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Abstract. Iron (Fe) is a key limiting nutrient for South-
ern Ocean phytoplankton. Input of Fe into the Southern
Ocean is projected to change due to global warming, yet
the combined effects of a concurrent increase in temperature
with dissolved Fe (dFe) addition on phytoplankton growth
and community composition have not been extensively stud-
ied. To improve our understanding of how Antarctic phy-
toplankton communities respond to Fe and enhanced tem-
perature, we performed four full factorial onboard bioassays
under trace-metal-clean conditions with phytoplankton com-
munities from different regions of the Weddell Sea and the
Amundsen Sea in the Southern Ocean. Treatments consisted
of 2 nM Fe addition with 2 °C warming (TF), Fe addition
at in situ temperature (F) +2 °C warming with no Fe ad-
dition (T) and a control at in situ temperature with no Fe

addition (control, C). Temperature had a limited effect by it-
self but boosted the positive response of the phytoplankton to
Fe addition. Photosynthetic efficiency, phytoplankton abun-
dances and chlorophyll a concentrations typically increased
(significantly) with Fe addition (F and/or TF treatment), and
the phytoplankton community generally shifted from hap-
tophytes to diatoms upon Fe addition. The < 20 µm phyto-
plankton fraction displayed population-specific growth re-
sponses, resulting in a pronounced shift in community com-
position and size distribution (mainly towards larger-sized
phytoplankton) for the F and TF treatments. Such a distinct
enhanced impact of dFe supply with warming on Antarctic
phytoplankton size, growth and composition will likely af-
fect trophic transfer efficiency and ecosystem structure, with
potential significance for the biological carbon pump.
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1 Introduction

The Southern Ocean plays an important role in regulat-
ing the Earth’s climate as it is an important sink for CO2
(Takahashi et al., 2012; Friedlingstein et al., 2022; Fisher
et al., 2023). Phytoplankton take up CO2 and convert it to
biomass, not only forming the base of the pelagic food web
but also driving the biological carbon pump (Buesseler et al.,
2020; Huang et al., 2023). During the short productive aus-
tral season, however, Antarctic phytoplankton growth often
becomes limited by low iron (Fe) availability (e.g. Martin
et al., 1990; Boyd, 2002; Ryan-Keogh et al., 2023). Fe is
a vital micronutrient for a variety of cellular processes, in-
cluding photosynthesis (Geider and La Roche, 1994; Schoff-
man et al., 2016; Kroh and Pilon, 2020) and nitrate as-
similation (Schoffman et al., 2016; Milligan and Harrison,
2000). The shortage of Fe is a large contributing factor to the
so-called high nutrient–low-chlorophyll (HNLC) conditions,
where the ratio of macronutrients, especially nitrate, relative
to total chlorophyll a (Chl a) concentrations is comparably
high (Minas and Minas, 1992; Sarmiento et al., 2004; Ven-
ables and Moore, 2010; Basterretxea et al., 2023).

Trace metal supply in the Southern Ocean follows a strong
seasonal cycle, where in winter Fe is replenished via deep
water mixing (Tagliabue et al., 2014) or sediment resuspen-
sion in coastal areas (Boyd et al., 2012) and is quickly de-
pleted again by phytoplankton uptake in the next season.
Predicted increases in stratification may weaken Fe supply
to surface waters from below (Sallée et al., 2021); how-
ever, this is still uncertain as increased stratification might
not have a strong effect or might even increase turbulent
nutrient fluxes associated with breaking internal waves (van
Haren et al., 2021). Additionally, increased stratification ef-
fects may be counteracted by a deepening of mixed-layer
depths (Sallée et al., 2021) and changes in gyre-scale cir-
culations (Misumi et al., 2014). In general, Fe limitation
for Antarctic phytoplankton is predicted to be at least par-
tially relieved in the future (Bazzani et al., 2023) because of
enhanced Fe supply by increased wind-driven mixing (due
to reduced ice-induced stratification) and sources associated
with ice melt, i.e. glaciers (Annett et al., 2015; Sherrell et
al., 2015; van der Merwe et al., 2019; Seyitmuhammedov
et al., 2022; Moreau et al., 2023), icebergs (Raiswell et al.,
2008; Shaw et al., 2011; Raiswell et al., 2016; Hopwood et
al., 2019) or sea ice (Lannuzel et al., 2016; Gerringa et al.,
2020). In the Amundsen Sea, increased Fe input is likely
to occur due to enhanced glacial melt and runoff, particu-
larly during the summer months when melting is most pro-
nounced (e.g. Van Manen et al., 2022). Increases in seawater
temperature may affect the availability of Fe for phytoplank-
ton, since temperature affects the oxidation of the bioavail-
able Fe(II) to Fe(III) (e.g. Millero et al., 1987); however,
Aflenzer et al. (2023) did not observe a lower bioavailabil-
ity of added Fe with increased temperatures. In the Wed-
dell Sea, Fe input may increase through upwelling of Fe-rich

deep waters and meltwater from ice shelves, but this is less
certain (Klunder et al., 2011). Seasonal variations in sea ice
cover and glacial melt will play a significant role in deter-
mining the timing and magnitude of Fe input in these re-
gions. These changes in Fe supply are associated with on-
going climate change, which is projected to lead to elevated
temperatures and changes in wind patterns as well as asso-
ciated currents and upwelling (Turner et al., 2005; Moore
et al., 2018). Overall, future Southern Ocean conditions will
most likely be warmer with potentially elevated Fe concen-
trations, which can be expected to also affect phytoplankton
productivity and community composition (Boyd et al., 2015;
Laufkötter et al., 2015; Pinkerton et al., 2021). Depending
on the geographical region and the time in the productive
season (Thomalla et al., 2023), global warming is predicted
to increase wind-induced mixing or strengthen vertical strat-
ification (Bronselaer et al., 2020; De Lavergne et al., 2014;
Hillenbrand and Cortese, 2006; Shi et al., 2020). Phytoplank-
ton will bloom earlier in the productive season as a result of
decreasing sea ice and consequently higher light (Krumhardt
et al., 2022), most likely rapidly drawing down available Fe
followed by stratification and thus creating favourable condi-
tions for smaller-sized phytoplankton (Deppeler and David-
son, 2017; Krumhardt et al., 2022). Besides Fe and tempera-
ture, there are also other factors, e.g. other bio-essential met-
als (Mn, Co, Ni, Cu and Zn), where notably Mn has been
shown to be (co-)limiting in the Southern Ocean (Wu et al.,
2019; Browning et al., 2021; Balaguer et al., 2022; Hawco et
al., 2022). Mn is essential for phytoplankton photosystems
(Raven et al., 1990) and is a co-factor for enzymes deal-
ing with oxidative stress (Wolfe-Simon et al., 2005). More-
over, light is another major limiting factor for phytoplankton
growth in the Southern Ocean (e.g. van Oijen et al., 2004;
Strzepek et al., 2019; Vives et al., 2022; Latour et al., 2024).

Considering the urgency of warming and the anticipated
change in Fe supply, there is a need for studies that investi-
gate the combined effects of these two important drivers con-
trolling phytoplankton growth in the Southern Ocean. There
are many reports on the effects of Fe addition to Fe-limited
phytoplankton from the Southern Ocean (reviewed by, for
example, Yoon et al., 2018, and Bazzani et al., 2023) and
several on the influence of temperature (Reay et al., 2001;
Morán et al., 2006; Boyd et al., 2013), but only a few studies
have examined the combined effects of Fe and temperature
on Antarctic phytoplankton (i.e. Rose et al., 2009; Zhu et al.,
2016; Andrew et al., 2019; Jabre and Bertrand, 2020; Jabre et
al., 2021; Aflenzer et al., 2023). In particular, studies using
natural phytoplankton communities are scarce (Rose et al.,
2009; Jabre et al., 2021) and are concentrated on Ross Sea
phytoplankton with relatively large temperature increases (3
to 6 °C). Hence, more insight into how phytoplankton from
other regional Antarctic seas respond to the warming pro-
jected by the year ∼ 2100 (Meredith et al., 2019) is needed.

The Weddell Sea is one of the key areas of dense Antarc-
tic bottom-water formation (Fahrbach et al., 2004) and plays
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an important role in the global thermohaline circulation.
The subpolar cyclonic Weddell Gyre circulating in the Wed-
dell Sea basin isolates the centre of the Weddell Sea from
marginal Fe sources such as melt or sediments, whilst the
currents on the edges of the gyre have the potential to
pick up Fe from a variety of sources, such as the seafloor,
bathymetry-driven mixing with deeper water masses, and
sources associated with ice melt (Klunder et al., 2014; Sieber
et al., 2021; Tian, 2024). Generally, the Weddell Sea has rela-
tively low primary productivity, associated with Fe limitation
in the centre of the gyre (Hoppema et al., 2007; Klunder et
al., 2014). In contrast, the western Amundsen Sea, specifi-
cally the Amundsen Sea Polynya (ASP), is known as one of
the most productive regions in the Southern Ocean in terms
of net primary production per net area (Arrigo and van Di-
jken, 2003). Additionally, this region (ASP) is characterized
by a fast thinning of ice sheets, shelf ice and glaciers, with
associated input of Fe required to sustain the high levels of
primary productivity (e.g. Gerringa et al., 2012; van Manen
et al., 2022). Nevertheless, phytoplankton in the ASP could
still be stimulated by additional Fe input (Alderkamp et al.,
2015).

The aim of the current study is to examine the concurrent
effects of Fe supply and warming on Antarctic phytoplankton
communities from the Weddell Sea and the Amundsen Sea
under controlled trace-metal-clean conditions. Given the nat-
urally low dissolved Fe (dFe) concentrations in the Southern
Ocean, trace-metal-clean conditions are crucial to avoid con-
founding Fe effects when studying temperature alone (Mid-
dag et al., 2023). Our bioassay treatments comprised a full
factorial combination of dFe and temperature increases. The
temperature was enhanced by 2 °C, based on forecasts from
an IPCC report (Meredith et al., 2019). Whilst the Amund-
sen Sea has already shown a warming trend over the past
years (Gómez-Valdivia et al., 2023; Drijfhout et al., 2024),
the surface waters of the Weddell Sea have not (yet) shown
a clear increasing temperature trend, but underlying waters
are warming (Strass et al., 2020), and local temperature in-
creases due to upwelling of warm deep water have been ob-
served (Darelius et al., 2023; Teske et al., 2024). The con-
centration of dFe in the Fe-addition treatments (F and TF)
was increased by 2 nM. Future Fe concentrations are highly
uncertain (Hutchins and Boyd, 2016; Tagliabue et al., 2016;
Ryan-Keogh et al., 2023) and not necessarily linked to the
bioavailability of Fe (Van Manen et al., 2022; Fourquez et
al., 2023), but previous experiments in the Southern Ocean
have shown that such an addition represents (temporarily)
Fe-replete conditions (De Baar et al., 2005). Moreover, in-
creased Fe availability in the Southern Ocean could have a
far-reaching impact, leading to increased nutrient consump-
tion and consequently reducing nutrient transfer to lower lat-
itudes where primary production is fuelled by these nutrients
(Primeau et al., 2013; Moore et al., 2018). By integrating
biological and trace metal chemistry analyses within large-
volume (20 L Cubitainers), trace-metal-clean experiments,

Figure 1. Location of the four bioassay experiments: bioassays A1
and A2 were performed in the Amundsen Sea and W1 and W2 in
the Weddell Sea (image obtained from NASA Worldview).

we aim to provide a clearer understanding of future changes
in phytoplankton growth patterns and the implications for the
Southern Ocean’s role in global climate regulation.

2 Material and methods

2.1 Location and sampling

Natural seawater for the bioassays was collected during re-
search expeditions (Fig. 1) in the Amundsen Sea (bioas-
says A1 and A2, R/V Araon, ANA08B, 2017/18) and in
the Weddell Sea (bioassays W1 and W2, R/V Polarstern
(Alfred-Wegener-Institut Helmholtz-Zentrum für Polar- und
Meeresforschung, 2017), PS117, 2018/19) in austral summer
(December–February).

Seawater was sampled at the autofluorescence maximum
(36 m for A2 and 20 m for both W1 and W2), except for
bioassay A1, which did not show an autofluorescence maxi-
mum and was sampled at the mid-mixed-layer depth (15 m).
Water for each bioassay was collected in a single deploy-
ment of the Royal Netherlands Institute for Sea Research
(NIOZ) Titan ultraclean CTD sampling system for trace met-
als (De Baar et al., 2008), mounted with PRISTINE large-
volume samplers (Rijkenberg et al., 2015). To prevent light
shock for the phytoplankton, the original polyvinylidene flu-
oride (PVDF) PRISTINE samplers were replaced by a light-
proof polypropylene version. Salinity (conductivity), tem-
perature, fluorescence, depth (pressure) and oxygen were
measured with a CTD instrument (Sea-Bird SBE 911plus)
mounted on the trace-metal-clean sampling system (De Baar
et al., 2008). To avoid contamination, further processing was
performed under trace-metal-clean, dimmed-light conditions
and at 2 °C in a clean-room environment inside a modified
high-cube shipping container which fits the Titan sampling
system. During transport on deck, Cubitainers were covered
with black light-proof bags to avoid light stress.
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Water for Amundsen Sea bioassay A1 was sampled from
the middle of the ASP, and for bioassay A2 it was sampled in
the marginal sea ice zone just outside of the ASP. Both W1
and W2 were performed with water from the eastern Wed-
dell Sea. The Amundsen Sea bioassays A1 and A2 ran for
6 d (25 to 31 January and 31 January to 6 February 2018,
respectively), whilst the Weddell Sea bioassays W1 and W2
ran for 8 d (28 December 2018 to 5 January and 9 to 17 Jan-
uary 2019, respectively; see Fig. S1 in the Supplement for
regional Chl a concentrations at the start of bioassay incuba-
tions and Fig. S2 for station depth profiles). Amundsen Sea
bioassays were thus initiated towards the end of the reported
bloom period (Arrigo et al., 2012), whilst Weddell Sea bioas-
says were initiated during the start of the bloom period (von
Berg et al., 2020).

2.2 Bioassay incubation set-up

Incubations were performed in custom-built deck incubators
(see the Supplement, “Bioassay set-up”, for more informa-
tion). Collapsible 20 L Cubitainers (LDPE with PP caps and
fitted with PE faucets; Cole-Parmer, IL, USA) were used.
These were soap-cleaned and HCl-cleaned (1 M) prior to the
expeditions and stored with full surface contact in 0.024 M
HCl (VWR NORMATOM ultrapure, Avantor, Radnor, PA,
USA) for at least 2 months. Before use, Cubitainers were
rinsed five times with ambient seawater. The natural seawater
for the actual incubations was distributed randomly to the to-
tal of 12 Cubitainers, which were then randomly assigned to
the different treatments. Trace-metal-clean conditions were
maintained during all sampling and sample handling.

The bioassay treatments (performed in triplicate) were
in situ conditions (control, C), +2 nM dFe (as FeCl3) addi-
tion (F),+2 °C temperature increase (T), and+2 nM dFe ad-
dition and+2 °C temperature increase (TF). For the Amund-
sen Sea bioassays, a natural isotopic composition (natural
dFe) was used for the dFe addition, whilst d57Fe was used
in the Weddell Sea bioassays. This practice was adopted to
better differentiate the added Fe from the naturally present
Fe, as we noticed that the dFe concentration in Fe-amended
Amundsen Sea bioassays quickly returned to background
concentrations (see Sect. 3.1). Measuring Fe with a natural
isotopic composition at these low concentrations is still a
challenge, especially when combined with inherent variabil-
ity between replicates. After several days it became impos-
sible to distinguish the Fe-amended and non-amended treat-
ments in Amundsen Sea bioassays based on their natural dFe
concentration (see Sect. 3.1). The variation in natural dFe
expected between Fe-amended and non-amended treatments
despite precipitation and uptake was hidden in the analyt-
ical and environmental variability. For Weddell Sea bioas-
says, we thus decided to add 57Fe, a rare (2.12 % abundance
vs. 91.75 % for 56Fe) natural isotope of Fe. Given its low nat-
ural abundance, 57Fe is not nearly as sensitive to analytical
and replicate variation, as such variation is insignificant rela-

tive to the addition, allowing better insight into Fe drawdown
over the course of the experiments.

Average starting concentrations of dFe in the Fe-addition
treatments ranged from 2.03 to 2.28 nM for both Weddell Sea
and Amundsen Sea bioassays. Temperatures in the T and
TF treatments were 1.4, 0.4, 1.7 and 1 °C for A1, A2, W1
and W2, respectively (see Table 1 for an overview of start-
ing conditions in all treatments). One replicate of the con-
trol treatment in bioassay W1 started leaking during the in-
cubation and was thus not sampled from day 4 onwards. For
bioassay W2, the in situ temperature of −1.4 °C could not
be maintained due to the very sunny weather, resulting in an
increase of 0.4 °C for all treatments. Final incubation tem-
peratures were −1.0 °C in the control (C) and Fe-only (F)
treatment and 1 °C (instead of 0.6 °C) in the T and TF treat-
ments. This temperature adjustment was done slowly over
the course of 24 h on the second day of the incubation. More
details about the set-up can be found in the Supplement data
(Fig. S3 showing the bioassay set-up). Over the course of the
incubation period, temperatures were kept constant, with a
maximum temperature fluctuation of ± 0.3 °C.

For Amundsen Sea bioassays, light levels were chosen to
mimic in situ conditions, but noting the low-light conditions
during these incubations (ca. 3 % of in-air photoactive ra-
diation, PAR, i.e. average 3.4 and 1.5 µmol quanta m−2 s−1

for A1 and A2 over the course of incubation), we opted for
non-limiting light conditions (Bertrand et al., 2011) for the
(later-performed) bioassays of the Weddell Sea (ca. 12 % of
in-air PAR, i.e. average 69 and 100 µmol quanta m−2 s−1 for
W1 and W2 over the course of incubation). The percent-
ages and values reported refer to approximate light condi-
tions within Cubitainers. Light levels were adapted using
neutral density screens. Samples for dissolved and particu-
late metals, Chl a, pigment-based taxonomic analyses, par-
ticulate organic carbon (POC), particulate organic nitrogen
(PON), and particulate organic phosphate (POP) were taken
before filling of the Cubitainers at the start of the bioassay
incubations (t0) and at the end of the incubations after 6 d
(Amundsen Sea) or 8 d (Weddell Sea) (difference in dura-
tion due to logistical constraints). Samples for phytoplankton
photosynthetic efficiency (Fv/Fm) and phytoplankton abun-
dances were taken at least every other day. Macronutrients
were measured on board at least every other day to screen
for potential macronutrient limitation.

2.3 Set-up verification

To test for potential Fe contamination, three Cubitainers
were filled with ultrapure (UP) water and handled and sub-
sampled using the same methods and frequency as the
treatments. Subsamples for dFe analysis were taken at the
start (0.08± 0.04 nM) and after 3 d (0.07± 0.04 nM) and 6 d
(0.06± 0.04 nM). Concentrations of dFe stayed consistently
low, suggesting minimal or no contamination. We also tested
whether added dFe stayed in solution or adsorbed to the Cu-
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Table 1. Characteristics of the seawater used for the bioassay experiments. Lat. denotes latitude, Long. denotes longitude, Temp. denotes tem-
perature, Si denotes silicate, PO4 denotes phosphate, NOx denotes nitrate+ nitrite, dFe denotes dissolved iron, Chl a denotes chlorophyll a,
Phyto denotes total flow-cytometry-based phytoplankton abundances, Fv/Fm denotes the photosynthetic capacity of the total phytoplankton
and r.u. denotes relative unit. The reported irradiance is the average irradiance at the sampling depth on the day of sampling.

Bioassay Station Lat. Long. Temp. Salinity Irradiance Si
(° S) (° W) (°C) (psu) (µmol quanta m2 s−1) (µM)

A1 31 73.50 116.50 −0.6 33.99 5.0 77.9
A2 52 72.00 118.42 −1.6 33.89 3.1 77.5
W1 17 65.00 000.00 −0.3 33.90 17.7 58.3
W2 36 70.08 011.08 −1.4 33.82 97.6 71.8

Bioassay PO4 NOx dFe total Chl a < 20 µm Chl a Phyto Fv/Fm
(µM) (µM) (nM) (µg L−1) (%) (× 103 mL−1) (r.u.)

A1 1.8 24.3 0.28 3.0 42 8.4 0.6
A2 2.0 28.2 0.10 0.4 98 7.1 0.6
W1 1.6 24.0 0.05 1.5 24 5.6 0.3
W2 1.9 27.9 0.03 0.6 65 4.4 0.3

bitainer walls, and we found a slow gradual decrease over
the first few days in dFe concentrations after addition to UP
water that we attribute to precipitation and wall adsorption
(Table S1). During our experiments, the concentrations of
added dFe decreased more rapidly, whereas the dFe concen-
trations in the non-Fe treatments, as well as the non-added
form of dFe in Fe treatments (d57Fe for Amundsen Sea and
natural dFe for Weddell Sea bioassays), stayed low and rel-
atively constant over time. Since phytoplankton grew in all
treatments, the faster decrease in added dFe was likely due
to uptake and sorption onto (biogenic) particles rather than
precipitation to the Cubitainer walls. Low traceable amounts
of d57Fe during the second half of the incubations in W1 and
W2 suggested that the initial decrease in dFe concentrations
did not correspond to permanent removal from the bioavail-
able Fe pool (e.g. due to absorption; Jensen et al., 2020) but
instead buffered the dissolved pool (as suggested for natural
settings with exchange between the (labile) particulate iron
(pFe) and dFe pools; Van Manen et al., 2022) or that most of
the added dFe was taken up by phytoplankton as rapid luxury
uptake during the first days of an experiment (Lampe et al.,
2018).

2.4 Macronutrients

During the Amundsen Sea bioassays, dissolved macronutri-
ents were measured on board following Jeon et al. (2021)
according to the Joint Global Ocean Flux Study (JGOFS)
protocols (Gordon et al., 1993) using a four-channel auto-
analyser (QuAAtro, Seal Analytical, Norderstedt, Ger-
many). Measurement precision values were ± 0.02, ± 0.28
and ± 0.14 µM for phosphate, silicate and nitrogen (ni-
trate+ nitrite), respectively (Jeon et al., 2021). For Wed-
dell Sea bioassays, samples for nitrate, nitrite, phosphate and
silicate were measured following the method described by

Gerringa et al. (2019). Measurement precision values were
± 0.01, ± 0.31 and ± 0.04 µM for phosphate, silicate and ni-
trogen (nitrate + nitrite), respectively.

2.5 Dissolved and particulate metals

Cubitainers were subsampled for dFe as well as other dis-
solved trace metals (dMn, dCo, dCu, dNi, dZn, dCd) using
a 0.2 µm Sartobran 300 filter cartridge (Sartorius AG, Göt-
tingen, Germany) for bioassays A1 and A2 and pre-acid-
cleaned 0.2 µm AcroPak filter cartridges (Cytiva, Marlbor-
ough, MA, USA) for W1 and W2. Filters were fitted to an
UP-cleaned vented PE faucet attached to the Cubitainer with
HCl-acid-cleaned (1.5 M) silicon tubing. Filtered samples
were taken by applying pressure to the Cubitainer. Differ-
ent filters were used for Fe-replete and Fe-deplete treatments,
and filters were replaced between experiments. The dissolved
trace metal samples were collected in acid-cleaned 125 mL
LDPE bottles following GEOTRACES protocols (Cutter et
al., 2017) and directly acidified by adding ultrapure HCl
(Baseline® HCl; Seastar Chemicals Inc, Sidney, Canada),
resulting in a concentration of 0.024 M with a final pH of
∼ 1.8. Samples were stored until analysis at NIOZ. Trace
metal samples were prepared and analysed following van
Manen et al. (2022) and references within. In short, trace
metal samples were preconcentrated using a seaFAST pre-
concentration system (ESI). Blank contributions from sam-
ple handling, preconcentration and analysis steps were deter-
mined by analysing acidified Milli-Q (MQ) water (∼ pH 1.8)
prepared in the same way as real samples.

For particulate trace metals (pFe, pMn, pCo, pCu, pZn,
pCd, pAl) and POP, 25 mm polyethersulfone (PES) disc fil-
ters (0.45 µm Pall Supor, Port Washington, NY, USA) and
polypropylene filter holders (Advantec, Cole-Parmer, Vernon
Hills, IL, USA) were used, following the protocol adapted
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by van Manen et al. (2022) with one additional step: sam-
ples were soaked for at least 30 min in oxalate–EDTA (0.75
and 5.5 M, respectively) in a 10 L carboy (VWR Collection;
Avantor, Radnor, PA, USA) to remove all trace metals out-
side or adsorbed to phytoplankton cell walls (modified af-
ter Hassler and Schoemann, 2009) and subsequently filtered.
The EDTA oxalic acid wash used on particulate samples
prior to filtration should effectively remove surface-bound
metals, also minimizing the authigenic Fe fraction. Due to
time limitations, samples for particulate metals were only
taken during experiments A1, W1 and W2. After filtration,
which happened at the end of the experiments, filters were
stored frozen at−20 °C until analysis. In the NIOZ lab, filters
were treated with two successive digestion steps to determine
the total particulate fraction. All vials used in the digestion
procedures were rigorously cleaned with HF and HCl before-
hand and rinsed with UP water. Filters were subjected to a
leach consisting of 1.8 mL of 4.35 M (25 %) distilled acetic
acid that has been sub-boiled twice and 0.02 M (2 %) hydrox-
ylamine hydrochloride (99.999 % trace metal basis, Sigma-
Aldrich, St Louis, MO, USA). Subsequently, filters were di-
gested following the total digestion protocol developed by
Cullen and Sherrell (1999) and modified by Planquette and
Sherrell (2012). A volume of 2 mL of distilled 8.0 M (50 %)
HNO3 that had been sub-boiled three times (VWR Chem-
icals – AnalaR NORMAPUR, Avantor, Radnor, PA, USA)
and 2.9 M (10 %) HF (Merck – Supelco, Kenilworth, NJ,
USA) was added. The vials were closed tightly and refluxed
for 4 h at 110 °C. The solution was then transferred to a sec-
ondary Teflon vial and were then heated to near dryness at
110 °C. A 1 mL volume of 8.0 M (50 %) distilled HNO3 that
had been sub-boiled three times (VWR Chemicals – AnalaR
NORMAPUR, Avantor, Radnor, PA, USA) and 15 % H2O2
(Merck – Suprapur, Kenilworth, NJ, USA) was added to the
dried vial contents. The vials were refluxed for 1 h at 110 °C
and subsequently cooled to room temperature. Addition of
reagents and refluxing were repeated once. After this rep-
etition, the vials were heated to near dryness at 110 °C. The
samples were re-dissolved in 2 mL 1.5 % distilled HNO3 that
has been sub-boiled three times with 10 ppb Rh as the inter-
nal standard and were transferred to 2 mL Cryovials® (VWR
Chemicals, Avantor, Radnor, PA, USA) for storage and anal-
ysis.

The lithogenic fraction and concentration of pFe and other
particulate metals discussed were determined by assessing
the ratio between the particulate metal of interest and par-
ticulate aluminium (pAl), assuming all pAl originates from
crustal material using the approach described in more detail
in van Manen et al. (2022). For example, we use the observed
pFe / pAl ratio in the samples and the known crustal ratio of
0.21 mol mol−1 (Taylor and McLennan, 1985) to calculate
the lithogenic pFe fraction and concentration.

2.6 ICP-MS trace metal measurements and particulate
organic phosphorous

Dissolved trace metal samples were preconcentrated using a
seaFAST preconcentration system (ESI) using two loops of
10 mL and were eluted into 350 µL elution acid (1.5 M Teflon
distilled HNO3 with rhodium as the internal standard), which
gives a preconcentration factor of 57.14 (see van Manen et
al., 2022). Dissolved trace metal samples, blanks (Table S2)
and references (Table S3) were analysed by inductively cou-
pled plasma mass spectrometry (ICP-MS; Thermo Scientific
sector field high-resolution Element 2, Thermo Fisher Sci-
entific, Waltham, MA, USA). Blank values were much lower
than the analysed samples, and reference results were in good
agreement with certified values.

For the particulate samples, including POP, the procedure
blanks without a filter were treated identically to the samples,
except for the steps involving filter handling and the removal
of the filter from the filter holders. Therefore, the vial blank
is included in this reagent blank. Filter blanks consisted of
unused acid-cleaned PES disc filters (Table S4).

The accuracy and precision of the digestions were assessed
by certified reference materials (CRMs). There is no CRM
available for marine suspended particulate matter; therefore
accuracy could only be approximated by analysis of other
available CRMs. PACS-2 and MESS-3 (marine sediments,
National Research Council of Canada) were analysed. For
each CRM, 10–30 mg was digested, whilst recommended
sample weights are 250 mg for PACS-2 and MESS-3. The
lower sample weights in this study were chosen to be repre-
sentative of actual concentrations of marine suspended par-
ticulate matter (similarly to in Ohnemus et al., 2014). PACS-
2 and MESS-3 were only subjected to the total digestion (Ta-
ble S5). The CRMs were in good agreement with the certified
values.

2.7 Particulate organic carbon and nitrogen

For POC and PON sampling, 1 L of unfiltered seawater was
collected from each Cubitainer and stored in dark bottles
(Nalgene, Rochester, NY, USA) at 1 °C until further process-
ing (within 4 h of sampling). Filtration was then performed
using combusted (4 h at 500 °C; Verardo et al., 1990) 0.3 µm
25 mm GF75 filters (Whatman, Cytiva, Maidstone, UK) un-
der modest pressure (max 200 mbar). Filters were folded
once, packed in aluminium foil and stored frozen (−20 °C)
until analysis. The POC and PON concentrations were mea-
sured using a Thermo Interscience Flash EA 1112 series el-
emental analyser (Thermo Scientific, Waltham, MA, USA)
with excess oxygen at 900 °C and with a detection limit of
100 ppm and a precision of 0.3 % (Verardo et al., 1990). Be-
fore analysis, GF75 filters were folded and packed into a tin
cup. The instrument blank is included by the analyser calibra-
tion. The carbon and nitrogen contents of samples and blanks
were computed according to the results of the standard mea-
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surements, and the blank was subtracted from the sample.
Acetanilide (C8H9NO) with 71.09 % C and 10.36 % N (Ther-
moQuest, Milan, Italy) was measured as the standard mate-
rial, and silty and sandy soil standards from Elemental Mi-
croanalysis were measured as an internal reference.

2.8 Phytoplankton photosynthetic efficiency

Fv/Fm was determined in a WATER-K quartz cu-
vette (3.5 mL) using pulse-amplitude-modulated fluorome-
try (Heinz Walz WATER-PAM, with Red LED WATER-ED
cuvette version S/N EDEE0196, Heinz Walz GmbH, Effel-
trich, Germany). Samples were kept in 50 mL Greiner tubes
(Thermo Fisher Scientific, Waltham, MA, USA) in the cold
(stored in a cool box on ice) and in the dark for dark adap-
tation (15 min up to occasionally 4 h). Acclimation times of
up to 4 h did not affect the photosynthetic efficiency of dif-
ferent phytoplankton (Louis Peperzak, personal communica-
tion, 2018; Eich et al., 2021). The measuring light frequency
used was set to level 5 (25 Hz) with an intensity of 8, the
saturation pulse width was set to 0.8 s, and the far-red pulse
width was set to 10 s with intensities of 10 and 6 each. The
cuvette was rinsed with ultrapure (UP) water between sam-
ples, which was removed by shaking the cuvette and placing
it upside down on lint-free paper towels to remove any re-
maining droplets (testing technical replicates did not show
a significant effect of UP rinsing; non-parametric Kruskal–
Wallis ANOVA, p = 0.95). The relative fluorescence yield
(Ft ) values were kept between 100 and 1000 by adjusting the
photomultiplier (PM) gain. Blanking was done for each sta-
tion and/or bioassay using 0.2 µm filtered seawater (Cullen
and Davis, 2003) from the respective stations and was re-
peated after PM-gain adjustment when needed. The follow-
ing formula was used to obtain the photosynthetic efficiency:
Fv/Fm = (Fm−F0)/Fm, with F0 being the minimum fluo-
rescence and Fm being the maximum fluorescence.

2.9 Chlorophyll a concentration and pigment-based
taxonomic analyses

Samples (0.54–2.65 L) for Chl a concentrations and
pigment-based community composition were filtered within
30 min of subsampling (kept on ice and in the dark) on GF/F
glass fibre filters (25 mm diameter, Whatman, Cytiva, Marl-
borough, MA, USA) using a vacuum pump (max 200 mbar)
until filters showed clear colouring. Samples were taken for
total Chl a concentration as well as a < 20 µm fraction for
better compatibility with phytoplankton community mea-
surements by flow cytometry. For the< 20 µm fraction, natu-
ral seawater was reverse-sieved through a 20 µm mesh before
filtration onto a GF/F filter. Due to low sample volume avail-
ability at bioassay A2, the same amount of water from all
replicates was combined for both total and < 20 µm Chl a
samples, resulting in one averaged value for each treatment.
Filters were folded once and double-wrapped in aluminium

foil, flash-frozen in liquid nitrogen, and stored at −80 °C
until further analysis in the home lab. Pigments were dis-
solved in 90 % acetone from the freeze-dried filters accord-
ing to Van Leeuwe et al. (2006), and high-performance liquid
chromatography (HPLC) pigment separation was performed
(ZORBAX Eclipse XDB-C8 column, 3.5 µm particle size)
according to Van Heukelem and Thomas (2001). Detection
of pigments was based on both the retention time and diode
array spectroscopy of standards (346 nm, Waters 996), and
quantification was based on calibration curves using those
standards (DHI LAB standards). Phytoplankton community
composition was determined using CHEMTAX version 1.95
(Mackey et al., 1996), following Selz et al. (2018). For the
final pigment ratios, see Table S6.

2.10 Phytoplankton and bacterial abundances
(< 20 µm)

Phytoplankton cell abundances (< 20 µm) were obtained us-
ing a 488 nm argon laser benchtop Becton, Dickinson and
Company FACSCalibur (BD Biosciences, Franklin Lakes,
NJ, USA) flow cytometer with the trigger set on red
Chl a autofluorescence (Marie et al., 1999). The phyto-
plankton samples from the Amundsen Sea bioassays were
measured freshly within 30 min of sampling (stored on
ice); the Weddell Sea bioassay phytoplankton samples were
fixed for 15–30 min with 100 µL formaldehyde–hexamine
(18 % v/v : 10 % v/v) at 4 °C, flash-frozen in liquid nitrogen
and stored at −80 °C until analysis in the home lab. Phyto-
plankton populations were differentiated based on their red
autofluorescence and side scatter, using FCS Express 5 (De
Novo Software, Pasadena, CA, USA). Freshly counted sam-
ples resulted in gating comparable to that of the fixed samples
(tested for Amundsen Sea samples).

A total of 25 populations were distinguished (Table S7),
whereby not all populations occurred in both seas and all
bioassays. Average cell diameters were determined by size
fractionation, i.e. serial gravity filtration through 20, 10, 8,
5, 3, 2, 1, 0.8 and 0.6 µm PC filters (Whatman, Cytiva,
USA, Marlborough, MA, USA) using a reusable filter holder
(Whatman, Cytiva, Marlborough, MA, USA) and a plastic
syringe. The numbers of cells retained by each filter per dis-
criminated population were plotted against the respective fil-
ter size. The average cell diameters were defined as the size
where 50 % of the original number of cells was retained,
based on the fit of a sigmoidal plot (Veldhuis and Kraay,
2004). Phyto 5, Phyto 6, Phyto 7, Phyto 11, Phyto 12 and
Phyto 14 (with “Phyto” and a numeral denoting phytoplank-
ton population groups) were cryptophytes that were identi-
fied by their orange phycoerythrin autofluorescence. Based
on earlier work (Biggs et al., 2019), we consider phytoplank-
ton populations Phyto 20 and Phyto 22 to Phyto 25 to be di-
atoms and Phyto 8 to be Phaeocystis antarctica by compar-
ing the red autofluorescence and side-scatter pattern of the
respective phytoplankton groups. The latter was confirmed
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during the Amundsen Sea expedition when we selectively
collected Phaeocystis colonies and analysed them freshly
on board after gentle shaking (to break up the colonies).
Phytoplankton carbon was estimated based on the cell vol-
ume of phytoplankton, assuming spherical cells, and using
237 fg C µm−3 for picophytoplankton populations Phyto 1 to
Phyto 6 and 196.5 fg C µm−3 for nanophytoplankton popu-
lations Phyto 7 to Phyto 25 (Garrison et al., 2000; Worden
et al., 2004). Phytoplankton net growth rates were calcu-
lated using exponential trend lines. For total abundances, the
full incubation period was taken into account (i.e. days 1–
6 for Amundsen Sea and days 2–8 for Weddell Sea bioas-
says). Starting abundances were taken prior to filling of the
Cubitainers and hence were not taken into account. For the
phytoplankton-group-specific rates, only those time points
(at least three but most often four to five time points) with
a consecutive increase in abundances were selected.

Samples for bacterial abundances were fixed with EM-
grade glutaraldehyde (0.5 % final concentration; Sigma-
Aldrich, Zwijndrecht, the Netherlands), flash-frozen in liq-
uid nitrogen and stored at −80 °C until analysis using flow
cytometry (Marie et al., 1999). Bacterial carbon concentra-
tions were calculated assuming 12.4 fg C per cell (Fukuda et
al., 1998).

2.11 Statistical analyses

All statistical analyses were performed using R (R Core
Team, 2021). Plots were made using ggplot2 (Wickham,
2016). To detect differences in phytoplankton community
composition between treatments, an analysis of similari-
ties (ANOSIM) was performed (vegan library, using Bray–
Curtis dissimilarity with 9999 permutations). When a signif-
icant difference (p< 0.05) was detected, an indicator species
analysis (vegan library, function r.g. with 9999 permuta-
tions) was used as a follow-up analysis to see which phyto-
plankton groups differed between treatments. This was done
for both flow-cytometry-based abundances and pigment-
based taxonomic group composition, using relative values,
normalized against total Chl a for pigment-based commu-
nity composition and total phytoplankton abundance for
both pigment-based and flow-cytometry-based phytoplank-
ton groups. For the indicator species analysis (indicspecies
library; De Cáceres and Legendre, 2009), p values are re-
ported. A Scheirer–Ray–Hare test (non-parametric ANOVA-
like test, rcompanion library; Mangiafico, 2023) was per-
formed to determine the significance of Fe addition and tem-
perature increase, as well as potential interaction effects, on
the respective response variable measured. The test was per-
formed for data of the last day of the incubation, since effects
were usually strongest then, and some variables were only
sampled at the beginning and the end of the experiment (day
6 for A1 and A2, day 8 for W1 and W2). We manually cal-
culated eta-squared (η2, amount of variance explained; the
higher the value, the larger the effect) by dividing the sum

of squares of the effect of interest (i.e. iron addition, tem-
perature increase and the interaction between these two) by
the total sum of squares. η2 is provided when temperature in-
crease, iron addition and/or the interaction between both was
found to be significant. Since we wanted to look at the over-
all effect of Fe addition, temperature increase and potential
interaction effects on total phytoplankton abundances based
on flow cytometry, we additionally applied a generalized lin-
ear model (GLM, emmeans library; Lenth, 2024), assuming
a quasi-Poisson distribution in combination with a log-link
function, including the bioassay as well as the day number
as factors without interaction and including an interaction
term for the Fe and temperature treatment. For the GLM, the
data of all bioassays and all time points (excluding day 0)
were combined. The formula for the GLM was total phy-
toplankton abundances ∼Fe treatment× temperature treat-
ment+ bioassay+ day number. Statistical results are only re-
ported for variables where more than one replicate was avail-
able. We also performed an NMDS (non-metric multidimen-
sional scaling, vegan library) analysis based on phytoplank-
ton abundances using the vegan library with Bray–Curtis dis-
similarity (seed set to 123). A significance level of p< 0.05
was used. Where applicable, the mean± standard deviation
is reported, unless stated otherwise. All statistical results are
reported in the Supplement (Tables S9–S20).

3 Results

3.1 Sample site characteristics

The in situ temperature was below 0 °C for all bioas-
says, with the lowest values for Amundsen Sea bioassay
A2 and Weddell Sea bioassay W2 (−1.6 and −1.4 °C,
respectively, compared to −0.6 and −0.3 °C for A1 and
W1, respectively). The daily average irradiance at sam-
pling depth on the day of sampling was lowest for A1
and A2, i.e. < 6 µmol quanta m−2 s−1, compared to 18 and
98 µmol quanta m−2 s−1 for W1 and W2. Dissolved inor-
ganic macronutrient concentrations were relatively compa-
rable between bioassays, except the silicate concentration in
W1 being ∼ 20 µM lower than for the other bioassays (but
still far from limiting). Initial dFe concentrations in the Wed-
dell Sea were lower compared to the Amundsen Sea (Ta-
ble 1), as were dMn concentrations (Fig. 2). Bioassay A1 had
the highest Chl a concentrations (sampled within the ASP),
followed by W1. Both bioassays also had the highest share
of> 20 µm Chl a. The Chl a concentration of A2 was almost
exclusively made up of < 20 µm sized phytoplankton (98 %
of total Chl a, Table 1). Flow-cytometry-derived phytoplank-
ton abundances were highest for the Amundsen bioassays.
The photosynthetic efficiency Fv/Fm at the start of the incu-
bations was 2-fold lower for the Weddell Sea bioassays com-
pared to the Amundsen Sea bioassays (i.e. 0.3 vs. 0.6 r.u.,
respectively). The station for bioassay W2 was closest to the
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coast, followed by A1, A2 and W1; however distance to land
did not seem to have a major impact on either phytoplankton
community composition or nutrient concentrations.

3.2 Nutrient dynamics

Bioassay treatments without Fe addition (C and T) started at
naturally low dFe concentrations (0.28± 0.16, 0.10± 0.02,
0.05± 0.03 and 0.03± 0.01 nM natural dFe for bioassays
A1, A2, W1 and W2, respectively) and stayed within these
ranges. The Fe-addition treatments (F and TF) showed a
rapid (and overall comparable) drawdown of the added Fe
(natural Fe for A1 and A2 – Fig. 2a, b; d57Fe for W1 and
W2 – Fig. 2e, f) in all bioassays, regardless of its isotopic
composition. The dFe concentrations in F and TF treat-
ments (0.29± 0.07 nM) at the end of the bioassays were
comparable to concentrations in non-Fe-addition treatments
(0.28± 0.14 nM, Table S8) for bioassay A1, which was rel-
atively high in Chl a. In contrast, bioassay A2 had the most
dFe left at the end of the incubation (0.80± 0.46 nM for F
and TF, compared to 0.11± 0.04 nM for C and T), which
concurs with the low starting Chl a concentration and irra-
diance intensity. However, since the average dFe concentra-
tion in Fe-amended treatments was lower (0.65± 0.10 nM)
in the middle of the incubation period (day 3; see Fig. 2b),
we cannot rule out potential contamination during sampling
as a reason for the higher dFe concentrations, notably in
the F treatment. For the Weddell Sea bioassays, d57Fe in F
and TF treatments declined rapidly with low final concen-
trations (0.14± 0.03 and 0.31± 0.17 nM for W1 and W2,
respectively) compared to the non-Fe-addition treatments
(0.01± 0.01 nM d57Fe and below the detection limit for W1
and W2, respectively). Other trace metals were also mea-
sured, and dissolved manganese (dMn) drawdown did not
differ between treatments (Fig. 2g–j). However, the starting
concentrations of dMn were low for W1 and W2 (0.06± 0.03
and 0.19, SD< 0.01 nM, compared to 0.76, SD< 0.01, and
1.16± 0.01 nM for A1 and A2, respectively).

The dissolved inorganic macronutrients were not limit-
ing phytoplankton growth during the bioassays. Final con-
centrations were at least 7.2, 0.3 and 37 µM in all bioas-
says for nitrogen, phosphate and silicate, respectively (Sup-
plement, Fig. S4). Still, there was discernible drawdown of
macronutrients by the microbial community during the in-
cubations, except for Amundsen Sea bioassay A2 (Supple-
ment, Tables S10 and S21). Fe addition (both F and TF treat-
ments) had a significant impact on phosphorous drawdown
for bioassays A1, W1 and W2 (p< 0.05, η2: 0.53, 0.76 and
0.76 for A1, W1 and W2, respectively, with final phospho-
rous concentrations being on average 0.45 µM lower for Fe-
addition treatments compared to C) and on nitrogen draw-
down for bioassays W1 and W2 (p< 0.004 and η2 over 0.75,
with final nitrogen concentrations being on average 9.8 µM
lower for Fe-addition treatments compared to C). The TF
treatment showed stronger drawdowns, especially for Wed-

dell Sea bioassays W1 and W2 (average 0.7-fold change be-
tween TF and F treatments for both phosphorus and nitro-
gen); however there was no significant interaction effect be-
tween temperature increase and Fe addition. In contrast, sil-
icate acid concentrations at the end of the incubation period
were impacted by the increase in temperature for bioassays
A1, A2 and W2 (p< 0.02 and η2 is 0.76 for A1 and W2
and 0.52 for A2; p= 0.06 and η2 is 0.32 for bioassay W1),
with T treatments showing on average a 2.4 µM lower sil-
icate concentration compared to the control. Only bioassay
W1 showed an effect of Fe addition on silicate drawdown
(p = 0.02 and η2 is 0.52), resulting in the TF treatment show-
ing the lowest concentrations on the last day of the incuba-
tions (0.8-fold change compared to the control and 0.9-fold
change compared to both the T and the F treatments). The ra-
tios of silicate drawdown to nitrogen and to phosphorus were
higher in W1 than in W2 (i.e. 1.4 and 18.3 in W1 and 0.7 and
10.5 in W2). Moreover, when dFe was added, the drawdown
in these ratios was lower in bioassays A1, W1 and W2 com-
pared to non-Fe treatments (0.86 and 1.02 Si : N and 11.3 and
12.5 Si : P for Fe and non-Fe treatments, respectively, Table
S10).

Particulate Fe concentrations (natural pFe for A1, p57Fe
for W1 and W2) increased over time for the Fe-addition treat-
ments (Table S21 metadata, Table S8) in all bioassays ex-
amined (excluding A2 as particulate metals were not mea-
sured there), and pFe concentrations on the last day of incu-
bations were (positively) impacted by Fe addition (p ≤ 0.01
and η2

≥ 0.73 for A1, W1 and W2; final concentrations
were 8.01± 0.83, 1.09± 0.10 and 0.89± 0.33 nM for Fe-
addition treatments and 4.40± 0.21; 0.08± 0.02; and 0.09,
SD< 0.01 nM, for treatments without Fe addition for A1,
W1 and W2, respectively).

To examine potential differences in phytoplankton trace
metal stoichiometry in response to Fe addition and/or warm-
ing, we calculated the ratio of pFe and other trace metals
(pMn, pZn, pCd and pCu) to POP concentrations (Fig. 3, Ta-
ble S21). The initial lithogenic fraction of particulate trace
metals was on average 60 % in the Amundsen Sea com-
pared to 52 % in the Weddell Sea. Particulate Al, and hence
the estimated lithogenic particle concentrations, remained
in the same range between the start and end of the exper-
iments (Table S20), and thus the lithogenic particles pro-
vided a consistent background that did not affect observed
changes between treatments. Fe addition significantly in-
creased pFe : POP ratios (natural pFe for A1 and p57Fe for
W1 and W2, Table S11) for all bioassays (p ≤ 0.01 and
η2
≥ 0.73; average 2.5-fold change for natural pFe : POP

(A1) and 13.3-fold change for p57Fe : POP in Weddell Sea
bioassays for Fe-addition treatments compared to the con-
trol). Furthermore, the pMn : POP ratios increased (by 0.33
compared to C) due to Fe addition in bioassay A1 and de-
creased (by 0.13 compared to C) in W2 (p< 0.01 and 0.004
and η2 is 0.74 and 0.76, respectively). For bioassay W1,
neither Fe nor temperature alone had a significant impact
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Figure 2. Average concentrations of natural dissolved Fe (a, b, c, d), d57Fe (e, f) and dMn (g, h, i, j) concentrations for the Amundsen Sea
(A1: a, g; A2: b, h) and Weddell Sea (W1: c, e, i; W2: d, f, j) bioassays. Amundsen Sea bioassays did not receive 57Fe supplementation.
The black line represents the control (C) treatment, the red line the temperature (T) treatment, the blue line the iron (F) treatment, and the
pink-purple line the combined temperature and iron treatment (TF). Error bars indicate the standard deviation (n= 2 or 3, except for the
dFe of bioassay A2 TF treatment on day 3); when they are not visible, they are smaller than the symbol. Bioassay A2 showed a higher dFe
concentration on day 6 compared to day 3; we cannot exclude the possibility that this was due to potential contamination, and it was thus
treated as an outlier.

on the pMn : POP ratio; however, the combination of both
treatments was found to be significant (p = 0.01 and η2 is
0.63), with the TF treatment showing an average 1.4-fold-
changed ratio compared to all other treatments. Additionally,
the pCd : POP ratio was significantly affected by Fe addition
in W1 and W2 (p< 0.05 and η2 is 0.76 and 0.39 for W1
and W2), showing decreased values (by on average 0.12) for
Fe-addition treatments compared to the control (Fig. 3o–q);
however no effect was seen for bioassay A1. A similar out-
come was observed for pZn : POP ratios (p ≤ 0.01 and η2 is
0.65 and 0.76 for W1 and W2, respectively, by on average
1.8 compared to C). For pCu : POP ratios, a decrease due to
Fe addition was mainly observed in bioassays A1 and W2
(p< 0.009 and η2

≥ 0.73, by on average 0.16 compared to
C), while for bioassay W1, Fe addition caused a notable but
not statistically significant effect (p = 0.09 and η2 is 0.32,
Fig. 3, by on average 0.23 compared to C).

3.3 Photosynthetic efficiency

Fe addition led to an increase in Fv/Fm for all bioassays
(Fig. 4, p ≤ 0.009 and η2>0.68 for all bioassays, Table S12),
with stronger increases in Weddell Sea compared to Amund-
sen Sea bioassays (average of 1.42- and 1.14-fold change for
Fe-addition (F and TF) versus control treatments for Weddell
Sea and Amundsen Sea bioassays, respectively). Towards the

end of the incubations of W1 and W2, Fv/Fm decreased
slightly again for the Fe-addition treatments (the most for
TF, with final Fv/Fm values still being higher than for C and
T treatments), coinciding with Fe depletion (Fig. 2).

3.4 POC, Chl a and phytoplankton taxonomic
community composition

Total Chl a concentration at the start of the incubations (Ta-
ble 1) was highest for bioassay A1 inside the ASP (3 µg L−1)
and lowest for bioassay A2 outside the ASP (0.4 µg L−1). Of
the Weddell Sea bioassays, W1 had the highest Chl a start-
ing concentration (1.5 compared to 0.6 µg L−1 for W1 and
W2). Starting concentrations of total POC in A1 and W1
were higher than A2 and W2 (384 and 347 µg L−1 compared
to 91 and 136 µg L−1, respectively). The POC-to-Chl a ra-
tio was lower for A1 (130) than the other bioassays (212–
239). Total POC concentrations did not display differences
between treatments at the end of the incubations for A1
and A2 (Fig. 5a–d), yet total Chl a concentrations exhibited
treatment-specific differences for all bioassays (Fig. 5e–h,
Table S13). Only bioassays W1 and W2 showed a signifi-
cant increase in bacterial abundances with Fe addition (final
abundance 4.7± 0.9, 4.5± 0.5 vs. 3.1± 1.0 and 4.7± 0.6,
5.4± 0.2 vs. 4.4± 0.1 for F, TF vs. C treatments in W1
and W2, respectively, Table S12). However, bacteria did not
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Figure 3. Average ratios (× 10−3, mM : M) of particulate trace metal to particulate organic phosphorus (POP) for Amundsen Sea A1 (a, f,
i, l, o) and Weddell Sea W1 (b, d, g, j, m, p) and W2 (c, e, h, k, n, q) bioassays. There are no data available for A2. pFe denotes natural
particulate iron, p57Fe denotes particulate iron in the 57Fe form (not added to bioassay A1), pMn denotes particulate manganese, pZn denotes
particulate zinc, pCu denotes particulate copper and pCd denotes particulate cadmium. t0 are starting ratios, whilst ratios for C (control), T
(temperature), F (iron) and TF (combination of temperature and iron) were measured on the last day of the incubations (days 6 and 8 for the
Amundsen Sea and Weddell Sea bioassays, respectively). Error bars indicate the standard deviation (n= 2 or 3), except for the bioassay A1
T treatment for all ratios and bioassay W1 C treatment for the pFe : POP ratio, where n= 1. If the error bar is not visible, then it is smaller
than the symbol. Please note the different y-axis ranges for manganese-to-POP ratios (f–h).

have a major effect (less than 3 %) on total POC concen-
trations. Fe addition always positively impacted Chl a con-
centrations (p is 0.02, 0.005 and 0.006 and η2 is 0.52, 0.76
and 0.67 for bioassays A1, W1 and W2, respectively; not
tested for A2 due to n= 1 for all Chl a samples and for W1
C due to n= 1); however the effect was stronger in Wed-

dell Sea bioassays (average of 1.6- and 2.9-fold difference
for Amundsen Sea and Weddell Sea with Fe addition com-
pared to C). Amundsen Sea bioassays also showed a slight
increase in Chl a with increased temperatures. The strongest
treatment-specific increases in Chl a concentrations were,
however, obtained for the TF treatment in all bioassays, re-
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Figure 4. Temporal dynamics of the photosynthetic efficiency (Fv/Fm, relative units) of the phytoplankton for the Amundsen Sea A1 (a) and
A2 (b) and the Weddell Sea W1 (c) and W2 (d) bioassays. The black line represents the control (C) treatment, the red line the temperature
(T) treatment, the blue line the iron (F) treatment, and the pink-purple line the combined temperature and iron (TF) treatment. Averages are
of triplicates with error bars representing the standard deviation; if not visible, they are smaller than the symbol. The control treatment of
bioassay A1 showed an outlier for Fv/Fm values on day 4, which was excluded.

sulting in an average of 1.7 µg more Chl a per litre com-
pared to the F treatment. POC concentrations in W1 and W2
showed similar treatment responses to total Chl a in these
bioassays.

The TF treatment also caused the strongest increase for
the < 20 µm Chl a fraction (Fig. 5e–h) for all bioassays, and
Fe addition generally had a positive impact on< 20 µm Chl a
concentrations, with effects being the strongest in both Wed-
dell Sea bioassay W1 and Weddell Sea bioassay W2 (in-
creases of 1.2, 0.2, 0.5 and 0.7 µg L−1 for A1, A2, W1 and
W2 compared to the control, respectively, with p = 0.04 and
0.006 and η2 being 0.37 and 0.67; A2 and W1 were not tested
due to missing replicates). The < 20 µm fraction at the start
of the bioassays made up 42 %, 24 % and 65 % of total Chl a
in A1, W1 and W2, respectively, whereas for bioassay A2,
95 % of the total Chl a concentration was < 20 µm. At the
end of the bioassays, shares were 42 %, 25 %, 35 % and 70 %
for A1, W1, W2 and A2, respectively.

Diatoms dominated the phytoplankton community at the
start of A1 and W1 (53 % and 62 % of total Chl a), followed
by haptophytes (34 % and 27 %; Fig. 5i–l). Bioassay W2 had
a comparable share of diatoms and haptophytes (42 % and
46 % of total Chl a), whilst the phytoplankton community of
A2 was taxonomically most diverse.

Diatoms showed in general a strong response to Fe ad-
dition (F and TF treatments) and could be defined as an
indicator group for Fe-addition treatments in A1 and W2
(p< 0.005). Absolute diatom abundances increased as well
with Fe addition, especially for the TF treatment, in bioas-
says A1 (F and TF treatments, p = 0.007) and W2 (TF
treatment, p = 0.02, Table S21). In bioassay W2, diatoms
also showed a higher share for Fe-addition treatments in
the < 20 µm fraction (p< 0.05), with absolute abundances
being higher in the TF treatment for bioassays A1, W1
and W2 (p< 0.04) and bioassay W1 also showing higher
abundances at the F treatment (p = 0.04). The contribu-
tion of haptophytes declined (in response to the diatom in-

crease, also in W1 where the diatom response was not sig-
nificant, p< 0.007); however their absolute concentration
(in µg Chl a L−1; Table S21) did not decline except for the
F treatment in bioassay W2 (p = 0.01). Both the share (p =
0.01) and absolute concentration (p = 0.04) of pelagophytes
increased with Fe addition in the < 20 µm fraction of bioas-
say A1. Cryptophyte abundances increased in the total frac-
tion of the TF treatment for A1 and W2 (p = 0.02 and 0.01,
respectively) and in the < 20 µm fraction for W1 (p = 0.02);
however their share did not change with treatments.

3.5 Phytoplankton abundances

The total abundances of < 20 µm phytoplankton (Figs. 6 and
S5, Table S21) increased with time for all bioassays, and
the treatment-specific dynamics largely mimicked the re-
sponses observed for the < 20 µm Chl a fraction (Fig. 5e–
h, Table S12). Bioassay A1 had the highest phytoplankton
abundances overall (up to 40 000± 4000 cells mL−1 for the
TF treatment; Fig. 6a) and was dominated by Phaeocystis
antarctica Phyto 8 (the highest abundances of 37 053 mL−1

were observed in the TF treatment; Table S21). Phyto 19 in-
creased in abundance and share (Fig. 6a, Table S14) specifi-
cally in the temperature treatments, with net growth rates of
0.40± 0.08 d−1 and 0.52± 0.005 d−1 for the T and TF treat-
ments (compared to 0.35± 0.11 d−1 and 0.30± 0.09 d−1 for
C and F treatments, p< 0.04, Table S15) and final abun-
dances of 2800 and 3500 cells mL−1 for T and TF (com-
pared to 1700 and 1300 mL−1 for C and F, p< 0.01). Phyto 3
also showed higher abundance-derived net growth rates with
warming (0.33± 0.13, 0.32± 0.002 and 0.26± 0.06 d−1 for
the T, TF and C treatments, respectively) but with abun-
dances being only significantly higher for the TF treat-
ment (776± 37 vs. 542± 107 cells mL−1 for the TF and
C treatments). Phyto 24 was positively impacted by Fe
addition; particularly the TF treatment resulted in higher
net growth rates and final abundances (i.e. 0.32± 0.09 vs.
0.15± 0.06 d−1 and 595± 62 vs. 361± 9 cells mL−1 for
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TF compared to the C treatment; p< 0.05). When con-
verted to cellular carbon based on cell volume using 237
and 196.5 fg C µm−3 as conversion factors for pico- and
nanophytoplankton, respectively (Fig. 6e), the strong posi-
tive response of the phytoplankton to the TF treatment was
mostly due to this larger-sized Phyto 24 (average diameter of
19 µm, p = 0.01) and to a smaller extent Phyto 19 (p< 0.01).

Bioassay A2 presented the highest share of picoeukary-
otes, especially Phyto 3 (59 % compared to max 18 % in the
other bioassays, Fig. 6b). Only a few treatment-specific re-
sponses were recorded. Phyto 19 increased somewhat with
warming (p = 0.04), and Phyto 16 and Phyto 17 showed in-
creased net growth rates with Fe addition (0.31± 0.22 and
0.23± 0.06, 0.09± 0.16 and 0.31± 0.06, and 0.30± 0.06
and 0.23± 0.06 for the F, TF and C treatments of Phyto 16
and Phyto 17, respectively, p< 0.02 for both; Tables S14,
S16). The phytoplankton populations in W1 were distributed
more equally (Fig. 6c), with higher abundances of espe-
cially Phyto 16 and Phyto 17 for the Fe-addition treat-
ments (p< 0.05, most pronounced for TF, with average
abundances of 3103± 1290 vs. 948± 218 cells mL−1 and
2041± 572 vs. 1158± 216 cells mL−1 for Phyto 16 and
Phyto 17, respectively, in the TF vs. C treatments, Ta-
ble S14). Their specific net growth rates were up to 2.2-
fold higher for the Fe-addition treatments than the control
(0.29± 0.02, 0.38± 0.10 and 0.20± 0.02 and 0.16± 0.02,
0.21± 0.06 and 0.09± 0.02 d−1 for the F, TF and C treat-
ments of Phyto 16 and Phyto 17, respectively, Table S17).
When expressed in carbon, Phyto 16 was still a recog-
nizable indicator species (p = 0.03), but at the same time
the larger-sized Phyto 21 (average cell diameter of 10 µm)
and diatom groups Phyto 22–Phyto 24 (13–19 µm) showed
clear positive responses to Fe addition (Fig. 6g, p< 0.05
for all). Net growth rates were largely comparable for these
phytoplankton groups: 0.23± 0.02, 0.19± 0.01, 0.17± 0.04
and 0.20± 0.05 d−1 in the F treatment (and similar net
growth rates in the TF treatment) compared to 0.09± 0.07,
0.14± 0.03, 0.04± 0.04 and 0.12± 0.02 in the C treatment
for Phyto 21–Phyto 24, respectively (p< 0.03). Bioassay
W2 also showed a distinct shift in favour of Phyto 16 and
Phyto 17 (away from Phyto 13) with Fe addition, even
early in time (Table S21), for both abundances and cellu-
lar carbon (Fig. 6d and h, p< 0.01 for all, Table S14). The
F treatment net growth rates of Phyto 16, Phyto 17 and
Phyto 13 were 0.42± 0.02, 0.34± 0.03 and 0.21± 0.09 d−1

(again with similar growth in the TF treatments) compared to
0.20± 0.03, 0.17± 0.04 and 0.37± 0.02 d−1 in the C treat-
ment (p< 0.03, Table S18). The diatom groups Phyto 23
and Phyto 24 also responded positively to Fe addition with
∼ 2-fold-higher net growth rates than the control (Fig. 6h,
p< 0.01). Phyto 23 net growth rates were 0.37± 0.06 and
0.39± 0.04 d−1 for F and TF compared to 0.19± 0.06 d−1

for the C treatment (p = 0.004), and Phyto 24 net growth
rates were 0.38± 0.08 and 0.32± 0.05 for F and TF treat-
ments vs. 0.22± 0.09 for the C treatment. Phyto 19 was the

only phytoplankton population that showed a consistent se-
lective positive response (in share) to warming (and not to
Fe addition) in the Amundsen Sea bioassays. The diatom
group Phyto 22 increased with temperature in bioassay W2
(p ≤ 0.01). We refer to Table S21 for less pronounced re-
sponses of the other phytoplankton populations. Overall, the
response by the larger phytoplankton populations is also il-
lustrated by the higher average cellular biovolumes in the F
and TF treatments of W1 and W2 (Fig. S6). The Amundsen
Sea bioassays did not show a treatment-specific increase in
phytoplankton biovolume. Fe addition had a significant effect
on total phytoplankton abundances for Weddell Sea bioas-
says (p< 0.02 and η2 is 0.56 and 0.74 for W1 and W2, re-
spectively, with Fe addition leading to an average 1.6-fold
change compared to C). The GLM we applied (explained
deviance: 86 %) indicates an interaction effect of Fe addi-
tion and warming (p = 0.03 for the interaction and expo-
nentiated coefficient (ec) of 1.13); i.e. Fe addition of 2 nM
in combination with a 2 °C temperature increase led to an
overall increase in algal abundances of about 28 %. Fe addi-
tion (ec: 1.03), temperature increase (ec: 1.11), bioassay and
day number (p< 0.001 for all; for other statistical parame-
ters, see Table S20) were also significant explanatory factors.
The NMDS analysis of the Weddell Sea bioassays (Fig. S7c,
d) demonstrated a clear distinction between the Fe-addition
treatments and the non-addition treatments after the second
day of the incubations. For bioassay W1, the TF and T treat-
ments clustered on the last day of incubation separately from
the F and C treatments, respectively. For bioassay W2, the T
treatment was also separate on the last day, while the TF and
F treatments remained closer together. Bioassays A1 and A2
did not display obvious clustering by treatment, other than
time (i.e. separation after day 2).

4 Discussion

4.1 Trace metal and macronutrient dynamics

The pFe concentrations showed the expected significant in-
crease in the Fe-addition treatments for both the Amundsen
Sea (natural dFe added) and the Weddell Sea (d57Fe added)
bioassays at both temperatures, indicating that the added dFe
was indeed taken up and incorporated in the phytoplankton
cells. Additionally, in bioassay W2 the final p57Fe in the TF
treatment was higher than in the F treatment (1.12± 0.11 nM
compared to 0.66± 0.20 nM), demonstrating enhanced Fe
uptake with higher temperatures.

The higher starting concentrations of dFe in the Amund-
sen Sea compared to the Weddell Sea can be attributed to the
Fe input from basal melt (Rignot et al., 2013). Conversely,
the naturally low dFe concentrations in the Weddell Sea un-
derscore the area’s limited Fe input (e.g. de Baar et al., 1990;
Klunder et al., 2011). Fe is needed in nitrate assimilation, and
as such uptake of nitrate is coupled to the Fe nutritional status
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Figure 5. Average concentrations of particulate organic carbon (POC, a–d), total and < 20 µm (dotted columns) Chl a (e–h), and the
taxonomic composition of the phytoplankton community (i–l, percentage of total Chl a) for the Amundsen Sea A1 (a, e, i) and A2 (b,
f, j), and the Weddell Sea W1 (c, g, k) and W2 (d, h, l) bioassays. Error bars represent the standard deviation (n= 3 except when no error
bar is shown, and then n= 1). t0 denotes the starting conditions, C denotes control, T denotes the temperature treatment, F denotes the
iron-addition treatment, and TF denotes the temperature and iron-addition treatment. For (i)–(l), Crypto, Dino, Hapto, Pelago and Chloro
stand for cryptophytes, dinophytes, haptophytes, pelagophytes and chlorophytes, respectively. Solid bars represent the total and shaded bars
the < 20 µm fraction community composition. Note the differences in the y axis for the Chl a panels (e–h).

(Schoffman et al., 2016; Milligan and Harrison, 2000). Simi-
larly, diatom cellular silicate-to-nitrogen ratios are known to
increase in response to Fe stress (Meyerink et al., 2017). The
highest drawdown of the macronutrients typically occurred
in the TF treatment, which also showed the largest phyto-
plankton accumulation (Tables S20, S21). However, whilst
dissolved inorganic phosphate and nitrogen drawdown was
mostly affected by Fe addition, silicate drawdown in bioas-
says A1 and W2 was more impacted by temperature. De-
spite a lower Chl a concentration (both total and < 20 µm)
and lower phytoplankton abundance for the T treatment com-
pared to the TF treatment in these bioassays, the silicate
drawdown was comparable. Although Fe stress is reported
to cause reduced cellular Chl a concentrations compared to
Fe-replete conditions (Greene et al., 1992), it is an unlikely
cause as the total phytoplankton abundances displayed simi-
lar differences between the T and TF treatments compared to
< 20 µm Chl a concentrations. Instead, higher temperature
may have stimulated Si uptake, as reported for the diatom
Pseudo-nitzschia seriata at temperatures above 0 °C (Staple-

ford and Smith, 1996). It might also be that the T treatment
experienced higher Fe stress than the control, which is also
known to increase Si uptake (Meyerink et al., 2017). How-
ever, since phytoplankton abundances, Fv/Fm and Chl a con-
centrations were not higher in T treatments compared to the
control and since Antarctic phytoplankton may require less
Fe at higher temperatures (Jabre and Bertrand, 2020), this is
less likely. Bioassay W1 showed the strongest decline in sil-
icate concentrations, with both temperature and Fe affecting
silicate drawdown. The relatively high fraction of diatoms
(and specifically the large-sized Phyto 20 and Phyto 22–
Phyto 24) in bioassay W1 could theoretically have caused
the strong silicate drawdown and high ratio of silicate rel-
ative to nitrogen (or phosphorus) uptake for all treatments.
However, A1 also had high diatom abundances, and over the
course of the incubations the concentration of diatoms in W2
became comparable to W1. An alternative explanation may
be that Mn stress in W1 (0.06± 0.04 vs. 0.19± 0 nM in W1
and W2, respectively) enhanced Si uptake, similarly to Fe
stress (Hutchins and Bruland, 1998). Increased Si uptake by
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Figure 6. Flow-cytometry-based phytoplankton community composition (a–d) and carbon (e–h) at the start (t0) and the end of the bioassay
incubations for the different treatments (average of triplicates) for Amundsen Sea bioassays A1 (a, e) and A2 (b, f) and Weddell Sea
bioassays W1 (c, g) and W2 (d, h). t0 denotes the starting conditions, C denotes control, T denotes the temperature treatment, F denotes the
iron-addition treatment, and TF denotes the temperature and iron-addition treatment. Phytoplankton groups are sorted by size, with Phyto 1–
Phyto 6 ≤ 3 µm, Phyto 7–Phyto 20 ≤ 10 µm and Phyto 21–Phyto 25 ≥ 10 µm. Phyto 5, Phyto 6, Phyto 7, Phyto 11, Phyto 12 and Phyto 14
are cryptophytes; Phyto 20 and Phyto 22–Phyto 25 are diatoms; and Phyto 8 is Phaeocystis antarctica. Note the different scales.

diatoms under a combined Fe and Mn limitation may possi-
bly enhance protection against grazers (Assmy et al., 2013;
Ryderheim et al., 2022) and/or enhance sinking to nutrient-
richer depths (Waite and Nodder, 2001). Considering an in-
creasing awareness of trace metal co-limitation of phyto-
plankton growth (Wu et al., 2019; Browning et al., 2021; Bal-
aguer et al., 2022; Burns et al., 2023), we recommend further
investigation into these potential interactions and their eco-
logical relevance in future studies.

Dissolved Mn is known to (co-)limit Southern Ocean
phytoplankton growth and community composition together
with Fe (Browning et al., 2021; Balaguer et al., 2022). Under
such conditions, Fe addition alone positively impacts Chl a
concentrations, phytoplankton abundances and POC concen-
trations, but a combination of dFe and dMn addition can lead
to higher increases in these variables (Pausch et al., 2019;
Browning et al., 2021). Nevertheless, dMn-addition effects
can often be masked by the effects of Fe addition (Latour et
al., 2023), and Fe addition alone can be enough to lead to in-
creases in Chl a even in primarily Mn-limited areas (Brown-

ing et al., 2021). This fits our results showing increases in
Chl a concentrations with Fe addition. Net growth rates
based on total phytoplankton abundances also showed in-
creases (i.e. 1.5-fold higher (0.20± 0.05 vs. 0.12± 0.02 d−1)
and 1.4-fold higher (0.24± 0.01 vs. 0.18± 0.01 d−1) for Fe-
addition treatments (F and TF) compared to the control for
bioassays W1 and W2). The lower starting concentrations of
dMn in W1 compared to W2 may have contributed to the 2-
fold-lower phytoplankton net growth rates in W1 compared
to W2, independent of the treatment. Our data indicate poten-
tial dMn and dFe co-limitation in the Weddell Sea already in
early summer. Since the requirements for dMn and dFe dif-
fer between different phytoplankton groups (Arrigo, 2005;
Twining and Baines, 2013; Balaguer et al., 2023), we sug-
gest that the (co-)limitation of dMn and dFe may be affected
by phytoplankton community composition. Considering that
Mn limitation can be seasonal (Latour et al., 2023), we also
urge researchers to study different stages of the phytoplank-
ton bloom period.
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4.2 Micronutrient stoichiometry

The observed pFe : POP ratios increased upon the addition
of iron (natural pFe for bioassay A1 and p57Fe for bioas-
says W1 and W2), validating the experimental design and
confirming the uptake of added dFe by phytoplankton. For
other bio-essential (Mn, Zn, Cu) or bio-active (Cd) metals,
the metal : POP ratio is expected to be elevated under Fe
stress due to the upregulation of non-specific divalent metal
transporters under Fe stress (e.g. Kustka et al., 2007; Lane
et al., 2008) or the increased uptake of phosphorous relative
to metals under Fe-replete conditions (Cullen et al., 2003).
Specifically for Mn, this might also be due to a higher cellular
Mn requirement under Fe stress (Peers and Price, 2004). The
pMn : POP ratios were indeed higher in the C and T treat-
ments compared to the F and TF treatments of W2, but for
W1, no consistent effect of Fe was observed (Fig. 3). In con-
trast, slightly elevated pMn : POP ratios were observed after
Fe addition in A1 (F and TF treatments), matching findings
by McCain et al. (2021) and Hawco et al. (2022) showing
increased Mn demand in environments with high Fe concen-
trations. This duality in the pMn : POP ratios is not surpris-
ing as not only may Mn demand increase under Fe stress
but also it should increase with Fe addition, as both Mn and
Fe are required for photosynthesis (Raven, 1990; McCain
et al., 2021; Hawco et al., 2022). Hence, in an environment
with low dMn concentrations, Fe addition can consequently
lead to Mn limitation (e.g. Hawco et al., 2022). Dissolved
Mn concentrations at the start of bioassay A1 were rela-
tively high, and indeed pMn : POP ratios increased with Fe
addition, while concentrations of dMn decreased during the
experiment. However, the low (potentially phytoplankton-
growth-limiting) dMn concentrations in Weddell Sea bioas-
says from the start might have prevented a noticeable positive
effect of Fe addition on Mn uptake. The higher biomass and
cell abundance after Fe addition in these experiments imply
the community had to make do with less Mn per cell com-
pared to the treatments without Fe addition (likely resulting
in a relatively low Mn quota despite elevated demand), poten-
tially explaining why there was an increase in the pMn : POP
ratios in the C and T treatments of W2, whereas this was
not observed in W1 with even lower dMn starting concen-
trations. Such variation in apparent Mn demand and quotas
likely reflects adaptive changes in nutrient uptake and stor-
age mechanisms under nutrient stress but could also be due to
different phytoplankton community compositions and/or en-
vironmental conditions. For example, Twining et al. (2004)
observed elevated pMn : POP ratios in individual diatom cells
under iron-deplete conditions relative to iron-replete condi-
tions, whereas the trend was the opposite for autotrophic
flagellated cells. However, diatoms were dominant in the F
and TF treatments in all experiments, suggesting that other
factors besides differences in community composition play a
role. Since dMn levels are thought to increase with Fe input
(e.g. due to ice shelf melting; Van Manen et al., 2022), we

recommend including dMn in future studies examining the
effects of global climate change on phytoplankton growth.

Besides Mn, other trace metals are known to have variable
ratios with respect to POP under different environmental con-
ditions. For example, cellular Cu requirements increase un-
der Fe limitation (Schoffman et al., 2016), which could ex-
plain the higher pCu : POP ratios in the C and T treatments
compared to the Fe-addition treatments in all bioassays anal-
ysed (Fig. 3). Similarly, the pZn : POP ratios were also ele-
vated in the non-Fe treatments in W1 and W2, akin to the
pCd : POP ratios, especially in W1, suggesting higher uptake
of metals under Fe limitation as previously suggested (Cun-
ningham and John, 2017). This trend of increased uptake of
essential (manganese, zinc, copper) and non-essential met-
als (cadmium) under dFe limitation underscores the adaptive
strategies employed by phytoplankton in navigating nutrient
scarcities, emphasizing the complexity of nutrient interac-
tions and their collective impact on phytoplankton ecology
under varying environmental conditions (e.g. Cunningham
and John, 2017). Due to the importance of nutrient uptake
in the Southern Ocean for the stoichiometry of global nutri-
ent distributions, notably at lower latitudes (Sarmiento et al.,
2004; Middag et al., 2020), changes in (micro)nutrient con-
sumption in the Southern Ocean can have global ramifica-
tions for both productivity and ecosystem structure (Moore et
al., 2018), which should be further explored in future (mod-
elling) studies. Future studies underpinning these stoichio-
metric ratios with molecular measurements (e.g. protein ex-
pression patterns) could provide further insight into the pro-
cesses underlying trace metal uptake and use within phyto-
plankton.

4.3 Impact of F and T treatments on phytoplankton
dynamics

The Weddell Sea bioassays exhibited stronger Chl a accu-
mulation, a stronger increase in Fv/Fm and increased phy-
toplankton abundances in response to Fe addition than the
Amundsen Sea bioassays, which is likely due to the lower
dFe concentrations (and hence higher degree of Fe limita-
tion for the phytoplankton typical of the Weddell Sea) at
the start of the incubations. Indeed, given that the Weddell
Sea bioassays were performed early in the productive sea-
son, these results imply more severe Fe limitation in the
Weddell Sea, whereas any Fe limitation in the Amundsen
Sea likely only develops later in the season. Consistent with
the lower dFe concentrations was the reduced in situ Fv/Fm
of the phytoplankton in W1 and W2, which stayed low for
non-Fe-addition treatments throughout the experiments, as it
is a common indicator of Fe stress in the Southern Ocean
(Greene et al., 1992; Mills et al., 2012; Olson et al., 2000;
Jabre and Bertrand, 2020). In addition, the low dMn concen-
tration may have contributed to the low Fv/Fm (Wu et al.,
2019). The decrease in Fv/Fm in the F and TF treatments
towards the end of the Weddell Sea bioassays seem to indi-
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cate that the added Fe had been depleted again to limiting
conditions or that Mn became (co-)limiting.

The location from where the seawater for bioassay W1 was
taken has similar coordinates to bioassay S54–65 in a study
by Viljoen et al. (2018). These authors sampled 3 weeks later
(in a different year) and at a comparable depth (30 m vs.
20 m in our study) and found largely similar responses by the
phytoplankton to Fe addition; i.e. total Chl a increased by
∼ 2 µg Chl a L−1, and diatoms dominated the phytoplankton
community. In contrast to W1 but comparable to our other
bioassays, the total Chl a concentration in bioassay S54–65
(Viljoen et al., 2018) increased in the control over the du-
ration of the bioassay. The lack of increase in Chl a in the
control (and T) treatment of W1 might be explained by a
lower in situ dFe for W1, indicating a stronger limitation of
dFe. At the same time, POC (and < 20 µm Chl a) concen-
trations showed an increase over time in the control treat-
ment of bioassay W1. Moreover, bioassay W2, with even
lower starting concentrations of dFe, showed an increase in
Chl a over time for the control. Given the lowest dMn con-
centrations in W1, it might be that dMn and not (only) dFe
was limiting the production of reaction centres (Raven et
al., 1990), resulting in Chl a concentrations not increasing.
Given the increased requirement for Mn under low-Fe condi-
tions (Peers and Price, 2004), Fe addition may have relieved
Mn limitation in the Fe-addition treatments slightly, result-
ing in the observed increase in Chl a in those treatments.
While for the Weddell Sea bioassays, the POC concentra-
tions followed comparable responses to total Chl a upon Fe
addition (Fig. 5), the POC concentrations in the Amundsen
Sea bioassays did not. The relatively low Chl a : POC ra-
tios in the Weddell Sea bioassays (average over all treat-
ments 0.003± 0.003 vs. 0.008± 0.002 for the Amundsen
Sea bioassays) may indicate stronger Fe limitation, since Fe-
limited cells are known to have a lower Chl a : POC ratio
compared to non-limited cells (Moore et al., 2007). Alterna-
tively, acclimation to the lower irradiance during the incuba-
tions of A1 and A2 led to the higher Chl a : POC ratios at the
end of incubations (Laws and Bannister, 1980; Geider, 1987;
Geider et al., 1998; Wang et al., 2009). Despite the low light
intensities in Amundsen Sea bioassays, Chl a concentrations
and phytoplankton abundances in the control treatment in-
creased over time (especially in A1, net growth rate based
on total abundances of 0.25± 0.03 d−1), which indicates that
the phytoplankton communities were adapted to low light.
Low-light conditions are common for Amundsen Sea phyto-
plankton (Schofield et al., 2015; Park et al., 2017), but still,
the very low irradiance in A2 seemed to have limited growth
(0.09± 0.01 d−1), as also illustrated by incomplete depletion
of the dFe added (after 6 d of incubation). The high initial
Fv/Fm values suggest that the phytoplankton may not have
been limited by dFe (under these low-light conditions) and
would only require more dFe once light intensities increased
again (Strzepek et al., 2019; Vives et al., 2022; Latour et
al., 2024). The small increase in Fv/Fm in the Fe-addition

treatments may suggest growth became dFe-limited during
the incubation (Fe addition did show a significant effect on
Fv/Fm on the last day of the incubations), despite the light
conditions remaining low. Considering diatoms to be the tax-
onomic group that responded most to Fe additions (Noiri et
al., 2005; Feng et al., 2010; Hinz et al., 2012; Mills et al.,
2012; Zhu et al., 2016), the low proportion of diatoms at the
start of A2 may also have delayed a measurable effect of Fe
addition.

Although earlier studies reported positive responses of
phytoplankton to Fe addition under low-light conditions
(Viljoen et al., 2018; Alderkamp et al., 2019), the light inten-
sities used for the low-light treatment in those studies were
still relatively high (i.e. 15 and 30 µmol quanta m−2 s−1)
and well above those in A1 and A2 (average of 3.4 and
1.5 µmol quanta m−2 s−1). In addition to higher light levels,
the lower initial dFe concentrations in the Ross Sea study
(Alderkamp et al., 2019) compared to our study indicate
stronger Fe limitation and subsequently a stronger response
to Fe addition. A recent study on Southern Ocean deep-
chlorophyll-maximum phytoplankton responses to Fe addi-
tion (Latour et al., 2024) reported a Chl a increase at low
light intensities (similar to our Amundsen Sea bioassays) and
no change in POC (similar to bioassay A2) until light lev-
els increased. This supports our suggestion that the low-light
condition in A2 was a determining factor for the lack of a
response to Fe addition.

Future light conditions in the Southern Ocean will vary
for the different regions; e.g. lower sea ice coverage may
enhance light availability (Leung et al., 2015; Petrou et al.,
2016; Krumhardt et al., 2022), whereas increased cloud cov-
erage in the Antarctic Circumpolar Current region would
reduce it (Grise et al., 2013; Kelleher and Grise, 2022;
Krumhardt et al., 2022). Moreover, there are conflicting re-
ports about whether mixed-layer depths will increase (Leung
et al., 2015) or decrease (Krumhardt et al., 2022), which di-
rectly impacts light conditions for the phytoplankton. Our re-
sults from the low-light bioassay A2, showing only a small
effect of Fe on phytoplankton, suggest that in regions or pe-
riods with low light, Fe increase will not drastically stim-
ulate phytoplankton growth. This highlights the importance
of including light availability in Southern Ocean ecosystem
(modelling) predictions.

Temperature alone showed a limited effect on phytoplank-
ton, with only three phytoplankton groups (Phyto 3, Phyto 19
and diatom group Phyto 22) increasing in abundances and
only Phyto 19 showing a consistent effect. Still, these groups
represent pico-sized as well as larger phytoplankton (2, 8.1
and 13.3 µm diameter). Earlier studies also showed tempera-
ture to have only a limited effect on (natural) phytoplankton
communities (Rose et al., 2009). Indirect effects of warm-
ing (e.g. locally high ice-melt-induced freshening, dFe in-
crease) will likely have larger impacts on phytoplankton
community compositions. Ice-melt-induced freshening has
already led to a shift from diatom-dominated to cryptophyte-
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and flagellate-dominated communities in the western Antarc-
tic Peninsula region (reviewed by Deppeler and Davidson
2017), and increased dFe concentrations will affect phyto-
plankton community composition even more so when com-
bined with temperature increases (this study; Rose et al.,
2009). Furthermore, the availability of dFe is likely changing
due to changes in sources (see the Introduction) but is also
influenced by siderophore production (reviewed by Gledhill
and Buck, 2012), but warming of the Southern Ocean does
not seem to have a direct effect (Sinha et al., 2019). Warming
likely increases the growth rates of siderophore-producing
bacteria (Sinha et al., 2019), but this may be countered by
reduced siderophore production due to ocean acidification
(Sinha et al., 2019). Overall, predictions about future con-
ditions and their consequences are complex and have large
uncertainty, but it seems likely that conditions will be tem-
porally and spatially heterogenous with varying changes in
temperature and availability of Fe (and light). For example,
while the warming of surface water in the Amundsen Sea
has already been observed, Weddell Sea surface tempera-
tures for the deep basin seem relatively stable at the mo-
ment, with significant warming only below 700 m (Strass et
al., 2020). However, upwelling of this warm water leads to
local temperature increases in notably coastal regions (Dare-
lius et al., 2023), potentially increasing future temperatures
by over 2 °C in troughs that connect the open ocean to ice
shelves (Teske et al., 2024), increasing not only temperatures
but likely also glacial-melt-derived Fe supply. This makes it
prudent to assess not only the individual but also the com-
bined effects of increasing Fe and temperature, as discussed
in the next section.

4.4 Enhanced responses to Fe with warming

Fe addition led to an overall positive response of Chl a con-
centrations, phytoplankton photophysiology and growth but
more so when combined with the ecologically relevant in-
crease in temperature. The increase in phytoplankton abun-
dances was especially distinct for Weddell Sea bioassays.
GLM analysis revealed that temperature alone was a sig-
nificant factor for total phytoplankton abundances; however,
more specifically, only Phyto 3, Phyto 19 and Phyto 22 abun-
dances displayed significant positive responses to tempera-
ture alone (T treatment). The 2 °C warming alone was thus
not a major driver of phytoplankton net growth in our bioas-
says but accelerated and enhanced Fe-addition responses
(significant interaction effect for iron addition and temper-
ature increase on total phytoplankton abundances). The en-
hanced response to Fe with temperature was especially dis-
tinct for bioassay W2 (average 1.61-fold change in total phy-
toplankton abundances in the TF treatment compared to both
the F and the T treatments; W1 showed a 1.48-fold aver-
age change). Despite low light levels, this was also seen in
Amundsen Sea bioassay A1, albeit to a lower extent (aver-
age 1.29-fold change in the TF treatment compared to both

F and T treatments). Larger-sized (> 20 µm) diatoms were
mainly responsible for the Chl a accumulation, which is
consistent with previous studies (Noiri et al., 2005; Feng
et al., 2010; Hinz et al., 2012; Mills et al., 2012; Zhu et
al., 2016) and supports the general consensus that especially
large phytoplankton show enhanced growth upon Fe addi-
tion due to their lower surface-to-volume ratio (Scharek et
al., 1997). However, the (slightly) smaller diatom groups
Phyto 23 and Phyto 24 (average cell diameter of 15 and
19 µm, respectively) also responded positively to the com-
bination of Fe and temperature. Diatom group Phyto 24 was
even the main phytoplankton population responsible for the
increase in the < 20 µm Chl a fraction of the TF treatment
in A1. The NMDS analysis based on< 20 µm phytoplankton
abundances showed clustering for W1 and W2 driven by Fe
addition and temperature, indicating that smaller-sized phy-
toplankton also display positive responses. This is supported
by increased < 20 µm Chl a concentrations and the 2.2-fold
change in cellular carbon of< 20 µm phytoplankton in F and
TF treatments in the Weddell Sea bioassays (compared to
the C and T treatments). Specifically, we recorded distinct
abundance increases in the small 7 µm groups Phyto 16 and
Phyto 17 in the F and TF treatments of W2. Phaeocystis
antarctica (Phyto 8; 3.7 µm) showed higher net growth rates
for Fe-addition treatments in both bioassay W1 and bioas-
say W2, but the effect was not very apparent, and overall, P.
antarctica seems to handle the other treatments consistently
well. Rose et al. (2009) and Zhu et al. (2016) also found di-
atoms to be preferentially stimulated by Fe addition and/or
temperature over P. antarctica, which was also found in a
broader context where P. antarctica dominated under low-Fe
conditions, whilst diatoms dominated in regions with higher
Fe concentrations (Arrigo et al., 2017). In contrast, Andrew
et al. (2019) found comparable growth rates for P. antarctica
and several diatom cultures (tested under Fe-addition and
warming treatments). Similarly to our study, they found the
highest growth for the combined Fe-addition and warming
treatment for most species. Since diatoms tended to increase
most strongly with Fe addition, it can be speculated that phy-
toplankton community compositions shift towards more di-
atoms with increases in Fe concentrations; however other
biogeochemical factors are also important to consider. The
positive phytoplankton growth responses were population-
specific, and Phyto 13 (5.5 µm) in W2 even showed re-
duced abundances for the F and TF treatments, underscoring
the multifaceted factors controlling phytoplankton dynamics
and emphasizing the importance of understanding how trace
metal concentrations and climate change together influence
the marine ecosystems in the Southern Ocean.

Alterations in phytoplankton community composition and
cell size, as observed in our experiments, will directly affect
top-down control by (microzooplankton) grazers and viral
infection and consequently trophic transfer efficiency (Eich
et al., 2022; Biggs et al., 2021). Not only will the flow of or-
ganic carbon through the food web be affected by the differ-
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ent phytoplankton mortality, but also the flux of organic car-
bon to deeper layers of the ocean (biological carbon pump)
depends on the phytoplankton community composition, cell
size and type of loss factor. Since the seawater was not fil-
tered before distribution to the Cubitainers to reduce con-
tamination risk, there is a chance (although small; Voron-
ina et al., 1994) that large grazers were introduced into the
incubations. We did not specifically sample for large graz-
ers but did not notice any on the filters for Chl a and POC.
Large grazers can be expected to graze on larger phytoplank-
ton (Hansen et al., 1994), thereby reducing phytoplankton net
growth. This would be most noticeable for the F and TF treat-
ments, given the positive response of larger phytoplankton to
Fe addition. Our results would then have underestimated the
effect of Fe enrichment. Moreover, grazing would likely be
enhanced with temperature (e.g. Lewandowska and Sommer,
2010; Karakuş et al., 2022), further reducing (and underesti-
mating) net growth rates of larger phytoplankton specifically
in the TF treatment. Also, microzooplankton grazing rates
are known to increase with temperature (Chen et al., 2012;
Caron and Hutchins, 2013), and even viral lysis may occur
faster at higher temperature (Maat et al., 2017). This may
partially explain the small effect of warming in the bioas-
says. Besides temperature, Fe availability has been reported
to affect algal virus production and infectivity (Slagter et al.,
2016; Kranzler et al., 2021). Changes observed in our ex-
periments might thus have also been affected by temperature
and/or dFe-related changes in loss factors affecting specific
phytoplankton groups.

5 Conclusions

Our study stands out in that it has combined trace metal
chemistry and biology, Chl a, and population abundance
to examine co-effects using natural Antarctic phytoplankton
communities at environmentally realistic Fe concentrations
(+2 nM) and a predicted (2 °C) temperature increase (Boyd
et al., 2015; Jabre et al., 2021; Andrew et al., 2022). Bioassay
incubations were performed under trace-metal-clean condi-
tions (the entire duration) and with temperature remaining
stable over the course of incubations (maximum fluctua-
tion in temperature of ± 0.3 °C). We stress the importance
of trace-metal-clean working conditions to avoid inadver-
tently assigning Fe-addition effects on phytoplankton to tem-
perature when working in low-Fe regions (i.e. the Southern
Ocean), but also in other (open) ocean regions, availability
of bio-essential metals is an important factor affecting pri-
mary productivity, and hence trace-metal-clean working con-
ditions are recommended for bioassay experiments (Brown-
ing and Moore, 2023). The differences we found between
the F and TF treatments may have been assigned to temper-
ature alone under non-trace-metal-clean working conditions
(as Fe would inadvertently have been introduced), whilst our
results show that temperature alone did not have a (major) ef-

fect. Our data also show the importance of considering other
regional and/or seasonal factors that potentially limit phy-
toplankton growth, such as light availability (limiting light
conditions in bioassay A2) and dMn availability (potentially
limiting in W1), when studying the effect of future climate
on Southern Ocean phytoplankton. Additionally, our data in-
dicate a trend of increased uptake of trace metals under dFe
limitation, suggesting that there are many adaptive strategies
employed by phytoplankton in navigating nutrient scarcities
under varying environmental conditions, with potential im-
pacts on the stoichiometry of global (micro)nutrient distribu-
tions due to the central role of the Southern Ocean. In gen-
eral, the addition of Fe was the primary factor for observed
stimulatory effects, with temperature enhancing the effects
of dFe. In particular, large diatoms benefitted from Fe ad-
dition, although several smaller-sized phytoplankton popu-
lations showed enhanced abundances upon Fe addition. Cli-
mate change is predicted to lead to a shift towards smaller
phytoplankton (Deppeler and Davidson, 2017; Krumhardt et
al., 2022). Our study shows, however, that enhanced Fe input
counteracts this warming-induced shift, assuming macronu-
trients will not become limiting. Given that the intensity of
the observed effects varied between the experiments with dis-
tinctly different phytoplankton communities, this study em-
phasizes the need for studying diverse regions of the South-
ern Ocean and performing multiple bioassays over the pro-
ductive season to better understand and predict potential fu-
ture changes, especially as future changes in Fe availabil-
ity are region-specific (Tagliabue et al., 2016; Van Manen et
al., 2022). The Southern Ocean biogeochemical cycling and
ecosystems dynamics are complex and need to be better stud-
ied in field and modelling studies. The current study under-
lines the need for assessing consequences of near-future tem-
perature changes at environmentally relevant dFe concentra-
tions.
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