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Abstract
The California Current System is a productive eastern boundary region off the coasts of Washington, Oregon,

and California. There is strong seasonality to the region, with high levels of rainfall and river input to the
coastal ocean during the winter season, and coastal and Ekman upwelling during the spring and summer. Iron
(Fe) input to the coastal ocean during the winter months can be stored in the continental shelf mud belts and
then be delivered to the surface ocean by upwelling in the spring and summer. There have been a number of
studies providing strong evidence of Fe-limitation of diatom growth occurring in regions of the California Cur-
rent System off of California, and the occurrence of Fe-limitation has been linked with narrow continental shelf
mud belt width and low river input. We provide evidence for potential Fe-limitation of diatoms off the southern
coast of Oregon in July 2014, just off the shelf break near Cape Blanco in a region with moderate shelf width
and river input. Since eastern boundary regions account for a disproportionally large amount of global primary
production, this observation of potential Fe-limitation in an unexpected near-shore region of the California
Current System has implications for global models of primary productivity. In order to re-evaluate the factors
impacting Fe availability, we utilize satellite imagery to compare with historical datasets, and show that unex-
pected levels of Fe can often be explained by eddies, plumes of upwelled water moving offshore, or lack of
recent upwelling.

The California Current System is an eastern boundary
regime along the Washington, Oregon, and California coasts.
Eastern boundary upwelling regimes are characterized by
nutrient-rich, coastally upwelled water leading to high levels of
productivity. Eastern boundary regimes account for a dispro-
portionally large amount of global primary productivity (Carr
2002), and therefore are important places to study factors gov-
erning primary productivity.

There is a strong seasonality to the physical processes
occurring in the California Current System that has been well-
documented (Huyer 1983; Lynn and Simpson 1987; Strub
et al. 1987): in the spring and summer, equatorward, along-
shore winds prevail, leading to Ekman transport moving sur-
face waters offshore. High degrees of coastal upwelling ensue;
Checkley and Barth (2009) calculated upwelling velocities of
10–20 m per day over the shelf. Upwelled waters are cold,

highly saline, and rich in macronutrients, which leads to the
high productivity frequently observed in these regions.

Iron (Fe), however, is not consistently upwelled in plentiful
supply along with the macronutrients. Iron is particle reactive
and fairly insoluble, resulting in remineralized Fe being
scavenged out of the water column rather than building up in
concentration, as occurs with macronutrients (Bruland
et al. 2014). Instead, one of the main Fe sources to eastern
boundary regions is the continental shelf (Johnson et al. 1999;
Bruland et al. 2001; Berelson et al. 2003; Elrod et al. 2004;
Lohan and Bruland 2008). Waters within the benthic bound-
ary layer over the shelf sediments can become enriched in Fe
through resuspension and diffusive flux, and coastal upwelling
can transport this shelf-sourced Fe to the surface along with
the other macronutrients. However, this source term of Fe
does not vary directly with the upwelling source of macronu-
trients. As a result, certain regions along the California Current
System have been shown to exhibit Fe-limitation of diatom
blooms (Hutchins and Bruland 1998; Hutchins et al. 1998;*Correspondence: claire.till@humboldt.edu
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to Fe-replete conditions offshore of the shelf break. Con-
versely, a parcel of water above a wide shelf with plenty of
river input may be Fe-limited due to lack of recent upwelling,
especially due to the converse seasonality of both processes
(where intermittent river input can be very low in the summer
months when upwelling is strong). Interplay between all these
factors impacts the availability of Fe in eastern boundary
regions.

In this work, in addition to providing evidence for the
potential for Fe-limitation off the coast of southern Oregon,
we investigate the cause of the Fe-availability observed in his-
torical datasets using satellite imagery to evaluate eddies and
upwelling events. We focus on samples that exhibited Fe-
availability that was not easily explained by sample location:
we selected samples that exhibited Fe-limitation despite being
taken inland of the shelf break, and samples that exhibited Fe-
replete conditions despite being taken offshore of the shelf
break. In this manner, we discuss many of the factors that
govern Fe-availability and the interplay between them.

Methods
Study site and sample collection

The IRNBRU cruise took place off the coasts of California
and Oregon in July 2014 aboard the R/V Melville. The summer
of 2014 was characterized by unusually low wind and coastal
upwelling in the California Current system (Zaba and Rudnick
2016). During the later part of our cruise in late July 2014, the
southern Oregon coastline was the most southern region of
the California Current system exhibiting active upwelling. We
report Fe and nitrate concentration data from two transects
off the coast of Oregon near Cape Blanco. Figure 1 shows sam-
pling locations overlaid on sea surface temperature for clear
days during the cruise. Daily throughout the cruise, we moni-
tored satellite data of surface altimetry and sea surface temper-
ature, and adjusted the cruise plan in order to best capture the
current features. We targeted our investigations to upwelling
and potentially Fe-limited regions. Surface hydrographic data
(temperature, salinity, and fluoresence) were monitored with
the ship’s flow-through underway data system. Nutrient sam-
ples were analyzed for nitrate + nitrite, phosphate, and silicic
acid with a Lachat QuickChem 800 Flow Injection Analysis
System and standard spectrophotometric methods (Parsons
et al. 1984). Surface samples as well as vertical profile samples
were taken and analyzed for dissolved Fe shipboard with a
method adapted from Lohan et al. (2006) (discussed below).

Surface samples were obtained through a surface tow-fish
system (Bruland et al. 2005). The fish was towed in the surface
water alongside the ship, deployed from the end of a boom
off the starboard side. Seawater was cleanly pumped through
Teflon lines throughout the ship. Nutrient analyses were per-
formed every 1.5 min on the water flowing out the terminus
of the Teflon line. Surface Fe samples were obtained from a
valve earlier in this line. Iron samples were filtered through a

Bruland et al. 2001; Firme et al. 2003; King and Barbeau 2007; 
Biller et al. 2013).

Shelf width is an important factor governing the potential for 
Fe-limitation of phytoplankton growth (Hutchins et al. 1998; 
Chase et al. 2007; Biller et al. 2013). While the upwelling condi-
tions are in the spring and summer, winter rains and storms lead 
to high river runoff delivering Fe to the coastal ocean. Much of 
the riverine sediment input to the ocean sinks onto the conti-
nental shelf mud  belts at depths of 50–90 m (Wheatcroft 
et al. 1997; Xu et al. 2002), but Fe-rich particles can be resus-
pended from the shelf and upwelled to the surface during the 
spring/summer upwelling season (Johnson et al. 1999). In 
regions where  there  is a wide  shelf  in the  50–90 m depth range, 
there is more area to retain the Fe-rich riverine sediment, and 
more contact between the upwelling water and the mud belt sed-
iment, leading to greater Fe supplied from coastal upwelling. Fur-
thermore, reduced Fe(II) in the shelf sediment can flux into the 
overlying water column and be upwelled to the surface ocean as 
well, which comprises another significant source of Fe (Berelson 
et al. 2003; Elrod et al. 2004). As a result of these processes, both 
river input and shelf width are linked to phytoplankton biomass 
in the California Current System (Chase et al. 2007).

Previous studies identifying Fe-limitation in the California 
Current System have focused on regions off the coast of Cali-
fornia (Hutchins et al. 1998; Bruland et al. 2001; Firme 
et al. 2003; King and Barbeau 2007; Biller et al. 2013). Further 
north, Lohan and Bruland (2008) investigated wide-shelf 
regions off the coast of northern Oregon, and found elevated 
concentrations of Fe. In this work, we present data between 
these previously sampled locations, from a region of the Cali-
fornia Current System off the coast of southern Oregon near 
Cape Blanco where we sampled in July 2014. This region expe-
riences moderate river input (Chase et al. 2007), and our sam-
pling region was just offshore of a moderately narrow shelf; 
based purely on shelf width and river runoff, this is an 
unlikely location for Fe-limitation. However, we provide evi-
dence for potential Fe-limitation of coastal diatoms in this 
region of the California Current System as well.

Finding this evidence for potential Fe-limitation in a region 
with moderate shelf width and river input led us to go a step 
further and re-evaluate the factors that impact Fe availability 
along the California Current coastline. Certainly, Fe availabil-
ity changes as upwelled water ages and moves offshore, and Fe 
is depleted disproportionally faster than the macronutrients 
through both preferential uptake and scavenging (Firme 
et al. 2003). The Fe concentration in eastern upwelling 
regimes has been shown to drop sharply moving offshore of 
the shelf break at about 200 m (Bruland et al. 2005; Kudela 
et al. 2006; Biller and Bruland 2013), so in addition to shelf 
width and river input, whether a sample is taken on or off-
shore of the shelf break is a key factor governing Fe availabil-
ity. Furthermore, eddies can contribute to upwelling and can 
move plumes of recent coastally upwelled water offshore 
(e.g., Biller and Bruland 2013, 2014; Biller et al. 2013), leading



0.2 μm polysulfone membrane AcroPak-200® capsule filter
into low-density polyethylene bottles that had been rigorously
cleaned as in the GEOTRACES cookbook (Cutter et al. 2014).
Sample bottles for Fe were stored in weak (pH ~ 2) trace metal
grade HCl and rinsed three times with sample before filling.
Iron samples were acidified to pH ~ 2 with quartz-distilled HCl
and let sit for at least an hour before analysis.

Fe incubations and assessment of Fe status in diatoms
An incubation experiment was performed shipboard during

our cruise using seawater as described by Marchetti et al. (2017).
After completing transect 9, the ship steamed back to the inter-
section of the two transects and seawater was collected from the
near surface (15 m) at 42.7�N, 125.0�W, a site of freshly
upwelled coastal waters (Fig. 1). This seawater was distributed
into acid-cleaned 10 L Cubitaners® (Hedwin Corporation) using
trace metal clean techniques. For sample collection from initial
conditions, triplicate cubitainers were filtered immediately.
Others were incubated on deck at ~ 30% incident irradiance
with control, Fe-enriched (5 nmol L−1 iron chloride), and Desfer-
rioxamine b (DFB)-amended (200 nmol L−1) treatments. DFB is
an Fe-chelating ligand that reduces Fe availability to

phytoplankton and is used to provide a treatment with induced
Fe-limitation (Wells 1999; Marchetti and Maldonado 2016).
Treatments were conducted in triplicate and sampled after 48 h
and 72 h through destructive sampling.

Chlorophyll a (Chl a) measurements were obtained by grav-
ity filtering of ~ 400 mL of seawater through a 5 μm polycarbon-
ate filter followed by vacuum filtration through a GF/F filter
using a series filter cascade for size fractionation. Filters were fro-
zen at −80�C until analysis. Extractions were performed ship-
board using 90% acetone kept at −20�C for 24 h followed by
fluorometric quantification with a Turner Designs 10-AU fluo-
rometer using the acidification method (Parsons et al. 1984).
Size fractions were added together to yield total Chl a.

Maximum quantum yield (Fv/Fm) was measured by fast
repetition rate fluorometry (FRRF) using Satlantic FIRe fluores-
cence-induction and relation system (Kolber et al. 1998; Gor-
bunov and Falkowski 2005). Samples were acclimated to low
light for 20 min then a saturating pulse (20,000 μmol pho-
tons m−2 s−1) of blue light was applied for a duration of
100–200 μs. The average of 50 iterations was obtained using a
single-turnover flash. Data were blank-corrected using 0.2 μm
filtered seawater.
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Fig. 1. Mean surface level anomaly and sea surface temperature on 20th July 2014, off the Oregon and Northern California coasts with the sampling site
of the incubation experiment and the two transects we completed that day overlaid (incubation sampling site indicated by a star), transect 8, in black,
and transect 9, in white). The anticyclonic and cyclonic eddies that are contributing to the movement of the upwelled plume of water offshore are
labeled 1 and 2, respectively.



Approach to historical sample comparison
Historical samples selected for analysis were sampled between

the years 1996 and 2011 (Hutchins and Bruland 1998; Hutchins
et al. 1998; Firme et al. 2003; King and Barbeau 2007; Biller
et al. 2013; Biller and Bruland 2014). We defined a simple way to
consider data “expected,” which we would not consider further,
and “unexpected,” which we would investigate through the use
of satellite data: Fe-replete conditions in samples taken over the
shelf and Fe-limited conditions in samples taken offshore of the
shelf break were considered expected, and the opposite sets of
conditions were considered unexpected. Notably, we accepted
these authors’ conclusions about which samples were Fe-limited
or Fe-replete and did not reassess any of their original datasets.
Some used nutrient ratios and estimated growth rates (Biller
et al. 2013; Biller and Bruland 2014) and some used incubation
experiments (Hutchins and Bruland 1998; Hutchins et al. 1998;
Firme et al. 2003; King and Barbeau 2007).

For each selected historical sampling date and location, both
temperature and altimetry datasets were downloaded from
NOAA coastwatch. The sea surface temperature data was cap-
tured over 3- or 8-d intervals, centered on the sampling date, to
reduce cloud interference. Altimetry satellite data was averaged
over a 1-month interval. Sea surface temperature and altimetry
datasets for each historical sampling date and location were
projected into ArcGIS® to produce figures that provide insights
into the upwelling conditions during the time of sampling.

Historical sample locations selected for analysis were orga-
nized in an excel spreadsheet by latitude and longitude coordi-
nates and uploaded into ArcGIS® as X – Y data. Sea surface
temperature and altimetry for each historical sampling date and
location was downloaded as an HDF file and projected into
ArcGIS®. Bathymetry data, acquired from the NOAA Geophysi-
cal Data Center, was downloaded as a shapefile. Latitude and
longitude data was retrieved from ESRI, a supplier of geographic
information software, and downloaded as a ready shapefile.

Results and discussion
Overview of transects

Two transects were sampled off the southern Oregon coast
(Fig. 1). Transect 9 (the east/west transect) immediately fol-
lowed the completion of transect 8 (the north/south transect).
As noted by the ~ 10�C water at the surface, there was some
upwelling occurring at the time we sampled (Fig. 1). The geo-
strophic flow of the anticyclonic and cyclonic eddies was
moving that recently upwelled water offshore and to the
southwest, in a plume traveling between the two eddies
(Fig. 1; eddies labeled 1 and 2, respectively).

On the northern end of transect 8, there is clear evidence of
upwelling with the low temperatures (~ 9.9–10.6�C) and high
salinities (33.3–33.7) (Fig. 2). The lowest temperature and high-
est salinity occur at about 42.3�N, and there is a corresponding
increase in the nitrate and silicic acid concentrations at this lat-
itude. Despite the active upwelling inferred from the low

In addition to monitoring changes through nutrient draw-
down, phytoplankton biomass and Fv/Fm, the assessment of 
iron status in two ecologically dominant diatom genera, 
Pseudo-nitzschia and Thalassiosira, were determined via molec-
ular approaches. Eukaryotic mRNA sequences from the incu-
bations were assembled, annotated, and quantified as 
described in Cohen et al. (2017). The Pseudo-nitzschia Iron 
Limitation Index (Ps-n ILI) was quantified as described by 
Marchetti et al. (2017) such that a positive ratio indicates iron 
stress or limitation. The iron status of Thalassiosira was exam-
ined through differences in gene expression of the iron-
sensitive genes, flavodoxin (FLDA) and iron starvation 
induced protein 3 (ISIP3) (Chappell et al. 2015). Gene expres-
sion values were normalized and significance was assessed 
with DESeq2 using Benjamini and Hochberg adjusted p-values 
≤ 0.05 (Benjamini and Hochberg 1995; Love et al. 2014).

Shipboard dissolved Fe analysis method
Iron analysis was preformed shipboard to give us near-real-time 

data, allowing us to better select our sampling sites. Dissolved 
iron concentrations were determined through preconcentrating 
the Fe on a chelating resin before adding the colorimetric agent 
N,N-dimethyl-p-phenylenediaminedihydrochloride (DPD), and 
detecting the catalytically enhanced signal with a UV–vis spec-
trophotometer as outlined in Lohan et al. (2006). The seawater 
is loaded onto the resin at pH 2 because the Fe(III) that had 
been chelated with organic compounds is dissociated at pH 2 
and is available to chelate with the resin. Additionally, loading 
at a low pH is advantageous when working with high concen-
trations of Fe that are insoluble at higher pHs. Lohan 
et al. (2006) used the NTA-type superflow resin, but due to 
lower blanks and better consistency, we followed the modifica-
tion of Biller et al. (2013) and used Toyopearl Chelate-650 
instead. Since Fe(II) is not recovered at pH 2 on this resin, 
whereas Fe(III) is recovered at > 93% (Biller et al. 2013), 
10 μmol/L H2O2 is added to the sample before loading, which 
is sufficient to quantitatively oxidize reduced Fe (Lohan 
et al. 2005).

Satellite data for IRNBRU sampling and interpretation
In order to sample in the best possible locations based on 

current conditions, during the cruise we monitored satellite 
data daily for surface altimetry and temperature. The availabil-
ity of temperature data was inconsistent due to frequent inter-
ference by clouds, but altimetry data was reliably available. 
Temperature data from the NOAA POES AVHRR satellite was 
downloaded from the NOAA coastwatch website (http://
coastwatch.pfeg.noaa.gov/coastwatch/CWBrowser.jsp). Altim-
etry data was produced (including merging data from multiple 
satellites) and distributed by Aviso (http://www.aviso. 
altimetry.fr/). We imaged the satellite data with Interactive 
Data Language®, a product of Exelis Visual Information Solu-
tions, a subsidiary of Harris Corporation (Exelis VIS).

http://coastwatch.pfeg.noaa.gov/coastwatch/CWBrowser.jsp
http://coastwatch.pfeg.noaa.gov/coastwatch/CWBrowser.jsp
http://www.aviso.altimetry.fr
http://www.aviso.altimetry.fr


temperature and high salinity values, and the resulting high
concentrations of nitrate, phosphate, and silicic acid (21 μmol/
kg, 1.6 μmol/kg, and 24 μmol/kg, respectively), the fluores-
cence is relatively low (2.5–3.3 μg/L). Dissolved Fe has a maxi-
mum concentration of 0.7 nmol/kg, which occurs at 42.4�N; at
this same location there is a slight decrease in the nitrate and
silicic acid concentrations and a slight increase in the tempera-
ture, but the salinity is still high. This could be indicative of a
plume of slightly older upwelled water that has had time to
warm and have the nutrients be slightly drawn down.

Transect 9 exhibits similar characteristics to transect
8 (Fig. 3). There are low temperatures (10.1–10.6�C) and high
salinities (33.4–33.7) in the eastern part of the transect, corre-
sponding with high nitrate (17–21 μmol/kg), phosphate
(1.3–1.6 μmol/kg) and silicic acid (18–23 μmol/kg), indicative
of upwelling. Meanwhile the fluorescence remains relatively
low (1.1–3.8 μg/L), as does the dissolved Fe concentration
(0.35–0.4 nmol/kg), in the upwelling zone. At 125.3�W, the
salinity and nutrients dropped markedly as the transect moved
out of the upwelled water and into lower salinity water influ-
enced by the California Current. As a result, we altered course
and headed southwest back into the high salinity and nutrient
rich upwelled waters. At the western end of the transect, there
was a marked salinity drop and rise in temperature as the tran-
sect left the upwelling filament and began to enter the anticy-
clonic eddy (labeled “1” on Fig. 1b).

Due to the range of upwelling signatures across the two
transects, we divide the region into zones (Fig. 4). The

strongest upwelling signal is the plume identifiable by its high
salinity, which we crossed twice (zone 1). We define the bor-
ders of the upwelling zone to be when salinity transitions to
33.4, both times we crossed the upwelling plume. That leaves
a region north of the plume with lower salinity (zone 2), the
western part of transect 9 (zone 3), and the southern part of
transect 8 (zone 4).

Plotting these measured attributes (temperature, nitrate,
phosphate, silicic acid, fluorescence, and dissolved Fe) against
salinity should reveal the extent to which their distributions
are governed by upwelling (Fig. 5). Temperature and macronu-
trients exhibit robust correlations with salinity, suggesting a
strong influence of upwelling on these parameters. Fluores-
cence shows no trend with salinity, nor does Fe except at the
highest salinity values, which indicates that there is an upwell-
ing source of Fe in this region. The northern peak of transect
9 exhibits the most distinct characteristics of all the zones: for
a given salinity, it has higher macronutrient concentrations
and lower temperatures than the other parts of the study site,
and yet does not have correspondingly higher fluorescence.
The western region of transect 9 and the southern region of
transect 8 are remarkably similar in salinity space, with the
exception of fluorescence, which is higher along transect 9.

Investigation of potential Fe-limitation of diatoms
Evidence for Fe-limitation was derived from Fe-amendment

and removal incubation experiments, nutrient ratios and esti-
mations of in situ growth rates. Incubation experiments rely on

Fig. 2. (a) Temperature, (b) salinity, (c) nitrate, (d) phosphate, (e) silicic acid, (f) Chl a fluorescence, and (g) dissolved Fe vs. latitude along transect
8. The scale of the Fe distribution extends to 5 nmol/kg in order to emphasize that all these Fe concentrations are low relative to the maximum concen-
trations measured in this region. In other upwelling regions during this cruise, Fe concentrations up to 3 nmol/kg were measured (Till, unpubl.).



increases in biomass that are significantly different from the
unamended control in order to measure the potential for
Fe-limitation to occur. Furthermore, although estimates of
growth rates and Fe requirements may be used to comment on
Fe status (see below), these physiological parameters can vary

considerably depending on the diverse phytoplankton taxa pre-
sent (Marchetti and Maldonado 2016), and therefore can only
support the potential for Fe-limitation to occur in regions of the
coastal California Current System. In this study, we provide
insight into the Fe nutritional status of diatom assemblages
through the use of molecular indicators, which compliment
traditional incubation data and can be used to distinguish
between growth-induced Fe-limitation within incubations and
Fe-limitation of the ambient diatom community.

To assess the potential for Fe-limitation in these water con-
ditions, a shipboard incubation was performed just after tran-
sect 9 in the freshly upwelled waters of zone 1 (42.7�N,
125.0�W, Fig. 1). The results of this incubation are plotted in
Fig. 6. Figure 6a,b show nitrate drawdown and Chl a measured
at an initial time point and 48 and 72 h following incubation
in an unamended control, after Fe enrichment (+Fe) and after
iron chelator addition (+DFB) used to induce Fe-limitation.
Following 48 h, the +Fe treatment exhibited lower nitrate con-
centrations and higher chlorophyll concentrations than the
control and +DFB treatments, indicating a difference in the
phytoplankton biomass accumulation rates. After 72 h, signifi-
cant differences in these parameters were observed comparing
the +Fe treatment relative to the control but not in the +DFB
treatment relative to the control (ANOVA, p < 0.05). Remain-
ing nitrate concentrations were 7.27 � 0.35 μmol L−1 in the
control, 9.81 � 3.76 μmol L−1 in the +DFB treatment and
nearly depleted in the +Fe treatment. Correspondingly, total
chlorophyll concentrations reached 4.3 � 0.7 μg L−1 in the
control, 4.16 � 0.78 μg L−1 in the +DFB treatment and

Fig. 3. (a) Temperature, (b) salinity, (c) nitrate, (d) phosphate, (e) silicic acid, (f) Chl a fluorescence, and (g) dissolved Fe vs. longitude along transect
9. The scale of the Fe distribution was chosen for the reasons mentioned in Fig. 2.
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12.4 � 1.0 μg L−1 in the +Fe treatment. Notably, these differ-
ences in nutrient drawdown and phytoplankton accumulation
rates provide strong evidence for Fe-limitation after 72 h in
the control treatment. Consistent with these trends, the Fv/Fm
values in the control and +DFB treatment decreased within
48 h when compared to the initial time point and the +Fe
treatment, further supporting the induction of Fe-limitation
in the control and +DFB treatment (Fig. 6c).

In our incubation experiments, members of the diatom
genera Pseudo-nitzschia and Thalassiosira were among the most
dominant based on relative transcript abundance (Cohen
et al. 2017). Marchetti et al. (2017) developed a Pseudo-
nitzschia Iron-Limitation Index (Ps-n ILI), which is plotted for
this incubation experiment in Fig. 6d. Positive values are
indicative of probable iron stress/limitation of Pseudo-nitzschia.
In the +DFB treatment, the Ps-n ILI became positive following

48 h following incubation, confirming the onset of induced
Fe-limitation of Pseudo-nitzschia in this treatment. In the con-
trol and +Fe treatment, values remained negative following
48 h of incubation, yet notably the Ps-n ILI becomes less neg-
ative in the control after 48 h compared with the initial time
point and the +Fe treatment (Fig. 6c). This suggests that
Pseudo-nitzschia cells in the non-amended community were
moving toward—but had not yet reached—absolute Fe-
limitation after 48 h. Similarly, elevated transcript abundances
of FLDA and ISIP3 in Thalassiosira in the control were
observed (Fig. 6e). In particular, ISIP3 expression was similar
to that of the DFB treatment suggesting the onset of Fe-stress.
These trends are consistent with those observed by Chappell
et al. (2015) that demonstrated Fe stress in Thalassiosira ocea-
nica in offshore waters close to our region of study using a
similar molecular approach.
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transition at 33.4; Northern Peak T9: the northern most part of T9, north of the upwelling zone.



Taken together, the incubation experiment suggests that
although diatoms in these freshly upwelled waters were likely
not Fe-limited initially, induction of Fe-stress and subsequent
limitation of diatom growth rates in the unamended controls as
well as the +DFB treatment rapidly ensued due to the Fe demands
needed to support the high rates of phytoplankton biomass accu-
mulation. As a result, appreciable differences in phytoplankton
biomass between the +Fe treatments and the unamended con-
trols were observed following 72 h of incubation.

In order to investigate whether this potential for Fe-limitation
was representative of the surrounding region as well as the incu-
bation sampling site, we used nutrient and Fe concentration data
with simply modeled estimates of growth rates and uptake ratios
to assess the Fe-limitation potential along transects 8 and 9. The
low Fe concentrations, high nitrate concentrations, and relatively
low fluorescence in the upwelling regions of these transects indi-
cate that the potential for Fe-limitation of diatoms as the
upwelled water ages and Fe is drawn down is likely.

Biller et al. (2013) utilized two methods for investigating
the extent of Fe-limitation in the California Current System
by approaching the limitation from the perspectives of growth
rate and biomass accumulation. Growth rates for specific types
of phytoplankton can be calculated based on availability and
half saturation constants of a limiting nutrient with the fol-
lowing well-established equation (Monod 1942):

μ=
μmax S½ �
S½ �+Kμ

ð1Þ

where μ is the specific growth rate (under the conditions speci-
fied), μmax is the maximum growth rate under optimal condi-
tions, [S] is the ambient concentration of the nutrient, and Kμ is
the half-saturation constant for the nutrient (where μ = 0.5μmax).
Sarthou et al. (2005) compiled and reported values of μmax and
Kμ for diatoms. As in Biller et al. (2013), we choose to estimate
diatom growth rate using the average values reported by Sarthou
et al. (2005): μmax = 1.5 d−1, Kμ for Fe = 0.35 nmol L−1, Kμ for

Fig. 6. Measurements from the incubation experiment. (a–c) Nitrate, chlorophyll, and Fv : Fm from the initial conditions, 48 h, and 72 h after incubation for
the control (open circle), Fe (closed circle), and DFB (open triangle) treatments. (d) The Pseudo-nitzschia Iron Limitation Index values for the incubations at 0 h
and 48 h. Values within dashed lines indicate the potential for iron stress. Values below that range indicate iron-replete growth whereas values above that range
indicate iron limitation. (e) Thalassiosira flavodoxin (dark gray) and ISIP3 (light gray) normalized counts. Higher comparative expression indicates increased iron
stress. Letters denote significant differences across treatments for each gene as determined with DESeq2 using Benjamini and Hochberg adjusted p-values (p ≤
0.05), with “a” indicating treatments that are significantly different from “b” treatments.



N = 1.6 μmol L−1. In a given time and place, the nutrient with
the smallest specific growth rate is considered the growth-rate
limiting nutrient. In the California Current System, nitrate and
Fe are the two nutrients likely to be limiting in surface waters:
when the specific growth rate calculated based on Fe concentra-
tions (μFe) is less than that based on the nitrate concentrations
(μNO3-), then Fe is the growth-rate limiting nutrient. It is note-
worthy that growth rates and Kμ values for Fe can vary exten-
sively (Marchetti and Maldonado 2016), so it is crude to use
averages as we do here. Again, we choose to do this as a back-of-
the-envelope calculation to investigate whether the conditions
observed in the incubation likely persist across the wider spatial
area of our transects.

As mentioned previously, any locations where μFe is lower
than μNO3- suggest Fe-limitation of the growth rate of coastal
diatoms. There is one region (~ 125.3�W, zone 2 in Fig. 4)
where the nitrate concentrations are less than 2 μmol/kg and
the μNO3- is less than the μFe (Fig. 7). Apart from that location,
the entirety of both transects show evidence of low enough Fe
concentrations, relative to the elevated nitrate concentrations,
that could limit the growth rate of coastal diatoms as well as
their ability to accumulate biomass (Fig. 7).

An important caveat to this line of thought is that the cur-
rent dissolved nutrient concentrations do not take into
account prior Fe availability and uptake. For example, the
ambient dissolved Fe may be low precisely because diatoms
have recently taken up significant amounts, and therefore
momentarily have sufficient Fe for high growth rates despite
low ambient Fe levels. The measured dissolved Fe is that
which was not yet taken up and was leftover. With these con-
siderations firmly in mind, estimated growth rates can be used
to provide an indication of Fe-availability, and are perhaps
best used in conjunction with other metrics of physiology.

The other way that Biller et al. (2013) used to estimate Fe-
limitation is by considering biomass accumulation. Coastal

diatoms grow at near-optimal rates at 30 μmol mol−1 Fe to car-
bon (Bruland et al. 2001; Sunda and Huntsman 1995). Using
the Redfield ratio for carbon to nitrogen (Redfield 1958), Biller
et al. (2013) calculate a required Fe to nitrate ratio of 0.2 nmol/
μmol. Therefore, if the ambient Fe to nitrate ratio is less than
0.2 nmol μmol−1, coastal diatoms could be limited in their bio-
mass accumulation by Fe rather than nitrate.

As with our growth rates and Kμ, estimations earlier, this is
a coarse estimate of a value that can vary dramatically
(Marchetti and Maldonado 2016). Again, we use these rough
estimations to investigate whether it is likely that the condi-
tions observed in the incubation are representative of the sur-
rounding waters as well.

Along both transects, at all locations where nitrate was
greater than 4 μmol/kg and both Fe and nitrate were mea-
sured, the Fe to nitrate ratio is well below 0.2 nmol/μmol Fe to
nitrate (Fig. 8a,b). It is notable that even if calculated using a
lower Fe to carbon ratio of 10 μmol mol−1, which gives a
threshold Fe to nitrate ratio of 0.07 nmol μmol−1, there are
many locations along both transects below that threshold.
These low ratios indicate that Fe is likely the Liebig limiting
nutrient for coastal diatoms at these locations.

Furthermore, low silicic acid to nitrate ratios has been con-
nected with Fe-stress (Brzezinski et al. 2015). The usual
upwelled ratio of silicic acid to nitrate along the California
coast is 1.2 μmol/μmol (Zentara and Kamykowski 1977; Brze-
zinski et al. 2015), and throughout significant portions of
both of these transects, the silicic acid to nitrate ratio is below
the usual upwelled ratio of 1.2 μmol/μmol (Fig. 8c,d), which
could likely have developed due to a relative lack of Fe in the
phytoplankton community.

An important distinction between these two methods of
assessing Fe-limitation of diatoms is that the growth rate cal-
culation indicates which nutrient will limit growth rate under
the current conditions, whereas nutrient ratios indicate which
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nutrient will become limiting first, as phytoplankton biomass
accumulates and both macronutrients and Fe are drawn down.
Both suggest the potential for Fe-limitation of diatoms along
these transects.

Overall, we have assessed the potential for Fe-limitation of
phytoplankton in this region off the coast of southern Oregon
from many angles, targeting ecologically dominant diatoms
and looking at overall Chl a production, nitrate drawdown and
photosynthetic efficiency in an incubation experiment as well
as using estimated growth rates and optimal nutrient ratios
along the two transects. All evidence suggests the potential for
Fe-limitation, particularly as freshly upwelled waters begin to
age and biological activity and scavenging drive down the
upwelled Fe. Although Fe-limitation has been well-studied in

the California Current System off the coast of California, to the
authors’ knowledge this is the first reported occurrence to sup-
port possible Fe-limitation off the coast of Oregon, indicating
that the range of the Fe-limitation mosaic should be extended
slightly further north than was previously known. Additionally,
and more importantly, this is identification of potential Fe-
limitation in a region with moderate shelf width (Fig. 9) and
river input (Chase et al. 2007), and therefore a region that tradi-
tionally would not be expected to feature Fe-limitation.

Fe-limitation in this new region of the California Current
System

Since Fe-limitation in the California Current System has
been often connected with narrow shelf width (Hutchins

0.00

0.05

0.10

0.15

0.20

0.25

-126.0 -125.6 -125.2

Longitude ( W)

0.00

0.05

0.10

0.15

0.20

0.25

41.5 42.0 42.5 43.0

F
e 

to
 N

it
ra

te
 (

nm
ol

/
m

ol
)

Latitude )

a b

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

41.5 42.0 42.5 43.0

Si
/N

 r
at

io
 (

m
ol

/m
ol

)

Latitude 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

-126.0 -125.5 -125.0

Longitude 

c d
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et al. 1998; Chase et al. 2007; Biller et al. 2013), it is at first
surprising that the region in which we observe evidence of
potential Fe-limitation has a moderate shelf width and river
input. However, the sampling locations were offshore of the
shelf break (Fig. 9), and as noted previously, Bruland
et al. (2005) and Kudela et al. (2006) have observed the dis-
solved Fe concentration rapidly decrease moving off the shelf
break in eastern boundary regions (the Peru upwelling system
and the coast of California, respectively). It is likely that a sim-
ilar decrease in the surface Fe concentration occurs off this
shelf break along the Oregon coastline. When Lohan and Bru-
land (2008) found elevated Fe in the shelf waters off the
northern coast of Oregon, they sampled at a wider shelf region
inland of the shelf break (Fig. 9). Lohan and Bruland (2008)
were also very close to the Columbia River mouth (Fig. 9),
which is a large source of Fe to the shelf in that region (Chase
et al. 2007; Bruland et al. 2008). Since there is a moderate
shelf width and river input off the southern coast of Oregon,
it is possible that over the shelf itself there is sufficient supply
of Fe from upwelling to avoid initial Fe-limitation, however as
the upwelled water ages and advects offshore and biological
activity occurs, Fe-limiting conditions could develop. Since
eastern boundary regions account for a relatively high propor-
tion of global primary productivity for their area (Carr 2002),

finding evidence for potential Fe-limitation in this unexpected
region of the California Current System has implications for
global models of primary productivity.

Investigation of historical datasets
The possibility of Fe-limitation in a region with moderate

shelf-width and moderate river flux region led us to investi-
gate previously published historical data. We reviewed sam-
pling datasets from previously published documents
(Hutchins and Bruland 1998; Hutchins et al. 1998; Firme
et al. 2003; King and Barbeau 2007; Biller et al. 2013; Biller
and Bruland 2014) and selected samples to compare with his-
torical satellite data. We specifically selected what we consider
to be unexpected Fe availability: samples that the original
authors determined to be Fe-limited despite being over the
shelf break, and samples that they determined to be Fe-replete
despite being offshore of the shelf break. From these historical
data sets, 17 samples fit our criteria and were therefore flagged
for further analysis, none of which were from Hutchins and
Bruland (1998), King and Barbeau (2007) or Biller and Bruland
(2014). Notably, there were only two cases of unexpected Fe-
replete conditions, both from Firme et al. (2003), so this his-
torical dataset exploration is by no means a thorough study of
Fe-replete conditions offshore of the shelf break. Potentially
the relative lack of unexpected Fe-replete conditions could
indicate that they are less frequent than unexpected Fe-limited
conditions.

Four samples from Firme et al. (2003) just south of Point
Arena fit the selection criteria. Two of them were collected
between 03 June 1999 and 17 June 1999 at 38.20� N, 123.20�

W and 38.02� N, 123.25� W (Fig. 10a,b). These samples were
taken over the continental shelf within the 200 m isobath but
had Fe-limited conditions as determined by an Fe addition
incubation (Firme et al. 2003). Figure 10a displays a relatively
high temperature at the sampling region, suggestive of a relax-
ation period and therefore a lull in the supply of Fe from the
shelf. Contrarily, the altimetry displays an average negative
sea level anomaly (MSLA) at the point of sampling, suggesting
upwelling (Fig. 10b). We attribute the contrasting signals to
the fact that the altimetry data was averaged over a 1-month
interval: since the SST does not indicate recent upwelling, and
yet the altimetry of the month of June 1999 suggests upwell-
ing, we infer that the sampling occurred just before an upwell-
ing period that would then persist over the majority of the
month June.

The other two samples from Firme et al. (2003) that fit our
selection criteria were collected between 23 June 1999 and
11 July 1999, in a similar location: 38.45�N, 123.60� W and
37.75�N, 123.97�W, off the continental shelf beyond the
200 m isobath (Fig. 10c,d). Despite being offshore of the shelf
break, these two samples had Fe-replete conditions as deter-
mined in Firme et al. (2003) by Fe addition incubation. We
did verify with the data tables in Firme et al. (2003) that these
samples had sufficient nitrate (13 and 21 μM) that it was not a
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false Fe-replete signal due to nitrate limitation. Figure 10c dis-
plays cool recently upwelled water nearshore, much cooler
than the previous month in the same location (Fig. 10a). This
recently upwelled water is likely moving offshore passing close
to the sampling region and is potentially replenishing the
sampling locations with Fe. Figure 10d displays a dynamic
upwelling and downwelling system in the sampling region,
with the two sampling locations at the edge of an upwelling
eddy. With the month-long averages for altimetry data

centered on the 16th of each month, this altimetry distribu-
tion is the same as for the samples in Fig. 10b. However these
offshore sampling locations are both closer to the upwelling
eddy and were sampled during the greater degree of coastal
upwelling, which could explain their greater degree of Fe
availability.

One sample from Hutchins et al. (1998) fit within our selec-
tion criteria. It was located off the coast of Cape Mendocino at
40.10�N, 124.2�W on the shelf within the 200 m isobath, and
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Fig. 10. Satellite data corresponding with historical samples selected from the datasets of Firme et al. (2003) (a–d), Hutchins et al. (1998) (e, f), and
Biller et al. (2013) (g–l). Sample locations plotted in this figure correspond with all the samples from those papers that had unexpected Fe availability,
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altimetry data (mean sea level anomaly; monthly averages centered on the 16th of each month), with reds representing sea surface highs (downwelling
conditions) and blues sea surface lows (upwelling conditions). The unusual Fe availability of these samples can be explained with the satellite data.



Fe-replete conditions, and three of the four samples south of
Cape Mendocino exhibiting Fe-limited conditions (Fig. 10k,l,
green data points represent Fe-limited conditions and black
points Fe-replete). The altimetry historical satellite data (Fig. 10l)
was captured over a 1-month interval and shows general evi-
dence of upwelling occurring, in particular off the coast of Cape
Mendocino. With the high-resolution SST satellite data captured
over a 3-d interval (Fig. 10k), it can be seen that there was cool
upwelled water in the region of the black sample points only:
there is a pocket of higher temperatures near shore just south of
Cape Mendocino, where likely the winds had not been suffi-
ciently alongshore to cause upwelling, and the one Fe-limited
data point south of Cape Mendocino is in that region. The other
data points south of the Cape are substantially in the heart of
the coldest water indicative of the most recent upwelling
(Fig. 10k), and correspondingly they were found to be Fe-replete.
In contrast, the three Fe-replete samples north of Cape Mendo-
cino were in warmer water indicative of a relaxation period, and
correspondingly were found to have Fe-limited conditions.
Through the use of high-resolution SST data, fine-scale features
in the upwelling conditions can be observed, and in this case
those features can explain the Fe-limitation mosaic observed.

Conclusions
We find evidence of potential Fe-limitation of coastal dia-

toms off the southern Oregon coast, in a region with moder-
ate shelf width and river input. Several methods of evaluating
potential Fe-limitation were used to investigate this: a ship-
board incubation Fe-addition experiment was performed,
which indicated that the incubated phytoplankton commu-
nity quickly became Fe-limited after the first 48 h. In order to
investigate whether this potential for Fe-limitation was more
widespread than just the location of the incubation sampling
site, surface transect data was used both to estimate growth
rates of coastal diatoms and to calculate Fe to nitrate ratios to
determine the Liebig limiting nutrient on biomass accumula-
tion of coastal diatoms. Both of these methods also indicate
that coastal diatoms should be limited by Fe in many loca-
tions of the two transects we analyzed. In comparison with
previous work over the wide-shelf of the northern coast of
Oregon that showed elevated Fe (Lohan and Bruland 2008),
this work is further from the Columbia River mouth and just
offshore of the shelf break rather than over the shelf. Identify-
ing evidence of potential Fe-limitation off the southern Ore-
gon coast in a region that, solely based on river input and
shelf width, would be expected to be Fe replete during upwell-
ing conditions indicates that near-shore Fe-limitation within
the California Current System could be a more widely spread
phenomena than was previously known, and has implications
for models of global primary productivity.

Furthermore, since this new region of possible Fe-limitation
has moderate shelf width and river input, we investigated the
factors influencing Fe availability using historical Fe-limitation

was collected on 28 June 1997 (Fig. 10e,f ). The sample had Fe-
limited conditions determined by an incubation experiment 
(Hutchins et al. 1998), despite being located on the shelf. It is 
also worth noting that Hutchins et al. (1998) classified it as a 
previously unrecognized type of Fe-limitation, where the addi-
tion of Fe altered the planktonic community composition, 
rather than the macronutrient utilization and particular 
organic carbon production. The historical satellite data of the 
sampling region (Fig. 10e,f ) display relatively cold tempera-
tures and a slightly positive altimetry at the point of sampling. 
Because of the low resolution of the satellite data from that 
long ago, it is difficult to tell whether the cooler temperatures 
plotted near the sample location actually overlapped with the 
sampling location, or whether there could have been smaller-
scale features as are indicated in the more recent temperature 
datasets (Fig. 10g,i,k). Based on the positive altimetry value, 
we suggest that during sampling this region was experiencing 
a downwelling event, which explains why Hutchins et al.
(1998) found this sample Fe-limited even though it was from 
inland of the shelf break.

The final historical samples investigated were retrieved from 
Biller et al. (2013). These datasets illustrate California’s Fe-
limitation mosaic among three different sampling dates and 
regions. During the first sampling interval, 17 May 2010–18 
May 2010, four samples were collected North of Point Arena 
and South of Cape Mendocino (39.3338�N, 123.8410�W; 
39.5358�N, 123.8305�W; 39.1718�N, 123.7918�W; 39.0303�N, 
123.7690�W; Fig. 10g,h). The samples were collected on the 
continental shelf within the 200 m isobath and nevertheless 
had Fe-limited conditions determined by nutrient ratio analysis 
and growth rate calculations. However, the altimetry data indi-
cates a large, strong anticyclonic eddy with about a +10 cm 
MSLA nearing the sampling region (Fig. 10h). We conclude that 
the upwelling was not strong or recent enough to lead to Fe-
replete conditions, in part due to the presence of this eddy.

On 22 May 2010–23 May 2010, four samples collected on 
the continental shelf of Big Sur within the 200 m isobath had 
Fe-limited conditions as determined by nutrient ratio analysis 
and growth rate calculations (Biller et al. 2013). At the point 
of sampling, the SST data (Fig. 10i) displays an average tem-
perature of ~ 9–11�C, and the altimetry data (Fig. 10j) displays 
an average of 0 cm. The moderate temperatures and minimal 
MSLA indicate that this location was sampled during minimal 
upwelling. Furthermore, the predominantly narrow shelf in 
this region does not supply much Fe even when upwelling 
does occur. Both of these factors likely led to the Fe-limited 
conditions observed.

Last, on 19 August 2011–20 August 2011, seven samples were 
collected along the continental shelf from just north of Cape 
Mendocino to Point Arena, within the 200 m isobath (Biller 
et al. 2013; Fig. 10k,l). The samples’ Fe condition was deter-
mined by nutrient ratio analysis and growth rate calculations 
(Biller et al. 2013). These samples displayed an Fe-limitation 
mosaic, with the samples north of Cape Mendocino exhibiting
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