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Abstract

Low bioavailability of the vital element iron (Fe) limits primary production in large regions of the Southern Ocean, thus
impacting phytoplankton community structures. Primary productivity seems to be particularly sensitive to the reduced form
of iron (Fe(II)), which is thought to be the most readily bioavailable redox form of Fe in the ocean. Here, we investigated the
impact of temperature (3 °C, 5 °C and 7 °C) and Fe(II) additions (+5 nM) on growth of two Southern Ocean phytoplankton
species Fragilariopsis cylindrus and Phaeocystis antarctica in coastal and open ocean water. At all tested temperatures,
growth rates of P. antarctica were significantly higher with added iron, compared to the treatments without added iron in both
waters. Temperature only had a significant effect on the growth rate of this species when it was raised to 7 °C in all treatments.
For F. cylindrus, growth rates only significantly increased with iron addition at 7 °C in both water types. Temperature did not
affect the growth rate of F. cylindrus except for a significant reduction without iron addition at 7 °C in coastal water. These
results highlight the complex interactions between Fe bioavailability and temperature on Southern Ocean phytoplankton
growth. Thus, certain Southern Ocean phytoplankton species may have higher growth rates in regions of the ocean that will
warm the most and possibly experience greater Fe supply under future climate conditions, such as coastal regions. This may
result in changes in phytoplankton community structures with implications for carbon sequestration efficiency under future
climate conditions.
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phytoplankton growth in the oceans due to its essential role
in cellular photosynthesis and respiration reactions. Most
of the Fe in seawater is bound to ligands (L), which aid in
keeping Fe from precipitating and sinking to depth, therefore
allowing a more consistent supply of Fe to phytoplankton
(Maldonado and Price 1999; Hunter and Boyd 2007; Shaked
and Lis 2012).

The uptake of Fe by phytoplankton is described as a two-
step process of iron reduction from Fe(III) to Fe(Il) followed
by transport across the cell membrane (Maldonado and Price
2002). This process can be further distinguished into: (1)
the use of transporter compounds like siderophores, (2)
the use of Fe(Il) transporters which carry Fe(Il) across the
membrane through oxidation, and (3) the initial reduction of
Fe(III) to Fe(Il) at the cell surface before 4) transportation
into the cell via oxidation mechanisms (Shaked et al. 2005;
Salmon et al. 2006; Morel et al. 2008).

The bioavailability of Fe for phytoplankton differs
between its chemical forms. Dissolved iron (dFe; operation-
ally defined as < 0.2 um) is often considered a proxy for the
‘bioavailable’ form, while the reduced redox species of iron
in the ocean (dFe(Il)) is considered even more bioavailable
(Rich and Morel 1990; Kuma and Matsunaga 1995; Hassler
and Schoemann 2009; Shi et al. 2010; Shaked and Lis 2012;
Lis et al. 2015; Trimborn et al. 2017a).

Of the two main Fe redox species (dFe(Il) and dFe(IIl)),
dFe(III) is generally more thermodynamically stable in sea-
water at its current pH of ~ 8.1, while dFe(Il) is transitory
due to its rapid oxidation to dFe(IIl), making its measure-
ment challenging (King et al. 1995; Bowie et al. 2002; Croot
and Laan 2002; Hansard and Landing 2009). Dissolved
Fe(II) occurs in picomolar concentrations, which is typi-
cally equal to only 4-13% of the total dFe in open ocean
surface waters (Bowie et al. 2002), but can be much higher
in coastal areas (> 1 nM) due to leaching from sediments
(Kuma et al. 1992).

The oxidation rate of dFe(Il), and therefore the period it is
available to phytoplankton, is controlled by oxygen (O,) and
hydrogen peroxide (H,0,) concentrations, temperature and
pH (Egs. 1-4; Haber and Weiss 1932; Millero et al. 1987;
Moffett and Zika 1987; Millero and Izaguirre 1989; Millero
and Sotolongo 1989).

Fe(Il) + O, — Fe(Ill) + O; (1)
Fe(I) + O; — 2H* — Fe(Ill) + H,0, 2
Fe(Il) + H,0, — Fe(III) + OH + OH~ 3)
Fe(Il) + OH — Fe(IIT) + OH~ 4)
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Therefore, seawater temperature and pH have direct
impacts on Fe chemistry and Fe bioavailability and will
thus be impacted by climate change (Hoffmann et al.
2012).

Seawater temperatures have already increased by
0.85 °C since the industrial revolution, due to the increased
emission of greenhouse gases into the atmosphere and are
predicted to rise a further 1.4-3.7 °C by the end of this
century (Bindoff et al. 2019). This significant increase will
impact many marine organisms, including phytoplankton.
Each species of these single celled organisms has its own
thermal tolerance window (Portner 2002; Boyd 2019).
Ocean warming will therefore have direct effects on spe-
cies composition (Noiri et al. 2005; Lacour et al. 2017),
which can have impacts for carbon export and carbon flow
through trophic levels in different ocean environments.

This study tested the effect of increasing seawater tem-
perature (3 °C, 5 °C and 7 °C) and iron addition on the
growth of P. antarctica and F. cylindrus in open ocean and
coastal seawater (Fig. 1). The initial temperature was cho-
sen as it is a representative temperature for both species,
while the other temperature treatments were chosen based
on predicted future climate scenarios (Bindoff et al. 2019).

Based on the two assumptions that: (1) growth itself
is directly affected by temperature, and (2) increasing
temperatures decrease Fe bioavailability due to increased
dFe(I) oxidation rates to Fe(III), the following hypotheses
were formulated (Fig. 1):

(1) In open ocean water without Fe addition, an increase
in temperature will lead to a decrease in growth for
both species. Here, any potential positive direct effect
of increasing temperature on growth is outweighed by
a further reduced dFe(Il) availability in the already low
Fe water.

(2) dFe(Il) additions in open ocean water will increase
the growth rates of both species compared to the low
Fe treatments. However, elevated temperatures will
increase the growth rate of F. cylindrus and decrease
the growth rate of P. antarctica.

(3) In coastal water, growth rates of both species will be
higher compared to open ocean water because of the
higher background Fe concentrations. Increasing tem-
peratures will affect the growth rate of both species
similarly as in the open ocean water under Fe addition
(see Hypothesis 2).

(4) dFe(II) addition will cause no or very little additional
increase in growth rate in coastal water. Here, increas-
ing temperatures will affect growth of both species
similarly as in the open ocean water under Fe addition
(see Hypothesis 2).
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Hypotheses for coastal waters:
Increasing temperature—> species specific impact on
growth
Fe(ll) ->little impact on growth
Fe(ll) and increasing temperature = similar effect as
increasing temperature alone

d Y

Fig. 1 Experimental hypotheses: coastal waters are often high in
iron (Fe) and therefore also high in primary production, whereas Fe
is lacking in open ocean water, leading to low primary production.
Once 5 nM of dissolved Fe are added and the temperatures are ele-

Methods
Experimental overview

Fragilariopsis cylindrus and P. antarctica were grown in
coastal and in open ocean seawater under different tem-
perature and Fe conditions in 28 mL polycarbonate (PC)
screw capped vials (Thermo Fisher). A closed small-vessel

3°C, 59,7 C

Hypotheses for open ocean waters:
Increase in temperature = decrease in growth
Fe(ll) 2increase in growth

Fe(ll) and increasing temperature = species
specific impact on growth

vated from 3 to 5 °C or 7 °C, it is assumed that this will have little
to no impact on the primary producers in coastal areas but result in
decreased growth rates in open ocean water, with temperature being
the dominant factor

system was chosen because it allowed us to measure
growth rates without opening the sample vials during the
experiment and limit Fe contamination. After inoculat-
ing 600 pL of either P. antarctica or F. cylindrus cul-
tures into the vials, they were placed into a rack in a cold
room at 3.2 +0.6 °C for 16 days and in two temperature
blocks at 5 °C+0.5 °C and 7 °C £ 0.5 °C (n=6) respec-
tively (see Fig. 2). To three vials from each treatment,
5 nM dFe(II) (ammonium iron (II) sulphate hexahydrate

Fig.2 Experimental set up 3°C 5°C 7°C
of incubation experiments at (rack) (temp. block) (temp. block)
3 °C (left), 5 °C (middle) and \ %
7 °C (right) for Phaeocystis @ @ @ @ @
antarctica (dark) and Fragilari- - \\\\ \\\\
opsis cylindrus (light) with (4) < § N\ QA
and without an addition of 5 nM § g @ @@ @@ &% \\%s
dFe(II) in open ocean seawater s 8
(upper part) and coastal ocean 2 @
R " OOOIOOO|®
)
% N7\ \ B
§ § @ Phaeocystis antarctica
A L 4 4 4A
g9 OQ O O Q Q Q Q Fragilariopsis cylindrus
<
o
© @ @ @ @ @ @ @ + = Addition of 5 nM dFe(II)
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(NH,),Fe(S0,),-6H,0) were added while the other three
were incubated in the unaltered coastal or open ocean
water.

Cleaning

All processing and sampling was carried out under a class
100 laminar airflow hood in a 3 °C cold room at the Institute
of Marine and Antarctic Studies (IMAS) in Hobart, Tasma-
nia. Trace metal clean protocols (Cutter et al. 2017) were
used to prevent trace metal contamination. This included
initial 2% Decon baths, followed by thorough rinses with
ultra-high pure water (UHP, Barnstead, 18.2 MQ). After
washing all equipment in a 6 M hydrochloric acid bath [HCI;
in-house distilled acid using a Savillex perfluoroalkoxy-pol-
ymer (PFA) still, DST-1000] for 1 month, everything was
rinsed seven times with UHP water. Three initial precondi-
tioning rinsing steps were done with the respective seawater
used for the experiments for each vial. The pipette tips were
sterile microwaved for five minutes in UHP water to prevent
bacterial contamination for further culture work. This was
followed by three HC1 acid (distilled) and seven UHP water
rinses.

Seawater

The coastal seawater was collected from Kingston beach
(Kingston seawater—KISW, 42 ° 98’ S, 147 ° 32’ E), Tasma-
nia in January 2018. An acid cleaned 400 um mesh was used
to prefilter any large grazers and particles, prior to 0.2 pm
filtration (PALL, Acropak 200) under a class 100 laminar
flow hood into a trace metal clean carboy (Nalgene, 20 L,
LDPE). The open ocean water was collected on the SR3-
GEOTRACES GSO01 voyage in the SO on board of the RV
Investigator in January/February 2018, using a trace metal
rosette as described in Holmes et al. (2019) at an open ocean
station (55°93' S, 140° 41" E, from depths between 100 and
700 m). The open ocean water was 0.2 um filtered (PALL,
Acropak 200) directly on board.

While open ocean water was collected in the SO, coastal
water was collected at the coastline of Tasmania during sum-
mer, with a considerably different composition. Therefore,
an extensive analysis of these two water types was done.
Both water types were stored for aging in large containers
(Nalgene, 20 L, LDPE) in the dark at 4 °C for at least a
month prior to the experiments to ensure the complete oxi-
dation of dFe(II), which usually happens within minutes to
hours (Millero et al. 1987).

Study organisms

The haptophyte P. antarctica and the diatom F. cylindrus
were collected and isolated from Antarctic pack ice (Davis
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station, East Antarctica) in 2015. All cultures were grown
under cool white, fluorescent light (50 umol photon m=2 s~
12:12 light:dark cycle, Osram) at 2 °C + 1 °C prior to the
experiment. P. antarctica was cultured in L1 medium, while
the diatom F. cylindrus was kept in Aquil medium before
they were inoculated into the two distinct seawaters (coastal
and open ocean). Both species were washed in either coastal
or open ocean seawater three times to reduce the amount of
residual ethylenediaminetetraacetic acid (EDTA) left from
either L1 or Aquil. The final concentrations of EDTA for
the experiments using P. antarctica and F. cylindrus were
calculated to be 0.8 nM and 0.7 nM, respectively.

Temperature, pH and salinity

The seawater temperatures in the rack and the temperature
block were measured daily using a built-in pH meter probe
(Hach HQ40D, Probe No. PHC10101). Salinity and pH
of the seawater were measured initially at 20 °C using a
conductivity probe (Orion 013005MD, Thermo scientific)
and the same pH meter. Seawater pH and salinity values are
given in Table 1.

Table 1 The physical properties Salinity (n=3) and pH (n=3) and
dissolved trace metal and nutrient composition of surface water (0-5
m) for the two water types in this study (coastal and open ocean
water)

Coastal ocean  Open ocean  Ratio
Salinity 35.50+0.050 36.2+0.04 1:1
pH 8.01+0.005 7.9+0.005 1:1
Trace metals (nM, n=1)
Cd 0.18 0.90 0.2:1
Co 0.11 0.04 2.9:1
Cu 6.45 1.31 5:1
Fe 12.18 0.15 81.2:1
Ga 0.05 0.01 10.8:1
Mn 6.20 0.29 34.2:1
Ni 3.53 7.26 0.5:1
Pb 0.87 0.01 79:1
Ti 0.20 0.03 6.6:1
v 35.10 3.70 1:1
Zn 41.85 491 8.5:1
dFe(II) addition (nM)
Fe* 5.00 5.00 1:1
Macronutrients (UM, n=1)
NO,'- 0.37 19.64 0.02:1
PO~ 0.32 1.29 0.25:1
Si(H,SiO,) - 22.47 -
NH* 3.06 0.25 12.25:1

The ratio of coastal to open ocean water for the respective parameter
is displayed on the right
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Macronutrients

Prior to the experiment, samples from coastal and open
ocean water were filtered through a 0.2 pm syringe fil-
ter (PES, Millex GP) into PC vials (15 mL) and frozen at
— 80 °C until analysis. Phosphate (PO43_), nitrate (NO;7)
and silicic acid (Si(OH),) concentrations were measured
within 12 months of sampling, using a 4 channel LACHAT
Quick-Chem 8500 auto analyser, following the Quick-Chem-
methods by Diamond (2008a, b) and Liao (2008). Macro-
nutrient concentrations at the beginning of the experiment
are given in Table 1.

Trace elements

Samples for dissolved trace metals (Cd, Co, Cu, Fe, Ga,
Mn, Ni, Pb, Ti, V, Zn) were collected in 125 mL LDPE bot-
tles (Nalgene; 0.2 um filtered, Millex, GP), acidified with
distilled HCI to pH 1.8 and stored for at least a month. The
dissolved trace metal concentrations were determined using
an offline combination of a seaFAST S2 pico (ESI, Elemen-
tal Scientific, USA) multi-element extraction system with a
Nobias Chelate-PA1 column, followed by analysis on a sec-
tor field inductively coupled plasma mass spectrometer (SF-
ICPMS, Element 2 Thermo Fisher Scientific, Inc. (Wuttig
et al. 2019). A preconcentration factor of 53.33 was achieved
by preconcentrating 40 mL of inline buffered sample onto
a Nobias PA1 column. Afterwards, the column was eluted
with 750 uL of 1.7M distilled nitric acid (HNO;). To obtain
blank values, acidified UHP water samples were analysed
without any additions. The blank (acidified UHP water
with no addition) was subtracted from the sample values.
The detection limit for Fe was determined as three times
the standard deviation of the acidified UHP blank and was
0.002 nmol kg~! with a recovery for Fe of 101%, which is
within the error of the measurement. Trace metal concen-
trations at the beginning of the experiments are given in
Table 1.

Voltammetry

Concentrations of iron binding organic ligands in the two
oceanic water types, were determined by Competitive

Table2 Ligand concentration (L), ligand binding strength or com-
plexation capacity (LogK;e,L), freely available ligand concentration
(L"), the ratio of ligand to total dissolved Fe concentrations (L/dFe),
the freely available Fe (Fe’), the percentage concentration of dFe

Ligand Exchange-Adsorptive Cathodic Stripping voltam-
metry (CLE-AdCSV). The system (757 VA Computrace,
Metrohm, Switzerland) uses a hanging mercury drop elec-
trode, a glassy carbon counter electrode, and a silver/sil-
ver chloride reference electrode (provided with an inner
electrode submerged in a 3M KCI solution, Metrohm)
which acts as bridge electrolyte. A 2-(2 tiazolylazo)-p-
cresol (TAC) was used as the competing ligand (Croot
and Johansson 2000). In order to maintain pH, 100 uL
of a 1 M stock EPPS buffer solution was added to 20 mL
seawater and mixed. Additions of Fe were made from a 10
mM Fe(III) stock in 1% Q-HClI ranging from 0 to 20.4 nM.
After an equilibration time of 3 h, 100 uL of 2 0.01 M TAC
solution was added into each Teflon vial. After overnight
equilibration, the content of all Teflon vials was analysed
following procedures outlined in Croot and Johansson
(2000).

Total dFe concentrations and relative peak height
(intensity, nA) were measured using the software ProMCC
(Omanovié et al. 2015). The values of al’:e,T Ay @nd K;C,T A
were obtained from seawater salinity (Croot and Johans-
son 2000). The Langmuir/Gerringa (Gerringa et al. 1995)
and Ruzic/van den Berg (RuZi¢ 1982; Van den Berg 1982)
methods were used for the simultaneous calculations of
total concentration and conditional stability constants to
determine the natural Fe-binding organic ligand fraction.
Total Fe values derived from earlier SF-ICP-MS analysis
were used for the calculations. Ancillary parameters were
further calculated as follows: the excess ligand concentra-
tion (L) is calculated as the difference between L and dFe
concentrations, whereas the inorganic Fe concentration
(Fe') was calculated according to Eq. 5:

K;e,L(Fe’ 24+ (1+ K’FC,L(L)—K;C,L(dFe) (Fe")—(dFe) = 0.
)
The concentration of organically-bound Fe, expressed as
percentage, was calculated as %FeL =100 ([dFe] — [Fe'])/
[dFe]. The side reaction coefficient for Fe complexation
with the natural ligand (log o'g.;) was obtained as the
logarithmic sum between K;E,L and L. Results are shown

in Table 2, the raw data used can be found under the public
repository. https://doi.org/10.25959/S2DK-CV095.

organically complexed (%FeL), and the reactivity for new binding
capacities (Loga;e,L) in both waters (coastal and open ocean) prior to
the incubation experiments

dFe (nM) L (nM) LogK;e,L L' (nM) L/dFe Fe' (pM) %FeL Logozl’:e,L
Open ocean 0.15 19.30+1.1 11.21+0.05 19.15 128.67 0.05 99.97 3.49
Coastal water 12.18 15.70+0.5 11.86+0.08 3.52 1.29 4.72 99.96 4.06

@ Springer
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Growth rates

Growth rates were calculated using in vivo chlorophyll a
fluorescence (Turner Designs Model 10-AU). The 28 mL
vials were dark adapted for 10 min and cooled on ice dur-
ing measurement. The specific growth rates (u day~')
were calculated from linear regressions of each replica of
the Ln in vivo fluorescence or cell counts versus time (t)
for exponentially growing cultures, where N, and N, are
the densities at the beginning and end of an exponential
growth phase (Eq. 6).

LnN, = LaN, + u(t,—1,) (6)

Irradiance was 50 + 5 umol photons m~2 s~!, measured
with a 47 quantum sensor (model QSL2100, Biospherical
Instruments) in a 12:12 light:dark cycle. The growth rates

are reported at the public repository.

Statistical analysis

All statistical analyses were conducted using IBM SPSS
(version 27 and 29). Multiple comparison tests (univari-
ate/Tukey Posthoc tests) were used to assess the difference
through significance by grouping into species, coastal and
open ocean water and with or without added dFe(II). The
dependent variable was the growth rate, the fixed factor
was temperature.

ANOVAs were used to assess the impacts of natural
iron concentrations vs. additions of 5 nM dFe(II) and the
impact of temperature between the different treatments.
For specific information on each temperature and dFe(II)
additions, a pairwise comparison of variables was under-
taken using a 2-way ANOVA. All testing was done at the
95% confidence level. The data used can be found in the
public repository mentioned above.

Results
Seawater characterization

The nutrient concentrations in the open ocean seawater
were 19.64 uM for nitrate and 1.29 uM for phosphate
(Table 1). This corresponds to an N:P ratio of 15.2:1,
which is close to the Redfield ratio of 16:1 (Redfield
1934). The coastal water concentrations for nitrate were
0.37 uM and 0.32 pM for phosphate (ratio: 1.15:1). The
silica (Si) concentration was 22.47 uM in the open ocean
water. No Si measurements were taken for coastal waters.

@ Springer

High values of ammonia were measured in the open ocean
water (3.06 uM) compared to coastal water (0.25 uM).

Except for cadmium (Cd), vanadium (V) and nickel (Ni),
all trace metals analysed were higher in the coastal water
when compared to the open ocean water. This is especially
pronounced for Fe, manganese (Mn), lead (Pb) and zinc
(Zn). Smaller differences were found for cobalt (Co), cop-
per (Cu), gallium (Ga) and titanium (Ti) (Table 1).

Growth response to temperatures and dFe(ll)
in coastal and open ocean water

Tukey’s HSD Post-Hoc Tests revealed, that without Fe
addition, P. antarctica had its highest growth rate in coastal
water at 7 °C (0.31+£0.01 p day_l, n=73). This rate was
significantly higher compared to growth at 3 °C and 5 °C
(0.26 +0.01 p day™!, n=3, p=0.006 and 0.25+0.02 u
day™!, n=3, p=0.003 respectively). In open ocean water
(no Fe addition), P. antarctica grew best at 7 °C (0.29 +0.04
uday™!, n=3), which was not significantly different to the
growth rate at 3 °C (0.24+0.01 u day™', n=3, p=0.164).
The growth rate at 5 °C (0.18 +0.01 p day™!, Fig. 3), how-
ever, was significantly lower compared to growth rates at
3°C (n=3,p=0.048 and 7 °C, n=3, p=0.005).

The highest growth rate of F. cylindrus in coastal water
without iron added was found at 3 °C (0.20+0.03 p day~!,
n=3), which did not differ significantly from that at 5 °C
(0.20+0.03 u day™!, n=3, p=0.99) but decreased signifi-
cantly to 0.05 +0.06 u day~! when incubated at 7 °C (n=3,
p=0.010). In open ocean water without Fe addition, F. cylin-
drus also had the highest growth rate at 3 °C (0.25+0.02 p
day~!, n=3) which did not change significantly when grown
at 5 °C and 7 °C (0.22+0.02 pday™!, n=3, p=0.379 and
0.22+0.04 pday™', n=3, p=0.269 respectively).

For P. antarctica, the growth rates in coastal water
at 3 °C and 5 °C with dFe(Il) addition were the same at
0.31+0.02 u day™' (n=3). However, there was a signifi-
cant increase at 7 °C to a growth rate of 0.43 +0.04 u day™!
(n=3, p=0.040 for both). In open ocean water, the growth
rate increased even more with the addition of dFe(II) at
7 °C (0.48 +0.04 u day™"), which was significantly higher
compared to the growth rate at 3 °C and 5 °C (0.33+0.03
u day‘l, n=3, p=0.005 and 0.35+0.02 p day‘l, n=3,
p=0.001 respectively).

Fragilariopsis cylindrus also had a higher growth rate
when 5 nM dFe(II) was added. Its growth in coastal water
displayed a steady but non-significant increase from 3 °C
(0.21+0.08 pday™!, n=3) to 5 °C (0.27 +0.04 u day~ ",
n=3, p=0.665) and was also non-significant from 5 to 7 °C
(0.29+0.07 nday™', n=3, p=0.910). In open ocean water,
there was a slight non-significant decline in growth from
3°C(0.27+0.02uday !, n=3)t0 5 °C (0.25+0.1 pday !,
n=3, p=0.654) with a significant increase again when
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a P. antarctica in coastal water
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Fig.3 Specific growth rate (u day™") of Phaeocystis antarctica (a, b)
and Fragilariopsis cylindrus (c, d) grown in coastal (a, ¢) and open
ocean (b, d) water, with (dark shade) and without the addition (light

incubated at 7 °C (0.31+£0.02 p day‘l, n=3, p=0.019)
compared to growth at 5 °C (n=3, p=0.057).

Combined impacts of temperature and Fe additions
on growth

One-way ANOVAs showed that in coastal water, P. ant-
arctica grew significantly better when Fe was added
at 3 °C (F,4=20.45, p=0.010), 5 °C (F,,=15.43,
p=0.021) and at 7 °C (F, ,=30.63, p=0.045, Fig. 3). In
open ocean water, the difference in growth when Fe was
added was significant at 3 °C (F1,4= 30.38, p=0.008),
5 °C (F;4=122.10, p=0.001) and 7 °C (F; 4=28.00,
p=0.045), respectively. In contrast to this, F. cylindrus

b P. antarctica in open ocean water
0.6 ‘ : -
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shade) of 5 nM dissolved ferrous iron (dFe(Il)). Error bars indicate
standard deviation, n=3

only showed significant differences in growth rate in
coastal water upon the Fe addition at 7 °C (F| 4,=25.41,
p=0.012). In open ocean water, F. cylindrus showed simi-
lar trends as in coastal water and the addition of Fe signifi-
cantly increased the growth rate at 7 °C only (F; 4, =11.76,
p=0.027).

A two-way ANOVA for the combined treatments revealed
that for P. antarctica there was no significant interaction
(level 0.5) between Fe additions and temperature on growth
in coastal water (F, ;,=4.85, p=0.269), whereas the inter-
action of Fe addition and temperature changes had a sig-
nificant impact on growth in open ocean water (£, ;, =4.70,
p=0.029). For F. cylindrus, the combined treatments of
Fe additions and temperature increases were significant

@ Springer



1170

Polar Biology (2023) 46:1163-1173

for growth in both water types (F, ;,=7.90, p=0.013 and
F, 1,=3.65, p=0.025, respectively).

Iron-binding organic ligands

The ligand concentrations were 19.30+ 1.1 nM for open
ocean water (n=3), and 15.0+0.5 nM for coastal water
(n=3, Table 2). The ligand to Fe (L:dFe) ratio was very high
for the open ocean water (128.67), but low for coastal water
(1.29). The binding strength value logK’Fe,L was 11.21+0.05
(n=23) for open water, and 11.86+0.08 for (n=3) coastal
water. The freely available Fe’ was 0.05 pM in open ocean
water and 4.72 pM in coastal water. For both samples >99%
of dFe was complexed by organic ligands. The logat;e,L
revealed a lower reactivity (3.49) for open ocean water, and
a higher reactivity (4.06) for coastal water.

Discussion
Growth rates of P. antarctica and F. cylindrus

Phaeocystis antarctica and F. cylindrus are ecologically
important SO species, making them useful as model organ-
isms for ocean warming scenarios. P. antarctica can form
large blooms which makes it an important contributor to the
ocean carbon cycle (Smith Jr. et al. 1991), but it is also a key
player for the sulfur cycle (DiTullio et al. 2000). F. cylindrus
also plays an important role in ocean carbon fixation as it
is one of the most widespread cold-water diatoms in the
world’s ocean (Mock and Hoch 2005). Without Fe addition,
the growth rate of P. antarctica increased in both seawa-
ters when temperature was increased from 3 to 7 °C. This
contradicts our assumption that temperature increase would
decrease iron bioavailability and reduce growth in low Fe
open ocean water. However, dFe(Il) additions did result in
higher growth rates in both waters and further amplified the
increase in growth rates with increasing temperature (Fig. 3).
Growth of P. antarctica was likely limited by low iron bio-
availability in both waters and the increasing temperature
did not affect Fe(I) oxidation enough to significantly affect
biological uptake. High ligand concentrations might have
been also responsible for the results.

Other studies report a two-fold increase in the growth
rate of P. antarctica when up to 1 uM Fe (replete) was added
at 2-3 °C (Alderkamp et al. 2012; Strzepek et al. 2019).
This increase was much larger compared to our study where
the growth rate of P. antarctica increased from 0.24 +0.01
to 0.33 +£0.03 with dFe(II) addition at 3 °C in open ocean
water (Fig. 3). The use of natural water vs. artificial sea-
water medium (Aquil) may have accounted for some of
the variation seen between studies (Luxem et al. 2017;
Andrew et al. 2019; Strzepek et al. 2019). One reason could
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be freshly added vitamins in artificial seawater media. A
study by Trimborn et al. (2017b) used natural seawater and
added fresh vitamins. Their results displayed similar growth
rates (0.4 p day™!) as found by Strzepek et al. (2019) and
Alderkamp et al. (2012).

For F. cylindrus, we had expected an increase in growth
with increasing temperatures under Fe replete conditions
as shown by Panci¢ et al. (2015) which was not supported
by our findings. In both seawaters, this diatom had the
lowest growth rates at 7 °C in the treatments without iron,
though this was counteracted with dFe(Il) addition (Fig. 3).
Alderkamp et al. (2012) report lower growth rates in Fe-
limited conditions (0.05 p day~!) and in Fe-replete cultures
(0.16 u day~!) at 2 °C. These latter results do not compare
to our findings for open or coastal water as the growth rates
were always higher (e.g. open ocean water 3 °C: —Fe: 0.25
wday~!, +Fe: 0.27 u day~!; coastal water 3 °C: —Fe: 0.20 u
day™!,+Fe: 0.21 pday™"). The study by Pancié et al. (2015)
shows that there is a large difference in the physiological
response of different strains of F. cylindrus to temperature.
It is possible that similar strain specific reactions to iron
limitation could explain the difference between our findings
and those of Alderkamp et al. (2012).

For P. antarctica, a thermal window ranging from — 1
to+ 8 °C was reported, with its optimum growth at 6 °C and
a sharp decrease in growth rate at 7 °C (Boyd 2019). Based
on these findings we assumed that P. antarctica would grow
best in our 5 °C treatment and that growth would decrease
at 7 °C. However, in both water types we observed the high-
est growth rates at 7 °C, regardless of Fe treatment. In open
ocean water however, P. antarctica did not grow as well,
regardless of the dFe(Il) addition which could be due to
a limitation in other nutrients such as N and P, or lack of
micronutrients which are usually added to artificial seawa-
ters. In contrast, F. cylindrus did not grow well (0.05 +0.06
u day~!) in coastal water at 7 °C when no additional Fe was
added. Since we did not analyse the Si concentrations in the
coastal water used, we can’t say if low Si limitation could
have affected the growth rate of this diatom. Since both spe-
cies can generally grow at 7 °C, further strain specific physi-
ological investigation using higher temperatures would be
required to examine the thermal tolerance window to try to
explain their growth in future, presumably warmer oceans.
This however may not be realistic as a temperature above
7 °C already exceeds the expected temperature changes
within the foreseeable future, based on the predictions from
latest IPCC report (Bindoff et al. 2019).

Iron binding organic ligands
Both water types used in this study had high ligand con-

centration, which bound most of the Fe (>99%) that was
present before the addition. We had assumed that an addition
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of 5 nM dFe(II) would create an Fe(Il) ‘saturated’ condi-
tion for a short period, with unknown rates for uptake or
organic ligand binding. This boost of dFe(II) could have led
to a retarded oxidation of dFe(II) due to binding to excess
ligands (Roy et al. 2008), which we assumed might result
in increased growth in both species in both water types,
regardless of the temperature treatment. We indeed observed
higher growth rates in all treatments when dFe(Il) was added
(Fig. 3).

The ratio of ligands to the overall Fe concentration may
also have been an important factor in the availability of
dFe(II) and therefore the resulting growth. The open ocean
water had a very high ligand to Fe ratio (128:1) whereas
the ratio in coastal water was lower at 1.29:1. A speculative
answer for why both species grew well upon the addition of
5 nM might be related to the specific reactivity (loga;e,L) of
the ligands in each water type, which was generally low in
open ocean water (3.49) and in coastal water (4.06). While
this difference may not be significant, open ocean water was
low in total Fe concentrations and high but less reactive
ligand concentrations compared to coastal water. In coastal
water on the other hand, ligands were more reactive with
higher Fe concentrations and Fe-ligand concentrations.

Additionally, the open ocean water had a slightly lower
ligand binding strength (11.21 +0.05) compared to the
coastal water (11.86+0.08). Although the difference is
small, it may have facilitated Fe availability in open ocean
water compared to coastal water.

Conclusions

Additions of dFe(Il) resulted in a direct biological response
in both water types and for both species. It is likely that the
added dFe(II) was bound by excess ligands, sustaining it in
the dissolved form, leaving it ‘ready to use’ and freely avail-
able for phytoplankton.

Temperature increases combined with dFe(Il) addition
led to a higher growth for P. antarctica in open ocean (0.33
uday!at 3 °C vs. 0.48 u day~! at 7 °C) and coastal (0.26
uday~!at 3 °C vs. 0.43 p day~! at 7 °C) water. Overall,
we did not observe any indication that warming in low iron
waters would decrease Fe bioavailability and therefore
reduce growth of the tested species as hypothesized. For F.
cylindrus, no increased growth rate was observed at higher
temperatures. This contradicts the findings of Panci¢ et al.
(2015). Generally, the different changes in growth rates with
increasing temperature might have implications for shifts in
phytoplankton community composition under future climate
scenarios, which may result in changes for carbon export and
food web structures as both species make a large contribu-
tion to primary production in the SO.

Many SO phytoplankton studies use cold water species
with optimum growths at temperatures between 0 and 5 °C.
P. antarctica and F. cylindrus were chosen based on their
greater temperature range. We suggest future studies look at
natural plankton communities including different strains of
the same species, to provide better insight into community
composition changes from warming effects.
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