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%Qcean Sciences Department, University of California Santa Cruz, Santa Cruz, California

Abstract

A 3-day shipboard incubation experiment was conducted in the California Current System in July 2014 to
investigate the cycling of iron (Fe), copper (Cu), nickel (Ni), cadmium (Cd), manganese (Mn), cobalt (Co),
lead (Pb), and scandium (Sc) under a range of light and particle conditions. Filtered (< 0.2 ym) and unfiltered
treatments were incubated under the following light conditions: Dark, light (“UV”), and light without the
ultraviolet (UV) wavelengths (“noUV”). The experiment was sampled for carbon and Fe uptake rates, dis-
solved trace metal concentrations (Fe, Cu, Ni, Cd, Mn, Co, Pb, Sc), Fe and Cu speciation, size-fractionated
concentrations of Cd and Fe, and diatom community composition from DNA sequencing. Exposure to UV
light increased phytoplankton Fe uptake in the first 24 h of the incubation relative to the noUV treatment,
suggesting that a fraction of the ambient ligand-bound Fe was photoreactive. Fe-binding organic ligand pro-
duction was observed in the unfiltered light treatments in association with increasing chlorophyll a, and evi-
dence for Cu-binding ligand production in these treatments was also observed. Biological uptake of Cd and
Co was observed along with scavenging of dissolved Pb. Manganese appeared to be rapidly oxidized by Mn-
oxidizing bacteria with concomitant drawdown of dissolved Ni. Scandium displayed similar trends to Fe,
reinforcing the limited observations of the physicochemical similarities between these two elements in sea-
water. Overall, this study highlights distinct impacts of photochemical processes, scavenging, and biological
effects on marine trace metal cycling in an environment characterized by seasonal upwelling.

The importance of iron (Fe) as a micronutrient has been
established for nearly three decades (Martin and Fitzwater
1988). It is now recognized that Fe limits primary productivity
in as much as 40% of the surface ocean and exerts significant
influence on carbon cycling in the global ocean (Moore et al.
2004; Boyd et al. 2007; Tagliabue et al. 2017). Although Fe is a
major constituent of the Earth’s crust, its physicochemical
properties result in low solubility in oxygenated seawater (Liu
and Millero 2002). This scarcity in the water column is com-
pounded by a high biological demand for Fe as a cofactor in
enzymes that mediate critical biochemical reactions in phyto-
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plankton such as nitrogen fixation and photosynthesis (Sunda
1989; Morel and Price 2003).
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In addition to Fe, a suite of bioactive metals including
copper (Cu), nickel (Ni), cobalt (Co), cadmium (Cd), and
manganese (Mn), among others, have garnered attention for
their biological utilization by phytoplankton and have been
studied to determine the influence they exert on primary
production in the oceans (Sunda 1989; Bruland et al. 1991;
Morel and Price 2003; Twining and Baines 2013). For exam-
ple, Cu is used by Fe-limited diatoms as a cofactor in a high
affinity Fe uptake system (Maldonado et al. 2006), and insuf-
ficient Cu has been suggested to co-limit phytoplankton
growth along with Fe in the subarctic North Pacific (Peers
et al. 2005). For some diatom and cyanobacteria taxa, Cd
and Co can substitute for Zn in the carbonic anhydrase (CA)
enzyme (Price and Morel 1990; Sunda and Huntsman 1995a;
Cullen and Sherrell 2005; Xu and Morel 2013), while other
taxa require Cd for a distinct Cd-CA (Lane and Morel 2000)
and cyanobacteria have an obligate Co requirement (Sunda
and Huntsman 19954; Saito et al. 2002). However, elevated
Cu and Cd have also been shown to inhibit phytoplankton
growth due to intracellular oxidative stress and antagonism
of micronutrient uptake (Brand et al. 1986; Sunda 1989;
Sunda and Huntsman 1996). Nickel is required for the acqui-
sition of nitrogen in the form of urea and can be used as a
cofactor in a superoxide dismutase to mediate oxidative
stress (Price and Morel 1991; Dupont et al. 2010). Many of
these enzymes may also have effective (and ineffective)
metal substitutes, complicating trace metal biogeochemistry
in the surface ocean and our understanding of biological
requirements (Saito et al. 2008). Other metals may be useful
to tease apart some of these processes, such as scandium
(Sc), which has similar physiochemical characteristics to Fe
but no apparent biochemical role, and so may be useful in
distinguishing between biotic and abiotic mechanisms of Fe
cycling (Parker et al. 2016). Similarly, lead (Pb) has no bio-
logical function but is especially prone to scavenging via sur-
face absorption to cells and may be passively accumulated
through calcium acquisition pathways (Burnett and Patter-
son 1980; Fisher et al. 1987). Quantifying the cycling of
these elements in the ocean requires a deeper understanding
of the biogeochemical processes that control their concentra-
tions, speciation and resulting bioavailability in the water
column.

In seawater, the dominant chemical forms of these trace
metals play a governing role in their bioavailability to plank-
tonic communities. Typically >99% of dissolved Fe and Cu
is complexed by a heterogeneous pool of organic ligands
(Coale and Bruland 1988; Gledhill and Van Den Berg 1994;
Rue and Bruland 1995; Wu and Luther 1995; Moffett and
Dupont 2007), and recent studies by the GEOTRACES pro-
gram indicate that this extensive organic complexation per-
sists throughout the water column and across ocean basins
(Buck et al. 2015; Gerringa et al. 2015; Jacquot and Moffett
2015). Changes in ligand concentration appear to be linked
to biological activity, as demonstrated in field incubations
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(Lohan et al. 2005; Buck et al. 2010; King et al. 2012; Bundy
et al. 2016) and large-scale fertilization experiments (Rue
and Bruland 1997; Kondo et al. 2008). Most bioactive metals
including Zn (Bruland 1989; Ellwood and Van Den Berg
2000; Lohan et al. 2005), Co (Ellwood and Van Den Berg
2001; Saito and Moffett 2001), Cd (Bruland 1992), Mn (Old-
ham et al. 2015), Pb (Capodaglio et al. 1990), Ni (Nimmo
et al. 1989; Saito et al. 2004), and perhaps even Sc (Rogers
et al. 1980) form organic complexes to varying degrees
in seawater, although they remain far less studied than Fe
and Cu.

Marine Fe has been shown to be physically partitioned
across a wide size spectrum that includes soluble complexes
(< 0.02 pum) that are “truly dissolved,” colloidal complexes
(0.02-0.2 pum in size) that include both inorganic and
organically-complexed particles small enough to fall in the
operational “dissolved” size fraction (< 0.2 um), and larger
particulate compounds (> 0.2 uym in size) (Bergquist et al.
2007; Fitzsimmons and Boyle 2014). Additional complexity
exists in the biogeochemical cycling of metals that exist in
more than one redox state in seawater. Metals such as Fe,
Mn, and Cu are subject to reduction by photochemistry in
the surface ocean, which changes their chemical properties
and thus their solubility and bioavailability to primary pro-
ducers (Morel and Price 2003). While some bacteria can
access organically complexed Fe directly, most phytoplank-
ton preferentially take up inorganic Fe (Morel et al. 2008)
and must access ligand-bound Fe using a cell surface reduc-
tase to reduce dissolved Fe(Ill) to Fe(Il) (Maldonado and
Price 1999; Maldonado and Price 2001; Lis et al. 2015). Labo-
ratory experiments have also shown that some marine
derived Fe-bound siderophores degrade in the presence of
natural sunlight, resulting in Fe(Il) and weaker oxidized
organic ligands (Barbeau et al. 2001; Barbeau et al. 2003; Bar-
beau 2006). Although photochemical degradation is the pro-
posed mechanism for surface minima in organic ligand
concentrations, field experiments have reported variable
ligand photolability in natural waters (Powell and Wilson-
Finelli 2003; Rijkenberg et al. 2006; Bundy et al. 2016).

Field incubation studies are a useful tool for probing the
response of natural planktonic communities to changes in
micronutrient availability and the processes controlling
metal Dbioavailability. Grow out experiments tracking
changes in Fe speciation report strong (i.e., L;-type) ligand
production under Fe-limiting conditions, hypothesized to be
tied to elevated nitrate: dissolved Fe (dFe) ratios (Buck et al.
2010; King et al. 2012; Bundy et al. 2016). Other incubations
have shown that siderophore (also an L;-type ligand) bound
Fe is bioavailable to planktonic communities (Maldonado
and Price 1999; Maldonado and Price 2001), providing a pos-
sible mechanism to explain the observed speciation changes.
However, it is still unclear if the cause of ligand production
in the surface ocean is a direct response to low Fe bioavail-
ability. The organic ligand pool detected using conventional
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methods includes strong ligands, which are characteristic of
siderophores, but also other weaker ligand classes (i.e., L, to
L4-type) that likely represent other metal-reactive portions of
the dissolved organic carbon pool such as polysaccharides,
humic substances, and high molecular weight compounds
(Gledhill and Buck 2012). Weak ligand production has also
been observed in incubations (Bundy et al. 2016) and attrib-
uted to remineralization by bacteria (Boyd et al. 2010), pho-
tochemical degradation of stronger L, ligands (Barbeau et al.
2001), and viral cell lysis (Poorvin et al. 2011), although the
magnitude of each source contribution is still unclear.
Indeed, viruses themselves have recently been proposed to
constitute a colloidal-sized Fe-binding ligand (Bonnain et al.
2016). The existing observations demonstrate the complexity
of trace metal cycling in the surface ocean and the value of
experimental studies in natural marine systems.

The processes outlined above are central in dynamic
ocean environments like the California Current System
(CCS), an eastern boundary upwelling environment charac-
terized by seasonally high productivity and a mosaic of iron
limitation (Hutchins et al. 1998; Bruland et al. 2001; Chase
et al. 2007). In this study, the role of light and ambient phy-
toplankton communities on the biogeochemical cycling of
Fe and a suite of other bioactive metals was investigated in a
3-d shipboard incubation experiment in the CCS. This exper-
iment applied treatments of different light conditions (with
and without UV) in the presence and absence of natural
planktonic communities to identify the roles of light-driven
abiotic vs. biotic processes on trace metal concentrations
and physiochemical speciation. These experiments traced
both chemical and biological parameters including Fe and
carbon (C) uptake rates, total dissolved trace metal concen-
trations of Fe, Cu, Ni, Cd, Mn, Co, Pb, and Sc, size-
fractionated partitioning of Fe and Cd, dissolved Fe and Cu
speciation measurements, macronutrient concentrations,
chlorophyll a (Chl a) measurements, and diatom community
structure using genetic markers. The combination of these
analyses provides novel insights into feedbacks between
trace metal chemistry, the light spectrum, and biological
processes in natural waters of the CCS.

Methods

Incubation setup

The incubation experiment described here was conducted
as part of a collaborative research effort in the CCS led by
Professor Ken Bruland on the R/V Melville in July 2014.
Water for the incubation experiment was collected off the
Oregon Coast (42°39'N, 124°59'W, Fig. 1) on 21 July 2014. A
trace metal clean surface tow-fish system (Bruland et al.
2005) was used to collect water with a Teflon diaphragm
pump from 3 m to 5 m depth while the ship steamed slowly
forward (~ 1-2 knots). Incoming seawater was collected and
homogenized in a 210-L high-density polyethylene barrel

Trace metal cycling in the California Current
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Fig. 1. Sampling location for incubation water collection during the
July 2014 cruise. The homogenized water used in the experiment was
collected near IrnBru cruise Sta. 28 off the coast of southern Oregon.
The map is overlaid with the 0 m, 200 m, 400 m, 600 m, 800 m, 1000
m, and 2000 m isobaths.

that had been cleaned by soaking with 1% hydrochloric acid
(HCI) for several days, rinsed with Milli-Q water (> 18.2 MQ
cm), and rinsed with seawater sample prior to filling. After
filling the barrel, the homogenized water was then pumped
into 10-L low-density polyethylene (LDPE) Cubitainers®
(Fisher Scientific 05-719-307) that had been acid-cleaned
with 10% trace metal grade HCI and rinsed twice with the
experimental seawater prior to filling. An acid-cleaned, sea-
water-flushed 0.2 um Acropak filter capsule (Pall 500, Fisher
Scientific) was used in-line to filter out planktonic communi-
ties and particles to fill a subset of the Cubitainers with sea-
water from the barrel. During filling, each Cubitainer was
randomly assigned to a treatment, labeled, and deposited in
deck-board incubators, a process which took ~ 3.5 h in total
from start to finish. Cubitainers were removed from the
incubators at random during each sampling time point. A
schematic of the Cubitainer filling process and treatment
assignments is shown in Fig. 2.

The deck-board incubators were made of Plexiglas®, fitted
with hoses to allow continual circulation of surface seawater,
and covered with a layer of neutral density screening to
achieve ~ 50% attenuation of ambient light. Temperature
and light intensity measurements were recorded continu-
ously through the experiment using a data logger (HOBO)
placed in an adjacent incubator with the same conditions as
these incubators. While the HOBO loggers did not measure
UV intensity, the National Oceanic and Atmospheric
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Fig. 2. Flow chart depicting the setup of the incubation. A large 210-L
plastic barrel was rinsed three times and then filled with surface water
collected from a towed sampling fish. Once filled, the water in the barrel
was pumped into acid cleaned Cubitainers, either unfiltered or filtered
with a 0.2 um in-line filter. Each Cubitainer was placed in an incubator
with one of three light treatments: UV (white), noUV (gray), and Dark
(black). UV and noUV treatments contained three replicates (a—c) for
each time point.

Time Point

Administration (NOAA) Climate Prediction Center recorded
a “high” (8-10) UV index in July 2014 at monitoring sta-
tions from San Francisco, California and Portland, Oregon,
the two nearest stations to our study site. There were three
different light conditions employed in this experiment (Fig.
2): full spectrum natural light (“UV” treatment, no Plexiglas®
cover on the incubator), the same full spectrum light but
without the UV wavelengths (“noUV” treatment, with a UV-
filtering Plexiglas® cover on the incubator), and dark (“Dark”
treatment, in the same incubator in a heavy duty black plas-
tic trash bag). The Cubitainers themselves allowed 80%
transmittance of the light spectrum but reduced the UV (<
400 nm) transmittance to 60% for the light treatments; the
addition of the Plexiglas®, used for the noUV treatment, fur-
ther reduced the UV transmittance to 0% (Supporting Infor-
mation Fig. S1). For each of the light treatments, a subset of
Cubitainers containing 0.2 um-filtered seawater were filled as
controls for the unfiltered treatments in order to facilitate dis-
tinction between bottle effects and particle influences in the
experiment.

Incubation sampling

The experimental sampling design (Fig. 2) used was
intended to minimize sample handling and the associated
contamination risks by eliminating repeat-sampling from a
single Cubitainer at various time points (Lohan et al. 2005).
Instead, an entire Cubitainer was sampled at each time point
and it was assumed that all Cubitainers began with identical

Trace metal cycling in the California Current

conditions present in the initial sample and that replicates
(a, b, and ¢ in Fig. 2) were representative of each other
within treatments. The advantage of this sampling approach
was that it minimized the potential for contamination of the
Cubitainer during sampling, which would have complicated
interpretation of results from later time points from the
same container. A drawback of this approach was that it lim-
ited assessment of Cubitainer-specific effects (contamination,
variable light exposure, differential grazing, etc.) on the
parameters measured, likely resulting in higher intra-
treatment variability, though these effects were expected to
be negligible compared to inter-treatment variability.

The incubation was started at 13:00 h local time and a
random Cubitainer from each treatment was sampled at 6 h,
29 h, 53 h, and 84 h. For the unfiltered light treatments
(both UV and noUV), three replicates (Cubitainers a, b, c)
were sampled for each time point. For the Dark treatments
and all of the filtered treatments, only one Cubitainer was
sampled at each time point (Fig. 2). Note that the notation
for replicates (a, b, ¢) was assigned at random by the order
sampled.

Total dissolved trace metals (Fe, Cu, Ni, Cd, Mn, Co, Pb,
and Sc)

Samples collected for dissolved trace metals were filtered
through acid-cleaned 0.2 um polycarbonate track-etched
(PCTE; Whatman) filters on an all-Teflon filtration rig (Savil-
lex) under ~ 0.5 atm pressure into acid-cleaned and sample-
rinsed 125 mL LDPE (Nalgene) bottles. Filtrate was acidified
at sea with the equivalent of 4 mL 6 M quartz-distilled HCIl
per liter of seawater (to 0.024 M HCI, pH ~ 1.8) and left
acidified for ~ 8 months prior to analysis (Johnson et al.
2007). Dissolved metals were analyzed at the University of
California Santa Cruz with an adaptation of Biller and Bru-
land (2012) as described in Parker et al. (2016). Briefly, this
method involved UV irradiation of the seawater samples for
120 min to ensure recovery of the organic-bound Cu and
Co, followed by pre-concentration of the metals of interest
on Nobias PA1® chelating resin at pH 6.0. Metals were eluted
from the column with 1 N quartz-distilled nitric acid
(HNOj3), and the eluent was analyzed on an Element XR
inductively coupled plasma mass spectrometer (ICP-MS)
using standard curves and standard additions for quantifica-
tion of concentrations and percent recoveries. The accuracy
of metal concentrations measured using this method was
assessed by reference to consensus values of seawater refer-
ence materials (Table 1).

Size-fractionated Cd and Fe

Dissolved (< 0.2 um) metals were separated into soluble
(< 0.02 um) and colloidal (0.02-0.2 um) size fractions by
passing seawater through acid-cleaned, 47 mm Anodisc (0.02
um) membrane filters on an all-Teflon filtration rig (Savillex)
under ~ 0.5 atm of pressure (Fitzsimmons and Boyle 2014).
Ultrafiltrate containing the soluble metal fraction was
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Table 1. Measured and consensus values for seawater reference samples collected using the two analytical methods in this study:
the OSC method of Parker et al. (2016) (for < 0.2 um dissolved samples) and the SeaFAST Isotope Dilution method modified from
Lagerstrom et al. (2013) (for <0.02 um soluble samples). Consensus values are valid as of May 2013 and are taken from http://www.

geotraces.org/sic/intercalibrate-a-lab/standards-and-reference-materials.

SAFe S SAFe D2
Metal
(nmol kg™") 0scC SeaFAST Consensus 0scC SeaFAST Consensus
cd* 1.0£0.2 (n=17) 1.2+2.3 (n=25) 1.1+0.3 974 = 25 (n=23) 1002 + 13 (n=25) 986 + 23
Fe 0.095+0.014 (n=12)  0.097 +0.024 (n=25) 0.093 +0.008 0.98=0.19 (n=19) 0.938 +0.057 (n=25)  0.933 +0.023
Mn 0.81 =0.07 (n=23) — 0.79 £0.06 0.37 =0.04 (n=20) — 0.35+0.05
Ni 2.36+0.15 (n=24) — 2.28 £0.09 8.48 = 0.47 (n=23) — 8.63+0.25
Cu 0.51 + 0.04 (n=24) — 0.52+0.05  2.19+0.08 (n=23) — 2.28+0.15
Co* 53+1.1 (n=22) — 4.8+1.2 46.6 = 3.6 (n=23) — 45729
Pb* 48.5+ 2.2 (n=27) — 48.0+2.2 26.7 =1.1 (n=23) — 27.7x1.5
Sc* 1.00 + 0.30 (n=27) — — 6.62 +0.39 (n=23) — —

*Values are presented in pmol kg™'.

collected into acid-cleaned 60 mL LDPE bottles after a single
bottle rinse and then acidified with the equivalent of 4 mL
of 6 M quartz-distilled HCI per liter of seawater to achieve
0.024 M HCI in the samples (Johnson et al. 2007).

Approximately a year after acidification, soluble Fe and
Cd were analyzed after preconcentration using an offline
adaptation of the SeaFAST pico metal extraction system onto
Nobias PA1 chelating resin at pH 6.5 (Lagerstrom et al.
2013). Quantification was accomplished by isotope dilution
for Fe and Cd, which were eluted in 10% v/v Optima HNOs.
The eluent was analyzed on a Thermo Fisher Element 1 ICP-
MS at the Rutgers Inorganic Analytical Laboratory in low
(Cd) and medium (Fe) resolution. Colloidal Fe and Cd were
calculated by subtracting the soluble concentrations from
the dissolved concentrations.

The accuracy of metal concentrations measured using this
method were assessed and compared to the offline standard
curve (OSC) analytical method used in this study by refer-
ence to consensus values of seawater reference materials
(Table 1) and by intercalibration with field samples (Support-
ing Information Fig. S2). While the two methods generally
agreed with consensus values for both elements, dFe meas-
urements of SaFe D2 from the OSC method gave values ~
5% higher than the consensus. A separate intercalibration of
0.2 um filtered seawater samples collected at Sta. 9 of this
cruise (39°23'N, 124°40'W) using GO-Flo bottles suspended
on a Kevlar™ wire (Bruland et al. 1979) showed that dFe
and dCd compared well for these samples across the two dis-
solved metal analytical methods (Supporting Information
Fig. S2).

Dissolved Cu and Fe speciation

Filtered (< 0.2 um, PCTE, see dissolved trace metals section
above) samples were collected for dissolved Fe-binding and
Cu-binding organic ligand analyses in 500 mL fluorinated

polyethylene bottles (Buck et al. 2012). These sample bottles
were cleaned by soaking in a soap bath for at least 1 week, and
then placed in a 25% trace metal grade HCI bath for at least a
month. After 1 month, bottles were removed and rinsed 3-5
times with Milli-Q water before being stored filled with Milli-
Q until use. Bottles were rinsed again with filtered seawater
prior to filling with sample. Samples were then either refriger-
ated and analyzed within hours of sampling or frozen (—20°C)
for analysis back in the laboratory.

Cu- and Fe-binding organic ligands were measured using
competitive ligand exchange adsorptive cathodic stripping
voltammetry (CLE-AdCSV). The competitive ligand salicylal-
doxime (SA) was used to compete with natural ligands (Cam-
pos and Van Den Berg 1994; Rue and Bruland 1995; Buck
and Bruland 2005; Buck et al. 2007; Buck et al. 2015) and
measurements were made on a BioAnalytical Systems (BASi)
controlled growth mercury electrode interfaced with an Epsi-
lon 2 analyzer (BASi). For Cu titrations, 15 additions from
+0 nM to 25 nM Cu were used and for Fe, 15 additions from
+0 nM to 10 nM Fe were used in separate vials. Final SA
concentrations of 2.5 uM and 25 uM were used for Cu and
Fe speciation measurements, respectively (Buck et al. 2012).
Metal additions were allowed to equilibrate for at least 2 h
(and often overnight), and SA additions were equilibrated at
least another 1 h before analysis (Buck et al. 2012; Abual-
haija and Van Den Berg 2014). Deposition times of 300 s
and 90 s were used for Cu and Fe speciation, respectively,
and Cu samples were purged with N, gas for 180 s prior to
analysis (Campos and Van Den Berg 1994; Buck and Bruland
2005; Jacquot and Moffett 2015).

Titration data for both metals was interpreted using
ProMCC software (Omanovic et al. 2015; Pizeta et al. 2015),
which fits the data using multiple regression models. The
software was able to fit all titrations for at least one ligand
class and several titrations for two ligand classes. Due to the
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difficulty in resolving two ligand classes, particularly for Cu,
we chose to model Cu-binding ligands using a single ligand
class. This speciation information was then used to calculate
the free [Cu®"] using a quadratic derivation and the assumed
side-reaction coefficient of 200 for weaker ligands (Moffett
and Dupont 2007). Values presented for oper. and o ¢y were
calculated as >, ;eL; * Kf:gf:‘l:e, and eL x KE:?R?CuZ*’ respectively.
For Fe-binding ligand results, ligand classes were assigned by
measured conditional stability constants as described by
Gledhill and Buck (2012). Detection limits additional details
of this approach are provided in Buck et al. (2015).

Iron and carbon uptake

Fe and C uptake rates were measured twice over a 7-h
period on day 1 of the incubation using 1-L Cubitainers
(Fisher Scientific 14-375-115B) with triplicates for each light
treatment, henceforth termed “short-term Fe uptake.” The
radiotracer *°Fe was added at low concentrations (0.2 nM;
specific activity 10.18 mCi mg~ ' Fe) in order to prevent
changes to in situ Fe speciation, but allow equilibrium with
ambient organic ligands. To prevent the loss of >°Fe to the
walls of the Cubitainers, >Fe was first bound to 0.3 nM
EDTA, and then equilibrated for 2 h with 50-100 mL of in
situ seawater to allow complexation with ambient organic
ligands. This was confirmed by organic complexation meas-
urements of cold (nonradioactive) Fe-EDTA additions, which
found the addition to behave as an inorganic Fe addition,
binding to the excess L; type ligands present in the sample
over the titration equilibration. C uptake rates were mea-
sured concomitantly, by adding 20 uCi L™! of the radiotracer
14C (as NaH'*COj3; specific activity 52.5 mCi mmol ).

Fe uptake rates were also measured separately on day 1
(~ 24 h), day 2 (45-50 h), and day 3 (75-80 h), henceforth
called “long-term Fe-uptake” measurements. For these meas-
urements, 0.2 nM *°Fe was added at the start of the experi-
ment (as described above) to separate 10-L Cubitainers in the
UV and noUV treatments (in triplicate). These Cubitainers
were resampled twice per day over the course of the experi-
ment (days 1 and 3). This experiment allowed *°Fe to equili-
brate with the in situ Fe and organic ligands and be exposed
to the abiotic and biotic processes in the Cubitainers over the
full time course of the experiment. The samples were col-
lected by sequentially filtering onto 47 mm polycarbonate fil-
ters (0.2 ym, 1 pym, and 5 um) that were separated by drain
disks. The Fe and C uptake data were normalized to phyto-
plankton biomass using Chl a concentrations from each repli-
cate. Data were collected in triplicate, allowing a statistical
comparison of the effect of different light treatments on Fe
and C uptake rates using an analysis of variance (ANOVA).
Detailed descriptions of the measurement methodology can
be found in previous work (Maldonado and Price 1999).

When the concentrations of Fe are mimicked in a culture
vs. in a short-term Fe uptake experiments, the calculated
steady-state Fe uptake rate should be identical to the short-
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term Fe rates. We report both short-term Fe uptake rates and
what we called long-term Fe uptake rates, which would be
equivalent to steady-state Fe uptake rate in culture.

Diatom community composition

DNA was collected from the same 47 mm diameter 0.2
um pore size PCTE filters used in dissolved metal filtration,
which were placed in 2 mL cryotubes filled with Qiagen®
RLT Plus Buffer (Qiagen, Germany), frozen in liquid nitro-
gen, and stored at —80°C until processing. Filters were
extracted using the Qiagen® Allprep RNA/DNA co-extraction
with an additional bead-beating step and homogenation
using the QIAshredder column (Qiagen, Germany). The V4
region of the 18S rDNA was amplified by polymerase chain
reaction (PCR) in triplicate using primers designed to target
diatoms (Zimmermann et al. 2011) that were modified for
[llumina sequencing and sequenced by the Rhode Island
Genomics & Sequencing Center at the University of Rhode
Island on the Illumina MiSeq sequencer using the 2 X 250 bp
sequencing kit. Additional details on the molecular methods
employed in this study are provided in the accompanying
Supporting Information.

Chlorophyll and macronutrients

For size-fractionated Chl a, samples were filtered onto 5
um, 1 ym, and 0.2 yum PCTE filters, separated by drain-disks,
and extracted in methanol overnight at 4°C. The methanol
extracts were then measured by fluorometry for Chl a deter-
mination (Holm-Hansen and Riemann 1978). Total Chl a
was determined to be the summation of all size fractions
measured. Nitrate + nitrite, phosphate, and silicate were
determined in filtered (< 0.2 um, see trace metal sampling
below) samples using a Lachat QuickChem 800 Flow Injec-
tion Analysis System following standard spectrophotometric
methods (Parsons 1984).

Results

Initial conditions

This incubation experiment was conducted in July 2014
off the coast of southern Oregon (Fig. 1). The seawater used
for the incubation experiment was pumped from 3 m to 5 m
depth via a towed “fish” (Bruland et al. 2005), and was char-
acterized by an initial temperature of 10.4°C and a salinity
of 33.4. The initial temperature of the incubator was 12.8°C.
Total initial Chl a concentrations were low (1.19 ug L™') in
the homogenized waters, and nearly half of the initial bio-
mass was detected in the 1-5 um size fraction with the other
half roughly split between the larger (> 5 ym) and smaller
(0.2-1 um) size fractions (Figs. 3, 4; Supporting Information;
Table S1). Initial concentrations of the macronutrients nitra-
te + nitrite (“nitrate”), phosphate, and silicate were 17.0 uM,
1.52 uM, and 17.8 uM, respectively (Fig. 3; Table S1). Initial
concentrations of the dissolved metals Fe, Cu, Ni, Cd, Mn,
Co, Pb, and Sc were 0.90 nM, 1.46 nM, 5.23 nM, 570 pM,
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Fig. 3. Macronutrient concentrations (M) and total Chl a (ug L™")
measurements for UV (black triangles) and noUV (gray squares) treat-
ments in the 84-h incubation. (A) nitrate + nitrite (nitrate), (B) phos-
phate, (C) silicic acid, (D) total Chl a concentrations. Error bars
represent the standard deviation of the replicate measurements. Total
Chl a represents the summation of all three (> 5 um, 1-5 um, and 0.2—
1 um) size fractions measured.

3.72 nM, 157 pM, 32.9 pM, and 2.8 pM, respectively (Fig. 5;
Table S2). The colloidal fractions of Fe and Cd at the start of
the incubation were 62% and 7%, respectively, of the total
dissolved concentrations (Fig. 6). Initial concentrations of Fe-
binding organic ligands were 1.38 nM of a stronger L;-class
ligand (log K9, >12) with log KM, =12.98 nM and

FeL,Fe FeL,Fe’
1.70 nM of a weaker Lp-class ligand (log Ko, =11.05),
resulting in a total Fe-binding organic ligand concentration of
3.08 nM with 2.18 nM of ligands in excess of dissolved Fe
concentrations (Fig. 7; Table S3). Dissolved Cu-binding
organic ligands were not analyzed for the initial conditions,
but values from ~ 40 m depth from nearby Sta. 28 were 3 nM

with log Kari(,qu“ = 13.87 (Caprara et al. unpubl.).

Dark treatments

A combination of filtered and unfiltered Dark treatments
was employed to evaluate potential bottle effects of the
Cubitainers over time (Darkgjereq) and the relative influence
of remineralization and scavenging processes (Dark) on
results in the absence of light. There was only one Cubi-
tainer for each Dark time point, and results from these treat-
ments were thus limited to a single replicate. In the Dark,
total Chl a declined by ~ 40% over the 84 h incubation (Fig.
3). Chl a samples were not collected from any of the filtered
treatments since particles were filtered out of these treat-
ments prior to incubation. Final nitrate and silicate concen-
trations were within 2% of initial concentrations in both
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Dark treatments, while phosphate concentrations in the
Dark and DarKgjereq bottles were lower in final time points
by 12.5% and 10%, respectively (Fig. 3).

Dissolved concentrations of Cd, Cu, Co, and Pb were
nearly identical between initial and final time points in both
the Dark and Darkgjereq treatments and dCd concentrations
remained between 96% and 99% as soluble form for the
entirety of the incubation in these treatments (Figs. 5, 6). In
the Darkgiereq treatment dNi and dMn also remained rela-
tively constant, while in the Dark dNi and dMn concentra-
tions declined over the course of the incubation, by 29%
and 65%, respectively (Fig. 5D,G). Dissolved Fe and dSc con-
centrations in both Dark and Darkgjereq treatments declined
and remained below initial concentrations for the first 53 h
of the incubation. Between the last two time points of both
treatments, however, dFe and dSc concentrations increased
to concentrations at or above initial conditions in the 84 h
sample (Fig. 5P,S). Final dFe concentrations in the Darkgjterea
and Dark treatments were 0.91 nM and 2.0 nM, respectively,
with the dFe increase detected almost entirely in the colloi-
dal fraction (Fig. 6G-L). Final concentrations of dSc for Dark-
fiterea and Dark treatments were 7.6 pM and 4.8 pM,
respectively (vs. 2.8 pM initially); the colloidal fraction of
this element was not measured. The dissolved concentra-
tions of Cd, Cu, Co, and Pb also appeared to increase slightly
between these last two time points in the Dark treatment
only, though the absence of replicate samples precludes
assessment of significance in these measurements.

Dissolved Cu- and Fe-binding organic ligands decreased
over the course of the incubation in both the Darkgiereq and
Dark treatment bottles. Total Fe-binding ligand concentrations
decreased from 3.08 = 0.29 nM initially to final concentrations
of 2.18 +0.22 nM in DarKgjiereq and 2.55 +0.09 nM in Dark
(Fig. 7). For Cu, ligand concentrations decreased from 2.72 =+
0.11 nM to 2.23+0.11 nM between the 6 h and 84 h time
points in the Darkgyereq, and from 3.84 = 0.29 nM to 2.59 +
0.17 nM over the same period in the Dark (Fig. 7; Supporting
Information Table S4). Excess ligand concentrations
([eLcy] = [Ly] — [dCu], [eLge] = [L7] — [dFe]) generally followed
the trends of total ligand concentrations between individual
time points in the Dark and Darkgereq treatments for both
metals (Fig. 7A,D).

Abiotic (filtered) light treatments

Filtered (< 0.2 upm) light treatments (both UVgyereq and
noUVigiiereq) Were employed to evaluate whether photochemi-
cal reactions impact bottle effects. These treatments displayed
similar results to those observed in the DarKgjereq treatment;
light alone did not have a pronounced effect on macronutri-
ent concentrations, dissolved metal concentrations, or metal
speciation (Fig. 5). As with the Dark treatments, these abiotic
light treatments were also limited to a single Cubitainer (i.e.,
a single replicate) and so while trends are noted, significance
of these trends could not be assessed. Dissolved Cu, Ni, Cd,
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Fig. 4. Size fractionated Chl a (ug Chl a L™") and iron (Fe) uptake measurements (pmol Fe ug Chl a~' h™") for UV (black triangles) and noUV (gray
squares). Chl a is presented for three different size fractions: (A) >5 um, (B) 1-5 um, and (C) 0.2-1 um over the 84 h incubation. In the lower panels,
the combined short-term (< 7 h) and long-term (~ 24 h, 47 h, and 78 h) Fe uptake rates are displayed for the same size fractions (D) >5 um, (E) 1-
5 pm, and (F) 0.2-1 pum over the same period. Error bars represent the standard error of the averages calculated triplicate measurements. * results
that are significantly (ANOVA, p < 0.05) different between UV and noUV measurements.

Mn, Co, and Pb presented minimal concentration changes
through the incubation in all of the filtered treatments, with
no discernible difference between the Darkgiiered, UViitered,
and noUVgyereq (Fig. 5). Dissolved Fe and Sc patterns were
similar in the UVgyerea and noUVijereq to that observed in
the Darkgjeereq, With dFe and dSc concentrations decreasing
after the initial time points and increasing dramatically
between the last two time points (Fig. 5).

The total concentration of Fe-binding organic ligands
remained relatively constant in the presence of UV light, but
they transitioned toward a weaker L, class (log K;‘E)ECF‘E/ between
11.25 and 11.9) with the exception of the final sample, in
which a large concentration of L; ligands was detected con-
comitantly with the increase in colloidal Fe (Figs. 6C,D, 7B,C).
In the noUV treatment, L; concentrations declined slightly
from 1.2 nM to 0.8 nM for the first 53 h of the incubation,
before increasing twofold in the final time point sample (Fig.
6B,C). Organic Cu-binding ligands in the UVgjereq treatment
declined by 23% between the 6 h and 84 h samples of the
incubation with log KE‘LTCUH values ranging between 13.5 and
14. In the noUVgyereq, Cu-binding ligand concentrations
declined slightly less, by ~ 15%, over the same interval with
log K?:?LC,ICUH values between 13.3 and 14 (Fig. 7E,F).

Unfiltered light treatments

The wunfiltered light treatments (UV and noUV), as
expected, were the only treatments that exhibited measurable
phytoplankton growth during the incubation. After an initial
lag time of ~ 29 h, total Chl a concentrations increased
nearly threefold by the 84 h time point in the UV and noUV

treatments (Fig. 3). The majority of this increase was in the
largest size fraction (> 5 um; Fig. 4), and by the end of the
experiment, the largest size fraction comprised 76-80% of the
total Chl a (Fig. 4). The biological response resulted in very
similar nitrate drawdowns in both of the light treatments dur-
ing the incubation, by 50% and 55% in UV and noUYV,
respectively (Fig. 3).

The final sequence data used in the diatom community
composition analysis has been submitted to the NCBI
Sequence Read Archive with the Bioproject ID PRJNA379150.
Bray-Curtis dissimilarity data showed that in both UV and
noUV treatments there was very little change in the overall
diatom community composition between the 29 h and 53 h
sampling times, but a major shift in the community composi-
tion between the 53 h and 84 h samples (Fig. 8). Grouping
the data at the genus level and examining the top 10 genera
of representative samples from each cluster revealed a shift in
the UV and noUV treatments between the 53 h and 84 h sam-
plings from a diatom community dominated by Thalassiosira
spp. to one dominated by Pseudo-nitzschia spp. (Fig. 9).

Short-term Fe uptake rates during the first 8 h of the
experiment were approximately twofold faster (ANOVA,
p<0.05) in the UV compared to the noUV. This trend was
observed in all three-size fractions (Table 2; Fig. 4D-F). The
effect of UV on Fe-uptake was most pronounced for the
largest (> 5 pm) size fraction and least pronounced in the
smallest phytoplankton (0.2-1 um; Table 2; Fig. 4). In con-
trast to Fe uptake, the rates of short-term C uptake were
not statistically significant in the two light treatments
(Table 2).
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After 29 h, long-term Fe uptake measurements treatments
with UV light were still higher than those without UV light
for the 1-5 ym and the >5 um phytoplankton size fractions,

unfiltered = filtered |

noUV

Dark

(
()
=1
(=]

T T T 7T

Ni (nM)
— I Oy

Mn (nM)
— o W I

oo o oD coocoooo o

n
4
4
4

o (pM)
S
%H

(=}

*|

b (pM)
883
Z %

(=]

Fe (nM)

o T ]

—ROWALGY oo hho

Sc (pM)

Cu (nM)
i bk

chhouo

0 20 40 60 8 0 20 40 60 80 0 20 40 60 80
Time (h) Time (h) Time (h)

Fig. 5. see next page for caption

Trace metal cycling in the California Current

although these differences were not statistically significant
(Supporting Information Table S5; Fig. 4). In contrast, the
rates of Fe uptake after 29 h in the smallest size fraction
(0.2-1 um) were faster in the noUV treatment, which were ~
10-fold faster than the short-term Fe uptake rates (Tables 2,
S5). After 29 h, Chl a increased in all size fractions such that
Fe uptake rates normalized to Chl a biomass correspondingly
decreased (Fig. 4). At the 53 h sampling time point, the rates
of Fe uptake were identical for both light treatments, regard-
less of size fraction. At the 84 h time point, Fe uptake rates
in the largest size fraction (> 5 um) were significantly faster
in UV (ANOVA, p<0.05) relative to the noUV treatment
(Fig. 4D).

With the exception of Cu, dissolved metal concentrations
decreased over the course of the incubation in both UV and
noUV (Fig. 5). In the case of dissolved Cd, Ni, Co, Pb, and
Mn, concentration decreases were largest between the 53 h
and 84 h time points (t-test, p<0.05) relative to the 6 h
measurement (Fig. 5). Soluble Cd concentrations tracked
dCd concentrations over the incubation (Fig. 6A-D). Dis-
solved Fe and Sc, however, displayed either no change in
concentrations between these last two time points (e.g.,
noUV, Fig. 5Q,T) or an increase in concentration (e.g., UV,
Fig. 5O,R). Soluble Fe concentrations remained low through
the end of the incubation, indicating that any increases in
dFe were in the colloidal size fraction (Fig. 5R,U). Although
there was substantial variability in replicate measurements,
dCu was the only metal that did not show clear increases or
decreases over the course of the incubation in these treat-
ments (Fig. SK,L).

Total dissolved Fe-binding organic ligand concentrations
and excess Fe-binding ligand concentrations increased in the
UV and noUV treatments between the 29 h and 53 h time
points, concomitant with the Chl a increases observed (Fig.
7). In the noUV treatment, ligand concentrations and excess
ligand concentrations declined between the 53 h and 84 h
time points, with final concentrations of both parameters
similar to the concentration in the noUVgjereq at this time
point, although the data represents only one replicate mea-
surement due to sample volume constraints. In the UV,
however, total and excess Fe-binding ligand concentrations

Fig. 5. Dissolved metal concentrations of filtered (< 0.2 um; filled
gray) and unfiltered (filled black) seawater for the three light treatments.
Concentrations of dissolved (< 0.2 um) (A-C) cadmium, (D-F) nickel,
(G-1) manganese, (J-L) cobalt, (M-0) lead, (P-R) iron, (S-U) scandium,
and (V-X) copper are presented for Dark (left), noUV (middle), and UV
(right) treatments. Each data point represents a discrete replicate of the
treatment time point, error bars represent the relative standard deviation
of analytical measurements of each time point replicate, and the line
connects the average of all results for the treatment time points. Note
that no replicate time point samples exist for Dark and filtered treat-
ments. * results that are significantly different (t-test, p < 0.05) from the
6-h time point.
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continued increasing through the end of the incubation
experiments, with final concentrations nearly double the
concentrations observed in the UVgyereq (Fig. 7). A similar
trend was observed for total and excess Cu-binding organic
ligands, which also increased slightly over the course of the
incubation experiment in both the UV and noUV compared
to the filtered controls (Fig. 7). In the noUV, this increase in
Cu-binding ligand concentrations was small but statistically
significant relative to the 6 h speciation measurements (t-
test, p <0.05) in the 53 h and 84 h samples.

Discussion

Abiotic drivers of metal cycling
The effect of UV light and temperature on Fe uptake

In the first 6-7 h of the experiment, there were signifi-
cantly faster short-term Fe uptake rates (ANOVA, p <0.05) in
all size fractions of phytoplankton exposed to the UV treat-
ment relative to those exposed to noUV (Table 2). Higher Fe
uptake rates in the presence of UV light were also observed
in the first measurement of the long-term uptake rates for
the>5 pum and 1-5 um size fractions, although these differ-
ences were not statistically significant (ANOVA, p>0.05;
Table 2). These observations indicate that UV light increased
the bioavailability of in situ Fe to all phytoplankton at the
onset of the experiment. This is consistent with photochemi-
cal reductive dissociation of Fe from strong organic ligand
complexes resulting in release of highly bioavailable Fe(II)
(Barbeau et al. 2001).

After the first 29 h of the experiment, Chl a began to
increase, and the biomass-normalized long-term Fe uptake
rates decreased. Excess Fe-binding ligand concentrations
increased with the increase in biomass during the experi-
ment, resulting in an inverse relationship between excess L
and Fe uptake rates (Fig. 10A,B), as was described in Maldo-
nado and Price (2001). It is not clear from these data
whether slower Fe uptake rates may have stimulated ligand
production, resulting in the observed increase in excess L, or
whether increases in excess L as a function of community
growth led to slower Fe uptake rates due to competition for
Fe’ between excess L and the cell surface Fe transporters

Fig. 6. Dissolved (“d,”<0.2 um, filled black squares), soluble
(“s,” <0.02 um, open circles), and colloidal ([dM]— [sM], open trian-
gles) for cadmium (Cd) and iron (Fe) concentrations for noUV (left) and
UV (right) treatments. For each light treatment, (A, B) dissolved Cd, (C,
D) soluble Cd, (E, F) colloidal Cd, (G, H) dissolved Fe, (1, J) soluble Fe,
and (K, L) colloidal Fe are presented. Each data point represents a dis-
crete replicate of the treatment time point, error bars represent the rela-
tive standard deviation of analytical measurements of each time point
replicate, and the line connects the average of all results for the treat-
ment time points. Note that colloidal cadmium and iron represents the
difference between the dissolved (< 0.2 um) and soluble (< 0.02 um)
data. Error bars represent the relative standard deviation for each
sample.

S§434



Mellett et al.

Trace metal cycling in the California Current

I— unfiltered = filtered

= - [eL] unfiltered - - [eL] ﬁltered]

Dark

noUV

Fe[L], [eL] (nM)

(=T S N =AT

Cu[L], [eL] (nM)

—_—

- -

0 20 40 60 80
Time (h)

0 20 40 60 80
Time (h)

0 20 40 60 80
Time (h)

Fig. 7. Dissolved (< 0.2 um) concentrations of Fe- and Cu-binding ligands (nM) for three light treatments. (A-C) Fe- and (D-F) Cu-binding ligands
are presented for Dark (left), noUV (middle), and UV (right) treatments. Each subfigure displays the unfiltered (filled black) and filtered (< 0.2 um;
filled gray) ligand concentrations, and excess ligand (eL) data is included using unfilled markers and dotted lines. Each data point represents a discrete
replicate of the treatment time point, error bars represent the relative standard deviation of analytical measurements of each time point replicate, and
the line connects the average of all results for the treatment time points. Note that no replicate time point samples exist for Dark and filtered treat-
ments. * results that are significantly different (t-test, p <0.05) from the 6-h time point.
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(Maldonado et al. 2001). Regardless, the reemergence of sig-
nificantly (ANOVA, p <0.05) faster Fe uptake rates for the
largest size fraction (> S5 wum) in the UV during the final
long-term Fe uptake measurement suggest that some of the
produced ligands may have been photoreactive, leading to
increased Fe bioavailability (Fig. 4D). Furthermore, Fe : C

assimilation ratios in the incubation were comparable to
those observed in cultures of coastal diatoms (Sunda and
Huntsman 1995b; Maldonado and Price 1996), even though
[Fe’] was almost two orders of magnitude lower in our exper-
iment, indicating that some of the FeL was likely bioavail-
able (Table 2).

In addition to increased excess L concentrations compet-
ing for Fe/, the increase in water temperature from 12.8°C to
~ 19°C in the first 53 h of the incubation (Supporting Infor-
mation Fig. S3) may have contributed to the lower Fe uptake
rates observed between those time points. Sunda and Hunts-
man (2003) have shown the photo-reductive steady state
concentration of Fe’ to be twofold to threefold higher at
10°C vs. 20°C in laboratory experiments with EDTA due to
the relatively unchanged rate of photo-dissociation relative
to the large negative effect on Fe(Il)’ oxidation and chelation
of Fe(Ill) at lower temperatures. Similarly, Hassler et al.
(2013) reported twofold greater Fe’ values when conducting
CLE-AdCSV measurements on natural organic ligands at 4°C
vs. ~ 20°C.

The effects of UV light on trace metal concentration and
speciation

Despite the difference in Fe uptake rates between the light
treatments, dissolved and soluble Fe concentrations were
indistinguishable (Fig. 5). Speciation measurements showed
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Fe was complexed by strong organic ligands (log K;gﬁ‘ge =
12.98 +0.29) at the start of the incubation (Table S3). Sidero-
phores are strong Fe-binding organic ligands produced by
bacteria as an Fe acquisition strategy (Sandy and Butler
2009). Previous studies of the influence of photochemistry
on Fe speciation have found that some siderophores are
highly photoreactive (Barbeau et al. 2002; Barbeau et al.
2003; Kupper et al. 2006; Amin et al. 2009), resulting in the
reduction and release of Fe from the complex and formation
of a weaker oxidized ligand. While nonphotoreactive sidero-
phores are most commonly characterized from marine surface
waters (Mawiji et al. 2008; Boiteau et al. 2013), there is also
genetic evidence for the production of photoreactive sidero-
phores in natural waters that may be short-lived due to their
relatively high reactivity (Gardes et al. 2013).

Evidence of photoreactive Fe-binding ligands was
observed in the short-term Fe uptake rate measurements,

where photoreduction seemed to have resulted in more of
the bioavailable Fe’ species in the UV than the noUV treat-
ment (Fig. 4; Table 2). The photoreactivity of the initial
ligand pool was evident in the UVgpereq treatment, where
binding capacity (o're;) decreased 10-fold and [Fe']
increased sevenfold in the first 53 h (Table S3). Moreover, in
the noUVigjerea and Darkgjeerea treatments, stronger Lq-type
Fe-binding organic ligands were detected throughout the
incubation (Table S3). In contrast—excluding the 84 h sam-
ple that was impacted by the colloidal Fe pulse, which may
have led to an overestimation of L; (or rather of the K;gf‘ge
of L;) if colloidal Fe did not exchange with the added com-
peting ligand (Gledhill and Buck 2012), see “Background
effects of Cubitainers” section and “Fe- and Cu-binding
ligand production” section below—only weaker L,-type
ligands with declining stability constants were observed in the
UViierea treatment over the 53 h of the incubation.

The decreases in K;gﬂ%e, observed in the UVgjereq treat-
ment were similar to those resulting from the photodegrada-
tion of chatecholate-type and mixed catecholate/a-hydroxy
carboxylate-type siderophores from culture extracts (Barbeau
et al. 2003). Depth profiles of Fe-binding ligands measured
in a recent study in the CCS also reported higher concentra-
tions of L; and L, ligands below the euphotic zone of several
stations (Bundy et al. 2016). Thus, our observations may sug-
gest that a portion of the dissolved ligand pool in the
recently upwelled waters used for this experiment contained
photoreactive siderophores that enhanced Fe’ at the onset of
the incubation. Even after only 6 h, the weaker Fe complexa-
tion in the UVgyiereq treatment resulted in [Fe’] more than tri-
ple those determined in the noUVgyerea and Darkgterea
treatment samples ([Fe’] of 10 '*** M, compared to 10~ '*%®
M and 10~ '%97 M, respectively; Table S3), and lend support
to the observations of higher short-term Fe uptake in the
unfiltered version of this treatment.

The observations of Cu-binding ligands in the filtered
light treatments showed no evidence for photochemical
cycling. A single class of Cu-binding ligands was measured,
and the concentrations of these ligands were mostly invari-
ant over the course of the experiment in both UVgjereq and
noUVijterea (Fig. 7D-F). Although a slight decline in the con-
ditional stability constants was observed in the last three
samples of the UVjjereq treatment, it is not a significant
departure from values observed in the noUVgjereq samples.
Overall, the combined observations from the UVgjterea and
noUVgyereq treatments for Fe- and Cu-binding ligands pre-
sent a complex organic ligand pool in which size, functional
group, and binding strength likely play a role in reactivity
and metal cycling.

Background effects of Cubitainers

It is particularly challenging in trace metal incubation
experiments to distinguish between biological metal cycling,
abiotic scavenging, and interactions with the containers. In
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Table 2. Short-term Fe (pmol Fe ug Chl a' h™") and C (umol C ug Chl a~' h™") uptake rates, as well as calculated Fe:C assimila-
tion ratios measured in the first 7 h of the experiment for each of the light treatments. Values represent the average = standard devia-
tion of three replicate measurements for each size fraction and light treatment.

Fe uptake (pmol Fe ug Chl a™' h™")

C uptake (umol C ug Chl a™' h™")

Size fraction 0.2-1 yum 1-5 um > 5 um 0.2-1 yum 1-5 um > 5 um

uv 12.1 £1.4* 10 +0.6* 11 +£0.6* 0.14 +0.05 0.46 = 0.05 0.48+0.13

noUV 6.7+2.6 49+2.1 4.8+ 2.1 0.17 +0.02 0.51 +0.02 0.66 =0.11

Dark 3.6 0.6 1.7+0.2 2.1+0.2 0.06 +0.01 0.03 +0.01 0.03+0.01
Fe : C (umol Fe mol C™ 1) [Fe'] (pM) Source

uv 86+1.4 22+0.6 23+0.6 0.07 This study ([Fe'] from t=0 h)

noUV 39+2.6 9.6 +2.2 7.3+2.1 0.07 This study ([Fe’] from t=10 h)

Laboratory cultures®

T. weissflogii (Fe replete) — — 40 +0.02 40,000 Maldonado and Price (1996)

T. pseudonana (Fe replete) — — 56 0.1 40,000 Maldonado and Price (1996)

P. cf. calliantha (Fe replete) — — 221.5+26.5 10007 Marchetti et al. (2006)

T. pseudonana (Fe limited) — — 14 +0.1 20 Maldonado and Price (1996)

T. pseudonana (Fe limited) — — 12.5 24 Sunda and Huntsman (1995b)

T. weissflogii (Fe limited) — — 13.1 28 Sunda and Huntsman (1995b)

T. weissflogii (Fe limited) — — 9.73+0.03 20 Maldonado and Price (1996)

P. cf. calliantha (Fe limited) — — 10.5+0.6 4t Marchetti et al. (2006)

P. cf. calliantha (Fe limited) — — 5.2+0.2 2f Marchetti et al. (2006)

* Points that are statistically significant (ANOVA, p < 0.05) between UV and noUV measurements. Below, Fe : C uptake rates are calculated for each
size fraction and compared to literature values observed in culture along with the [Fe’] of each study.
T Values from Marchetti et al. (2006) were originally reported as Fe>* and converted to Fe' here using the inorganic side reaction coefficient of 10'°

(Hudson et al. 1992).

£ Full names of species: Thalassiosira weissflogii, Thalassiosira psuedonana, Pseudo-nitzschia cf. calliantha

this experiment, filtered controls for each light treatment
were used to aid in this distinction. The observed decline in
dissolved Fe, Sc, and perhaps phosphate in filtered and Dark
treatments, where particle scavenging and biological uptake
should be absent, suggests that these elements were likely
adsorbed to the walls of the container over time. Wall loss
for dFe measurements has been reported in previous field
(Buck et al. 2010; Fitzsimmons and Boyle 2012; King et al.
2012; Bundy et al. 2016) and laboratory experiments (Fischer
et al. 2007), and this bottle adsorption has been shown to
vary as a function of surface area : volume ratio of the bottle,
bottle material, and temperature (Fischer et al. 2007; Fitzsim-
mons and Boyle 2012). Given the evidence for the chemical
similarities between Fe and Sc (Rogers et al. 1980; Byrne
2002; Parker et al. 2016), it is not surprising that Sc followed
similar trends as Fe in the containers. Most wall loss in the
filtered treatments for Sc and soluble Fe took place within
the first 6 h, while the colloidal Fe fraction declined slowly
through the 29 h and 53 h time points in filtered treatments
(Fig. 5). The rapid rate of wall loss of both dFe and dSc
within the first 6 h of the experiment suggests that initial
conditions of the incubation during the 3.5 h filling of the
Cubitainers may not have been homogenous even though
Cubitainers were filled from a mixed barrel. Thus, wall loss

during initial Cubitainer filling may have contributed to
higher intra-treatment variability in the experiment.

The most dramatic change in dFe and dSc concentrations
occurred between the final two sampling points, with the
final concentrations of dFe and dSc greater than or equal to
the initial concentrations in all treatments, even in unfil-
tered treatments where biological uptake was occurring
(Fig. 5). This was also observed for dPb in the Dark, UVgyered,
and noUVgyeeq treatments, but to a lesser magnitude than Fe
or Sc (Fig. SM-0O). The observation of higher final concentra-
tions than initial concentrations in most of the filtered treat-
ments suggests that the source of both Fe and Sc between the
last two time points was contamination from the Cubitainers
themselves. This feature was not observed in the soluble Fe
data, indicating that the Fe leaching from the containers was
mostly colloidal Fe, or a soluble Fe input that quickly became
colloidal (Hurst and Bruland 2007). This colloidal Fe did
appear to be largely inorganic in nature, however, given that it
generally titrated the excess Fe-binding ligands in the UVgjereq,
noUVigyereq, and both Dark treatments (Fig. 7A-C), although
the probable interpretation artifact of an inert colloidal Fe frac-
tion as L; led to an increase in «'g (Table S3; Gledhill and
Buck 2012). Previous work has shown that wall loss is an exo-
thermic reaction (Fitzsimmons and Boyle 2012), and increases
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Fig. 10. The correlations of Fe uptake (pmol Fe ug Chl a™' h™"), Chl a
concentrations (ug L"), excess Fe L, ligands (nM), and total excess Fe
ligands (nM). The top two panels display plots of (A) excess L; ligands
and Fe uptake and (B) total excess Fe ligands for each size fraction a
light treatment: >5 um UV (black circle), 1-5 um UV (black square), > 5
um noUV (gray circle), and 1-5 um noUV (gray square). The middle two
panels plot (C) excess Fe Ly and (D) total excess Fe ligands against vs.
Chl a concentrations corresponding to each size fractions mentioned
above. The bottom two panels display (E) excess Fe L; and (F) total
excess Fe ligands plotted against total Chl a for the UV (black triangles)
and noUV (gray triangles) treatments. Error bars represent the standard
deviation of each measurement.

in temperature during the incubation may have contributed
to the release of Fe and Sc from the Cubitainer, though the
temperature increase was confined to the first 53 h of the
experiment (Supporting Information Fig. S3) and the largest

Trace metal cycling in the California Current

increases in Fe and Sc were observed between the 53 h and
84 h time points (Fig. 5).

In a previous experiment using a similar type of incuba-
tion container, Lohan et al. (2005) did not report any wall
loss or contamination of dFe and dZn concentrations. An
important distinction was that Lohan et al. (2005) employed
a prolonged conditioning step for their Cubitainers, whereby
each Cubitainer was filled with open-ocean seawater and left
to condition for 2 d prior to the start of their incubation.
This study did not employ a long conditioning step, though
the Cubitainers were rinsed at least two times with filtered
seawater immediately prior to filling with incubation water.
Thus, it is possible that the rinses used in this experiment
were not adequate to condition the walls of the containers,
and a longer conditioning period may have mitigated some
of the container-based effects observed.

Biological uptake vs. abiotic scavenging of trace metals

In this study, unfiltered treatments were used to assess
the influence of ambient particles on the cycling of trace
metals during the experiment as compared to filtered con-
trols. For Cd, the dissolved and soluble Cd concentrations
were relatively constant through the experiment in all fil-
tered treatments. Only in the unfiltered light treatments (UV
and noUV) did the Cd concentrations decrease appreciably
(Fig. 6A,B), indicating biological uptake of Cd and especially
soluble Cd. The change in Cd : P (0.36-0.47 mmol mol };
Table 3) was similar to that observed in a previous incuba-
tion experiment with comparable initial dFe concentrations
(0.41-0.44 mmol mol !, Cullen et al. 2003). Our Cd : P
ratios were also very close to P-normalized stoichiometry
from the vertical profile data at Sta. 28, which reflected a
Cd : P ratio of 0.3 mmol mol~' in the upper 200 m of the
water column (Supporting Information Fig. S4; Table 3).
Using a Redfield ratio of 106 : 1 C : P for the duration of the
incubation results in Cd uptake rates of 0.97-1.27 umol Cd
mol C~! d !, consistent with rates observed in cultures using
natural waters from the North Pacific (Xu et al. 2012). This
uptake of Cd in the incubation could be from nonspecific
uptake through a high affinity Zn uptake system up-
regulated under low Zn conditions (Sunda and Huntsman
1998), as suggested previously in the central CCS (Biller and
Bruland 2013), though we do not have Zn data from our
incubation experiment. Additionally, at least two species of
Thalassiosira, a major genus in our incubation, have been
observed to show a nutrient-like response to Cd additions
under low Zn conditions (Price and Morel 1990; Lee and
Morel 1995).

Distinct from Cd, declines in Ni and Mn concentrations
during this incubation were observed in all unfiltered treat-
ments, including in the Dark (Fig. 5D-I). Elevated initial
concentrations of Mn reflected the close proximity of the
incubation setup to the continental shelf break (Biller and
Bruland 2013). Using Mn : P ratios for diatom species of
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Table 3. The P normalized values for metals observed in this incubation study, at Sta. 28 near where the water was collected, and the values reported in pre-

vious studies for diatoms and profiles in the North Pacific. The values for this incubation were calculated from the drawdown of P and each metal observed

over the 84 h incubation period.

Metal to P ratio (mmol mol™")

Treatment/

source
uv

Cu
—0.24 +0.69

0.12+0.31

Sc
0.002 = 0.0003*

0.002+0.0011*

Fe
0.70 = 0.42*

Pb

0.023+0.015
0.013 +0.002

Co
0.021 +0.013
0.062 +0.023

Mn

2.39+0.9

Ni
1.84+1.26
1.72+1.05

Cd

0.36 = 0.08
0.47+0.17

0.19 +0.27*

2.41+£0.74

noUV

—-0.06
0.18-1.44

0.003

0.83 -1.05 —0.002 0.021 2.2
0.33-1.7

0.21-0.68

0.30
0.07-1.29

Sta. 28"

5.2

0.15

Twining and

Baines (2013)*
Cullen et al. (2005)%

North Pacific!

0.54-0.6
0.41 +0.08

0.09-0.1
0.038 = 0.002

0.66-0.70

0.41-0.44
0.40+0.11

0.50+0.3

1.0+0.1

* Values that were calculated using the 53 h measurements due to contamination observed in the 84 h samples.

T Sta. 28 P normalized metal stoichiometries from surface (15 m) to depth (200 m) measurements.

* Data from Twining and Banes was selected from studies that reported values from diatoms specifically.

§ Data from Cullen et al. (2003) was selected for Fe concentrations closest to those observed in the starting conditions for this study (0.5 nM and 1 nM).

I' Compiled data from Twining and Baines (2013) and references therein for P normalized stoichiometries in the upper water column (> 800 m).

Trace metal cycling in the California Current

0.33-1.7 mmol mol ! from Twining and Baines (2013) and a
phosphate decrease in the UV and noUV treatments would
predict a drawdown of 0.3-1.4 nM Mn. However, the
observed decline in Mn ranged from 1.6 nM to 2.4 nM, with
the largest decrease observed in the Dark. Thus, while biolog-
ical uptake from diatoms was likely taking place, it cannot
account for the magnitude of dMn removal observed (Fig.
5G-I). The decline in Mn across all unfiltered treatments,
with greater declines in the Dark, is consistent with biotic
precipitation of manganese oxides by bacteria in the experi-
ment, which is enhanced in the dark (Lee and Fisher 1993;
Francis et al. 2001; Tebo et al. 2005). Using Mn particle for-
mation rates from Lee and Fisher (1993) under similar condi-
tions to this incubation (1 nM Mn, 18°C) of 0.31 nM d !,
combined with the diatom Mn : P assimilation ratios above,
results in a predicted decline of 1.4-2.5 nM Mn, which
would account for the observed Mn decline in both the UV
and noUV. Yet the rate of Mn decline observed in the Dark
treatment was much faster (0.70 nM d ') than predicted by
Lee and Fisher (1993), perhaps reflecting the higher initial
Mn (3.72 nM) at the onset of our experiment.

Like Mn, Ni also decreased in all unfiltered but not fil-
tered treatments (Fig. SD-F). Using Ni : P ratios of 0.21-0.68
mmol mol ! from Twining and Baines (2013) and the
observed phosphate decline in our experiment, expected bio-
logical drawdown of Ni was 0.17-0.54 nM. The observed
decrease in Ni was more than double that expected from bio-
logical uptake in the UV and noUV, ranging from 1.05 nM
to 1.46 nM, and was also observed in the Dark, suggesting
scavenging of Ni. This is a surprising finding for Ni, which is
typically characterized by a nutrient-type profile in the
North Pacific (Bruland 1980). The decline in the Dark could
perhaps be from preferential scavenging of Ni on biogenic
manganese oxides, which has been observed in freshwater
systems (Kay et al. 2001). Alternatively, if the Mn(II) oxida-
tion pathway is a result from extracellular production of
superoxide (Learman et al. 2011), then the widespread use of
Ni superoxide dismutase in bacteria (Dupont et al. 2008;
Zhang and Gladyshev 2010) may have led to the observed
decline in Ni as a response to increasing superoxide concen-
trations during Mn oxidation.

Cobalt, which has been shown to co-precipitate with
manganese oxides (Lee and Fisher 1993; Moffett and Ho
1996), tracked with Mn and Ni in the UV and noUV treat-
ments, but not through the final time point in the Dark,
though only one replicate was available from each time
point of this treatment (Fig. 5]-L). Using the data from just
the first 53 h of the Dark results in a Co particle formation
rate of 18.4 pM d', threefold greater than the rates
observed by Lee and Fisher (1993). Alternatively, if the 53 h
time point is excluded, a lack of co-variance in Co and Mn
in the Dark treatment may indicate that dCo was stabilized
by organic complexation (Saito and Moffett 2001; Saito et al.
2005). In this case, declines in Co in the UV and noUV
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could be interpreted primarily as biological uptake of Co.
The decline of Co results in Co : P ratios of 0.021-0.062
mmol mol !, lower than those reported by Cullen et al.
(2003) (0.09-0.1 mmol mol~!; Table 3). The Co : P ratios are
about a order of magnitude lower than those observed in the
Peru upwelling region (0.248 mmol mol *; Saito et al. 2004),
but are consistent with profile data from the North Pacific
(0.038 mmol mol '; Table 3), perhaps indicating phyto-
plankton in this region have lower Co quotas than those
studied in the Southern Ocean or Peruvian regimes. Cyano-
bacteria like Synechococcus spp. have an obligate Co require-
ment, but some diatom species such as Thalassiosira spp.,
which was a dominant group in our experiment, can use Co,
Cd, and Zn interchangeably for their CA (Sunda and Hunts-
man 1995a; Cullen and Sherrell 2005).

Dissolved Pb concentrations declined in the UV and
noUV, but not in the Dark or in any of the filtered controls,
suggesting a phytoplankton cell-associated mechanism of
dPb removal. Unlike Co, Pb has no biological function for
phytoplankton. Lead scavenging on cells has been shown to
be a function of surface area : volume ratios (Fisher et al.
1987). Thus, although the majority of Chl a was composed
of the large cells, which have low surface area : volume
ratios, it is possible that an increase in total cell surface area
during phytoplankton growth in the UV and noUV contrib-
uted to Pb scavenging (Fisher et al. 1987). It is also possible
that some Pb was passively transported into cells (Michaels
and Flegal 1990).

Of the trace metals measured in this experiment, dis-
solved Cu appeared the most inert, with no discernible trend
in concentrations across treatments over the course of the
incubation (Fig. 5V-X). Using Cu : P values appropriate for
the Fe concentrations at the onset of the incubation (0.54-
0.60 mmol mol !; Cullen et al. 2003), the expected Cu
drawdown ranges between 0.43 nM and 0.48 nM. Intra-
treatment variability in our experiment often exceeded this
range, making it challenging to discern a clear trend
between treatments (Fig. 5). Biological Cu demand is associ-
ated with its role in high affinity Fe uptake systems in dia-
toms (Peers et al. 2005; Maldonado et al. 2006), though a Cu
independent pathway for Fe acquisition in marine phyto-
plankton also exists (Morrissey et al. 2015). The lack of
apparent decrease in Cu in our experiment may reflect rapid
cycling of Cu via uptake and efflux as has been hypothesized
for observations in the North Pacific (Semeniuk et al. 2016),
or the inability of some diatoms to access the exceedingly
low Cu®?' concentrations in this experiment (Sunda and
Huntsman 1995c¢). Indeed, despite the mosaic of phytoplank-
ton Fe limitation occurring in the coastal North Pacific, dis-
solved Cu profiles here exhibit minimal changes with depth
(Supporting Information Fig. S4; Biller and Bruland
2013).The absence of dCu drawdown in our incubation is
also consistent with observations from previous shipboard
incubation experiments (Coale 1991; Hurst and Bruland
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2007; Buck et al. 2010) and field distribution studies across
biological gradients (Buck and Bruland 200S5; Jacquot and
Moffett 2015).

Dissolved Fe, on the other hand, was among the most
dynamic metals measured in the experiment. In the Dark
and Darkgeereq treatments Fe decline was similar, ranging
from 0.57 nM to 0.67 nM over the first 29 h, indicating sub-
stantial wall loss of Fe in the Cubitainers (Fig. 6). Although
Fe concentrations were clearly affected by abiotic factors (see
“Background effects of Cubitainers” section above), biologi-
cal activity was very likely a primary control in UV and
noUV. The Fe : P ratios observed in this incubation (0.19-
0.70 mmol mol ') are far lower than those reported for sus-
pended particles in Monterey Bay (5.2 mmol mol~'; Martin
and Knauer 1973) and those observed at Sta. 28 (2.2 mmol
mol ~'; Table 3). They fall much closer to those observed in
the North Pacific open ocean (0.50 mmol mol '; Table 3),
although it is difficult to determine the proportions of dFe
decline that can be attributed to uptake given the container
effects on bulk Fe concentrations measured in this study.
Using the short-term Fe and C uptake rates from this experi-
ment resulted in a calculated Fe : C uptake ratio of 22-23
pmol mol ! for phytoplankton >1 um in the UV treatment
vs. 7.3-9.2 ymol mol~! in the noUV (Table 2). The values
calculated for the noUV are consistent with those measured
for Fe-limited cultured diatoms (Sunda and Huntsman
1995b; Maldonado and Price 1996; Marchetti et al. 2006). In
contrast, the values calculated for the UV fall between the
range for Fe limited and Fe sufficient cultures (Table 2), indi-
cating higher Fe bioavailability in the presence of UV light
in this experiment. The Fe : C uptake ratios observed in the
light treatment are also consistent with the Fe : C ratios
derived from the depth profile at Sta. 28 of 22 umol mol !
assuming a Redfield ratio for C : P of 106 : 1. Our results sug-
gest that UV light enhances Fe bioavailability and may
explain enhanced Fe : C uptake in freshly upwelled waters,
as previously suggested in the CCS (Biller and Bruland 2013).

Sc remains an understudied element in the ocean com-
pared to the other metals presented here, and as far as we
know this was the first attempt to track the cycling of Sc in
field incubations. The existing evidence shows fundamental
similarities in chemical speciation and behavior between Sc
and Fe: Byrne (2002) showed similarities in inorganic specia-
tion of the two metals, Rogers et al. (1980) reported evidence
for Sc substitution in bacterial siderophores, and Parker et al.
(2016) showed similar distributions and reactivity across
ocean basins. The depth profile from Sta. 28 also showed
very similar distributions of dFe and dSc (Supporting Infor-
mation Fig. S4). In this incubation, the observed decline in
dSc in the DarKgjereq treatment was proportional to the
decline in Fe, with ~ 50-60% presumably lost to the walls of
the container (Fig. 5P). Wall loss of Sc occurred predomi-
nantly in the first 6 h, similar to soluble Fe measurements in
filtered treatments. However, observations also showed a
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pulse of Sc in the final sample similar to the observations of
total dissolved Fe, which was an entirely colloidal Fe
response. It was not possible to tell if biological uptake
played significant a role in the cycling of Sc, as wall loss
alone could explain the changes observed and, as with Fe,
Cubitainer effects may have masked any biological signal in
the dSc measurements.

Fe- and Cu-binding ligand production

Despite the variability in dFe concentrations, Fe-binding
ligand concentrations showed a clear response to phyto-
plankton growth, with increasing excess Fe-binding ligands
associated with increasing Chl a in both light treatments
(Figs. 7B,C, 10C,D). This increase in excess ligands in the
light treatments may have been underestimated due to the
addition of colloidal Fe between the last two time points
that appeared to titrate excess ligands in the filtered light
and both Dark treatments (Fig. 7). The addition of colloidal
Fe from the Cubitainers at the end of the experiment may
have led to overestimation of total [L] and chagf%e values in
the 84 h time point if some of the Fe added from the Cubi-
tainers was not exchangeable with the competitive ligand
used in the CLE-AdCSV measurements (Gledhill and Buck
2012), though it is not apparent that this was the case based
at least on the filtered and Dark controls (Fig. 7). Unlike
total ligand concentrations, which can be biased by a kineti-
cally inert colloidal Fe fraction, excess ligands represent the
ligands actually titrated in the CLE-AdCSV measurements
and are a more robust speciation result (Gledhill and Buck
2012). Thus, the increase in excess ligands observed in the
UV and noUV treatments remains best described as ligand
production associated with phytoplankton growth in our
experiment.

This feature of increasing excess Fe-binding ligand concen-
trations concomitant with diatom growth wunder high
nitrate : dFe (> 7 umol : nmol; King et al. 2012) ratios has now
been observed in several incubation experiments (Buck et al.
2010; King et al. 2012; Bundy et al. 2016; this study). Initial
nitrate : dFe in this study was ~ 19 uymol : nmol, and at the
onset of Fe-binding ligand production, this ratio had
increased to ~ 200 umol : nmol. The nitrate : dFe in this study
was higher than those observed in Buck et al. (2010) and King
et al. (2012), and ligand production in this study was also of
greater magnitude in the UV treatment than in those previous
studies. It is most commonly believed that Fe ligand produc-
tion is a response to Fe limited conditions (Maldonado et al.
2001; Sijer¢i¢ and Price 2015). While this study did not
employ Fe amendments, another incubation using water col-
lected near Sta. 28 showed a strong biological response to Fe
additions, indicating Fe limitation of this phytoplankton
community (Fitzsimmons and Chappell, unpublished data).
Additionally, previous field studies have shown that
nitrate : dFe values>35 pumol : nmol (or dFe : nitrate <0.2
nmol : umol) describe Fe limitation conditions in the CCS
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(Elrod et al. 2008; King and Barbeau 2011; Biller et al. 2013;
Biller and Bruland 2014).

In two previous studies, ligand production was confined
to the stronger ligand class (Buck et al. 2010; King et al.
2012). Here, on the other hand, Fe-binding ligand produc-
tion was observed in both stronger and weaker ligand classes
(Table S3). These observations are similar to those recently
reported by Bundy et al. (2016) in the southern CCS, where
initial nitrate : dFe levels were similar (~ 20 umol : nmol).
Using multiple analytical windows in their CLE-AdCSV
measurements, which allow resolution of multiple L classes,
Bundy et al. (2016) observed increases in L;, L,, and L3
ligand classes in both their +Fe and +0 treatments in a 6-d
field incubation. Their study, along with the observations
presented here, suggest a more complex response to the Fe-
ligand pool from diatom community growth than that of
previous studies.

This study also observed a small increase in Cu-binding
ligand concentrations concomitantly with increasing Fe-
ligand concentrations in the UV and noUV (Fig. 7E,F). Previ-
ous studies by Coale (1991) and Buck et al. (2010) also exam-
ined dCu speciation during biological production in their
incubation experiments, though the different analytical win-
dows employed for Cu speciation measurements preclude
direct comparison across studies (Bruland et al. 2000). The
analytical window of this study was chosen to be consistent
with the approach used for the recent GEOTRACES Atlantic
transect (Jacquot and Moffett 2015), and the values observed
here are consistent with their observations in the surface
ocean (107 *-107' M [Cu®"]). Similar to previous incuba-
tions (Coale 1991; Buck et al. 2010), no significant change or
trend was observed in [Cu®"] or o/ cur. through this experiment
(Table S4). Cu®>" concentrations (~ 10~ '*2-10713-3 M) were
also below the toxicity threshold observed for phytoplankton
(10! M, Brand et al. 1986), a known trigger for Cu-ligand
production in previous studies (Moffett and Brand 1996).

With Pseudo-nitzschia spp. comprising the majority of the
planktonic community by the end of the experiment (Fig.
9), it is possible that the increase in Cu-binding ligands may
reflect production of domoic acid (DA), a toxin produced by
Pseudo-nitzschia spp. that forms complexes with both Fe (log
KE?SdA,Fe’ =8.7+0.5) and Cu (log KCC%“SA‘CII2+ =9.0+0.2) (Rue
and Bruland 2001). While we did not measure DA in our
experiment, DA concentrations approaching 4000 pg mL™*
(~ 13 nM) were measured in incubation experiments con-
ducted on the same cruise (Cohen et al. 2017). Due to the
relatively weak KE‘SSA‘ o and chiggdA,Fe’ of DA, concentrations
2-3 orders of magnitude higher would be required to see suf-
ficient changes Cu ligands in the analytical window used in
this study.

Concomitant increases in weaker Fe-binding ligands (log
Ko = 11.9-10.1) and Cu-binding (log K .. = 13.3-14.6)
ligands may alternatively reflect humic-like substances or exo-
polymeric substances (EPS), both of which have also been
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shown to bind Fe and Cu in seawater (Laglera and Van Den
Berg 2009; Norman et al. 2015; Whitby and Van Den Berg
2015). The conditional stability constants measured for terres-
trially derived humic substances (log K¢ =10.6—11.1, log

FeHS,Fe’

Kar;‘fs o+ = 12.0; Laglera and Van Den Berg 2009) and EPS

(lo K;gfge/ =10.4—11.9; Hassler et al. 2011; Hassler et al.
2015; Norman et al. 2015) allow either to be reasonable candi-
dates for the measured Fe and Cu weaker ligands. While the
conditional stability constants for EPS as a Cu binding ligand
in CLE-AdCSV remain uncharacterized, the production of EPS
with bacteria and algal growth (Hassler et al. 2011; Norman
et al. 2015) would suggest that EPS are the best candidate for
the increases in Cu ligands and weaker Fe binding ligands
observed.

Summary and conclusions

This 3-day incubation experiment was performed using
water collected from the CCS to elucidate the interplay
between light, phytoplankton growth, and trace metal
chemistry under conditions consistent with Fe limitation of
diatom communities. This study employed measurements of
short- and long-term Fe uptake, total dissolved metals with
colloidal fractions for Fe and Cd, Fe and Cu speciation, and
phytoplankton community structure in an attempt to better
understand the biogeochemical forces driving trace metal
cycling in this seasonal upwelling environment.

The influence of UV light significantly increased the
short-term Fe uptake rates of all size-classes of phytoplank-
ton measured. This suggests that UV light increased the bio-
availability of Fe, likely from reduction of dFe from
photolabile organic complexes present at the onset of experi-
ment. Filtered light treatments supported this interpretation
of photochemical reactivity of a portion of the initial ligand
pool with decreased organic complexation capacity and
increased [Fe’] observed in the first 53 h of the experiment.
Long-term wuptake rates declined concomitantly with
increases in Chl a and excess ligand concentrations.
Increases in Fe- and Cu-binding ligands were observed in UV
and noUV treatments, but were not confined to only the
stronger ligand class as observed in previous experiments.
The production of weaker Fe-binding ligands in addition to
Cu-binding ligands could suggest overlap between the two
metals and the organic ligand pool, most likely from EPS
produced during diatom growth.

The cycling of Cd in this incubation was predominantly
influenced by its use as a nutrient, showing significant draw-
down only in the presence of light and phytoplankton.
Cobalt and Pb also showed significant decreases only in the
unfiltered light treatments, though to a much lesser extent
than Cd, and may have resulted from Co uptake by phyto-
plankton and scavenging of Pb to cell surfaces. Manganese
and Ni, on the other hand, exhibited similar declines across
UV, noUV, and Dark treatments that were most consistent

Trace metal cycling in the California Current

with Mn precipitation by Mn-oxidizing bacteria and con-
comitant bacterial uptake or scavenging of Ni. Copper dis-
played no strong trends in any of the treatments used in this
incubation, showing no evidence for biological uptake. The
relative contributions of uptake and scavenging to Fe and Sc
cycling in the experiment was difficult to determine due to a
combination of wall loss at the onset of the experiment and
contamination of both metals from the Cubitainers in the
final time point. Incorporation of an ambient seawater equi-
librium step on the order of 24-48 h prior to incubations
along with the use of filtered controls to mitigate and identify
these container effects is recommended for future studies.
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