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Abstract

Coastal upwelling currents such as the California Current System (CCS) comprise some of the most produc-
tive biological systems on the planet. Diatoms dominate these upwelling events in part due to their rapid
response to nutrient entrainment. In this region, they may also be limited by the micronutrient iron (Fe), an
important trace element primarily involved in photosynthesis and nitrogen assimilation. The mechanisms
behind how diatoms physiologically acclimate to the different stages of the upwelling conveyor belt cycle
remain largely uncharacterized. Here, we explore their physiological and metatranscriptomic response to the
upwelling cycle with respect to the Fe limitation mosaic that exists in the CCS. Subsurface, natural plankton
assemblages that would potentially seed surface blooms were examined over wide and narrow shelf regions. The
initial biomass and physiological state of the phytoplankton community had a large impact on the overall
response to simulated upwelling. Following on-deck incubations under varying Fe physiological states, our
results suggest that diatoms quickly dominated the blooms by “frontloading” nitrogen assimilation genes prior
to upwelling. However, diatoms subjected to induced Fe limitation exhibited reductions in carbon and nitrogen
uptake and decreasing biomass accumulation. Simultaneously, they exhibited a distinct gene expression
response which included increased expression of Fe-starvation induced proteins and decreased expression of
nitrogen assimilation and photosynthesis genes. These findings may have significant implications for upwelling
events in future oceans, where changes in ocean conditions are projected to amplify the gradient of Fe limita-
tion in coastal upwelling regions.

Eastern boundary upwelling currents (EBUC), while com-
paratively smaller in size to other regions of the ocean, are

disproportionately some of the most productive ecosystems
on the planet (Carr 2001; Capone and Hutchins 2013). Char-
acterized by equatorward wind patterns that result in a net off-
shore transport of surface water and the upwelling of cold
nutrient-rich water from below (Huyer 1983), these regions
provide for extensive phytoplankton blooms that not only
support the local food web but also mediate the flux of carbon
into the deep ocean (Capone and Hutchins 2013). The Califor-
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nia Current system (CCS), one such EBUC, is particular in its
irregular bathymetry and seasonality, where the frequency of
upwelling is enhanced more often during the spring and sum-
mer (Closset et al. 2021). The unusual qualities of the CCS are
furthermore pronounced by its Fe limitation mosaic (Hutchins
et al. 1998; Bruland et al. 2001), in which regions with wide
and shallow continental shelves are mostly considered Fe-
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replete, while those with narrow and deeper continental
shelves have been found to experience Fe limitation of phyto-
plankton growth (Bruland et al. 2001). This is explained by
the fact that wide and shallow continental shelves act as Fe
traps (Capone and Hutchins 2013). During the upwelling sea-
son, Fe-rich sediments from the bottom are more likely
entrained into surface waters to seed phytoplankton blooms,
while there is an inadequate supply of Fe to complement high
macronutrient concentrations in narrow shelf regions because
upwelling is focused off the shelf and over the deeper conti-
nental slope (Bruland et al. 2001; Capone and Hutchins 2013).
Occasionally when these trends are not observed, it is usually
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due to mesoscale features such as eddies moving water that
was recently upwelled inland of the shelf offshore, or vice
versa (Till et al. 2019).

Within this complex system lies a sequence of idealized
light and nutrient zones (Fig. 1A). On the surface, upwelled
phytoplankton physiologically acclimate to optimal light and
nutrient conditions (high light and high nutrients) and accel-
erate nitrogen rate processes relative to carbon rate processes,
leading to enhanced macromolecule synthesis and growth
referred to as “shift-up” (Wilkerson and Dugdale 1987). The
increased algal growth processes exhibited during this stage is
matched by the increase of their biomass and the formation
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Fig. 1. (A) Conceptual model of the upwelling conveyor belt cycle (UCBC) in upwelling systems and the idealized zones within the upwelling cycle.
Image modified from Lampe et al. (2021). Remote sensing imagery (14-day averages) of SST in the (B) wide shelf and (C) narrow shelf regions at the
time of collection. Red stars on each map denote the respective location of deep-water collection for the incubation experiments. Remote-sensing data

were derived from NOAA CoastWatch program.
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of phytoplankton blooms. By maintaining high transcript
abundances of nitrogen assimilation genes even in the seed
populations, diatoms can ensure a more rapid physiological
response to upwelling compared to other phytoplankton taxa.
This advantageous “frontloading” of nitrogen assimilation
machinery allows them to rapidly dominate these blooms in
coastal upwelling areas (Lampe et al. 2018), and as noted by
Margalef’s Mandala principle (Margalef 1978), exhibit high spe-
cific growth rates and thrive under high turbulence (upwelling).
A course of succession follows as other phytoplankton taxo-
nomic groups exhibit a slower reaction and response to the
upwelling. As nutrient concentrations are rapidly depleted
(high light and low nutrients), the cells undergo a “shift-down”
response, in which rate processes decrease further downstream.
Phytoplankton will sink throughout this cycle, and may be re-
upwelled in the next upwelling event (Wilkerson and
Dugdale 1987). Naturally, phytoplankton seed populations are
established from the sinking communities as they are advected
offshore. During this stage, the aging waters may be increas-
ingly nitrate limited, and cells increase their C : N ratios above
that of the Redfield ratio (6.6 C:1N) as they sink below the
euphotic zone. Once at depth (low light and high nutrients),
diatoms are set apart by the differential expression of nitrogen
transporters and other nitrogen assimilation genes compared to
other phytoplankton taxa (Lampe et al. 2021).

Upwelling-simulation studies conducted in the laboratory
have recently shown an increase in the relative expression of
nitrogen assimilation genes in the dark (simulated sinking out
of the euphotic zone) in the diatom Chaetoceros decipiens, while
the coccolithophore, Emiliania huxleyi showed a relatively lower
expression of the same genes in the dark, further supporting
the diatom “frontloading” hypothesis for N assimilation
(Lampe et al. 2021). Ultimately, diatoms can ensure a more
rapid physiological response to upwelling compared to other
phytoplankton taxa. Once they are upwelled, diatoms may rap-
idly increase growth through enhanced nitrogen metabolism
and continue building up photosynthetic machinery until
nitrate depletion or sinking. This highly dynamic series of
physical and biological phases is defined as the upwelling con-
veyor belt cycle. In essence, upwelled diatoms employ a proac-
tive approach and maintain elevated pools of these nitrogen-
related genes throughout the upwelling conveyor belt cycle,
whereas other phytoplankton employ a more reactive approach
and upregulate primary nitrate assimilation genes post-
upwelling. This distinctive molecular strategy to constitutively
express nitrogen assimilation genes is believed to provide these
diatom taxa with a physiological edge in their “shift-up”
response to upwelling (Lampe et al. 2021).

Iron (Fe) is yet another nutrient that differentially influ-
ences phytoplankton growth and community composition. It
is an important micronutrient found in the photosynthetic
reaction centers (photosystems I and II), and is vital to both
oxygenic photosynthesis and ATP synthesis (Falkowski 1997;
Marchetti and Maldonado 2016). Furthermore, Fe plays a
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significant role in nitrogen assimilation, where the assimila-
tory enzymes nitrate reductase (NR) and nitrite reductase
(NiR) both contain Fe. Fe is a limiting nutrient to productivity
in vast offshore regions of the ocean, as phytoplankton sub-
jected to low Fe availability have both experienced reductions
in photosynthetic rates as well as NiR activity (Milligan and
Harrison 2000). Fe bioavailability further influences Fe uptake,
storage and conservation mechanisms in phytoplankton (see
Supporting Information Data S2.11). Most of the dissolved Fe
is complexed to organic ligands (Gledhill and Buck 2012;
Hutchins and Boyd 2016), but a small amount of the
unchelated labile Fe (III)—or Fe’—is found to be the most
readily available source of Fe for phytoplankton (Turnsek
et al. 2019).

This study aims to understand the complexity of the phyto-
plankton response to the upwelling conveyor belt cycle, and
simultaneously examine their physiological and trans-
criptomic changes in relation to Fe status within the CCS. The
primary focus of this research is predicated on how Fe limita-
tion can change and shape natural phytoplankton community
structure, and how it plays a role in their acclimation to the
upwelling conveyor belt cycle with the understanding that
future coastal oceans are likely to experience dramatic shifts in
Fe bioavailability across different topographical regions. Three
central questions are addressed: (1) How does Fe limitation
change the phytoplankton community structure, physiologi-
cal response to upwelling, and gene expression of different
phytoplankton groups during an upwelling event? (2) In what
ways are diatoms responding to fluctuations in Fe bioavailabil-
ity with respect to the upwelling conveyor belt cycle and topo-
graphical variation? (3) How much impact do diatom seed
populations impose on their ability to respond to an upwell-
ing event, and what are the biological driving forces that aid
in their acclimation to upwelling?

Methods

Experimental design

The primary objective of this study was to observe how
subsurface phytoplankton communities respond to the
upwelling conveyor belt cycle. To capture this phenomenon,
we conducted on-deck incubations that spanned different
time points which represented the different stages of growth
(initial deep-water community at Tp, and stimulated growth
phases at T1 and T2). We further subjected the incubations to
various Fe-related treatments to test how Fe might play a role
in determining their physiological and molecular response to
upwelling. Ultimately, the incubations allowed us to examine
and track the growth of the CCS phytoplankton communities
through a simulated upwelling experiment.

Sample sites
The first incubation was conducted from 27 May to 01 June
2019. The site (41°0'52.956"N and 124°24/58.68"W) was
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located off the coast of northern California over a wide conti-
nental shelf (Supporting Information Fig. S1). Upwelling con-
ditions were not present at this site during the initial
collection for the incubation experiment on May 27th.
Sea surface temperature (SST) data obtained from remote sens-
ing before, during, and after this wide shelf incubation sug-
gests that upwelling had ceased ~ 11 d prior to the collection,
and the site was in a period of relaxation throughout the incu-
bation experiment (Fig. 1B).

The second incubation was conducted from 02 June
to 06 June 2019. The site (35°55'24.7074"N and 121°32’
34.44"W) was located in the Big Sur region of central Califor-
nia and characterized by a narrow continental shelf
(Supporting Information Fig. S1) where Fe is historically
thought to be low (Bruland et al. 2001). SST data for the nar-
row shelf incubation at Big Sur indicated that the region had
not experienced an upwelling event for over a month prior to
the experiment, but was transitioning to upwelling conditions
prior to our occupation and was in an upwelling state during
the incubation experiment (Fig. 1C).

For this experiment, we simulated upwelling by pumping
water from the isotherm range that would bring nutrient-rich
cold water to the surface once upwelling favorable conditions
were reinstated. Water temperatures within the 8-10°C iso-
therms were used as the threshold. Satellite-derived data for
SST was obtained from NOAA POES AVHRR satellite (NOAA/
NESDIS Center for Satellite Applications Research), down-
loaded from the NOAA CoastWatch Browser and plotted with
GraphPad Prism v9.2.0.

Water collection and incubation

Seawater was collected using trace-metal clean techniques
from a depth of 90 m (corresponding to the 8.4°C isotherm)
for the wide shelf incubation and 80 m (corresponding to the
8.9°C isotherm) for the narrow shelf incubation. Seawater
from both sites was pumped directly into a positive pressure
trace metal clean plastic bubble created in the ship’s
laboratory into large, 50-gal acid-washed high-density poly-
ethylene (HDPE) drums to homogenize the seawater using a
Wilden air-operated double-diaphragm pump made of poly-
tetrafluoroethylene and acid-washed HDPE tubing. Prepara-
tion of the cubitainers was carried out prior to the cruise and
included trace-metal clean techniques (Crawford et al. 2003):
cubitainers were initially soaked in 2% Extran detergent for
7 d, then rinsed with deionized water four times and Milli-Q
water three times prior to being soaked in 10% reagent grade
hydrochloric acid for 2-3 d and rinsed with Milli-Q water.
Subsequently, the cubitainers were soaked in 1% trace metal
grade hydrochloric acid for 7 d and rinsed with Milli-Q water,
then soaked in 0.1% trace metal grade acetic acid 3—4 d before
final storage in low Fe water from Station P (50°N and
145°W). Station P water had been collected and filtered from
the 2018 EXPORTS North Pacific field campaign using trace
metal clean techniques and stored in the dark at 4°C until use.

Phytoplankton response to upwelling

In the bubble, these triplicate acid-cleaned 10 L low-density
polyethylene cubitainers were filled and then incubated in
large on-deck plexiglass incubators circulated with water chil-
led to the temperatures at which the subsurface samples were
collected using Aqua Logic Delta Star® In-Line Water Chillers.
Incubators were covered with neutral density screening to
achieve 30% incident irradiance. To assess the effects of Fe
addition or removal on the simulated upwelled plankton com-
munities, samples were incubated with no amendment (con-
trol), amended with 5 nM of FeCl, (Fe treatment), or amended
with 200 nM desferrioxamine B (DFB), a strong Fe chelator,
which inhibits dissolved Fe uptake (DFB treatment). Three
cubitainers were immediately harvested for the initial time-
point (Ty), also referred to as deep-water or DW. The
remaining cubitainers were incubated for two additional
timepoints for a total of 18 cubitainers per incubation.
Cubitainers were harvested for various biological and chemical
parameters (see below) following 48 h (T;) for both incubation
experiments, and following 120 h in the wide shelf incubation
and 96 h in the narrow shelf incubation (T,). Methods used
for collection of physiological measurements (Data S1.1), iso-
topic uptake rate measurements (Data S1.2), and RNA
(Data S1.5) are provided in the Supporting Information. Bioin-
formatic methods used for sequence analysis, including taxo-
nomic and functional annotations and gene expression are
provided in Supporting Information Data S1.5. Methods
(Data S1.6) and discussion of ANOVA statistical analyses
(Data S2.3) are provided in the Supporting Information.

Data deposition

The sequence data reported in this study will be deposited to
the National Center for Biotechnology sequence read archive.
RNA sequences are under submission no. SUB13179044 and
rDNA sequences are under the submission no. SUB12523058
(Bioproject accession no. PRJNA966115). Assembled contigs,
read counts, and annotations are deposited to Zenodo. Data for
this project was also submitted to BCO-DMO under project
number 768006.

Results

Shelf characteristics during water collections

The ambient deep-water communities (DW) incubated for
the simulated upwelling experiments were collected at
roughly 8.4°C isotherm for the wide shelf (90 m) and 8.9°C
isotherm for the narrow shelf (80 m). For the wide shelf seawa-
ter, SST data derived from satellite imagery provided evidence
that upwelling had ceased 11 d prior to the start of the on-
deck incubation, and the site was in a state of relaxation
throughout the remainder of the experiment. In contrast, SST
data for the narrow shelf suggested that the area was
transitioning to upwelling conditions just prior to our occupa-
tion, and was in an upwelling state during the on-deck incu-
bation (Supporting Information Fig. S1B). Macronutrient
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concentrations in both incubations remained high through-
out the incubation, and there is no evidence of macronutrient
limitation or depletion at any point during the incubation
experiments. Further details on macronutrient drawdown are
provided in the Supporting Information Data (S2.1).

Phytoplankton biomass

Chlorophyll a (Chl a) concentrations were generally
lower in the wide shelf relative to that of the narrow
shelf incubations. Comparing across sites, the wide shelf
incubation started with a relatively lower Chl a biomass
(0.019 £ 0.003 ug Lt average + standard deviation) at Ty
compared to that of the narrow shelf incubation
(0.31 £ 0.05 ug L") for the large size-fraction (Supplementary
Table S2). Similarly, the initial deep-water community of
the small size-fraction in the wide shelf incubation
(0.015 £ 0.003 ug LY was five-fold lower in biomass than
that of the narrow shelf (0.10 + 0.01 ug LY. In the wide shelf
incubation, Chl a data indicated an increase of large phyto-
plankton (25 um) by T, in the control (0.66 + 0.14 ug L")
and Fe (0.80 £ 0.26 ug L) treatment, as the DFB treatment
(0.08 + 0.04 ug L™ ') yielded observably lower biomass relative
to the control and Fe treatments (Fig. 2A). For the smaller phy-
toplankton (<5 um), the control (0.12 £ 0.09 ug LY, Fe
(0.09 + 0.04 ug L"), and DFB treatment (0.04 + 0.02 ug L)
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Fig. 2. Chl a concentrations over the time course of the wide shelf and
narrow shelf incubations for the (A) large cell size-fractions (= 5 pm) and
for the (B) small cell size-fraction (<5 pm). Black, red, and blue circles
and lines represent values of the control, Fe, and DFB treatments, respec-
tively. Chl a concentrations for the initial deep-water seed communities
(To) are provided in Supplementary Table STA. Error bars represent the
standard deviations of the mean (n = 3).
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were markedly lower in biomass by T, than those of the larger
fraction. In the narrow shelf incubation, Chl a data also indi-
cated an increase of mostly large phytoplankton by T, of the
incubation in the control (10.7 + 4.1 ugL™!, average +
standard deviation), Fe (8.2t 1.4ug LY, and DFB
(3.31 +£ 0.47 ug L™') treatments, although DFB had a notice-
able negative effect on biomass accumulation (Fig. 2A). Differ-
ences in Chl a for the smaller phytoplankton among the
control (0.59 + 0.28 ug L"), Fe (1.16 + 0.35 ug L), and DFB
(0.79 + 0.07 ug L™') treatments at T, of the narrow shelf incu-
bation are less distinct. Interestingly, DFB did not seem to
appreciably influence biomass accumulation of the smaller
phytoplankton (Fig. 2B).

In the wide shelf incubations, cell counts (Fig. 3A) derived
from fluorescence-assisted flow cytometry (FCM) at T, show a
pronounced increase in diatoms (small diatoms and large cen-
tric diatoms) in the control (994 =+ 33.6 cells mL~?, small dia-
tom; 184 + 7.1 cells mL™}, large centric) and Fe treatments
(1005 +213.4 cellsmL™!, small diatom; 209 + 78.9
cells mL™}, large centric), as the DFB treatment had a notice-
able inhibiting effect on diatom growth (270 + 15.2
cells mL™!, small diatom; 31.8 + 4.2 cells mL~?, large centric).
Neither the small diatoms nor the large centric diatoms dis-
played any noticeable differences in abundance across the
treatments at T; of the wide shelf incubation (Fig. 3A). Pico-
eukaryotes displayed similar patterns to that of the diatoms in
the control (66.4 + 5.2 cells mL™!, Ty; 306.8 & 110.7 cells mL ™},
T,), Fe (45.7 + 21.4 cells mL™!, Ty; 213.4 + 35.6 cells mL™!, T,),
and DFB (89 +4.1 cellsmL™}, T;; 189+ 7.9 cellsmL™}, Ty)
treatments, but were noticeably lower in abundances relative
to the diatoms. The cyanobacteria Synechococcus were found to
be more abundant at T, in the wide shelf (92.2 &+ 3.6
cells mL™') relative to the rest of the incubation time points,
but also displayed DFB treatment effects at both T; and T,
(Fig. 3A). In the narrow shelf, no noticeable difference in small
diatom abundances across treatments was observed at T; or
T,, although the DFB treatment (636 + 56.5 cells mL™') had a
negative effect on the population average of large diatoms rel-
ative to the control (2690 + 20.9 cells mL™') and Fe treat-
ments (2977 = 390.9 cells mL™!) at T, (Fig. 3B). Similar to that
of the large diatoms, the population average of pico-
eukaryotes in the narrow shelf incubation also displayed a
DFB treatment effect (927 + 71.0 cells mL™!) relative to the
control (2827 +807.1 cellsmL™!) and Fe treatments
(3834 + 189.5 cells mL™!) at T,, while no noticeable difference
was observed at T;. The Synechococcus population was also
found to be more abundant at T, (250 + 8.9 cells mL™') com-
pared to the rest of the incubation time points, but did not
show a DFB treatment effect at T, (Fig. 3B).

Inorganic carbon and nitrate uptake rates
Biomass-normalized dissolved inorganic carbon (DIC;

0.0018 £ 0.001 h™') and nitrate (0.0038 &= 0.0019 h™ 1)

uptake of the large cell (= 5 yum) deep-water (Tp) community
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Fig. 3. FCM derived cell densities (cells mL™") at each incubation time (hours) of different phytoplankton populations in response to the control, Fe, or
DFB treatments in the (A) wide shelf incubation experiment and (B) narrow shelf incubation experiment. Averages and standard deviations were mea-
sured from triplicate treatments. Gray, red, and blue bars represent population averages from control, Fe, and DFB treatments, respectively. Population
averages for the initial seed community at T, are provided in Supplementary Table S1B. Growth rates derived from FCM counts of pico-eukaryotes,
smaller diatoms (< 20 ym), and large centric diatoms (> 20 xm) are provided in Supplementary Table S2. Error bars represent the standard deviations of

the mean (n = 3).

in the wide shelf incubations (Fig. 4A) were lower than the
DIC (0.0105+0.0023 h™') and nitrate uptake rates
(0.008 £ 0.002h7') in the narrow shelf incubations. For
deep-water (Ty) phytoplankton < 5 ym, biomass-normalized
DIC uptake (Fig. 4B) in the wide shelf incubation
(0.0013 £+ 0.0007 h™') was lower than that of the narrow
shelf incubation (0.0044 + 0.0013 h™1). Biomass normalized
nitrate uptake rates for both the wide (0.0041 +0.002 h™')
and narrow (0.0036 &+ 0.0011 h™') shelf incubations were
comparable in the small cell (< 5 pum) Ty community. Abso-
lute uptake DIC and nitrate uptake rates are discussed in the
Supporting Information Fig. S4.

In the wide shelf incubation, biomass-normalized DIC and
nitrate uptake rates of the larger phytoplankton (= 5 ym) did
not exhibit significant differences among any treatment vari-
able at T;, but show accelerated growth by T, in the control
and Fe treatments, while the DFB treatment exhibited consid-
erably lower DIC uptake by T, (Fig. 4A). Additionally, nitrate
uptake rates in the control and Fe treatment were significantly
greater than that of the DFB treatment (Fig. 4C). In the narrow
shelf incubation, biomass-normalized DIC uptake data suggest
that DIC uptake rates were starting to plateau by T, in the
large size-fraction (Fig. 4A). Interestingly, biomass-normalized
nitrate uptake rates indicate a decline in nitrate uptake rate in
the large size-fraction by T,, in which the DIC uptake rates
had also plateaued (Fig. 4C). For the small size-fraction, no
noticeable Fe or DFB treatment effect on normalized nitrate
uptake could be observed in the control (Fig. 4D).

Taxonomic composition

Taxonomic distribution based on normalized RNA tran-
script counts indicate diatom blooms under simulated upwell-
ing in both incubations. The initial community in the wide
shelf was comprised of a large proportion of dinoflagellates
(47%) and other eukaryotes (35%), while diatoms (13%),
chlorophytes (2%), and haptophytes (3%) were relatively low
in abundance. However, diatoms represent a majority of the
community in all treatments at T; (control: 47%; Fe: 77%;
DFB: 51%) and T, (control: 69%; Fe: 88%; DFB: 60%), and Fe
and DFB treatments had differential effects on their relative
proportion throughout the incubation (Fig. 5A).

The initial community in the narrow shelf showed a stark
contrast to that of the wide shelf in relative phytoplankton
proportions, as there is a more even distribution of different
phytoplankton taxa. Diatoms (29%) represent a higher pro-
portion here compared to their counterparts in the wide shelf,
while dinoflagellates (20%), haptophytes (11%), and
chlorophytes (3%) comprise the rest of the main algal taxa. A
large proportion of other eukaryotes (38%) could also be
observed in the initial community (Fig. 5A). Diatoms similarly
exhibit higher relative proportions in all treatments by T;
(control: 71%; Fe: 73%; DFB: 56%) and T, (control: 80%; Fe:
82%; DFB: 62%), but the negative DFB treatment effect on
their transcript abundances are more noticeable compared to
the control and Fe treatments at both time points (Fig. SA).

Within the diatom taxa, Thalassiosira species (42%) repre-
sented the highest proportion of diatoms in the initial
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Fig. 4. Biomass-normalized (V) specific uptake rates of DIC in the (A)
large cell size-fractions (= 5 um) and (B) small cell size-fractions (< 5 ym),
and biomass-normalized (V) specific uptake rates of nitrate (NO;) in the
(€) large cell size-fractions and (D) small cell size-fractions over the course
of the incubation at the wide and narrow shelves. Biomass-specific uptake
rates are normalized to respective particulate carbon and nitrogen within
the size fractions and treatments. Black, red, and blue symbols and lines
represent the control, Fe, and DFB treatments respectively. Error bars rep-
resent the standard deviations of the mean (n = 3).

community in the wide shelf, while the genera Pseudo-
nitzschia (6%) and Chaetoceros (5%) were the next most abun-
dant. By Ty and T,, Thalassiosira maintained high relative pro-
portions in all treatments (Fig. 5B). Similarly, in the narrow
shelf initial community, Thalassiosira show the highest rela-
tive proportions of any other diatom genera (24%), but only
marginally, as initial populations of Pseudo-nitzschia (21%)
and Chaetoceros (10%) exhibited higher relative abundance in
the narrow shelf compared to the wide shelf. This relatively

Phytoplankton response to upwelling

even distribution of diatom genera could be observed
throughout the incubation in all treatments (Fig. 5B), with a
noticeable effect on Thalassiosira relative abundance in the
DFB treatment (24%) compared to the control (42%) and Fe
(40%) at T,. Contrastingly, at this same time point in the nar-
row shelf incubation, Pseudo-nitzschia seemed to respond posi-
tively to the DFB treatment (25%) and increased their relative
abundance compared to the control (18%) and Fe treatments
(15%). From our observations, while Thalassiosira (centric) dia-
toms responded positively to control and Fe treatments over-
all, Pseudo-nitzschia (pennate) diatoms seemed to thrive under
Fe-limitation of the DFB treatment. Taxonomic distribution
based on 18S ribosomal DNA are discussed in the Supporting
Information Data (S1).

Phytoplankton gene expression

Normalized transcript abundances for the four major phy-
toplankton taxa (diatoms, dinoflagellates, chlorophytes, and
haptophytes) indicate differential expression of Fe starvation,
nitrogen assimilation, and photosynthesis genes between the
Fe and DFB treatments and across Ty (DW), T, and T, time
points in both the wide shelf and the narrow shelf
(Supporting Information Figs. S4, S7; Data S2.6). The three
major diatom genera (Pseudo-nitzschia, Chactoceros, and
Thalassiosira) exhibited higher relative abundances of ISIPI,
ISIP3, and pTF genes in DFB treatments throughout both incu-
bations, but ISIP1 expression was especially high in Chaetoceros
and Thalassiosira at T, in the DFB treatment in the narrow
shelf (Fig. 6B). Ferritin (FTN) was proportionally abundant in
the Pseudo-nitzschia and Thalassiosira genera throughout the
incubation at both wide and narrow shelves, but a noticeably
lower transcript abundance of Thalassiosira FTN can be
observed in the DW of the narrow shelf compared to FTN
transcript abundance in the DW of the wide shelf, while
Pseudo-nitzschia FTN transcript abundance maintained its rela-
tive proportions in the DW of both incubation experiments
(Fig. 6). Nitrogen assimilation gene transcripts in both incuba-
tions were higher in abundance in the DW, control, and Fe
treatments relative to the DFB treatments for Pseudo-nitzschia
and Thalassiosira; NR was observed to be highly expressed in
the DW relative to the rest of the incubation in Pseudo-
nitzschia and Thalassiosira genera of both incubation experi-
ments. The DFB treatment effect on nitrogen assimilation can
be better distinguished at T; of both incubation experiments
for all three diatom genera. Similarly, the gene encoding cyto-
chrome bef complex Fe-sulfur subunit (petC) exhibited higher
fold change in the control and Fe treatments relative to the
DFB treatments in all three diatom genera. Overall, higher
transcript abundances for various photosynthesis genes can be
observed in the narrow shelf incubation experiments, espe-
cially in Thalassiosira genera (Fig. 6B).

Diatom rhodopsin genes (RHO) exhibited significantly
increased expression in the DFB treatments at both time
points in the narrow shelf (p-adj < 0.05). Diatom ISIP1, ISIP3,
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Fig. 5. Average taxonomic distribution by normalized mapped RNA reads from each time point (To: deep-water; Tq: 48 h; T,: 120/96 h) and treatment
(Control, Fe, and DFB, respectively). Taxonomic distributions are categorized as (A) percentage of mapped reads from the whole phytoplankton commu-
nity and (B) percentage of mapped reads for the dominant diatom genera within all reads assigned and subset for diatoms (Bacillariophyta).

and pTF genes were significantly differentially expressed
between the Fe and DFB treatments at both time points in the
narrow shelf incubation, and at T, in the wide shelf incuba-
tion (p-adj < 0.05). FTN transcripts were also more abundant
in the narrow shelf Fe treatments relative to the DFB treat-
ments at both time points (p-adj < 0.05), but was not observed
to be significantly differentially expressed in any of the wide
shelf incubation time points (Fig. 7A). However, FTN was sig-
nificantly expressed in the Fe treatment relative to the DW at
T, in the wide shelf (Fig. 7A). Genes associated with the
nitrate assimilation response of diatoms showed an inverse
relationship with indications of DFB-induced Fe limitation in
both of the incubations (Fig. 7). As observed, the relative
expression of NR and nirA was significantly higher in the Fe
treatments than those of the DFB treatments at T, for both
incubations (p-adj < 0.05).

In both incubations, diatom photosynthesis genes were
comparably highly expressed in the Fe treatments relative to
the DFB treatments at T,. Photosystem subunit genes (psaB,
psaE, and psaF) were all found to be significantly expressed in
the Fe treatment at either time points in the narrow shelf
incubation, while the cytochrome bgf complex genes (petA,
petB, and petC) were significantly highly expressed only at T,
in the narrow shelf incubation. Diatom differential expression
of photosynthesis genes between the Fe and DFB treatments

were observed in the wide shelf incubations at T,, where petC
increased in expression in the Fe treatment relative to the DFB
treatment at both time points (Fig. 7A).

Discussion

Our findings suggest a larger initial biomass of the deep-
water (Tp) community in the narrow shelf incubation likely
played a role in shaping the enhanced physiological processes
of the phytoplankton by the first time point of the incuba-
tion, while the smaller initial biomass of the wide shelf con-
tributed to a slower response to the simulated upwelling.
Furthermore, neither the wide nor narrow shelves exhibited
Fe limitation on a physiological level, given that physiological
data between the control and Fe treatments did not signifi-
cantly differ throughout the incubations. However, significant
physiological and molecular differences were observed
between control and DFB and Fe and DFB treatments through-
out both incubations. At the molecular level, we found that
diatom nitrogen assimilation and photosynthetic genes were
significantly highly expressed in the Fe treatments, while Fe-
starvation indicating genes were significantly highly expressed
in the DFB treatments. Furthermore, the comparison of the
deep-water diatom communities between the wide and narrow
shelves showcased significantly increased expression of the Fe-
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Fig. 6. Normalized transcript abundances of select iron homeostasis, nitrate assimilation, and photosynthetic genes identified among the three major
diatom genera (Pseudo-nitzschia, Chaetoceros, and Thalassiosira) in the (A) wide shelf incubation (To = DW, T; =48 h, T, = 120 h) and (B) narrow shelf
incubation (To = DW, T; =48 h, T, = 96 h). Abundances are normalized by total reads within each diatom genera. The bottom of each heatmap repre-
sents the respective treatment and timepoint of the three different genera. Deep-water at Ty is denoted by DW, treatments at various time points are

denoted by Ctrl, Fe, and DFB.

starvation induced protein 3 (ISIP3) indicator gene in the nar-
row shelf, suggesting the likelihood that Fe stress may have
been occurring before it was observed on a physiological level.

Physiology and community composition changes due to
simulated upwelling

Chl a concentrations at the second time point of both
incubations suggest that the large cell fraction (> 5 um) was
almost an order of magnitude higher than that of the small
cell fraction (< 5 ym). This is further substantiated by the phy-
toplankton taxonomic composition based on both normalized
RNA and 18S rDNA read counts, where diatoms comprise a
majority of the microalgal populations by the end in both the
wide and narrow shelf incubations despite a minor presence
in the respective initial deep-water communities. This is con-
sistent with the concept that diatoms are known to dominate
phytoplankton communities in coastal upwelling regions

(Armbrust 2009; Malviya et al. 2016). Additionally, similarities
in Chl a concentrations and DIC and NOj uptake rates in the
control and Fe treatment indicate that neither communities in
the wide shelf or the narrow shelf were experiencing Fe limita-
tion on a physiological level in the initial stages of the simu-
lated upwelling-induced phytoplankton blooms. Our Fe
addition results corroborate various Fe fertilization experi-
ments performed previously (Aumont and Bopp 2006; Coale
et al. 1996). The DFB treatments, in which a strong organic
chelator (i.e., siderophore) that binds to Fe was added (Kiss
and Farkas 1998), were used to decrease Fe bioavailability.
Interestingly, the dissolved Fe concentration measured from
the same incubations was higher in concentration in the pres-
ence of the siderophore (Supporting Information Fig. S5). This
is likely because DFB enhances Fe solubility and mediates the
transfer of Fe from the particulate to the soluble pool (Segovia
et al. 2017). However, Fe speciation plays an important role in
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Fe bioavailability in addition to dissolved Fe concentrations,
and this Fe in the DFB treatments is likely not bioavailable
because it is bound to the strong chelator. The DFB treatment
resulted in expectedly lower phytoplankton growth rates and
biomass accumulation relative to the control and Fe treat-
ments in both incubations. Likewise, the addition of Fe or
DFB differentially affected the physiology and growth kinetics
of the larger phytoplankton, most evidently at the second
timepoint.

10

Smaller diatoms in the narrow shelf appeared to sustain
population growth despite the DFB treatment as indicated by
fluorescence-assisted cell counts, suggesting the possibility
that certain diatom genera may have been acclimated and/or
buffered against low Fe conditions. This is substantiated by
the taxonomic distribution of Pseudo-nitzschia, which
sustained its RNA transcript and 18S rDNA abundances in
spite of the DFB treatment at the second time point of the nar-
row shelf incubation, in contrast to Thalassiosira. One
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explanation for this phenomenon could be that many pen-
nate diatoms, especially Pseudo-nitzschia, can utilize the Fe-
storage protein FTN during high Fe conditions to better buffer
against episodes of low Fe and sustain growth when Fe
becomes scarce (Yoshida et al. 2006; Marchetti et al. 2009;
Sugie et al. 2011; Lampe et al. 2018). Likewise, the ability of
Pseudo-nitzschia to continue cell divisions even under low dis-
solved Fe availability due to the presence DFB could suggest
the use of such an Fe storage strategy. In contrast, many large
centric diatoms that lack FTN will be unable to sustain growth
in the low dissolved Fe availability, DFB treatment (Kustka
et al. 2007). Interestingly, while deep-water communities of
Pseudo-nitzschia maintained a relatively high abundance of
FTN transcripts in both the wide and narrow shelves,
Thalassiosira displayed a lower FTN transcript abundance in
the deep-water of the narrow shelf. Ultimately, the viability of
these smaller pennate diatoms under Fe limitation may have
major implications for diatom composition shifts in future Fe-
limited waters. In particular, Pseudo-nitzschia are known to
produce domoic acid (Hasle 2002), a neurotoxin that may
amplify in the food web through bioaccumulation and cause
harm to humans and marine mammals alike. If indeed Fe limi-
tation induces shifts in diatom composition toward Pseudo-
nitzschia favorable conditions, the economic and environmen-
tal damage that these toxin-producing diatoms may impose in
coastal regions could compound with various other climate
change consequences.

Comparing across the incubations, the narrow shelf com-
munity exhibited higher phytoplankton biomass than the
wide shelf community by approximately an order of magni-
tude across all treatments in the initial large cell size-fraction.
Interestingly, rate processes continued in an upward trend in
the wide shelf incubation as the cells were slowly acclimating
to simulated upwelling; in contrast, large phytoplankton NO3
uptake rates in the narrow shelf incubation appeared to be
shifting down by the second time point. This is also supported
by the differences in the macronutrient data compared across
the two sites, where the drawdown of NO3, PO4, and Si(OH),
is more evident in the narrow shelf throughout the incuba-
tion. It was difficult to discern differences in macronutrient
drawdown in the wide shelf incubation because there was
slower biomass accumulation as a result of a low biomass ini-
tial seed population. Likewise, the larger initial seed commu-
nity within the narrow shelf was able to rapidly increase
growth in preparation for the simulated upwelling. Reasons
behind the large seed population density at the narrow shelf
are currently unknown, but a few explanations are considered
in the Supporting Information Data (S2.10).

Diatom gene expression analysis

As inferred through both the physiology and gene expres-
sion data, Fe addition had a net positive effect on diatom
growth compared to the DFB addition. The significantly
increased expression of nitrogen assimilation genes (i.e., NR
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and nirA) and photosynthetic genes (i.e., psaB, psak, psaF,
petA, petB, and petC) in the Fe treatments substantiates the evi-
dence that Fe-addition stimulates growth in phytoplankton
through enhanced nitrogen assimilation and photosynthetic
activity (Geider and La Roche 1994). Sensibly, Fe limitation
directly impacts diatom photosynthetic efficiencies (Greene
et al. 1991; Marchetti and Harrison 2007) and N assimilation
rates (Timmermans et al. 1994), with notable reductions in
both aspects of their growth. The increased expression of
ISIP1, pTF (ISIP2A), ISIP3, and RHO genes in the DFB treat-
ments of both incubations also corresponds to the noticeable
decline in DIC and NOj3 uptake rates and biomass due to Fe
limitation. These results are consistent with previous studies
that have also observed increased ISIPs and RHO expression in
diatoms to cope with Fe stress (Cohen et al. 2017; Behnke and
LaRoche 2020). The significantly increased expression of RHO
with respect to the DFB treatment could suggest the potential
usage of an Fe-independent energy production/conservation
strategy by diatoms under Fe limiting conditions (Marchetti
et al. 2015; Andrew et al. 2023; Strauss et al. 2023). Although
DEFB is not necessarily a quantitative predictor of future Fe lim-
itation, it does present a scenario of how declining Fe bioavail-
ability can influence diatom physiology and gene expression.
Siderophores are part of a vast quantity of organic ligands in
the oceans that play vital roles in controlling trace metal bio-
availability, and has been shown to negatively influence phy-
toplankton growth rates when present at high concentrations
(Sanchez et al. 2018).

Comparing across the two incubation sites, there is a clear
distinction in the timing of nitrogen assimilation activity
between the wide and narrow shelves. Whereas the wide shelf
diatoms differentially expressed nitrogen assimilation and
photosynthetic genes at the second time point, the narrow
shelf diatoms were able to differentially express nitrogen
assimilation and photosynthetic genes at both time points,
suggesting that the narrow shelf diatoms had already
exhibited a response to Fe variability within 48 h, while the
wide shelf diatoms were still acclimating to the simulated
upwelling at the same time point. The significant differential
expression of diatom FTN at both time points of the narrow
shelf is not evident in the wide shelf incubation at either time
points, and may be explained by the fact that FTN is associ-
ated with the luxury uptake of Fe, and thus has more consis-
tent higher transcript abundance after cells have already
undergone other photosynthetic metabolic processes
(Marchetti et al. 2009). Therefore, it may be assumed that dia-
toms in the wide shelf were still building photosynthetic
machinery through nitrogen assimilation, as indicated by
their expression of ATPase, NR, and nirA in the wide shelf
incubation relative to the narrow shelf incubation (Supporting
Information Fig. S10). This would further reinforce our
hypothesis that the larger seed population of diatoms in the
narrow shelf was able to rapidly increase their growth during
the simulated upwelling, while the smaller initial population
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in the wide shelf took longer to acclimate and thus was still in
a balanced growth phase during the second time point.

The differential expression of various Fe stress genes in the
initial diatom communities of the wide and narrow shelves
(Supporting Information Fig. S10) raises another question of
what specifically is driving these molecular differences across
the communities. One possibility may be that the narrow
shelf seed community was advected through a horizontal
undercurrent and contributed to the initial larger biomass. If
that is the case, the previous community that was advected
may have been undergoing a period of Fe limitation post
bloom before reaching the area of collection, leading to the
significantly increased expression of ISIP3 and psaE. This dif-
ferential expression could be explained by differences in dia-
tom community composition across the two sites, but may
also confirm previous evidence that the narrow shelf was more
likely to be Fe-limited or entering a state of Fe limitation fol-
lowing the upwelling-induced phytoplankton bloom (Bruland
et al. 2001). The abundance of Pseudo-nitzschia in the DFB
treatment of the narrow shelf incubation is one exception to
this trend, and may possibly be explained by their consistent
expression of FTN transcripts in the deep-water population rel-
ative to the rest of the time points in the narrow shelf. Ulti-
mately, Pseudo-nitzschia cells ability to sustain growth under
Fe limitation may be attributed to the combined effects of the
Fe-storage protein and the relatively lower demand and higher
acquisition potential for Fe. Further experimentation and anal-
ysis should focus on examining transcriptional differences
among the various diatom species that dominate these upwell-
ing blooms, and verifying whether FTN has a significant effect
on Pseudo-nitzschia success relative to the other diatoms. More
attention on time histories of water masses could also help in
our understanding of the differences in the physiological and
molecular dynamics of these seed communities between the
wide and narrow continental shelves.

Conclusions

Ultimately, this study was conducted with the aim to better
understand complex upwelling systems. Nutrient uptake rates,
community composition and gene expression data have been
combined to show a differential response by phytoplankton
to the upwelling conveyor belt cycle across the Fe limitation
mosaic of the CCS. This topographical and biological variabil-
ity within the CCS has affected a complex set of physical and
biological interactions which shape the phytoplankton com-
munity structure and behavior in response to environmental
changes. To address our central questions, we found that
(1) Fe limitation significantly influences not only diatom
bloom formation but also phytoplankton physiology, commu-
nity structure, and gene expression. Fe-limited phytoplankton,
especially larger-sized cells, exhibited slower growth rates and
carbon and nitrogen-specific uptake rates under Fe-limitation.
More specifically, (2) diatom gene expression showed

12

Phytoplankton response to upwelling

differential patterns in response to Fe variability, where ISIP
gene expression increased in DFB treatments, and FTN gene
expression increased in Fe treatments. Furthermore, (3) seed
populations play an important role in shaping the phyto-
plankton upwelling response and acclimation time. As
observed, a phytoplankton seed population with larger bio-
mass in the narrow shelf incubation resulted in a rapid bio-
mass accumulation rate relative to that of the wide shelf
incubation. Lastly, (4) the apparent ability to sustain growth
by smaller phytoplankton—including smaller diatoms—under
Fe limitation may cause major shifts in phytoplankton com-
position within coastal upwelling systems. Given that climate
change could drastically alter phytoplankton assemblages in
future oceans (Benedetti et al. 2021), this will have major
implications for not only the food web but also global biogeo-
chemical cycles. Thus, it is imperative for us to examine in fur-
ther detail how environmental conditions can impact these
dominant phytoplankton taxa, especially within an intricate
and complex system such as the CCS, where future ocean
change is projected to intensify the Fe limitation gradient
between wide and narrow continental shelves.

Data availability statement

The data that support the findings of this study are publi-
cally available in NCBI at https://dataview.ncbi.nlm.nih.gov/
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