVG + AVG + J, + J, + bSi J, + bSi J, +

P1706 1 <25m 0.36 0.25 1.50 0.80 -3 17 -15 22 -14 72 -63 85

P1706 1 523m 0.38 0.04 1.99 0.56 -63 45 -12 16 -333 254 -63 87

P1706 1 30- 0.40 0.15 0.50 0.43 0 15 -14 15 0.6 19 -18 24
150m

P1706 2 <25m 0.27 0.02 1.36 0.75 -43 18 8 3 =214 148 40 27

P1706 2 25- 1.13 0.17 0.30 0.09 -23 16 -3 35 -6 5 -1 9
50m

P1706 2 ISS%m 0.81 0.24 0.72 0.61 -132 53 45 36 -118 104 40 45

P1908 1 <25m 1.95 1.58 10.03 2.69 -232 307 -32 161 -1191 1287 -164 55

P1908 1 ggm 2.70 2.09 0.92 0.48 -293 313 81 141 -100 91 28 46

P1908 1 ISS%m 3.39 1.66 0.81 0.36 =313 190 150 209 -75 43 36 49

P1908 2 <25m 1.14 0.64 0.70 0.26 -26 29 -67 62 -16 17 -41 57

P1908 2 25- 0.66 0.31 -18 10 -19 15
50m

P1908 2 30- 0.30 0.33 -9 13 -7 10
150m

P1908 3 <25m 0.45 0.11 25 3 6 35 6 0.7 2 0.3

P1908 3 2- 0.19 8 0.9 3 12
50m
50 -

P1908 3 150m 0.13 0.6 2 -0.3 4
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Table 3.2. Length scale parameters for nitrate, silicic acid, and dFe for the ‘Morro Bay’ and ‘Pt.
Sur’ filaments surface waters (P1706, P1908, respectively). PXXXX refer to the cruise
identification, P for ‘process’, XXXX for ‘year year month’.

Cruise Nutrient r? D [km] n

P1706 nitrate 0.20 3994173 103
P1706 silicic acid 0.41 155445 103
P1706 dissolved Fe 0.89 43£15 12
P1908 nitrate 0.44 85+18 112
P1908 silicic acid 0.45 79+18 89
P1908 dissolved Fe 0.53 250150 22
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Reproduced from Firme et al. (2003)

Figure 3.1. Framework for the biogeochemical evolution of a coastal upwelling filament in the
CCS. During prolonged periods of intense along-shore winds, water masses on the continental
slope, enriched in remineralized macronutrients (Si(OH). and NO3), are upwelled to the surface,
replacing offshore-transported surface water near the coast @. During episodes of wind-driven
upwelling, deep water masses impinge on the shelf and interact with muddy continental shelf
sediments. Resuspended Fe-bearing sediments from these muds form a turbid benthic boundary
layer, which is entrained into the euphotic zone creating iron replete conditions for primary
producers @. This pulse of macro- and micronutrients selects for quickly-growing diatoms. The
cold, nutrient-rich water parcel can be detected by autonomous and ship-towed instrumentation,
as well as by space-borne detectors. The water parcel is only partially mixed with the surrounding
ocean, and is advected offshore forming a filament. High rates of primary production within the
filament can lead to the formation of a diatom bloom. When this occurs, Fe is preferrentially
removed from the surface layer (relative to Si(OH)s and NO3’) as sinking biogenic and mineral
particles, leading to decoupling of the ferricline and nitracline ®. Once off the shelf, concentrations
of Fe are heavily depleted and an excess of macronutrients (high NOs:dFe ratio) results in Fe
limitation of the diatom community. A lack of Fe inhibits key diatom metabolic processes, such as
NO3 assimilation and carbon fixation, but not precipitation of biogenic silica (bSi) frustrules. Fe-
limited diatoms preferentially deplete the surface Si(OH)4 reservoir (relative to NO3') and begin to
sink @. With the Si(OH)4 reservoir depleted, the phytoplankton community shifts towards non-
silicifying phytoplankton capable of surviving at subsurface Chla maxima at the edge of the
oligotrophic subtropical gyre, the furthest detectable trace of the filament ®. This figure is
reproduced from Firme et al. (2003).
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Figure 3.2. On-deck experiment locations during the ‘Morro Bay’ (left) and ‘Pt. Sur’ (right)
filaments. Red circles indicate Fe-limited sites (as indicated by Chla and nitrate drawdown
response in deck-board incubations). Split red-yellow symbol indicates Fe-NOs  co-limitation.
White symbol indicates no micronutrient limitation detected. Black line roughly indicates the
filament track for the Lagrangian cycles. Gray isopleths indicate the 500, 1000, and 1500 m
isobath. Red box and black line indicates direction for transect section plots.
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Figure 3.3. 8-S diagram of the ‘Morro Bay’ (left) and ‘Pt. Sur’ (right) filaments. The color bar is
nitrate:phosphate ratio. The ellipse outlines the stations located within the surface filament core,
distinguished by its relatively high salinity signature from upwelled California Undercurrent (CUC)
water sources, compared to the relatively fresh and offshore California Current (CC) surface water
(Zaba et al., 2021). Contours of constant potential (o) density are overlaid. Based on the location
of the CUC along CalCOFI line 93.30 according to Bograd et al. (2019), the NO3:PO4* ratio at oy
=25.8 kg m?is 11.73 and 12.20, in 2017 and 2019 respectively. The NO3:PO,* ratio at gy = 26.5
kg m3is 11.06 and 11.51, in 2017 and 2019 respectively.
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Figure 3.4. Surface plots of Chla fluorescence (top-left) and Chla in vivo fluorescence (top-right),
nitrate (middle row), and silicic acid concentrations (bottom). Important locations on the California
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Figure 3.5. Concentrations of NOs (top) and dFe (bottom). These variables are plotted as
sections, generally as a function of distance transported (according to Figure 3.2) within the
‘Morro Bay’ (left) and ‘Pt. Sur’ (right) filaments.
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Figure 3.6. Profiles of labile particulate Fe (LpFe = TDFe — dFe) for Cycle 1 for both the ‘Morro
Bay’ (left) and ‘Pt. Sur’ filament (right).
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Figure 3.7. Concentrations of bSi (top) and POC, as well as bSi:POC are plotted with beam
attenuation coefficient at 660 nm (bottom). These variables are plotted as sections, generally as
a function of distance transported (according to Figure 3.2) within the ‘Morro Bay’ (left) and ‘Pt.
Sur’ (right) filaments.

141
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Figure 3.8. Map showing stations for the BBL Transect, a series of stations sampled along the
Californian coast. Stations are labeled by numbers according to the map legend. The red contour
denotes the 70 m isobath. The gray contours denote the 500, 1000, and 1500 m isobaths. SBB
is the Santa Barbara Basin station.
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Figure 3.9. Dissolved Fe (a), dissolved Mn (dMn, c), total dissolvable iron (TDFe, b) and
manganese (TDMn, d) trace metal concentrations found within the benthic boundary layer
stations in summer 2017. Numbers are station labels and mapped in Figure 7 (1 — Cambria, 2 —
Pt. Estero, 3 — Morro Bay, 4 — Line 77.49, 5 — Vandenberg, 6 — Santa Ynez, 7 — Pt. Aguello, 8 —
Line 80.51, 9 — Gato).
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Figure 3.10. Dissolved Fe (a) and total dissolvable iron (TDFe, b) trace metal concentrations
found within the benthic boundary layer stations in summer 2019. Numbers are station labels and
mapped in Figure 7 (1 — Cambria, 2 — Pt. Estero, 3 — Morro Bay, 4 — Line 77.49, 5 — Vandenberg,
6 — Santa Ynez, 7 — Pt. Aguello, 8 — Line 80.51, 9 — Gato).
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Figure 3.11. Dissolved Fe (a) and total dissolvable iron (TDFe, b) trace metal concentrations
found within three benthic boundary layer stations located along the shelf near Pt. Sur (map, c).
Pt. Sur is labeled on the map, and the grey contours indicate the 500 m, 1000 m, and 1500 m
isobaths.
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Figure 3.12. Growth and nutrient uptake monitored during deckboard incubation experiments
during the ‘Morro Bay’ filament cruise (P1706). The cycle and day for experiment initiation (day
= 0) is indicated for each row. The left column is NO3s concentration, middle column is Si(OH)a
concentration, and the right column is Chla concentration as a proxy for phytoplankton biomass.
These experiments correspond to the number labels in Figure 2. Note the different y-axes, ‘+Fe’
refers to the Fe addition treatment and ‘Control’ is unamended.
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Figure 3.13. Growth and nutrient uptake monitored during deckboard incubation experiments
during the ‘Pt. Sur’ filament cruise (P1908). The cycle and day for experiment initiation (day = 0)
is indicated for each row. The left column is NOs concentration, middle column is Si(OH)4
concentration, and the right column is Chla concentration as a proxy for phytoplankton biomass.
Experiment names correspond to the number labels in Figure 2 (except for ‘Pt. Sur’ filament Cycle
4 experiment which is labelled as 5). Note the different y-axes, ‘+Fe’ refers to the Fe addition
treatment and ‘Control’ is unamended.
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Figure 3.14. Growth monitored during deckboard incubation experiment at Cycle 4 during the ‘Pt.
Sur’ filament (Figure 2). All Chla values are presented for the final timepoint (after 2 days) except
for ‘initial’ which is the starting concentration of Chla. The x-axis label denotes the treatment.
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(bottom) for deckboard incubations according to number labels in Figure 3.2.
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Figure 3.16. Measured sediment trap export flux of biogenic silica (bSi), particulate organic
carbon (POC), and the bSi:POC ratio for the ‘Morro Bay’ (circle symbols) and ‘Pt. Sur’ Filaments
(triangle symbols). Units for bSi and POC export flux are in mmol m2 d'. Colors of symbols
correspond to the ‘Cruise’ and ‘Cycle’ numbers indicated by the legend. Cycle 2.5 corresponded
to a sediment trap which remained in the Cycle 2 Day 4 water mass.
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Figure 3.17. Surface plots of dFe (top), Siex (middle row), and NOs:dFe ratio (bottom). Important
locations on the California coast are indicated: MB (Morro Bay), PC (Pt. Conception), and PS (Pt.
Sur). Color scale NOs:dFe ratio is set to white at 10 uM:nM, which is an indicator threshold of
possible Fe limitation of diatom communities in incubation experiments (King et al., 2007).
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Figure 3.18. Concentrations of dFe (left), silicic acid (middle), and nitrate (right) at 10-25 m for
all stations contained within the ‘Morro Bay’ filament (top) and ‘Pt. Sur’ filament (bottom) core.
The blue line represents the exponential fit of the data. In the displayed equations, the variable x
is Distance in kilometers.
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3.10. Appendix
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Figure A1. Water column profiles of beam transmission [%] (top), dissolved oxygen [uM] (middle
row), and density [kg m] (bottom) for numbered P1706 BBL stations (1 — 9). Trace metal GO-
Flo sampling depth is indicated by a horizontal dashed line with the dFe concentration [nM] written
above the line.
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Figure A2. Section plots of dFe (colorbar) with overlays of salinity (top), dissolved oxygen (DO,

middle row), and density (bottom) contours for the ‘Morro Bay’ (left) and ‘Pt. Sur’ (right) filaments.
Contours are based on shipboard CTD profile data.
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Chapter 4. Application of simultaneous processing of Multiple Analytical Window (MAW)

electrochemical titration data to the study of iron-binding ligands

4.1. Abstract

Dissolved iron speciation was determined at select stations of research expeditions to the
western Antarctic Peninsula and California Current, as well as in a microcosm experiment of a
simulated phytoplankton bloom via a competitive ligand exchange electrochemical technique
using multiple analytical windows (MAW), while employing a novel method for simultaneous
processing of MAW voltammetric titration data. The method here improves upon existing iron
speciation methodologies using a combination of publicly available metal speciation processing
tools, KINETEQL and ProMCC, as well as a unified sensitivity for the processing of MAW data as
a single data set. This advance eliminates the derivation of sensitivities from individual titrations.
The processing method developed was also used to optimize the analytical windows for MAW
analysis of iron speciation in seawater samples and incubation experiments, with an emphasis on
resolving strong iron-binding organic ligands. Equilibration time as well as analytical windows
were evaluated for how best to parameterize these analyses. The application of this method to
cruises with the FjordEco and California Current Ecosystem Long Term Ecological Research
(CCE LTER) programs revealed distinct iron-binding organic ligands detected throughout the
oceanic water column in disparate geographic locations as well as during a simulated
phytoplankton bloom in a microcosm remineralization experiment. These are some of the first
open ocean and mechanistic experiment iron speciation data sets derived from simultaneous
processing of MAW electrochemical titrations, providing a more accurate depiction of the natural

ligand pool relative to multi-ligand data derived from the analysis of a single analytical window.

4.2. Introduction

162



Dissolved iron (dFe) concentrations in coastal and offshore oceanic waters are relatively
low (generally <0.5 nM, Johnson et al. 1997; Biller et al. 2013). This is due to biological uptake
(Johnson et al., 1997) and extreme insolubility of dFe in oxygenated seawater (Liu and Millero,
2002). The presence of organic dFe-binding ligands increases the solubility of Fe in seawater
above its inorganic thermodynamic threshold (Rue and Bruland, 1995; Wu and Luther, 1995), but
much work remains to elucidate sources and sinks (Gledhill and Buck, 2012). The quality of the
organic ligand pool has been shown to differ across oceanic regions, from coastal to offshore and
from surface and deep waters (Ardiningsih et al., 2020; Buck et al., 2015, 2018; Bundy et al.,
2014, 2015; Forsch et al., 2021). Broad trends reveal ligands have regional inputs, seasonal
trends, and patterns associated with biomass and nutrient limitation (reviewed in Hassler et al.
2017).

Strong dFe-binding ligands (L1, logKFrer Fecond = 12.0) measured in the surface ocean are
thought to be biologically produced (Gledhill and Buck, 2012; Hunter and Boyd, 2007; Velasquez
et al., 2016) and form a biologically available (bioavailable) pool of dFe. These L1 ligands include
siderophores, which are low-molecular weight compounds with high affinity and specificity for
dFe. Weaker dFe-ligand complexes (L2, logKrer reconad < 12.0) might be also bioavailable (Hutchins
and Bruland, 1994; Poorvin et al., 2011; Whitby et al., 2020). The sources for weak ligands (L>)
may include degraded products of strong ligands in the surface ocean (Barbeau 2006), microbial
exudates (Boyd et al., 2010; Hassler et al., 2011; Hutchins and Bruland, 1994), humic-like
substances (HS) (Laglera and van den Berg, 2009), diffusive fluxes from coastal sediment pore
waters (Jones et al.,, 2011) and terrestrial inputs from rivers (Buck et al., 2007). A recent
compilation revealed weak ligands are ubiquitous throughout the global ocean interior and that
HS are important for maintaining baseline concentrations of dFe (Whitby et al., 2020), however,
dFe complexation is thought to be governed by stronger ligands in surface waters, which are

therefore more important in microbial Fe acquisition in the ocean.
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Despite these advances in characterizing the external inputs and in situ sources, the role
of organic dFe-binding ligands in productive planktonic systems, including how ligands remobilize
less-bioavailable particulate Fe pools, remains undefined. Further, the co-existence of multiple
dFe-binding ligands (Li—L4) means that competition exists between classes (e.g. siderophores
and HS) altering the bioavailability of dFe (Hassler et al., 2017). The relative importance of the
ligands constituting the ‘ligand soup’ clearly depends on location, season, and regional
characteristics. As identified by Hassler et al. (2017), major hurdles remain in order to constrain
the relative contribution of Li4 ligands in seawater: 1) spatial and seasonal resolution on the
distribution of L1 ligands in surface waters, 2) examination of production rates and residence times
of different in situ ligands, and 3) analytical methods for simultaneous detection of multiple ligands
to constrain the distribution, nature, and sources of strong and weak ligands.

Recent advances in the isolation and chemical separation of dissolved organic matter from
seawater, combined with plasma-source mass spectrometry, has shown that hydroxamate
siderophores are found to be present at picomolar concentrations in the surface ocean (Boiteau
et al. 2016, 2018). The low picomolar concentrations determined by these methods also indicates
potential bias with sampling and limited chemical characterization of the natural dFe-binding
ligand pool, since many studies reveal nanomolar concentrations of L1 ligands are present in
seawater (Buck et al., 2015, 2018). This analytical discrepancy suggests a highly diverse pool of
molecules controls dFe solubility in the ocean. Competitive ligand exchange-adsorptive cathodic
stripping voltammetry (CLE-ACSV) is the electrochemical technique primarily used to measure
the organic complexation of dFe, including organic dFe-binding ligand concentrations ([L]) and
their associated conditional stability constants (KreLxrecond). The ambient dFe-binding ligands
determined by this technique are typically described as ligand “classes,” which are operationally
defined by the associated conditional stability constant measured. Unlike methods which rely on
searching databases which contain known molecules, this technique does not require a priori

information about the possible chemical constituents present within the sample. Therefore,
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electrochemical studies are our best approach to examine the ligand pool as a whole in order to
accurately model the concentration and residence time of dFe in the ocean (Volker and Tagliabue,
2015).

To better constrain the seasonality and distribution of organic ligands, and to refine
understanding of biological sources of organic ligands in productive planktonic systems, we use
a MAW competitive ligand exchange-adsorptive cathodic stripping voltammetry (MAW-CLE-
ACSV) approach (Figure 4.1). This method was employed for copper (Cu) speciation studies
(Bruland et al. 2000) in estuarine (Buck and Bruland, 2005; Moffett et al., 1997) and coastal
environments (Van Den Berg et al., 1990; Bundy et al., 2013), but less so for Fe speciation studies
(Bundy et al., 2014, 2016). These previous studies report an overlapping range of conditional
stability constants (logKFre.x re'cond) Of dFe-binding ligands detected by CLE-ACSV in the marine
environment, which confounds the distinction between the stronger ‘L1’ and progressively weaker
‘Lo-4" ligand classes. This precludes the interpretation of the sources and sinks of dFe-binding
ligands, suggesting there are additional ligand classes in seawater to be resolved, with potentially
distinct sources and reactivity. As pointed out by Ruacho et al. 2021 (under review), for MAW-
CLE-ACSV Cu speciation data, advanced data processing is required to interpret overlapping
ligand classes. Therefore, to obtain an accurate depiction of the dFe-binding ligand pool, we
developed analysis parameterization and data processing methods for MAW-CLE-ACSV Fe
speciation data. These methods were applied to the studies of dFe-binding ligands in seawater
samples collected from seasonally productive planktonic systems: a glaciomarine fjord and an
upwelling coastal filament. We also applied this method in the context of an incubation field study
to better pinpoint the presence of the strongest (L) class of iron-binding ligands, ultimately with
the goal of interpreting this chemical signature in the context of remineralization processes,
microbial community composition, and the transcription of iron acquisition-related gene pathways.
This methodology allows for the detection of a wider range of dFe-binding ligand classes than is

determined in single window analyses.
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4.3. Materials and Methods

4.3.1. A novel method for the processing of MAW electrochemical titration iron speciation
data

The methods described herein were also developed for multiple analytical window (MAW)
copper (Cu) speciation data (Ruacho et al., under review). The proposed methods use a
combination of publicly available metal speciation processing tools, KINETEQL and ProMCC, as
well as a unified sensitivity for the processing of MAW data as a single data set, eliminating the
need to derive sensitivities from individual titrations. KINETEQL software can fit up to three ligand
classes using an excel worksheet iterative solver (Hudson et al. 2003). ProMCC software employs
mass balance equations, solving for MAW speciation parameters as a unified dataset (Omanovi¢
et al. 2015). In brief, the method uses KINETEQL to determine a unified sensitivity for the entire
MAW dataset, and then uses this sensitivity to correct the raw MAW data prior to final processing
using ProMCC. This method allows simultaneous processing of MAW electrochemical Fe
speciation datasets for the first time.

An important step in the processing of these methods is identifying individual erroneous
points in each titration. For the trained analyst, these points are easily identified, but
standardization is needed. Therefore, prior to processing the MAW speciation data in KINETEQL,
a statistical model is used to identify analytical errors in each titration. We used a cubic spline
regression with 95% confidence intervals to identify data points subject to removal and reduce
the overall uncertainties (Ruacho et al. under review). A final point removal was also carried out
during data processing with ProMCC, where points that were visibly clear outliers on the ProMCC-
generated plots for Scatchard and Langmuir fittings were removed. Titration data from each
window was imported into KINETEQL and the solver was run. Following fitting, data points falling
off the unified sensitivity line were subject to removal. The sensitivity determined in KINETEQL

was used to correct raw peak heights prior to importing to ProMCC. Within ProMCC, outlier points
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were removed, and the solver was run for final processing of the data, generating the final ligand
data. In this step, the appropriate model (1, 2, or 3-ligand fitting) was applied to reduce the overall

uncertainties computed by ProMCC.

4.3.2. Fe speciation analyses

All speciation samples were analyzed with MAWSs with a single titration at each window.
For the titrations, 10 mL aliquots of each dissolved Fe speciation sample were pipetted into 15 -
17 separate Teflon Savillex vials (17-mL flat bottom, with lid) that had been pre-conditioned with
the added dFe concentrations used in this study. A 1.5 mol L-" boric acid (> 99.99%, Alfa Aeasar)
buffer was prepared in 0.4 mol L' NHsOH (Optima, Fisher Scientific) and 50 yL was added to
each vial (7.5 mmol L final concentration, pH 8.2). Thirteen to eighteen aliquots (two vials
remained as ‘zero Fe’ additions) were then spiked with Fe from a 100 nmol L", 200 nmol L™, 1
umol L', 2 umol L™, or 10 ymol L' secondary standard that had been diluted form an atomic
absorption standard (CertiPrep) into pH 1.8 ultra clean water (MilliQ, >18.2 MQ cm™, acidified with
Optima grade HCI) to obtain a final concentration ranging from 0.25 — 35 nmol L-'. The added Fe
was left to equilibrate with the natural ligands for at least 2 hr. The appropriate concentration of
the competing ligand was added following the 2 hr equilibration period with the added Fe, and left
to equilibrate an additional 15 minutes (up to 2 hours). Each vial was then run separately using a
controlled growth mercury electrode (CGME, BASI) interfaced with an analyzer (E2, Epsilon) and
a laptop computer using ACSV as described in detail elsewhere (Buck et al., 2007; Bundy et al.,
2014; Rue and Bruland, 1995). A deposition time of 180 — 300 seconds was used in the analysis
of these sample sets depending on if a sufficiently high signal was attained at the 25 nM dFe
titration point. This was done when large changes in the dFe concentration was observed between
seawater samples. For example, for the P1706 dataset, the BBL sample required short (180 s)
deposition times compared to the extremely low concentration (<0.2 nM dFe) offshore stations

(300 s). Importantly, we noted that once an appropriate deposition time was established for a
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sample, the same deposition time was employed for each analytical window. The calibration of
the side reaction coefficient was completed previously according to Rue and Bruland (1995) with
corrections for salinity as described in Buck et al. (2007) and recalculated by Abualhaija and van
den Berg (2014). An ore of 10'° (inorganic side reaction coefficient) was assumed in the Fe
speciation calculations. Peaks generated from titrations were determined using the ECDSoft

software package (Omanovic et al., 2015).

4.3.3. Total dissolved iron analysis

Stored acidified filtered seawater samples were analyzed for Fe using flow injection with
chemiluminescence methods described by Lohan et al. DFe in the resulting samples was oxidized
to iron(lll) for 1 h with 10 mM Q-H-O., buffered in-line with ammonium acetate to pH ~3.5 and
selectively pre-concentrated on a chelating column packed with a resin (Toyopearl® AF-Chelate-
650M). DFe was eluted from the column using 0.14 M HCI (Optima grade, Fisher Scientific) and
the chemiluminescence is recorded by a photomultiplier tube (PMT, Hamamatsu Photonics). The
methods used were similarly described by King and Barbeau 2007, 2011, and a manifold adapted
from Lohan et al. 2006. The standardization of Fe used was a matrix-matched standard curve (0,
0.4, 0.8, 3.2 nmol kg') using low-Fe open ocean seawater. Standards were treated identically to
samples. Accuracy was assessed by repeated measurements of GEOTRACES coastal and open
Pacific Ocean reference seawater samples. Precision, determined by replicated analyses of an
in-house large-volume reference seawater sample within each analytical session, was
typically £5% or better. For the duration of these analyses, the average limit of detection (LOD,
defined as 3x the standard deviation of the blank) was 0.036 nM. For complete descriptions of

analytical figures of merit, reference Methods sections in Forsch et al. (2021) and Chapter 3.

4.3.4. Field study locations

4.3.4.1. Antarctic glaciomarine fjord
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In December 2015 and April 2016, we participated in two cruises of opportunity aboard
the ARSV Laurence M. Gould and RVIB Nathaniel B. Palmer as part of the FjordEco project in
Andvord Bay, an Antarctic fijord in the western Antarctic Peninsula (Figure 4.2,
https://fjordeco.wordpress.com/). Electrochemical speciation measurements were carried out on

both cruises. A recent paper includes dFe speciation data at a single analytical window (@ (sa, ),

where

AFe(SA), — Ksc,g}llge(m) « [SA'] + ﬁZCgZ;lFe(III) * [SA']? (1)

Here, SA' is the concentration of the added ligand (salicylaldoxime), K¢g7%;;y is the formation
constant of the Fe(SA) electroactive complex and ﬁggg;ge(,,,) the non-electroactive complex

Fe(SA),, determined to be 10%%2 M and 10'%72 M, respectively (Abualhaija and van den Berg,
2014). In our study, we followed previous GEOTRACES publications (Buck et al., 2015, 2018)
and used a moderately high analytical window (ar.(sa),= 115) over the two cruises, highlighting
seasonal differences in dFe speciation in a relatively unperturbed Antarctic fjord system (Forsch
et al. 2021). Additional MAW analysis of speciation samples associated with the FjordEco project

were carried out for this chapter.

4.3.4.2 ‘Morro Bay’ coastal upwelling filament

The California Current System is a seasonally productive eastern boundary upwelling
biome. During times of upwelling, cross-shore fluxes of water and particulate matter are found
within filaments. Surface and benthic boundary layer (BBL) samples, including a single profile (to
300 m depth), were collected on the R/V Roger Revelle in July 2017 (summer) from within a
coastal upwelling filament. In this study (termed the ‘Morro Bay’ filament), a cold, saline, and

Chlorophyll-rich parcel of upwelled water was tracked in a Lagrangian fashion and sampled to
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reveal changes in dFe speciation at multiple stages in the advection and age of the water parcel
as it was displaced offshore. The shoreward filament source endmember was sampled in the
Morro Bay benthic boundary layer (BBL). Hydrographic descriptions of the ‘Morro Bay’ flament

are described in detail in Zaba et al. (2021).

4.3.5. Iron remineralization experiment

In April 2016, aboard the R/V Sikuliaq, seawater was collected in offshore stations to
observe ecosystem responses to a persistent west coast warm anomaly in the California Current
as part of the Long Term Ecological Research (LTER) program process cruise (Figure 4.2). This
study (termed P1604) was initiated as a microbial community grow-out with a natural community
present in offshore Pacific surface seawater (33 N 122.45 W) on the first day (t = 0). Water
collected for the experiment was sampled from 22 m depth and placed in to 15x 2.7 L acid cleaned
polycarbonate bottles (5 timepoints, 3 replicates). To each bottle, the following was added: 900
uL NOjs stock (to a concentration of 10 uM), 270 uL PO4* stock (to a concentration of 1 uM), 5
mL Si(OH), stock (to a concentration of ~9 uM), and 34 pL FeCls stock (to a concentration of ~5
nM). Two hours following water collection, the 15 bottles were placed into an on-deck incubator
screened to 30% surface irradiance. At each timepoint, including the initial surface water,
DNA/RNA, Chlorophyll-a, dFe, dFe speciation, macronutrients, bacterial concentration, and total
organic carbon (TOC) were sampled. Following 11 days of growth (indicated by Chlorophyll-a
concentration as a proxy of biomass), the incubation was placed in the dark to observe
remineralization processes for an additional 7 days. The microcosm experiment was performed

in triplicate, indicated by letters A-C.
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4.3.6. Sample collection

In the case of LMG1510 and NBP 1603, samples were collected using acid-cleaned GO-
Flo (General Oceanics) 12-L bottles attached to a metal-free hydroline (Amsteel) and triggered at
depth using free-falling Teflon messengers. For P1604 and P1706, water column sample
collection was accomplished by a deployment of a trace metal rosette on a non-conducting
Kevlar-impregnated wire. The rosette contained up to 12 5-L X-Niskin bottles that were pre-
cleaned before the cruise, as well as a sensor package equipped with a CTD (Sea-bird Scientific)
and auto-fire module (AFM). Each collection of trace metal clean seawater was done immediately
following a ship CTD cast in order to obtain synoptic hydrographic and biogeochemical profiles.
Acute attention to cleanliness was applied in all cases. For dFe speciation samples, filtered
seawater (<0.2 — 0.4 um polycarbonate or supor filtered) was placed into acid-cleaned fluorinated
polyethylene bottles (FLPE 500 mL, Nalgene) and frozen immediately at -20°C until analysis.
FLPE bottles prevent significant adsorptive loss to the bottle walls in unacidified seawater
solutions, and also prevent leaching of dissolved organic carbon. Prior to analysis, each sample

was allowed to thaw at room temperature overnight.

4.4. Results and Discussion

4.4.1. Equilibration time and analytical windows

A 2 hr equilibration between the natural ligands and Fe additions was optimal for these
samples as it was found that a significant loss in sensitivity (defined as the voltammetric current
per Fe added) resulted from overnight equilibration. We analyzed two seawater replicates (A and
B) using three analytical windows, holding all other analytical parameters constant, to understand
the effect of extended overnight equilibration on the internal sensitivity of each titration and found
that the greatest loss in sensitivity (loss factor of 3.4-6.1 between short and overnight
equilibration) was found at the highest SA concentration of 50 uM (Figure 4.3), whereas at other

SA concentrations employed, a consistent factor of ~2.1-2.2 in sensitivity loss was found after
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overnight equilibration. We suggest two possible explanations for the observed sensitivity
decrease: 1) the high concentrations of salicylaldoxime (50 uM SA, the added competing ligand)
used in these studies could adsorb on to the vial walls, resulting in a decrease in sensitivity as a
function of time spent within the vials; 2) overnight equilibrations result in dimerization of the SA
molecule, or the non-electroactive FeSA; complex is formed over extended equilibration periods
at[SA] > 5 uM, which reduces the sensitivity as suggested in Abualhaija and van den Berg (2014).
Therefore, we use a 2 hr equilibration time to achieve the highest sensitivity of this method.
Despite these anticipated sensitivity losses (see Fig. 2 in Abualhaija and van den Berg,
2014), the high SA concentrations (14.7 to 33.2 uM) employed here allow for the interrogation of
the strongest binding ligands present in our samples, which contribute most to dFe speciation in
the marine environment. This range of analytical windows was used in previous MAW studies of
dFe speciation (Bundy et al., 2014, 2016; Fitzsimmons et al., 2015; Hogle et al., 2016). The

analytical windows used, defined by the ap.(sa), . Were optimized for each dataset, thereby

decreasing the number of analytical windows required and reducing the workload for the analyst.
This was accomplished by identifying the combination of windows which reduces the overall
uncertainty in ligand parameters determined by ProMCC. The analytical window is defined by the
concentration of the added competing ligand, which is SA. By varying the analytical window,
different ligands with varying affinity for Fe were measured, and a more accurate conditional

stability constant was determined compared to single window titrations. Ligand classes are here

defined by their logK,SgZﬁe, and classified as the following: L1 (logK; > 12), L2 (11 < logK, < 12),

Ls (10 < logK; < 11), L4 (logK; < 10). Note here that all K values listed in this chapter are
conditional stability constants even when the “Kcnd’ designation has been dropped for

convenience.
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4.4.2. In situ ligand pool characterization

4.4.2.1. Fe speciation in an Antarctic fjord

Single analytical window (SAW, ap.(sa),= 115) methods were previously used to assess

the seasonal quality of dFe-binding ligands in Andvord Bay, a heavily glaciated fjord located mid-
latitude along the WAP (Forsch et al., 2021). Only a single ligand class was resolved in all
samples. In order to resolve potentially more ligand classes present within the fjord, MAW

methods described herein were used at two additional windows (age(sa),= 60, 162). The results

are presented in Table 4.1. These methods were able to further resolve additional ligand classes
at select stations.

We find that MAW methods resolve multiple ligands more frequently than the SAW
methods. Our data show that 6 samples analyzed by MAW were able to detect two ligand classes.
In fact, the SAW analysis of the Andvord Bay data (Forsch et al. 2021) appears to reflect an
average of the two ligands detected via MAW at these stations, indicated by bracketing of SAW
results by MAW results (Table A1). These stations include those located within the inner basins
close to glacier termini, and surface waters overlying a sill (Sill 3) located mid-fjord. Interestingly,
these stations are locations where high rates of primary production were measured (Lindsey
Ekern Thesis) and enhanced upwelling and mixing occurred (Forsch et al., 2021; Lundesgaard et
al., 2020). These results indicate a potential contribution from multiple ligand sources, as strong
(L1) and weaker ligands (Ls), to an already strong ligand pool. As discussed in Forsch et al. (2021),
ligand sources in the fjord include in situ sources from microbes during the vernal bloom, but also
high concentrations of weak ligands produced during remineralization processes or from
subsurface sources in the Fall. Once upwelled during episodic extreme wind events, these weak
ligands could contribute to the surface ligand pool as shown at Sill 3 and Inner Basin stations

(Table 4.1). These locations also exhibited the highest OTUs associated with archaea and
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ammonium concentration at the surface (data not shown), again indicating these are locations for
intensified entrainment of deeper microbial populations and ligand sources.

When we compare MAW and SAW methods for samples in which only one ligand class
was detected, we find that on-average SAW underestimates the total ligand concentration by
16%. With samples where multiple ligand classes were detected by MAW, we find that SAW
underestimates the total ligand concentration by 40+17% (n = 6). These results identify an
important drawback of employing only a single analytical window: a significant fraction of the
ligand pool is missed. Indeed, these large discrepancies are due to a significant contribution of
very weak ligands (Ls4) missed by SAW analysis. Despite the differences in these methods, both
MAW and SAW determined similar free Fe concentrations (Table A1). The largest difference is
where multiple ligands were detected by MAW and not SAW. We also found that a stronger
correlation exists between the loga, or “binding capacity”, defined by equation 2, and dFe

concentrations when using MAW analysis (r?= 0.16 for SAW and r? = 0.52 for MAW).

a=(1+ (excess Ly, X K1,2)) (2)

While loga is used to indicate the ability for the ligand pool to bind additional dFe, the stronger
correlation with dFe concentrations might indicate that MAW more accurately captures the
physicochemical process of solubilization and stabilization of dFe from particulate matter by the
ligand pool, since a higher loga is both a result of excess ligand production and the binding
strength of the strong ligands (logK; ).

By comparing MAW with SAW analyses on the same samples, we have found that the
SAW method is likely missing additional ligand classes within samples when a large concentration
of very weak ligands is present, or when dissolved organic carbon concentrations are elevated.

We contend that SAW analysis sufficiently captures important changes in partitioning of
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organically-bound Fe and ‘free Fe’ (Fe’), but it does not resolve ligand classes which originate
from distinct sources. Further, SAW analyses have the potential to misinterpret the concentration
of strong L+ ligands when a large excess of very weak ligands exists, such as in productive surface
waters and those influenced by sedimentary sources. This is a well-known issue for processing
Cu speciation measurements, first identified by Voelker and Kogut (2011). They found weak
organic ligands interfere in the determination of the titration sensitivity at a given analytical
window. By using multiple analytical windows, we overcome this potential issue in our own Fe
speciation data. The SAW results for the Inner Basin B station (Moser Glacier) in the late-Spring
(LMG1510) revealed a L; ligand class of 6.22 + 0.52 nM and logK, = 11.99 + 0.14 in the surface.
Using MAW analysis, we find the ligand pool is composed of a strong L+ ligand class ([L1] = 3.82
1 0.42 nM, logK; = 13.10 £ 0.59) and a weaker ligand class ([L3] = 6.83 + 3.84 nM, logK; = 10.5
+ 0.34). By obtaining data from a high window where the weak ligands interfere little or not at all,
we overcome poor calibration of the sensitivity. We note that when multiple ligands are resolved
by ProMCC, the uncertainties are significantly greater with the weaker ligand classes (Gerringa

et al., 2021; PiZeta et al., 2015).

4.4.2.2. Fe speciation in the ‘Morro Bay’ filament

The CCE-LTER process cruise tracked an upwelling filament from the nearshore Morro
Bay region to offshore, revealing a gradient in iron stress as the water mass moved from Fe-
replete conditions over the shelf, to Fe-limited offshore (Figure 4.4). We leveraged the Lagrangian
cruise dataset to study changes in MAW Fe speciation (ap.s4), = 60, 115, and 162) across
gradients in Fe stress and as a function of distance from the Fe source. DFe speciation data is
presented in Table 4.2. The shoreward filament source endmember was sampled in the Morro
Bay benthic boundary layer (BBL). We found that the BBL was enriched in dFe (14.77 nM) and

several classes of Fe-binding ligands (L4, L2 and Ls) were identified, notably a large excess of L4
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ligands (6.82 nM excess L1 = [L1] — [dFe]). Once upwelled, the total concentration of Fe-binding
ligands decreased, but excess L was maintained and increased to 10.11 nM once the water
parcel had moved offshore. This large excess in L1 also corresponded to the onset of Fe-limitation
(indicated by negative Siexin Figure 4.4) and could indicate a strategy to access refractory forms
of Fe (e.g. particulate matter) as dFe concentrations diminished. Interestingly, where we observe
the greatest degree of Fe-limitation, was found to occur in the late stage of Cycle 2, where L4
ligands were not detected. Further offshore, L, ligands became more dominant in the nearest
surface waters, although patchy sub-surface distribution of L1 ligands still had significant impacts
on dFe binding capacity (Figure 4.5). Fe speciation in the offshore is controlled by a nearly
constant surface pool of slightly weaker ligands (L2). This is consistent with other published
studies on the distributions of Fe-binding ligands in the CCS (Boiteau et al., 2019; Bundy et al.,
2014, 2016).

The BBL was enriched in multiple ligand classes and had the overall highest loga,
indicating that the sediments are a possible source of multiple ligands to the upwelling filament.
This result is similar to the findings of Bundy et al. (2014) who found multiple ligands (L1, Lo, and
Ls) at similar concentrations in BBL samples collected during Spring and Summer cruises.
However, in Bundy et al. (2014), each window was analyzed separately resulting in higher logo
values (13.8 to 15.2, compared to 13.3 this study); likely a result of overcounting of overlapping
ligands. In the surface, similar concentrations of L1 were found in the 2014 study and were not
detected >100 km from the coast. We too found that L, ligands were not detected in offshore
cycles. Greater concentrations of L, were found within the filament (8.15 — 9.07 nM) when
compared to Bundy et al. (2014) surface samples. This indicates that filaments are important
sources of L, ligands to offshore surface waters. Interestingly, while we detected elevated
concentrations of L, and L3 ligands within the Morro Bay BBL, these ligand classes were absent

in surface waters at Cycle 1 and the beginning of Cycle 2. This suggests distinct processes
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influence their distributions within filaments. The MAW approach in this study helped to determine
the full spectrum of ligands present in a coastal upwelling filament and their spatial relationship
with the BBL source and nutrient limitation. In summary, we showed excess L1is maintained
during upwelling and some advection before it is lost. A significant L, source is then produced
>50 km away from the BBL and appears at the location of the highest degree of Fe-limitation in
incubation studies (covered in Chapter 2). We also showed that the loga decreases with distance
from shore, showing offshore surface waters are less able to buffer additional dFe sources.
Phytoplankton may take advantage of higher loga and increased Fe solubilization and
stabilization during bloom formation during the early stages of filament advection. This provides

new information regarding the role of dFe-binding ligands in Fe supply to the CCS.

4.4.3. A comparison of ligands in fjords and upwelling filaments

We compare the dFe-binding ligand quality and quantity at these two productive sites. We
detected a similar range of L1 concentrations at both sites. The ‘Morro Bay’ flament contained a
range of 4.46 to 10.3 nM L: (excluding the BBL station), while we observed water column
concentrations of 2.82 to 10.50 nM L, within the fjord. The excess Li concentrations were
noticeably different, with higher excess L in the filament (8.46 to 10.11 nM at Cycle 1, Table 4.2)
compared to the fjord (0.46 to 0.97 nM, Table 4.1). This is likely because the fjord was proximal
to many dFe sources which led to overall higher dFe concentrations and saturation of the ligand
pool. Within the surface waters of the filament, up to 6.82 nM excess L1 came from the BBL, and
the rest are likely produced during the bloom (Hogle et al., 2016). This large excess of L, in the
filament surface layer led to higher loga values, compared to the fjord, but the means of both field
studies are similar (filament: 12.62 £ 0.4, n = 5; fjord: 12.58 + 0.2, n = 8). The highest binding
capacity found in both datasets was in the BBL (13.3). These results show that the BBL and Fe-
limited upwelling filaments are important sources of excess strong ligands, which facilitate dFe

complexation during early stages of lateral advection, but a significant sink ensures no L1 are
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detected in the aged filament further offshore. No L1 ligands were found within the fjord at the
surface in the Fall, which again highlights that the presence of L1 in surface waters is controlled
by proximity to its source (BBL), the biogeochemical condition (Fe-limitation) and the age of the
water mass (stage of the bloom and dominant sinks). Within the surface, one notable sink of L1
ligands is thought to be degradation by sunlight, leading to the destruction of the ligand (Barbeau,
2006) or conversion to a weaker ligand class (Bundy et al.,, 2016). Therefore, it is critical to
understand the residence time of excess L1 with less bioavailable forms of Fe to understand how
strong ligands form a bioavailable pool of dFe in the euphotic zone prior to degradation.

The global ocean is heavily under sampled for measurements of dFe-binding ligands.
These studies contribute to our understanding of the spatial differences and seasonality of distinct
productive regions. Based on our findings here, we suggest that productive eastern boundary
currents contain a larger excess of ligands than polar fjords due to lower concentrations of dFe,
despite phytoplankton biomass being comparable (fjord range: 2 — 8 ug Chlorophyll-a L' from
Pan et al. 2020; filament range: 2.5 — 10 ug Chlorophyll-a L' from Chapter 2). However, it appears
that strong ligands are produced at both sites during the formation of phytoplankton blooms. We

next investigate the production of L1 ligands in terms of phytoplankton bloom phenology.

4.4.4. Changing iron speciation during a simulated bloom

To capture ligand dynamics during the remineralization of particulate organic matter,
Velasquez et al. (2016) used high-performance liquid chromatography (HPLC) coupled with mass
spectrometry to measure the rates of ferrioxamine siderophore production. However, in that study,
no L1 ligands were detected electrochemically possibly because a relatively low analytical window
was employed. The authors used the added ligand 2-(2-Thiazolylazo)-p-cresol (TAC) at a
concentration of 3.5 UM, ape(racy,= 30.625 (Croot and Johansson, 2000). This window is
optimized for detecting weak, not strong ligands (Bundy et al., 2014). By tuning the concentration

of the competing ligand, specific ligand classes of interest may be detected. The Fe speciation in
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a simulated bloom experiment was determined using MAW electrochemical analysis (are(sa), =

80, 160), in conjunction with metatranscriptomic sampling. These relatively high analytical

windows allow us to detect ligands within two orders of magnitude of the ag,s4), . Complexometric

titration results are presented in Table 4.3. The study was initiated as a microbial community
grow-out with nutrient addition to a natural community present in offshore Pacific surface
seawater. Following 11 days of growth and initial senescence (indicated by Chlorophyll-a
concentration as a proxy of biomass), the incubation was placed in the dark to observe
remineralization processes for an additional 7 days. The microcosm experiment was performed
in triplicate (indicated by letters A, B, and C). Over the course of the experiment TOC
concentrations peaked at the end of the light incubation period (day 10) and were drawn down to
near pre-bloom levels during the remineralization phase (Figure 4.6 panel A). Bacterial carbon
production (BCP) dramatically increased over the course of the incubation indicating active
processing of organic matter by the bacterial population (Figure 4.6 panel B). 16S rDNA and
metatranscroptomic results showed that the prokaryotic community shifted dramatically from one
dominated by the oligotrophic groups SAR11 and Prochlorococcus to one dominated by the
copiotrophic groups Alteromonadales, Flavobacteriales, and Rhodobacterales by the peak of the
bloom (data not shown). There was also a concerted shift in Fe acquisition mechanisms over the
course of the experiment. Initially, Fe transport genes consisted primarily of Fe(lll) ABC transport
systems from the SAR11 clade and alphaproteobacteria as determined by the detection of
transcripts for the solute binding protein (SBP) component of these systems. As the relative
abundance of Fe(lll) ABCT systems decreased, the apparent utilization of complexed sources of
Fe increased as evidenced by the expression of SBPs for dFe-ligand complexes (such as Fe-
siderophore complexes or heme). These SBPs were not detected during the initial timepoints, but
were expressed by Alteromonadales, Flavobacteriales, and the SAR92 clade during the peak

bloom and remineralization stages. Interestingly, the MAW dFe speciation data (Figure 4.6 panel
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C) indicates that the highest binding capacity of strong L1 and L ligands occurs during the peak
phase of the bloom, rather than during the log-phase growth or the extended dark remineralization
period.

The ability for the strong ligand pool to bind additional dFe, or “binding capacity”, is
summarized by the a value, defined in equation 2. This pattern in a is driven by a consistent peak
in the binding constant of the strongest ligands detected right at the peak of the bloom, day 10,
(Figure 4.6 panel D), which may be indicative of siderophore production at this stage. There is
also a suggestion of a maximum in excess strong ligands in the immediate post peak/early
senescence point on day 11. These results suggest that the extended remineralization period
may not be as associated with the production of strong Fe-binding ligands as the bloom peak
period. This supports earlier findings (Hogle et al., 2016), and, importantly, suggests that strong
ligand production does not scale with bulk processes like TOC consumption or bacterial carbon
production but may instead be synced to the phase of the phytoplankton bloom. The average L
ligand production and consumption rates determined between each experimental sampling day
can be up to several nM d' in this experiment (Table 4.4). These results indicate that multiple
processes must govern large quantities of L1 ligands, since siderophore production rates are low
(11.8 pM d', Velasquez et al. 2016). While production and consumption rates are expected to be
low for siderophore-dFe complexes, other processes such as photochemical or bacterial
degradation could contribute to the observed trends. Additional compounds are likely to contribute
substantially to this pool, such as exopolymeric substances produced during phytoplankton
blooms, which are shown to be strong ligands (Hassler et al., 2011).

Further exploration of this data set will be accomplished by targeting specific Non-
ribosomal Peptide Synthase (NRPS) biosynthetic pathways in the metatranscriptomes on days
10 and 11 as potential siderophore pathways. By correlating the presence of specific transcripts
with the concentration and binding strength of strong ligands via network analysis we refine

biological sources and turn-over rates of organic ligands involved in Fe acquisition in the ocean.
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4.5. Conclusions

The MAW method described here improves the detection of multiple ligand classes within
environmental samples and mechanistic incubation experiments. The determination of a unified
sensitivity for the entire MAW speciation dataset prior to final processing in ProMCC is an
improvement on MAW data processing. This step in KINETEQL eliminates the time-intensive step
of determining individual window sensitivities and allows for processing all analytical window
titration data simultaneously. Compared to SAW, MAW analysis can detect additional ligand
classes, especially in instances when dissolved organic carbon concentrations are high (during
blooms, close to sediments, remineralization). Therefore, for researchers interested in
understanding the sources and sinks of particular ligand classes, MAW analysis is superior. MAW
analysis allowed for multiple ligand classes of Fe-binding ligands to be observed, each with
unique distributions with respect to depth and region. Whereas dCu speciation represents a
continuum of incidental ligand binding, dFe speciation by strong ligands arises from purposeful
complexation by discrete molecular families (i.e., siderophores) as a strategy to acquire Fe from
less bioavailable forms when dFe concentrations become limiting (Butler, 1998). Therefore, MAW
is well-suited to investigate the diversity of organic ligands that comprise the bulk ligand pool and
possible controls on their occurrence in seawater. When strongly complexing ligands are the
focus, as in the P1604 microcosm experiment, employing appropriately high analytical windows
can provide critical information for querying large metatranscriptomic datasets, which can connect
patterns in ligand production to microbial metabolic processes.

In a recent publication, Gerringa et al. (2021) discussed the drawbacks of using CLE-
ACSV electrochemical methods. When a model ligand was analyzed with a single window
titration, there was a tendency to overestimate the concentration of the ligand (Gerringa et al.,

2021). Ligand concentrations determined from a single window analysis represent an average of
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a consortium of natural ligands in environmental samples. Therefore, MAW analyses should be
able to resolve better the concentrations of individual ligand classes. We found that MAW analysis
results in lower uncertainties in open ocean samples, compared to enriched environmental
settings, probably due to large effects associated with high DOC concentrations in coastal and
productive regions and incubation studies. SAW likely underestimates the concentration of total
ligands, but also could misinterpret the contribution of strong L+ ligands to the ligand pool.
Corollary: MAW can resolve strong ligand production when high concentrations of weak ligands
are present.

In this chapter, through exploration of environmental and incubation samples, we arrived
at a better understanding of 1) the spatial and seasonal distributions of L4 ligands in surface
waters of an Antarctic fjord and a California Current upwelling filament; 2) the residence times of
different in situ ligands with respect to seasonality in a fjord and offshore advection by an upwelling
filament, and also production/consumption rates of ligands in an incubation experiment; and 3)
the distribution, nature, and sources of strong and weak ligands using an MAW approach with

improved data analysis to simultaneously detect multiple ligand classes.
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4.7. Figures and Tables
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Table 4.2. MAW Fe speciation data from the ‘Morro Bay’ filament cruise (P1706).

Cycle | Lat | Long D(e"':;h [':‘FMe] [ni;ﬂ] E} [r:-IJI] ["i"v” logK1 E [r!‘ljl] ["i"v” logK: E [r"";‘] [nil‘VI] logKs E E"“[:s;? log(alpha)

Morro

Sg{ 56 14.77 0.62 15.49 21.59 250 121 0.2 14.05 1.09 11.8 0.7 14.90 421 10.8 0.9 6.82 13.3
1 10 0.72 0.01 0.07 9.18 1.67 121 0.9 8.46 13.0
2 12 0.19 0.02 0.03 10.30 0.33 121 0.1 10.11 13.1
2 15 0.14 0.01 0.07 8.15 1.39 1.4 0.2 nd 12.3
2 10 0.14 0.004 0.08 9.07 5.44 1.3 0.4 nd 123
2 20 0.09 0.001 0.14 11.40 5.96 10.7 0.3 nd 11.8
2 40 0.15 0.01 0.02 4.46 1.73 122 0.4 12.50 12.20 10.1 10.6 4.31 128
2 60 0.40 0.003 0.34 5.18 4.53 1.1 1.3 20.60 18.80 10.3 10.5 nd 121
2 100 0.43 0.003 0.44 1.73 1.68 1.7 1.7 0.57 0.56 10.1 12.0 nd 11.9
2 300 0.82 0.02 0.44 6.13 291 11.4 0.5 37.20 23.20 10.1 0.5 nd 12.3
2 500 1.04 0.01 0.65 1.47 0.81 125 1.5 0.43 121
2 750 0.70 0.04 0.46 1.49 0.88 122 1.0 0.79 122
3 10 0.25 0.01 0.09 8.15 275 1.5 0.4 nd 124
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Table 4.3. MAW Fe speciation data from the P1604 experiment. The average + standard deviation
of day 0 replicates is shown for the total ligand (L:) and the free Fe concentrations. The strongest
ligand class is presented in the table, while weaker ligands are not shown.

Experiment [;i:;;] L; [nM] [cr|‘ I;:] [niI-VI] fr[i eMI;e [rli-l\11|] [niI-VI] logK1 + ext[:::ns] Ly alpha
Pacific SW 0 9.88+0.30 0.15 0.01 0.037+0.036 5.02 0.94 12.4 0.3 4.86 1.3E+13
7 10.70 3.76 0.06 0.45 7.23 0.98 12.3 0.4 3.47 1.5E+13
A 10 14.47 4.05 0.12 0.68 4.61 0.48 13.0 0.9 0.56 4.2E+13
A 11 5.76 3.36 0.01 0.55 4.56 0.48 12.7 0.5 1.20 2.3E+13
A 14 9.18 2.40 0.04 0.38 5.79 1.61 12.3 0.5 3.39 1.1E+13
A 18 3.73 1.65 0.03 0.51 2.69 0.42 12.5 0.5 1.04 8.3E+12
B 7 21.70 8.36 0.1 1.12 11.30 | 0.80 12.6 0.3 2.94 4.9E+13
B 10 6.46 4.24 0.05 0.11 497 0.30 13.9 0.6 0.73 4.0E+14
B 1 9.18 1.04 0.01 0.06 3.37 1.60 12.7 0.8 2.33 2.1E+13
B 14 3.86 0.72 0.03 0.50 3.86 2.94 11.7 0.7 0.00 1.8E+12
B 18 0.00 1.03 0.03 0.00 0.00 1.0E+00
C 7 98.45 2.46 0.09 0.56 3.65 0.37 12.5 0.3 0.00 1.2E+13
C 10 63.77 1.1 0.00 0.03 1.87 0.21 13.7 1.2 0.76 1.0E+14
C 11 7.35 1.40 0.01 0.22 7.35 2.24 12.0 0.4 5.95 8.0E+12
C 14 4.20 1.21 0.00 0.90 4.20 2.47 11.8 0.5 0.00 2.5E+12
C 18 4.90 1.23 0.00 0.13 4.90 1.70 12.2 0.4 3.67 7.2E+12

Table 4.4. Ligand (L+) production and consumption rates determined between each experimental
sampling day. The units are in nM L, d"" with average (Avg) and standard deviations () tabulated
for the triplicate experiments.

Period A B C Avg

+

beginning-7 0.32 0.90 -0.20 0.34 0.55

7-10 -0.87 | -2.11 -0.59 | -1.19 | 0.81
10-11 -0.05 | -1.60 5.48 1.28 3.72
11-14 0.41 0.16 -1.05 | -0.16 | 0.78
14-end -0.78 | -0.97 0.18 -0.52 0.61
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Multiple Analytical Windows CLE-ACSV
1. Titration 2.CLE
Addition of competing ligand (SA, salicylaldoxime)

Aliquot the sample and titrate the natural ligands
with increasing iron additions (0 - 35nM)

Equilibration (2 hours)

= = = =
EE E B

[— - =
E E E B SA

SA-iron complexes are electroactive

4. Data Processesing

KINETEQL

e

Hudson et al. (2003)

[dFe]

Titrations are run 15+ minutes after addition of SA
and subsequently scanned on a hanging mercury
drop electrode

Figure 4.1. Method for dFe speciation measurements using CLE-ACSV with proposed
developments for processing MAW Fe speciation titration data through a combination of
KINETEQL (Hudson et al. 2003) and ProMCC (Omanovic et al. 2015) software.

Omanovic et al. (2015)
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Figure 4.2. Geographically distinct regions of the ocean where studies of dFe-binding ligands
were conducted. Andvord Bay (left map) and the California Current location of the P1604

microcosm experiment circled in yellow (right map).
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Figure 4.3. Analyses of Pacific ocean surface seawater replicates (A and B) to test equilibration
time with added Fe. a) The internal sensitivity determined from the linear portion of each titration
for each replicate at three SA concentrations (14.7, 25, 50 uM). b) The relative sensitivity between
the short equilibration (15 min, 2 hr) and the overnight equilibrations for seawater replicates A and
B. The largest relative change in sensitivity was for the highest SA concentrations (i.e., analytical

window).
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Figure 4.4. The concentration of Siex [UM] at the surface over the entire study region. More
negative values of Sic indicate Fe stress conditions of diatoms in the southern California Current
and is defined as, Sig, = [Si(OH)4] — (Rsi:no, X [NO3]), Where Rg;.yo,~1. The cruise track is
roughly shown by the locations of Lagrangian ‘Cycles’, each cycle lasted 3-4 days. Cycle 1 (C1)
is the initial location for the upwelled water parcel, and Cycle 2 and 4 (C2, C4) is the time-evolved
filament, while Cycle 3 was no longer within the filament.
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Figure 4.5. ‘Morro Bay’ filament (P1706) dFe speciation profile at Cycle 2 (see Fig. 3). A) Profiles
of dFe and ligand concentrations for an off-shelf station within an upwelling filament. B) Iron

“binding capacity” of the in situ strong ligand pool (loga), note maximum logo at 40 m depth, this
was the base of the chlorophyll maximum layer and due to the presence of strong L+ ligands.
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Figure 4.6. P1604 incubation experiment results. A) TOC concentrations peaked at the end of
the light incubation period and were drawn down to near pre-bloom levels during the
remineralization phase. B) BCP dramatically increased over the course of the incubation
indicating active processing of organic matter by the bacterial population. C) Binding capacity of
strong ligands peaked at 10 days, the peak of the bloom. D) Increased conditional stability
constants for ligands at day 10 could be indicative of siderophore production at bloom
peak/senescence.
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4.8. Appendix

Table A1. Comparison of LMG1510 and NBP1603 dFe speciation data for select stations. Results
are presented for both SAW (from Forsch et al. 2021) and MAW analyses (this chapter).

SAWorMAW? | Station | Depth[m] | L,[nM] + K, + L. [nM] + K + L [nM] + K + L [aM] + K, + Fe'[pM] | L.[nM] logalpha

SAW IBA 6 4.06 174 1213 0.69 0.62 4.06 125

SAW 1BB 20 11.18 139 11.58 0.26 4.16 11.18 122

MAW 1BB 20 9.6 182 119 0.45 6.72 0.38 10.7 0.59 2.41 16.32 12.9

SAW 1BB 75 14.03 157 13 0.13 364 14,03 122

MAW 1BB 75 9.11 196 18 0.38 288 158 9.97 0.37 23 37.91 12.8
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Chapter 5. Conclusion

Aspects of the ‘Iron Hypothesis’ have been researched for decades, yet how inputs of new
Fe contribute to primary production in the modern ocean remains a great unknown. This is partly
due to poor coverage of the ocean, and poor constraints on fluxes of dust and other new Fe
sources to Fe-limited and productive regions. Expanding coverage of the ocean, basin-wide
surveys by the international program GEOTRACES (geotraces.org) have highlighted the need to
consider multiple sources of Fe to the ocean interior. However, these studies alone cannot
address the key underlying processes of ongoing Fe fertilization in the modern ocean. Knowledge
of how phytoplankton meet their Fe needs, including what chemical species the Fe must be
present in and how the formation of these species is regulated, is needed.

The research in this thesis attempts to understand Fe biogeochemistry in the context of
multidisciplinary studies in non-High Nutrient Low Chlorophyll (HNLC) regions, and how Fe
biogeochemistry couples to carbon and macronutrient cycles in productive coastal regions. The
Antarctic and California Current coastal regions are far more productive than the open ocean,
with seasonal phytoplankton blooms that support vibrant habitats for the world’s largest fisheries
and key biological “hotspots.” The intensity in production is, in part, because these systems
receive multiple inputs of weathered Fe-rich material, ultimately derived from the continental crust.
These coastal regions are also important for sequestration of a fraction of carbon produced at the
surface on the seafloor, which links processes occurring in the euphotic zone with the benthos.
From this multidisciplinary approach, our understanding of the physics and biogeochemistry of
these systems enabled the determination of the relative significance of different nearshore
sources to coastal environments.

Work in this thesis attempted to understand how Fe contributed to the high levels of
primary production in coastal regions by addressing the following questions. What is the relative

significance of different nearshore Fe sources to productive coastal environments? To address
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this problem, an understanding of how much Fe enters the ocean at ocean boundaries was
needed. We identified important sources of Fe to two distinct regions: an Antarctic fjord and the
California Current. In Chapter 2, cryospheric sources of Fe to the fjord euphotic zone included
glacial meltwater and vertical entrainment of a subsurface subglacial plume via episodic katabatic
wind events. Observations and dye experiments using a high-resolution physical circulation model
informed us of how these multiple sources reach the euphotic zone. We determined that
communication between the surface and deep waters enriched in sedimentary Fe was not
significant. In Chapter 3, the benthic boundary layer and subsurface California Undercurrent
provide coastal upwelling filaments with Fe likely coming from resuspended shelf sediments. How
bioavailable is Fe in coastal regions? The complexity of Fe speciation in the ocean requires
multiple analytical methods be employed. In Chapters 2 and 3, chemical characterization of Fe
pools showed nearshore sources are rich in bioavailable Fe, with most Fe in the form of reactive
Fe-minerals. In Chapter 4, the examination of Fe-binding ligands using electrochemical titrations
with Multiple Analytical Windows (MAW) informed us of the spatial and temporal controls on Fe
bioavailability in greater detail. A major contribution of this work was the development of novel
methods for simultaneous processing of MAW electrochemical titration data. What are the
impacts of coastal Fe sources on phytoplankton populations? In Chapter 2, we argued iron in
meltwaters is supplied to the Southern Ocean from Antarctic fjords, and this is likely to become
significant with regional climate change. In Chapter 3, the potential for Fe-stress was explored
through in situ geochemical proxies and manipulation experiments in the field. This led to
conceptualization of how Fe is linked to the biogeochemical cycles of the macronutrients in two
coastal upwelling filaments in the California Current. We argued that coastal upwelling filaments
are likely prone to Fe-limitation and that this is common to Eastern Boundary Upwelling Systems.
Importantly, we found that Fe-stress affects the ability for diatoms to access nitrate, but not silicic
acid, leading to a Si-ballasting effect of sinking particulate matter and contributing to efficient

export of particulate organic carbon.

196



The cycling of Fe is intimately tied to the biogeochemistry of the macronutrients through
biological assimilation by primary producers in coastal regions of the ocean. Minimizing the
ambiguity of how fluxes of new Fe are regulated will ultimately result in a more comprehensive

view of the Fe cycle and spatial and temporal gradients in oceanic primary production.
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