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Abstract
Light and iron availability are intertwined in controlling Southern Ocean primary production because several pho-

tosynthetic proteins require iron. Changes in light and iron availability can also affect phytoplankton species compo-
sition, which impacts nutrient cycling, carbon drawdown, and food web structure. To investigate the interactive
effects of light and iron on phytoplankton growth, photosynthesis, photoacclimation strategy, micronutrient stress-
induced protein expression, and species composition, we conducted five bioassay experiments during spring in
waters along the western Antarctic Peninsula with four treatments: low light (LL) or high light (HL) combined with
or without iron addition. This region has rarely been studied in spring. We found that light limits growth while iron
does not, despite overall low iron concentrations. Our results demonstrate that phytoplankton were LL acclimated in
situ but photosynthetically optimized for higher light than they were experiencing, likely due to a highly dynamic
light regime. Expression patterns of micronutrient stress-induced proteins were consistent with iron stress in off-shelf
regions, but remarkably this iron stress did not result in lower carbon fixation and growth rates. Notably, manganese
drawdown was highest under elevated light, suggesting a possible role in managing HL, although high flavodoxin
expression indicated that Phaeocystis antarctica may not have been manganese-limited. Although light and iron treat-
ments did not impact species composition, high methionine synthase indicated that diatoms could have experienced
stress induced by low vitamin B12, potentially contributing to P. antarctica’s general dominance throughout the exper-
iments. Our results indicate that P. antarcticamay be better adapted to spring conditions than diatoms.

Light and iron (Fe) availability are the dominant factors
controlling Southern Ocean primary production (Martin
et al. 1990; Sunda and Huntsman 1997; Boyd et al. 2012).
Phytoplankton Fe requirements are intertwined with light

availability because some photosynthetic proteins require Fe
(Eberhard et al. 2008). Phytoplankton respond to changes in
light through photoacclimation, in part by upregulating
photoprotective pigments in high light (HL) or
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photosynthetic pigments in low light (LL) (MacIntyre
et al. 2000). Cellular Fe requirements generally increase in LL
as cells upregulate synthesis of Fe-containing photosynthetic
proteins (Sunda and Huntsman 1997). However, Southern
Ocean phytoplankton may have adapted to perpetually low Fe
conditions by increasing their antenna size (no additional Fe
required) to capture more photons instead of increasing the
number of photosynthetic reaction centers (Strzepek
et al. 2012; Alderkamp et al. 2019). Phytoplankton can also
reduce Fe demand by substituting Fe-containing photosyn-
thetic proteins with non-Fe containing analogs (LaRoche
et al. 1996; Peers and Price 2006; Bender et al. 2018).

Both light and dissolved Fe follow strong seasonal cycles in
the Southern Ocean. With spring, full darkness gives way to
continuous daylight as melting sea ice permits both illumina-
tion of the surface ocean and stratification, concentrating phy-
toplankton in the newly lit underwater environment. In
general, the Southern Ocean is Fe deplete, and thus phyto-
plankton production is often limited by low dissolved Fe avail-
ability (Martin et al. 1990). Fe is replenished during the winter
from deep-water mixing and resuspension from sediments in
coastal regions, continuing into the spring through glacial
melt, sea ice melt, and precipitation (Annett et al. 2015,
2017). The available Fe is quickly consumed by phytoplankton
in the spring, leading to extremely low surface water dissolved
Fe concentrations in summer (Annett et al. 2017).

Fe requirements are also species-specific (Strzepek
et al. 2011). In the Southern Ocean, the dominant phyto-
plankton taxa are Phaeocystis antarctica and diatoms (Arrigo
et al. 1999). P. antarctica has higher Fe : carbon (C) uptake
rates than Southern Ocean diatoms (Zhu et al. 2016) and cel-
lular Fe : C ratios (volume normalized) that are about two
times greater than those of large Southern Ocean diatoms
(Strzepek et al. 2011). However, diatoms are Fe-limited at
higher Fe concentrations than P. antarctica (Trimborn
et al. 2019). In laboratory experiments, Southern Ocean dia-
toms and P. antarctica responded differently to light and Fe
limitation, with P. antarctica achieving higher growth rates
than diatoms across light and Fe conditions (Strzepek
et al. 2011; Strzepek et al. 2012; Trimborn et al. 2019). Both
groups acclimate to irradiance in low Fe conditions by increas-
ing the size of their antennae rather than the number of pho-
tosynthetic units; however, Southern Ocean diatoms have
even larger antennae and fewer reaction centers than
P. antarctica (Strzepek et al. 2012; Strzepek et al. 2019;
Trimborn et al. 2019). In addition to Fe and light, the avail-
ability of manganese (Mn) (Middag et al. 2013; Wu
et al. 2019) and vitamin B12 (Bertrand et al. 2007) can be co-
limiting factors of Southern Ocean primary production, and
likely help shape species composition.

Summertime controls on phytoplankton production in
waters along the western Antarctic Peninsula have been well
documented (Ducklow et al. 2007); however, little work has
been done in this region during the highly productive spring.

Understanding the factors that control springtime phyto-
plankton production will fill a critical gap in our knowledge of
the seasonal transition in phytoplankton populations from
winter to summer. Therefore, we conducted a series of bioas-
say experiments in waters along the western Antarctic Penin-
sula to investigate the interactive effects of light and Fe on
phytoplankton populations.

The waters along the western Antarctic Peninsula are sea-
sonally ice-covered and home to a highly productive ecosys-
tem (Ducklow et al. 2007). Both diatoms and P. antarctica are
present in spring (Annett et al. 2010; Arrigo et al. 2017) and
there is some evidence that P. antarctica dominates the phyto-
plankton community in spring (Annett et al. 2010; Arrigo
et al. 2017; Van Leeuwe et al. 2020) when deep mixed layers
and ice cover create low but variable light (Arrigo et al. 1999;
Joy-Warren et al. 2019). Summer diatom dominance follows
(Trimborn et al. 2017; Van Leeuwe et al. 2020), when melting
ice and shoaling mixed layers create high and consistent light
in the surface of the ocean (Arrigo et al. 1999). The interplay
between light and seasonal nutrient availability (such as Fe,
Mn, and vitamin B12) may help explain the seasonal transi-
tion from springtime P. antarctica dominance to summer dia-
tom dominance, which was demonstrated in model results of
the Amundsen Sea (Kwon et al. 2021). This is ecologically
important because the two taxa support distinct upper trophic
levels (diatoms: krill, penguins, seals, and whales; non-dia-
toms: salps or a microbial food web; Moline et al. 2004; Mur-
phy et al. 2013; Saba et al. 2014) and contribute
disproportionately to carbon drawdown, with P. antarctica tak-
ing up 56% more carbon dioxide per mole of phosphate than
diatoms (Arrigo et al. 1999).

The objective of this work is to determine if light, Fe, or the
interaction of light and Fe controls phytoplankton growth,
biomass, photosynthesis, photoacclimation strategy, micronu-
trient stress-induced protein expression, and species composi-
tion along the western Antarctic Peninsula during spring,
prior to the large summer bloom that can go into Fe-
limitation (Annett et al. 2017). To do so, we conducted five
bioassay experiments (6 d each), each with two levels of light
(high and low) and Fe (with and without Fe addition). Our
methods enable novel insights by measuring trace metals
(Fe and Mn) and micronutrient stress-induced protein expres-
sion in a series of bioassay experiments.

Methods
Bioassay experiments

To investigate how varying light and Fe, and their interac-
tion, impact phytoplankton populations, we conducted bioas-
say experiments along the western Antarctic Peninsula during
the Phantastic II cruise in austral spring from 31 October 2014
to 21 November 2014 (NBP14-09; Fig. 1). We collected seawa-
ter from surface depths (10 and 25 m; Table 1; Supporting
Information Table S1; see Arrigo et al. 2017 for water sampling
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methods) using trace metal clean methods, which were used
throughout the experiments (see Gerringa et al. 2015 for
details). Our conductivity-temperature-depth system was
equipped with a Biospherical/Licor photosynthetically active
radiation (PAR) irradiance sensor

Unfiltered seawater was incubated on deck at in situ water
temperature in acid-washed 2 L polycarbonate bottles under
HL and LL. HL received 30% of surface PAR, representing 0–
10 m within the respective water columns from which each
experiment was initiated. LL treatments received 3% of surface
PAR, representing 10–43 m. Light levels were achieved by
shading transparent incubators with neutral density mesh
screening. Each light level had triplicate Fe-amended (4 nmol
L�1 dissolved Fe aadded to each bottle) and unamended treat-
ments, resulting in four treatments: LL without added Fe
(LL no added Fe), HL without added Fe (HL no added Fe), LL
with added Fe (LL + Fe), and HL with added Fe (HL + Fe).
Both dissolved Fe and Mn were monitored throughout the
experiments.

Full bottles were sampled for nutrients and physiology on
Days 4 and 6 (results are discussed for Day 6 when macronu-
trients and dissolved Fe were not exhausted) and protein mea-
surements (Day 4 only to minimize bottle effects on protein
expression changes). All parameters were measured in tripli-
cate, except for carbon fixation parameters, which were mea-
sured on a pooled sample from the triplicates.

Dissolved nutrients
To calculate nutrient uptake by phytoplankton and moni-

tor for nutrient limitation during experiments, nitrate (NO�
3 ),

phosphate (PO3�
4 ), and silicate (Si(OH)4) were sampled in the

experiments, as detailed in Arrigo et al. (2017). In brief, sam-
ples were collected by filtering seawater through a 0.2 μm
syringe filter and stored in the dark at �20�C (NO�

3 and PO3�
4 )

or 4�C (Si(OH)4) to prevent precipitation. Samples were ana-
lyzed on a Bran and Luebbe trAAcs 800 Gas-Segmented Con-
tinuous Flow Analyzer, as in Gerringa et al. (2019).

Trace metals
Dissolved Fe and Mn concentrations used to calculate draw-

down during experiments were analyzed after preconcen-
tration with a seaFAST system using a Thermo Element2
sector-field inductively coupled plasma mass spectrometer
under cleanroom laboratory conditions based on a mul-
tielement method using Nobias PA1 as a chelating resin
(Gerringa et al. 2020). Drawdown of dissolved Fe and Mn was
calculated by subtracting the concentration observed on Day
6 from the starting concentration, assuming a starting concen-
tration of 2 nM for +Fe treatments (based on 50% of added
dissolved Fe adsorbed onto experiment bottle wall, as
suggested by Fisher et al. 2007; see Results: Trace Metals).

Physiological measurements
Pigments and biomass

Phytoplankton biomass in the experiments was assessed by
measuring pigment concentrations and particulate organic
carbon and nitrogen (POC and PON). Samples were collected
by filtration under low vacuum pressure (< 5 mm Hg) through
25 mm Whatman glass-fiber filters (GF/F, nominal pore
size 0.7 μm).

Samples for pigment analysis were filtered under LL, snap
frozen in liquid nitrogen, stored at �80�C, and analyzed follow-
ing the extraction method of Van Leeuwe et al. (2006) and the
high-performance liquid chromatography method of Van
Heukelem and Thomas (2001). Pigment concentrations were
compared by normalizing to chlorophyll a (Chl a) and grouped
into photosynthetic accessory pigments (PSP = Chl a + Chl b +

Chl c2 + Chl c3 + 190-butanoyloxyfucoxanthin + 190-hexanoy-
loxyfucoxanthin + 190-hexanoyloxy-4-ketofucoxanthin + fuco-
xanthin + peridinin + prasinoxanthin) and photoprotective
pigments (PPP = diadinoxanthin [DD] + diatoxanthin [DT] +
violaxanthin + zeaxanthin + lutein + β-carotene) (Higgins et al.
2011; Van Leeuwe et al. 2014; Arrigo et al. 2017).

Fig. 1. Experiment numbers and locations (black dots) and initial species
composition (pie charts; diatoms: yellow, Phaeocystis antarctica: purple).
SSM/I satellite ice concentration (15 November 2014) and monthly
MODIS/Aqua Chl a (November 2014). Gray line: 1000 m contour. The
region shown is indicated by a black box on the inset map of Antarctica.
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Samples for POC and PON were filtered onto precombusted
(450�C for 4 h) GF/F filters, which were dried (60�C for 24 h)
and stored at room temperature until analysis on a Costech
Elemental Analyzer using acetanilide as a calibration standard.

Species composition
To identify initial species composition and any possible

species composition shifts throughout experiments, phyto-
plankton species composition was assessed visually using a
FlowCam (VS IVc, Fluid Imaging Technologies) as described in
Joy-Warren et al. (2019) and detailed in Supporting Informa-
tion Section S1.

Variable fluorescence
Phytoplankton photophysiological status was monitored

by measuring variable fluorescence using a FIRe fluorometer
(Fluorescence Induction and Relaxation System; Satlantic LP),
blanked with 0.2 μm filtered seawater from the same station.
Samples were dark-acclimated on ice for 30 min to fully oxi-
dize the photosynthetic reaction centers prior to measuring
the maximum photochemical efficiency of photosystem II
(PSII) (Fv/Fm) and functional absorption cross section of PSII
(σPSII; Å

2 photon�1) (Gorbunov et al. 1999).

Phytoplankton carbon fixation characteristics
Photosynthesis-Irradiance curves were used to determine

maximum biomass-specific photosynthetic rates (P�
max; mg C

mg�1 Chl a h�1), light-limited rates of photosynthesis (α*; mg
C mg�1 Chl a h�1 [μmol photons m�2 s�1]�1), and pho-
toacclimation parameters (Ek; μmol photons m�2 s�1) using

methods described in Arrigo et al. (2010) (see Supporting
Information Section S2).

Absorption and quantum yield
Phytoplankton photophysiological status was characterized

with particulate absorption (ap), absorption by phytoplankton
(aph), the spectrally averaged Chl a-specific coefficient for phy-
toplankton (a�), and the maximum quantum yield of photo-
synthesis (ϕm), which were calculated as described in Lewis
et al. (2018).

Phytoplankton growth rates
To quantify phytoplankton growth during the experi-

ments, growth rates (μ) were estimated from measurements of
mean POC at the beginning and end of each incubation and
assume exponential growth:

μ¼
ln POCDay 6

POCDay 0

� �

6d
,

assuming that changes in POC over time reflect increases in
phytoplankton biomass.

Proteomics
To quantify micronutrient stress-induced changes in pro-

teins, protein samples were collected on 0.22 μm Sterivex™ fil-
ters via peristaltic pumping and stored at �80�C until
analysis. Targeted protein measurements were conducted fol-
lowing methods described in Wu et al. (2019). For details, see
Supporting Information Section S3.

Table 1. Conditions at stations where bioassay experiments were initiated and light levels during experiments. Mixed layer PAR is the
mean photosynthetically active radiation in the mixed layer. Low light and high light are the mean PAR that samples experienced during
incubation. Nutrients (nitrate: NO�

3 , phosphate: PO
3�
4 , silicate: Si(OH)4; mean� 1 standard deviation for dissolved iron (Fe) and dis-

solved manganese (Mn)) and biological parameters (Chl a, mean�1 standard deviation for Phaeocystis antarctica and diatoms [sub-
divided into centric and pennate diatoms]) are reported for the sampling depth (10 m for Experiments 1 and 2; 25m for Experiments
3–5).

Parameter

Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5

Station 4 Station 10 Station 50 Station 67 Station 78

Mixed layer PAR (μmol photons m�2 s�1) 29.5 23.7 58.4 4.2 31.0

Low light incubation (μmol photons m�2 s�1) 14.3 15.1 23.0 17.5 13.5

High light incubation (μmol photons m�2 s�1) 143 151 230 175 135

NO�
3 (μmol L�1) 28.43 27.20 27.41 29.48 28.83

PO3�
4 (μmol L�1) 1.86 1.85 1.82 2.01 1.93

Si(OH)4 (μmol L�1) 30.5 46.0 — 64.7 52.1

Dissolved Fe (nmol L�1) 0.09 � 0.01 0.14 � 0.01 0.27 � 0.03 0.69 � 0.07 0.14 � 0.01

Dissolved Mn (nmol L�1) 0.16 � 0.01 0.18 � 0.01 0.17 � 0.01 1.15 � 0.02 0.39 � 0.01

Chl a (mg m�3) 0.33 1.44 1.54 0.21 0.32

P. antarctica (%) 7.5 � 11 54 � 21 68 88 90

Diatoms (%) 93 � 11 46 � 21 32 12 10

Centric diatoms (%) 90 � 10 45 � 21 32 9.1 8.6

Pennate diatoms (%) 2.9 � 0.4 1.2 � 0.2 0.2 2.5 1.4
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Sea ice
We characterized sea ice in the sampling region using daily

sea ice concentration images from the Special Sensor Micro-
wave Imager/Sounder (25 km resolution, NASA Team algo-
rithm; National Snow and Ice Data Center, https://nsidc.org).

Statistical analysis
Treatment and interactive effects were assessed using the

Aligned Rank Transform test, which transforms nonparametric
factorial data such that ANOVA can be used (Wobbrock
et al. 2011). Because results were generally consistent across
experiments (see Supporting Information Figs. S1, S2;
Tables S2, S3) and sample sizes for each treatment within
experiments were small (n = 3), we combined the data from
all five experiments to analyze the treatment effects (n = 15).
To normalize variables across experiments, tests were per-
formed on the fractional change for each variable from Days
0 to 6 (i.e., [Day 6 – Day 0]/Day 0) of the experiment (individ-
ual values are presented in Supporting Information Tables S4
and S5).

Variables impacting dissolved Mn drawdown were assessed
using linear regressions (lm function) in the statistical soft-
ware package R, following the formula: y = β1 x + β0.

p-values are given for the Aligned Rank Transform tests and
linear regressions and likely differences among treatments are
discussed at p < 0.1. p-values between 0.05 and 0.1 are dis-
cussed as possible effects. We interpret p > 0.1 as giving no evi-
dence against the hypothesis that the treatment effects have
the same mean, either indicating that there is no true effect or
that the variance obscured the effect.

Results
Initial experimental conditions

Experiments 1, 2, 3, and 5 were initiated off the continen-
tal shelf in the region between the Southern Antarctic Circum-
polar Current Front and the Southern Boundary of the
Antarctic Circumpolar Current. Experiment 4 was initiated on
the continental shelf, shoreward of the Southern Boundary of
the Antarctic Circumpolar Current (Supporting Information
Table S1). See Supporting Information Section S4 for an over-
view of our study site and a detailed description of the initial
experimental conditions.

Sea ice concentration varied from 24 to 93% (Supporting
Information Table S1) and was highest near the shelf break
and toward the southern end of our study region (Fig. 1).
Mean PAR in the mixed layer (determined as in Joy-Warren
et al. 2019) at the time of sampling was low (mean: 29 μmol
photons m�2 s�1) due to sea ice cover and deep mixed layers,
ranging from 4.2 to 58 μmol photons m�2 s�1.

Macronutrient (NO�
3 , PO3

4, and Si(OH)4) concentrations
were considerably above growth-limiting levels for phyto-
plankton (see Arrigo et al. 2017) and were not completely con-
sumed in any of the experiments by Day 6. Therefore, we

assume that observed changes were due to experimental treat-
ments and not macronutrient limitation. Dissolved Fe ranged
between 0.09 and 0.69 nmol L�1 and dissolved Mn between
0.16 and 1.15nmol L�1 at sampling depths where experiments
were initiated (Table 1).

Day 0 species composition at experimental sites ranged
from diatom-dominated (Experiment 1, 93 � 11% diatoms),
to mixed diatoms and P. antarctica (Experiment 2, 46 � 21%
diatoms and 54 � 21% P. antarctica), to P. antarctica-domi-
nated (Experiments 3, 4, and 5, 68–90% P. antarctica; Fig. 1;
Table 1; and Supporting Information Fig. S1).

Light and Fe effects on nutrient uptake and phytoplankton
growth
Macronutrients

Nutrient drawdown during the experiments varied by light
treatment. NO�

3 , PO
3�
4 , and Si(OH)4 were drawn down more in

HL treatments than in LL treatments (NO�
3 : p = 0.0029;

PO3�
4 : p = 0.0010; Si(OH)4: p = 0.097; Fig. 2; Tables 2, 3). In

LL treatments, NO�
3 was drawn down on average by

2.99�1.23 μmol L�1 relative to Day 0, while in HL treatments
NO�

3 was drawn down on average by 4.98�3.11 μmol L�1.
Nutrient drawdown was not different between treatments
with and without Fe addition (Supporting Information Fig. S2
and Table S3), and we did not observe an interactive effect
between light and Fe on nutrient drawdown.

Trace metals
Both dissolved Fe and Mn were depleted to low values by

Day 6 among experiments with low initial dissolved Fe and
Mn (Fig. 2; Table 1; Supporting Information Table S2). Draw-
down of dissolved Fe and Mn did not vary significantly among
treatments across all experiments, except for dissolved Fe
drawdown in +Fe treatments (Table 2). Iron addition led to a
higher dissolved Fe drawdown than in treatments without Fe
addition; however, this is in part due to rapid precipitation
and adsorption onto bottle walls. For polycarbonate bottles,
Fisher et al. (2007) estimated that � 50% of added Fe adsorbs
onto the bottle walls and therefore relative differences in dis-
solved Fe are more important than absolute numbers. Draw-
down of dissolved Fe in treatments without Fe addition varied
from 0.02 to 0.46 nmol L�1 (16–67% relative to starting con-
centration) and drawdown of dissolved Mn in almost all treat-
ments varied from 0.02 to 0.15 nmol L�1 (3–84% relative to
starting concentration). In most experiments, HL treatments
had a greater dissolved Mn drawdown than LL treatments
(Supporting Information Table S3).

Across all experiments, the greatest dissolved Mn drawdown
was correlated with the lowest Fv/Fm values (p = 0.0027)
(Supporting Information Fig. S4a). Dissolved Mn drawdown was
also positively correlated to indicators of growth, such as macro-
nutrient consumption (NO�

3 : p = 0.0018; PO3�
4 : p<0.001),

POC accumulation (p<0.001), and growth rate (p = 0.0061),
and negatively correlated to the ratio of POC to PON
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(p<0.0001). Dissolved Mn drawdown was greatest when
P. antarctica made up the largest fraction of the community
(p = 0.0089).

Biomass
Initial POC concentrations ranged from 45 to 179 mg m�3

(mean: 104 � 64 mg m�3) and initial PON concentrations ranged
from 7 to 33 mg m�3 (mean: 17.4 � 11.5 mg m�3; Supporting
Information Table S2). POC and PON increased in all treat-
ments relative to Day 0 (POC: 104 � 64 mg m�3; PON:
17.4 � 11.5 mg m�3), but increased more in HL treatments (POC:
356 � 239 mg m�3; PON: 62.0 � 46.4 mg m�3) than in LL treat-
ments (POC: 265 � 165 mg m�3; PON: 42.2 � 28.8 mg m�3;
both POC and PON: p < 0.001; Fig. 3a; Supporting Information
Table S2), consistent with the greater nutrient drawdown in HL
treatments. Similarly, POC-based growth rate was higher in HL
(0.20 � 0.05 d�1) than in LL (0.15 � 0.04 d�1) treatments
(p < 0.001; Tables 2 and 3).

Initial Chl a concentrations ranged from 0.32 to 1.54 mg m�3

(mean: 0.79 � 0.64 mg m�3; Table 1). Chl a increased in all
treatments relative to Day 0, but increased more in the LL treat-
ments (2.16 � 1.70 mg m�3) than in HL treatments

(1.71 � 1.27 mg m�3; p < 0.001; Fig. 3b), hence the negative
relationship between light and Chl a (Table 2). Correspondingly,
the POC/Chl a ratio increased in HL treatments (226 � 36) rela-
tive to Day 0 (171 � 66) and decreased in LL treatments
(143 � 32) relative to Day 0 (Fig. 3c; Supporting Information
Table S2). The POC/PON ratio was greater in LL treatments
(7.92 � 1.26) than in HL treatments (7.29 � 0.99; p = 0.065;
Fig. 3d; Supporting Information Table S2).

There was no evidence that Fe addition affected POC, PON,
Chl a, growth rate, POC/Chl a, or POC/PON, nor was there evi-
dence of an interactive effect between light and Fe treatments
(Table 2; for individual experiment effects see Supporting Infor-
mation Table S3). The light and Fe effects on phytoplankton
growth are described in Supporting Information Section S5.

Light and Fe effects on photosynthetic parameters
Fv/Fm and σPSII

On Day 0, Fv/Fm (0.56 � 0.06) and σPSII (588 � 104 Å2 pho-
ton�1) were at their highest values during the experiment
(Supporting Information Table S2). By Day 6, Fv/Fm was
higher in LL treatments (0.53 � 0.07) than in HL treatments
(0.47 � 0.08; p < 0.001; Fig. 4a; Table 2). In +Fe treatments,

Fig. 2. Concentrations of NO�
3 (nitrate; μmol L�1), DFe (dissolved iron; nmol L�1), and DMn (dissolved manganese; nmol L�1) throughout experiments.

Error bars represent 1 standard deviation.
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Fv/Fm was also higher, and correspondingly σPSII was lower
(Fv/Fm: 0.53 � 0.05; σPSII: 406 � 51 Å2 photon�1), than in the
treatments without added Fe (Fv/Fm: 0.47 � 0.09; σPSII:

461 � 69 Å2 photon�1; both: p < 0.001; Fig. 4b; Table 2). There
was neither an effect of light treatment on σPSII nor an interac-
tive effect between light and Fe on Fv/Fm or σPSII.

Table 2. Treatment effects (calculated from the fractional change between Day 0 and Day 6) analyzed with Aligned Rank Transform
tests. Effects are shown for light treatments (LL vs. HL), Fe treatments (no added Fe vs. +Fe), and the interaction between light and Fe.
Circles indicate level of significance and (+) indicates a positive relationship while (�) indicates a negative relationship. NO�

3 : nitrate
(μmol L�1); PO3�

4 : phosphate (μmol L�1); Si(OH)4: silicate (μmol L�1); Fe: iron (nmol L�1); Mn: manganese (nmol L�1); Chl a: chlorophyll
a concentration (mgm�3); a�: mean Chl a-specific absorption coefficient (m2 mg�1 Chl a); POC (PON): particulate organic carbon
(nitrogen) (mgm�3); POC-based growth rate (d�1); POC/Chl a (g : g); POC/PON (mol : mol); Fv/Fm: maximum photochemical effi-
ciency of photosystem II (unitless); σPSII: effective absorption cross section of photosystem II (Å2 photon�1); P�max : maximum photosyn-
thetic rate (mg C mg�1 Chl a h�1); α*: photosynthetic efficiency (mg C mg�1 Chl a h�1 [μmol photons m�2 s�1]�1); Ek:
photoacclimation parameter (μmol photons m�2 s�1); ϕm: maximum quantum yield of photosynthesis (mol C mol�1 photons
absorbed); (DD + DT)/Chl a: ratio of diadinoxanthin and diatoxanthin to chlorophyll a (unitless); PPP/PSP: ratio of photoprotective pig-
ments to photosynthetic pigment (unitless).

Parameter Light Iron Light � iron

Nutrients NO�
3 •• (�)

PO3�
4

•• (�)

Si(OH)4 � (�)

Trace metals Fe ••• (+)

Mn

Biomass Chl a ••• (�)

a�

POC ••• (+)

PON ••• (+)

Growth rate (POC) ••• (+)

POC/Chl a ••• (+)

POC/PON � (�)

Variable fluorescence Fv/Fm ••• (�) ••• (+)

σPSII ••• (�)

Carbon fixation P�max

α*

Ek
ϕm

Pigments (DD + DT)/Chl a ••• (+) ••• (�) •

PPP/PSP ••• (+)

Species composition Diatoms

Phaeocystis antarctica

1 > (no symbol) > 0.1 > � > 0.05 > • > 0.01 > •• > 0.001 > ••• > 0

POC (mg m−3) Chl a (mg m−3) POC/Chl a (g:g) POC/PON (mol:mol)
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Fig. 3. Photosynthetic response to light treatment (HL, LL) and dissolved Fe (+Fe) additions shown in percent changes from initial averaged across
experiments for (a) POC: particulate organic carbon (mg m�3), (b) Chl a: Chlorophyll a (mg m�3), (c) POC/Chl a (g:g), (d) POC/PON: POC/particulate
organic nitrogen (mol : mol). Bar height represents mean and error bars show 1 standard deviation.
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Carbon fixation characteristics
We did not see evidence of effects of light or Fe treatments

or interactive effects on the carbon fixation parameters (P�
max,

α*, Ek, and ϕm; Fig. 4c,d; Table 2). On Day 0, P�
max was high,

ranging from 2.06 to 3.56mg C mg�1 Chl a h�1 (mean:
2.85�0.61mg C mg�1 Chl a h�1; Fig. 4c), but still increased
in all treatments (mean: 4.75�1.97mg C mg�1 Chl a�1 h�1)
by Day 6 (see Supporting Information Table S2 for values).

Values for α* on Day 0 ranged from 0.019 to 0.059 mg Cmg�1

Chl a h�1 (μmol photons m�2 s�1)�1 (mean: 0.036 �0.018 mg C

mg�1 Chl a h�1 [μmol photons m�2 s�1]�1) and were unchanged
in the LL + Fe treatment (0.038 � 0.011 mg C mg�1 Chl a h�1

[μmol photons m�2 s�1]�1). However, α* increased in all other
treatments, especially in the LL no added Fe treatment
(0.080 � 0.027 mg C mg�1 Chl a h�1 [μmol photons m�2 s�1]�1;
Supporting Information Table S2).

On Day 0, Ek varied widely, from 34.8 to 187.2 μmol pho-
tons m�2 s�1 (mean: 102 � 59 μmol photons m�2 s�1). In the
HL treatments, Ek increased slightly to 116 � 20 μmol photons
m�2 s�1 by Day 6 and decreased in LL treatments to
60 � 14 μmol photons m�2 s�1. It is notable that Ek was two
times higher in HL than in LL treatments, an expected physio-
logical effect of the light treatment, but due to high variability
the difference was not significant.

On Day 0, ϕm ranged from 0.033 to 0.189 mol C (mol
quanta absorbed)�1 (mean: 0.094 � 0.060 mol C (mol quanta
absorbed)�1). By Day 6, ϕm had increased more in the LL
treatments (0.172 � 0.073 mol C (mol quanta absorbed)�1)
than in HL treatments (0.105 � 0.049 mol C (mol quanta
absorbed)�1). Although the theoretical upper limit for carbon
fixation is 0.125 mol C (mol quanta absorbed)�1 (Falkowski
and Raven 2007), previous lab work on P. antarctica measured
ϕm values higher than 0.125 mol C (mol quanta absorbed)�1,
ranging from 0.02 � 0.005 mol C (mol quanta absorbed)�1 in
Fragilariopsis cylindrus (a common Antarctic diatom) to
0.10 � 0.15 and 0.14 � 0.017 mol C (mol quanta absorbed)�1

for two strains of P. antarctica in simulated medium mixed
layer depths (Mills et al. 2010). The average ϕm across all
samples was 0.12 � 0.07 mol C (mol quanta absorbed)�1,
within range of the P. antarctica values measured by Mills
et al. (2010). Our samples were largely P. antarctica domi-
nated, thus we expect our ϕm to be closer to the P. antarctica
than the diatom values measured by Mills et al. (2010), while
the large standard deviation reflects the presence of some
diatom-dominated samples.

Light and Fe effects on accessory pigments
Across all experiments, photoprotective pigments increased

in HL treatments. Specifically, (DD + DT)/Chl a, a measure of
the xanthophyll cycle pigments used to reduce photodamage
by dissipating excess energy, increased relative to Day 0
(0.121 � 0.050; Fig. 4e; Supporting Information Table S2) in
HL treatments (0.188 � 0.074) and decreased in LL treatments
(0.065 � 0.020). Overall, (DD + DT)/Chl a was much higher
in HL than in LL treatments (p < 0.001; Table 2). In addition,
(DD + DT)/Chl a was higher without Fe addition
(0.137 � 0.087) than in the +Fe treatments (0.116 � 0.081;
p < 0.001; Table 2). (DD + DT)/Chl a also showed an interac-
tive effect between light and Fe addition. (DD + DT)/Chl
a was higher (p = 0.012; Table 2) in the HL no added Fe treat-
ment (0.204 � 0.071) than in either the HL treatment
(0.188 � 0.074) or the treatments without added Fe
(0.137 � 0.087).

(DD+DT)/Chl a PPP/PSP

Pmax
*  (mg C mg−1 Chl a h−1) E k (μmol photons m−1 s−1)
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° 2
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Fig. 4. Photosynthetic response to light treatment (HL, LL) and dissolved
Fe (+Fe) additions shown in percent changes from initial averaged across
experiments for (a) Fv/Fm: maximum photochemical efficiency of photo-
system II (unitless), (b) σPSII: effective absorption cross section of photosys-
tem II (Å2 photon�1), (c) P�max : maximum photosynthetic rate (mg C
mg�1 Chl a h�1), (d) Ek: photoacclimation parameter (μmol photons
m�2 s�1), (e) (DD+DT)/Chl a: ratio of diadinoxanthin and diatoxanthin
to chlorophyll a (unitless), and (f) PPP/PSP: ratio of photoprotective pig-
ments to photosynthetic pigment (unitless). Bar height represents mean
and error bars show 1 standard deviation.
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The ratio of PPP to PSP increased in all treatments relative
to Day 0 (0.090 � 0.028; Fig. 4f; Supporting Information
Table S2) and was also higher in HL (0.222 � 0.079) than in
LL (0.141 � 0.099) treatments (p < 0.001; Table 2). Unlike
(DD + DT)/Chl a, PPP/PSP did not respond to Fe addition,
likely because β-carotene (a significant component of PPP but
not represented in DD + DT) showed no Fe treatment effect.
Similarly, PPP/PSP did not show an interactive effect between
light and Fe.

Light and Fe effects on species composition
There were no treatment effects on species composition

(Table 2), so we grouped treatments within an experiment to
compare species composition between Days 0 and 6 in each
experiment. In Experiments 1, 2, and 3 the relative abundance
by biovolume of P. antarctica increased from Day 0 to Day
6, and in most of the experiments P. antarctica dominated
throughout the experiment (Fig. 5a; Supporting Information
Fig. S1; Table S2). Because the species composition changes were
relatively small, the observed changes in experimental parame-
ters are more attributable to growth than to taxa differences.

Within treatments, high POC concentrations (> 350 mg m�3)
were consistently associated with P. antarctica dominance
(Fig. 5b). In contrast, at POC concentrations below 250 mg m�3,
there was no pattern in species composition of the samples
(Fig. 5b).
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Fig. 5. (a) Species composition by biovolume on Days 0 and 6 in each
experiment. Diatoms shown in yellow and Phaeocystis antarctica shown in
purple. (b) Abundance of P. antarctica in each sample as a function of
POC concentration in the same sample.

Fig. 6. (a) Flavodoxin (filled points) and plastocyanin (open points) con-
centrations (fmol μg�1 Phaeocystis antarctica protein) on Day 0. Experi-
ments are arranged on the x-axis from lowest to highest in situ dissolved
iron (Fe) concentrations, with in situ dissolved Fe (top row) and dissolved
manganese (Mn; bottom row) concentrations in each experiment. The y-
axis is log-transformed for clarity. (b) Flavodoxin and (c) plastocyanin
concentrations (fmol μg�1 P. antarctica protein) on Day 0 and Day 4 fol-
lowing light treatment (HL, LL) and dissolved Fe (+Fe) additions. Points
(a) and column heights (b, c) represent biological replicate means and
error bars represent 1 standard deviation. Experiment 3 was conducted
on-shelf; Experiment 4 was conducted off-shelf.
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Protein expression patterns
To understand micronutrient stress through protein

expression patterns, we quantified three P. antarctica-specific
peptides that provide insight into metal stress, and one
diatom-specific peptide that provides insight into vitamin B12

nutritional status (described in Supporting Information
Section S3) for all experiments on Day 0 and on Day 4 for
Experiment 3 (conducted on-shelf) and Experiment 4 (con-
ducted off-shelf) (Supporting Information Tables S1 and S5).
P. antarctica rubisco small subunit peptide (RbcS) concentra-
tions were positively correlated with P. antarctica protein con-
centrations and were higher, relative to total P. antarctica
protein, in the LL treatments (p = 0.08) (Supporting Informa-
tion Fig. 5). On Day 0, P. antarctica flavodoxin and plastocya-
nin were most abundant under the lowest dissolved Fe
concentrations and negatively correlated with dissolved Fe
(Fig. 6a). After 4 d of incubation, P. antarctica flavodoxin
expression, normalized to total P. antarctica protein abun-
dance, was lower in the +Fe treatments than in the no added
Fe treatments only in Experiment 3 (p = 0.0033). We did not
observe any effects of light on flavodoxin expression in either
experiment. In Experiment 3, plastocyanin abundance was
greater in LL than in HL treatments (p = 0.0175), but was not
influenced by Fe addition. In contrast, normalized plastocya-
nin expression in Experiment 4 was higher in the +Fe treat-
ments than in the no added Fe treatments (p = 0.0087), but
was not influenced by light level (Fig. 6c).

Diatom methionine synthase (MetE) peptide expression,
normalized to total diatom protein abundance, on Day 0 was
highest in Experiments 3, 4, and 5, and increased greatly on
Day 4 in Experiment 3 (on-shelf) but not in Experiment
4 (off-shelf; Supporting Information Fig. S6). In addition, +Fe
incubations in Experiment 3 had more MetE than incubations
without added Fe (p = 0.0011).

Discussion
In the Southern Ocean, light and Fe availability control

phytoplankton production. The cellular needs for light and Fe
are intertwined because cells can photoacclimate by altering
Fe-containing proteins (MacIntyre et al. 2000). In our bioassay
experiments, we observed significant impacts of light treat-
ment on phytoplankton biomass, growth, variable fluores-
cence, and photoprotective pigments, but not on carbon
fixation parameters or species composition. We observed no
significant impact of Fe addition on nutrient drawdown and
biomass production and few interactive effects between light
and Fe treatments, except for on maximum efficiency of PSII,
photoprotective pigments, and protein expression. This indi-
cates that phytoplankton were Fe-stressed (i.e., utilized various
proteins and physiological mechanisms to maximize growth
under low Fe availability; Behrenfeld and Milligan 2013), but
despite relatively low Fe availability, were not Fe-limited
(i.e., unable to maintain maximum growth rate or yield due to

low Fe availability). We employed bioassay experiments and
measured both photosynthetic parameters and micronutrient
stress-induced protein expression to gain a new depth of
insight into phytoplankton acclimation to LL and Fe availabil-
ity. We demonstrate that, although light increased phyto-
plankton growth, springtime phytoplankton had very high
maximum photosynthesis. Simultaneously, despite low Fe
availability and indications of Fe-stress, phytoplankton were
remarkably not Fe-limited.

Light and Fe effects on phytoplankton growth, biomass,
and photosynthesis

The response of phytoplankton (in nutrients, biomass
parameters, Fv/Fm, and pigments) to the HL treatments indi-
cates that cells were acclimated to LL in the spring. In addi-
tion, these LL levels were limiting to phytoplankton growth,
as we observed higher POC-based growth rate in HL than in
LL treatments. The ratio of POC to PON decreased in HL and
at higher growth rates, indicating that PON increased more
than POC due to cells taking up NO�

3 faster than they were
assimilating carbon. Correspondingly, NO�

3 was drawn down
more in HL than in LL treatments. N in growth-related macro-
molecules (such as proteins, amino acids, and ribosomal RNA)
likely increased, more than compensating for a reduction in
high N-containing pigments, such as Chl a, in HL (Geider and
LaRoche 2002; Arrigo 2005).

Chl a increased more in LL treatments than in HL treat-
ments, indicating up-regulation of photosynthetic pigments
to capture more light. Both (DD + DT)/Chl a and PPP/PSP
were higher in HL than in LL treatments, showing that phyto-
plankton up-regulated these photoprotective pigments to
reduce photodamage in HL. Similarly, POC/Chl a was higher
in HL than in LL, consistent with a decrease in cellular Chl
a concentration as a photoacclimation response to HL.

Although our results indicate that cells were acclimated to
LL at the time of collection (high Fv/Fm and σPSII, low
PPP/PSP), they were also photosynthetically optimized to light
levels much greater than they were experiencing in situ (high
P�
max and Ek; Supporting Information Table S2), as was also

observed in the Chukchi Sea (Lewis et al. 2018). Photosyn-
thetic parameters (P�

max, α*, Ek, ϕm) did not change among
treatments, likely because they were already quite high. These
results, along with a high initial (DD+DT)/Chl a pool, indi-
cate acclimation to a highly dynamic light regime, requiring
efficient light harvesting and a high abundance of Calvin
cycle enzymes to photosynthesize during alternating periods
of low irradiance and saturating irradiance (Boelen
et al. 2011). In situ measurements also showed increasing
P. antarctica RbcS expression with increasing mixed layer
depth (Supporting Information Fig. S7). This further suggests
that cells adjusted Calvin cycle enzyme expression to maxi-
mize carbon fixation under the different light regimes in their
environment. Thus, while phytoplankton appeared to be LL
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acclimated, they were photosynthetically optimized to take
advantage of any increase in light.

Low Day 0 Fe concentrations did not appear to influence
the response of phytoplankton biomass and growth to light
availability. However, Fe additions affected photophysiology:
Fv/Fm was higher in +Fe treatments, while σPSII was lower in
+Fe treatments, indicating that phytoplankton acclimated
their photosystems based on Fe availability. This is in good
agreement with summer photophysiological data showing low
Fv/Fm and high σPSII in the continental slope region of the
western Antarctic Peninsula (low Fe) and high Fv/Fm and low
σPSII near the coast (high Fe) (Sherman et al. 2020). Note that
because Fv/Fm decreased in all treatments relative to Day 0, this
line of evidence alone may indicate that phytoplankton were
not Fe-stressed in situ, but rather that Fe-stress was later
induced during the incubations. However, combined with
higher in situ measurements of flavodoxin and plastocyanin
expression off-shelf (lower dissolved Fe) than on-shelf (higher
dissolved Fe), as well as a decrease in P. antarctica flavodoxin
expression, σPSII, and (DD + DT)/Chl a over the experiments,
the observed higher Fv/Fm in +Fe treatments suggests that
phytoplankton were likely Fe-stressed in situ.

In addition, (DD + DT)/Chl a was lower in the LL and +Fe
treatments. More coupled (active) reaction centers in LL and
with added Fe (evidenced in higher Fv/Fm) reflect increased
potential for carbon fixation, thus reducing the backlog of
electrons needing to be dissipated via photoprotective path-
ways, such as xanthophyll cycling (leading to lower (DD
+ DT)/Chl a) (Demmig-Adams 1990). This suggests that prior
to incubations, P. antarctica cells were Fe-stressed and used Fe-
conserving strategies such as replacing Fe-containing ferre-
doxin with flavodoxin and Fe-containing cytochrome c6 with
plastocyanin to support growth (LaRoche et al. 1996; Peers
and Price 2006). Although these expression patterns are indic-
ative of Fe-stress in P. antarctica, some polar diatoms lack evi-
dence of a ferredoxin gene (Pankowski and McMinn 2009)
and may constitutively express flavodoxin under a wide range
of Fe conditions. These proteins can further reduce the back-
log of electrons by facilitating electron movement and photo-
synthesis under low Fe availability. Iron addition led to
decreased flavodoxin expression, fewer uncoupled reaction
centers (increased Fv/Fm) and smaller antennae (lower σPSII),
which is a typical response of cells that are Fe-limited (Greene
et al. 1991; Jabre and Bertrand 2020). Although variability in
Fv/Fm and σPSII is often dominated by changes in species com-
position in much of the world’s oceans, in high nutrient low
chlorophyll regions such as the Southern Ocean, the domi-
nant changes in Fv/Fm and σPSII are in response to changes in
ambient Fe concentration (Suggett et al. 2009).

Our findings are consistent with hypothesized patchy Fe-
limited phytoplankton production in the summertime along
the western Antarctic Peninsula (Garibotti et al. 2003). Lend-
ing support to this hypothesis, Annett et al. (2017) measured
low and spatially heterogeneous coastal summer dissolved Fe

concentrations and showed that coastal summer dissolved Fe
inputs are attenuated rapidly offshore. Our results compliment
this understanding by demonstrating spring Fe-stress prior to
possible summer Fe limitation, with high dissolved Fe variabil-
ity. In addition, flavodoxin and plastocyanin protein expres-
sion was much higher in phytoplankton originating off-shelf
(low dissolved Fe) than on-shelf (high dissolved Fe) (Fig. 6a),
indicating springtime Fe-stress in areas along the western Ant-
arctic Peninsula that are less influenced by shelf sources of
Fe. The decrease in flavodoxin expression in off-shelf (low dis-
solved Fe) but not on-shelf (high dissolved Fe) in +Fe treat-
ments relative to no added Fe treatments (Fig. 6b) further
indicates that on-shelf phytoplankton were experiencing Fe-
replete conditions, while off-shelf phytoplankton were
experiencing Fe-stress.

In addition to P. antarctica-specific proteins, we measured
the expression of diatom-specific vitamin B12-independent
methionine synthase (MetE). MetE is used in some diatoms to
synthesize the essential amino acid methionine under low
vitamin B12 availability, making it a reliable marker for low
vitamin B12 availability (Bertrand et al. 2012; Ellis et al. 2017).
In situ expression of MetE in our study ranged from values
previously observed in the Ross Sea (� 0.1–0.5 fmol μg�1 bulk
protein under diatom dominated conditions; Bertrand
et al. 2013) to much higher concentrations (� 0.5–8 fmol μg�1

diatom protein), which is consistent with stress due to lack of
vitamin B12 (Bertrand et al. 2012). This suggests that the dia-
toms present at the initiation of Experiments 3, 4, and 5 were
experiencing stress due to low vitamin B12, perhaps contribut-
ing to the continued dominance of P. antarctica, which is
likely less impacted by low B12 availability (Bertrand
et al. 2007; Bertrand et al. 2013). Fe addition in off-shelf (low
dissolved Fe), but not on-shelf (high dissolved Fe) experiments
(Supporting Information Fig. S6), resulted in a large increase
in diatom MetE. This suggests that with added Fe, vitamin B12

stress increased due to increased vitamin B12 demand by phy-
toplankton. These proteomic measurements are consistent
with the increase in MetE transcript abundance resulting from
Fe addition in natural phytoplankton assemblages in the Ross
Sea (Bertrand et al. 2015) and the North Pacific (Marchetti
et al. 2012; Cohen et al. 2017). The ability to utilize MetE can
give some diatoms an advantage during natural iron fertiliza-
tion events and highlights the role that vitamin B12 and Fe
dynamics play in interactively controlling stoichiometry
(Koch and Trimborn 2019) and species composition in the
springtime western Antarctic Peninsula. Future experiments
assessing vitamin B12 concentrations, bacterial community
composition and responses to changing Fe availability would
help elucidate the relationships between light, trace metals,
vitamin B12, and phytoplankton growth along the western
Antarctic Peninsula during springtime.

Given that Fe is usually considered the limiting nutrient
in the Southern Ocean, it is noteworthy that Mn was drawn
down to similar or even lower concentrations. The depletion
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of dissolved Mn to values as low as 0.02 nmol L�1 and up to
84% of the starting concentration indicates that Mn was a
crucial nutrient for the community. Wu et al. (2019) show
increased flavodoxin expression under low Fe conditions
only when Mn concentrations were non-limiting. Here,
flavodoxin expression was high under low Fe even when dis-
solved Mn was relatively low (Fig. 6a; Supporting Informa-
tion Fig. S4), suggesting that P. antarctica may not have been
Mn-limited under the observed dissolved Mn conditions, or
that there are important strain-specific variations in
P. antarctica protein responses to micronutrient stress, as
identified by Bender et al. (2018) when considering
P. antarctica responses to Fe alone. The greater relative dis-
solved Mn drawdown in most experiments under HL, nota-
bly without Fe addition, as well as the relationship between
dissolved Mn and Fv/Fm, indicates that there is an interac-
tion between Mn, light, and Fe. However, no consistent
effect of light or Fe was observed on dissolved Mn draw-
down, suggesting the effects on Mn, as for Fe, varies spatially
and likely temporally as well. This finding is consistent with
other studies on Mn (co-)limitation that also found inconsis-
tent effects of Mn additions (e.g., Wu et al. 2019) or no
effect at all (Martin et al. 1990).

Interaction among light, Fe, and Mn
Two major known sinks for Mn in cells include the PSII

water-splitting center and Mn superoxide dismutase
(MnSOD) (Raven 1990). Increased Mn drawdown under HL
(Supplemental Table 3) could indicate that more PSII Mn-
containing reaction centers are formed when more light is
available to fuel carbon fixation. However, Wu et al. (2019)
observed that PSII protein expression in P. antarctica is inde-
pendent of Mn availability, suggesting that Fe, not Mn,
drives PSII abundance patterns. Moreover, given that there is
no detectable effect of Fe additions on Mn drawdown and
Mn drawdown is negatively related to Fv/Fm (highest Mn
drawdown at the lowest Fv/Fm; Supporting Information
Fig. S4a), these observations may instead be driven by
another biochemical role for Mn, such as SOD. In SOD, Mn
aids in quenching harmful superoxide anion radicals (O�

2 ),
which are thought to increase under Fe limitation (Wolfe-
Simon et al. 2005; Middag et al. 2013; Kaushik et al. 2015)
and when Fv/Fm is low (Peers and Price 2004). The increased
Mn drawdown under elevated light observed in this study sug-
gests that higher light levels might increase demand for
MnSOD. Under both low Fe availability and HL stress, the for-
mation of reactive oxygen species becomes more prevalent:
electrons that are formed as part of the photosynthetic path-
way are less efficiently transferred with a higher chance of for-
ming radicals (Peers and Price 2004). Albeit a plausible
explanation for the observed Mn trends in these experiments,
further targeted experiments are needed to unravel the elusive
role of Mn in the Southern Ocean phytoplankton
community.

Dissolved Mn drawdown was related to indicators of
growth and was greatest when relative abundance of
P. antarctica was highest, likely due in part to the greater abun-
dance of P. antarctica at higher POC concentrations and
growth rates. Colonial P. antarctica sequestering Mn into its
mucilaginous matrix may contribute to elevated dissolved Mn
drawdown with high P. antarctica abundance (Lubbers
et al. 1990; Schoemann et al. 2001). However, P. antarctica
abundance did not respond to light or Fe treatments, while
Mn drawdown was slightly elevated in HL, indicating that
other factors, including Mn photoreduction, may influence
the interaction among light, Mn, and Fe availability.

Species composition
Although we did not observe an impact of either light or Fe

treatment on species composition, given our measured growth
rates of 0.15–0.20 d�1, a species composition shift would need
to be quite strong to be observed. However, P. antarctica was
consistently dominant in samples with high biomass and
increased or remained dominant in most experiments, indicat-
ing that P. antarctica may be better acclimated for early season
growth when light can change dramatically in short periods
of time given deep mixed layers and melting sea ice
(Kropuenske et al. 2009; Rozema et al. 2017). Related work
also demonstrated that P. antarctica growth (but not diatom
growth) was stimulated by short periods of HL exposure (sim-
ulating transient mixing from the bottom to the top of the
mixed layer) (Joy-Warren et al. 2019). Although spatial vari-
ability of dissolved Fe is high in the coastal western Antarctic
Peninsula in both the spring (this study) and summer (Annett
et al. 2017), our results showing P. antarctica dominance are
consistent with the ability of P. antarctica to grow under low
and varying irradiance and varying Fe concentrations
(Trimborn et al. 2019).

Although this and accompanying studies (Arrigo
et al. 2017; Selz et al. 2018; Joy-Warren et al. 2019) demon-
strate that P. antarctica dominates the phytoplankton commu-
nity along the western Antarctic Peninsula during spring,
previous work in the PAL-LTER region has shown that diatoms
dominate in the summer (Garibotti et al. 2003; Trimborn
et al. 2015). This transition is potentially driven by a shift
from P. antarctica-favored lower and more variable light due to
deep mixed layers and lower incident light to diatom-favored
higher and more consistent light as incident light increases
into summer and the mixed layer shoals with melting sea ice
(Kropuenske et al. 2009; Rozema et al. 2017). However, there
are other factors at play in determining taxa dominance, pos-
sibly including vitamin B12, as low vitamin B12 restricts dia-
tom growth but is thought to have little impact on
P. antarctica (Bertrand et al. 2007).

Future implications
The atmospheric and oceanic conditions in the western

Antarctic Peninsula are changing rapidly and dramatically
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(Schofield et al. 2010), and both light and Fe availability are
susceptible to these changes. Sea ice directly impacts light
penetration and indirectly impacts stratification, thereby
determining the amount of light to which phytoplankton
are exposed. A trend of increasing sea ice concentration
(Schofield et al. 2018) could lead to enhanced stratification
and thus elevated light availability throughout a shallower
mixed layer. Moreover, Annett et al. (2017) predicted that
meteoric and subglacial Fe supply may increase with a
warming climate. However, it is unclear whether this addi-
tional Fe supply to the surface ocean will become more
diluted because of mixed layer deepening (Venables
et al. 2013) or more concentrated because of mixed layer
shoaling (Schofield et al. 2018).

In the near future, phytoplankton may have access to both
increased light and Fe in the waters along the western Antarc-
tic Peninsula, which might favor P. antarctica early in the
growing season, with a seasonal transition to diatoms later in
the season as light availability increases and stable. Such pre-
dictions remain speculative, but most likely, changing condi-
tions in the western Antarctic Peninsula will alter the timing
and possibly degree of P. antarctica and diatom dominance of
the phytoplankton community. Although there are likely
complex interactions between light and Fe on phytoplankton
growth and species composition, in addition to other possibly
limiting nutrients including Mn and vitamin B12, our results
demonstrate for the first time that early in the growing season,
light exerts the most control on phytoplankton populations
along the western Antarctic Peninsula. Our results highlight
that further targeted experiments are needed to resolve the
role of Mn and vitamin B12 in the Southern Ocean phyto-
plankton community.

Conclusions
In our study in the spring along the western Antarctic

Peninsula, phytoplankton growth was light-limited and the
community was dominated by P. antarctica. Phytoplankton
were LL acclimated at the time of collection but were photo-
synthetically optimized for light much greater than they
were experiencing in situ, and as a result, photosynthetic
parameters (P�

max, α*, Ek, ϕm) did not respond to the HL treat-
ment. Overall, there was a limited response to Fe addition,
indicating that phytoplankton were not Fe-limited, but some-
what Fe-stressed (evident in increased Fv/Fm, decreased σPSII,
and decreased (DD+DT)/Chl a with Fe addition relative to no
added Fe). Our observations of P. antarctica dominance differ
from what has been shown along the western Antarctic Penin-
sula in the summer when light is no longer limiting and dia-
toms dominate. This new understanding of light, Fe, Mn,
vitamin B12, and species composition in the spring adds an
important component to our understanding of micronutrient-
induced stress in phytoplankton communities and seasonal

phytoplankton taxa succession in the western Antarctic Pen-
insula ecosystem.
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