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Abstract: Primary production in the Southern Ocean highly depends on phytoplankton and has
been reported to be limited by the availability of the micronutrient iron. The aim of this review is to
summarize the past and current knowledge on iron limitation in the Southern Ocean, and specifically
how it affects primary producers, thus influencing the whole Southern Ocean community structure,
carbon cycling, and large-scale ocean biogeochemistry. In this region, extensive variability exists
between different areas regarding iron availability, but also between seasons. Moreover, co-limitations
with other abiotic environmental factors exist, further complicating the assessment of the role of iron
as limiting factor for phytoplankton productivity. Currently, climate change is altering the Southern
Ocean environment. How these changes will affect resident phytoplankton is still not clear, possibly
modifying the iron supply mechanisms. Existing projections point towards a possible partial relief of
iron stress on phytoplankton, but the interactions between different environmental changes, and the
cascade effects they will have, are still poorly understood, and some aspects understudied. Here we
try to synthetize the available predictions and uncertainties concerning this topic.

Keywords: iron; Southern Ocean; phytoplankton; climate change; Antarctica; high-nutrient/
low-chlorophyll region

1. Introduction

The Southern Ocean (SO) includes the largest high-nutrient, low-chlorophyll (HNLC)
region in the world. This means that, during the growing season, phytoplankton produc-
tion does not entirely use the pool of inorganic nutrients available in the euphotic zone,
thus leading to a phytoplankton biomass that is lower than expected and relatively high
(unused) nutrient concentrations. Jacques et al. [1] referred to this condition in the SO as
the Antarctic paradox.

Besides nutrient availability, several variables are known to limit phytoplankton
productivity in the SO (i.e., temperature, solar radiation, water stability, and grazing) [2,3],
but the role of micronutrients, especially iron (Fe), has gained increasing attention in the
past years [4-8]. In fact, even if micro-nutrients are required in small quantities by marine
organisms, they are often scarce in the environment and may therefore be limiting for
phytoplankton growth. Fe, in particular, is a very abundant element on the planet, but
has low solubility in seawater [9]. As a consequence, large portions of the world oceans
are subjected to Fe limitation [10]. Considering that Fe-bearing molecules are involved
in essential biochemical pathways, including electron transport and nitrate and nitrate
reduction, Fe limitation has a great impact on marine organisms. For this reason, Fe scarcity
can strongly hinder primary production in marine environments, affecting the global
carbon and nitrogen cycles, and hence the large-scale ocean biogeochemistry.

The possibility that low Fe availability may be important for global biogeochemistry
was advanced by Martin in 1990 [11]. Today, we have experimental evidence that Fe is
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present at limiting concentrations throughout most of the SO [12], even if strong geograph-
ical (i.e., from coastal areas to open sea) and seasonal heterogeneity exists. Moreover,
differences in the distribution of natural productivity and bloom formation have been
linked to patterns in dissolved Fe levels [6,13-15], suggesting that Fe availability is in fact a
limiting factor for phytoplankton in the SO.

On the other hand, climate change is affecting Fe concentration patterns due to strat-
ification, warming, acidification, and deoxygenation [16]. These changes will strongly
influence every aspect of the Fe cycle, including the aqueous chemistry, Fe recycling,
sources, and sinks, and ultimately the bioavailability of Fe, thus influencing phytoplankton
dynamics, and possibly changing the bases of the so-called paradox.

Naturally, this discrepancy observed in HNLC regions is governed by a combination
of physical, biological, and chemical factors, and a single variable is hardly enough to
explain it. Here, we focus on Fe limitation as a key factor.

This review offers a brief outline of past SO Fe-related research, which sets the strong
foundations on which current experiments and future predictions are based, starting with
an overview of why Fe is important and how it is distributed in the SO. Then, we synthesize
the current advances in the field, giving key information that serves to contextualize
the predictions about how climate changes will affect HNLC dynamics in the SO (i.e.,
interactions with other environmental factors, influences of Fe availability on community
structure, biological plasticity, and adaptations), with a very brief mention of the possibility
of using artificial Fe enrichment to mitigate climate change. After looking at how Fe could
mitigate climate change, we discuss the current knowledge on how (and if) climate change
could actually relieve Fe limitation.

2. Iron in the Southern Ocean

Fe is involved in a diverse range of essential metabolic reactions in marine microorgan-
isms. Most of the cellular Fe is in fact part of important electron transfer proteins involved
in the photosynthetic and respiratory pathways, like cytochromes and ferredoxins, but is
also present in nitrate, nitrite, and sulfite reductases, antioxidant enzymes, and nitrogenase
(Figure 1). Moreover, Fe is important for chlorophyll a synthesis. Thus, it is an essential
nutrient for planktonic growth, even if, in vast oceanic areas, including most of the SO, Fe
concentrations are very low (<1 nM) [9].
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Figure 1. Schematic view of the main processes involving Fe-bearing molecules in marine phyto-
plankton, and their large-scale impacts on global biogeochemistry.

Biological uptake indubitably accentuates Fe scarcity, but Fe bioavailability in seawater
is mostly limited by its chemical speciation. In fact, Fe in water exists in many different
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forms, free or complexed with organic or inorganic ligands, and in two oxidation states:
Fe(II) or Fe(Ill). Inorganic Fe(Il) species are very soluble and only weakly bound when
complexed, in contrast to their Fe(Ill) counterparts [17]. However, the dominant state in
oxic seawater is Fe(Ill), largely unavailable as dissolved, free Fe>*, while species of the
more soluble Fe(Il) are sporadically present as a result of Fe(Ill) reduction, which happens
by a variety of processes in different environments. In superficial oceanic waters, Fe(III)
reduction occurs via biologically mediated reactions at cell surfaces or via absorption of
high-visible-low-UV light (photo-reduction) [7]. Either way, the net result of the seawater
Fe redox cycling is to increase the concentrations of dissolved Fe(Il)’ and Fe(IIl)’. These
dissolved species are the most important Fe sources for phytoplankton [9]. However,
dissolved Fe is often not readily bioavailable, because of ligand binding and colloidal
particles formation. In fact, dissolved Fe consists mostly of Fe complexed with organic
molecules, like organic chelators, humic compounds, or cell lysis products [7]. Organic
ligands keep Fe in solution and available for phytoplankton [18], although not in a directly
accessible form. Moreover, a variable portion of the dissolved Fe actually consists of small
colloidal particles, which are not directly bioavailable [9].

To summarize, Fe uptake by marine microorganisms in the SO is limited not only by its
low concentrations, but mainly by its organic chemistry in the oxic, slightly basic conditions
that prevail in oceanic waters. Consequently, the combined effects of phytoplankton uptake
(and the subsequent downward flux of sinking biomass), particle scavenging, and low
solubility limit dissolve Fe to nanomolar concentrations almost everywhere. Specifically,
Fe is quickly depleted at the surface [10], where it is more needed by primary producers.

Dissolved Fe concentrations in surface waters are the net result of the combination of
dynamic sources, removal, and cycling processes. The supply may occur in many ways,
such as Aeolian dust deposition, advection, vertical transport (upwelling from deep waters),
biological recycling at the surface, or through river and hydrothermal supply, cryospheric
supply (from ice melting), and anthropogenic supply. In the SO, there is a considerable
spatial heterogeneity and complexity in Fe distribution and speciation [18]. Here, Fe supply
is overly important for productivity, and there is a high variety of Fe sources [19], each
one of which can potentially be altered by climate change. Aeolian dust deposition is
a major external input for most oceanic waters [10], but little continental dust reaches
the SO. In fact, the main sources of Fe here are the continental margins, melting of sea
ice and glaciers [20-22], and in large part, advection and upwelling, which are essential
for redistributing Fe horizontally and vertically [9,12,23,24]. Many studies agreed that
the upwelling Fe flux in the SO strongly prevails over the Aeolian one [12,13,23,25,26].
Specifically, the principal source of Fe in this area is the entrainment of Fe-enriched water
during deep winter mixing, increased by the summer upwelling of circumpolar deep
waters. However, this phenomenon occurs mainly in autumn and winter, thus a significant
part of the upwelled Fe arrives in the surface layer when the conditions are unfavorable for
phytoplankton growth [24,25,27], though the summer upwelling can potentially relieve Fe
limitation in some regions [28]. Moreover, the cryosphere can affect Fe supply both directly,
by releasing the dissolved Fe that is available in the floating ice, and, mostly, indirectly, by
affecting the coastal circulation and stimulating advection: sea ice formation and melting
leads to deep vertical mixing over the continental shelf, resulting in upward advection or
mixing of Fe-rich deep waters [23].

Overall, it is important to emphasize that dissolved Fe concentrations are not uniform.
The SO is generally Fe-limited, but it comprises a variety of different environments (bays,
ice shelves, sea ice, open waters, polynyas, etc.) and water masses with distinct physical
and chemical properties that create heterogeneity in the distribution of dissolved Fe. In
general, dissolved Fe increases with proximity to some of the Fe sources, like near the
Antarctic coast [29] and in continental shelf waters [6,30]. In these regions, considerable
phytoplankton blooms and higher productivity are possible, and have been associated with
localized higher dissolved Fe concentrations.
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3. Iron Limitation Impact on Primary Production and Ecosystem Structure

If, at present, it is largely recognized that Fe limitation influences the production
and fertility of SO ecosystems, it was not until just a few decades ago. The possibility
that low Fe availability may influence the large-scale ocean biogeochemistry was first
advanced by Martin with the so-called “Fe hypothesis” [11]. Martin’s hypothesis actually
recalled an old concept that had been neglected for decades, which stated that primary
productivity in the SO is limited by Fe deficiency, which leaves major nutrients unexploited.
At the time, researchers argued that the persistence of major nutrients at the surface was
mainly due to overgrazing of algae by herbivores, the “Grazing hypothesis” [31]. Since
then, the relationship between Fe limitation and reduced productivity has been extensively
studied [32] and there is now empirical evidence for this association.

3.1. Knowledge from the Past

Prompted by new and more accurate Fe measurement methods, soon after the pub-
lication of the “Fe hypothesis”, several experiments provided direct observations for
Fe limitation of phytoplankton growth in the SO [33-37] (Table 1). Early bottle incu-
bation experiments demonstrated that Fe enrichment resulted in faster nutrient deple-
tion, higher chlorophyll a content, and an increase in net productivity, relative to control
samples [33,37-40]. Nevertheless, considering the heterogeneity of the sampling sites
(Table 1), clear regional differences started to appear regarding the significance of Fe limita-
tion (see [38]). Also, these studies first suggested that productivity responses and nutrient
removal are sometimes accompanied by alterations in the phytoplankton communities
and species composition. However, in vitro incubations clearly differ from actual ocean
conditions and can only give a limited view of the real status of the environment. To over-
come the limitations of the small-scale bottle experiments, mesoscale in situ Fe addition
experiments were designed, often referred to as “artificial Fe enrichment/fertilization”.
Between 1993 and 2005, 12 separate field experiments were carried out in which dissolved
Fe was injected into different sites of all the known HNLC regions, including the SO (sum-
marized by [41,42]). However, dissolved Fe concentrations dropped rapidly after the initial
enrichment unless additional enrichments were performed. Many other Fe fertilization
experiments followed (for a detailed review of the fertilization experiments, see [43]). The
observed ecosystem responses to Fe addition were strikingly similar in each experiment,
and particularly evident in the SO (Figure 2), including: (1) a dramatic increase of phy-
toplankton biomass and growth rate, (2) improved photosynthetic efficiency (Fv/Fm),
(3) increased primary productivity, (4) a large diatom-dominated phytoplankton bloom,
appearing after a lag time of some days from the enrichment and accounting for most of
the observed increases in production and primary productivity, (5) significant depletion of
the major nutrients at the surface, including silicate (Si), and decrease of the surface partial
pressure of carbon dioxide (pCO;).

Therefore, the mesoscale enrichment approach confirmed the important limiting role
of Fe for phytoplankton growth and development in the SO, where surface concentrations
of macronutrients are high, but Fe concentrations are often limiting. These conclusions
have been further validated by the so-called natural Fe fertilization experiments: ob-
servations in natural areas where Fe is not limiting and high phytoplankton biomass is
observable [37,44-47]. Such areas provide natural laboratories for studying the effects of
Fe addition and underlined the fact that a high degree of zonal variability exists in the
SO, where localized springtime blooms and elevated productivity are observable along
ice edges, near the Antarctic coast, and in some areas of the Antarctic Polar Front, areas
where Fe sources are close (i.e., sea ice melting, sediments, and upwelling) [4,13,36,38,48].
Meanwhile, regions lacking close Fe sources have been shown to be the least fertile, despite
their high nutrients content [38]. However, additional Si limitation must also be taken into
account for some areas [39]. On the other hand, experimental enhancement of dissolved Fe
levels can increase phytoplankton biomass and production in coastal waters as well [33],
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and available macronutrient levels remain above depletion, even if depressed [49-51],
suggesting that also Antarctic shelf water communities can be Fe-limited.

Fe enrichment

1) Increased phytoplankton biomass and growth rate

2) Improved photosynthetic efficiency (Fv/Fm)

3) Increased primary productivity

4) Large diatom-dominated bloom

5) Major nutrients and €O, drawdown

Figure 2. Main effects of artificial Fe enrichment experiments. Abbreviations: Fe stands for iron, CO,
for carbon dioxide, N for nitrogen, P for phosphorous, Si for silicates, Fv/Fm indicates photosyn-

thetic efficiency.

Table 1. This table summarizes the main experiments conducted to test the Fe hypothesis and how
Fe concentration impacts phytoplankton growth. Emphasis is on the variety of sampling sites and

periods. Abbreviations: SOIREE stands for SO Iron Release Experiment; in EisenEx, “Eisen” means
Fe in German; SOFeX-N,S for SO Fe experiment North and South; EIFEX for SO European Iron
Fertilization Experiment; SAGE for Surface Ocean-Lower Atmosphere Study (SOLAS) Air-Sea Gas
Exchange; in LOHAFEX, “Loha” means Fe in Hindi; CROZEX for CROZet natural iron bloom and
EXport experiment; KEOPS 1,2 for Kerguelen Ocean and Plateau compared Study.

Experiment Type Area Period Reference(s)
SO Australian Sector Summer (Feb) SOIREE [52-54]
SO Atlantic Sector Spring (Nov) EisenEx [55]
Artificial Fe Polar waters of New Zealand, north of the Summer (Jan—Feb) SOFeX-N [56]
fertilization Polar Front
ilizati
Subpolar waters of New Zealand, south of
the Polar Front Summer (Jan—Feb) SOFeX-S [56,57]
SO Atlantic Sector Summer—Autumn (Jan-Mar) EIFEX [58]
Subpolar waters of New Zealand Autumn (Mar-Apr) SAGE [59]
SO Australian Sector Summer-Autumn (Jan-Mar) LOHAFEX [60,61]
SO Atlantic Sector Spring (Oct-Nov) [13]
SO Pacific Sector Autumn (Mar-Apr) [36]
Natural Fe Crozet Plateau Spring-Summer (Nov-Jan) CROZEX [37,47,62]
fertilization Kerguelen Plateau Summer (Jan—Feb) KEOPS 1 [45,46]

SO Pacific Sector
Kerguelen Plateau

Summer (Jan-Feb)
Spring (Oct-Nov)

[30]
KEOPS 2 [63]
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Table 1. Cont.

Experiment Type Area Period Reference(s)
Weddel Sea; .
Scotia Sea Spring-Summer (Nov—-Dec) [33]
SO Pacific Sector Autumn (Mar-May) [39]
. Autumn (Apr-May)
Subantarctic Zone (SE New Zealand) Spring (Oct-Nov) [64]
e Spring (Oct-Nov)
Polar Frontal Zone, Pacific Sector Summer (Jan—Feb) [65]
Subantarctic Zone, Australian Sector Late Summer (Mar) [66]
Subantarctic Zone, Australian Sector Late Summer (Mar) [67]
Ross Sea Summer (Jan)
Spring—-Summer [38]
In vitro Fe Antarctic Circumpolar Current prng-oumme
enrichment (Oct-Dec)
(bottle incubation Polar Frontal Zone, Atlantic Sector Summer (Dec-Jan) [40]
experiments) Crozet Plateau (Polar Frontal Zone) Spring-Summer (Nov—Jan) [37,47]
p Amundsen Sea Summer (Jan-Feb) [49]
. Spring (Oct-Dec)
Scotia Sea Summer (Dec—Feb) [68]
Early summer
Amundsen Sea (Dec—Jan) [69]
Ross Sea Summer (Dec—Feb) [70]
Subantarctic Zone, Atlantic Sector Summer (Dec-Feb) [15]
Polar Frontal Zone (North);Antarctic Zone
(South), Atlantic Sector Summer (Dec—Feb) (71]
Early Summer
Ross Sea (Dec—Jan) [72]
. Late Summer
East Antarctica (Jan-Mar) [73]

Satellite observations have confirmed the presence of natural phytoplankton blooms

stimulated by different Fe inputs [48], and computational analyses with ocean models have
confirmed that not only primary production, but also community structure and the sinking
flux, can be influenced by variations in the Fe sources [74]. These experiments paved the
way for the next decades of Fe studies and were essential to confirm the importance of Fe
in the SO, which was previously only hypothesized.

3.2. Co-Limitations with Other Environmental Factors

The polar nature of the SO presents important challenges to primary producers, which
must live under growth-limiting concentrations of Fe, but also under extreme light and
temperature conditions. Moreover, among the major nutrients, Si can be strongly limiting
for diatom growth and thus influence productivity. On the other hand, Si concentrations are
seldom limiting in nutrient-rich SO waters [75]. More recent studies have further confirmed
the positive effects of Fe addition on phytoplankton growth and photosynthetic efficiency
in Fe-limited areas of the Scotia Sea [68], Amundsen Sea [69], summertime Ross Sea [70],
and the Sub-Antarctic zone [15], but they also pointed out how irradiance might limit
phytoplankton production as well [71-73].

3.2.1. Light

Being that light is a main driver of photosynthesis, the issue of light limitation has
always been studied, especially in the SO [37,47,48,64,66,76], where the polar darkness
prevails for much of the year and all other variables are merely additive during darker
periods. However, even during the Antarctic summer, light can be somewhat limiting,
due to the low angle of incidence of the sun rays, or where the mixed layer is deep and
turbulent and draws the algae down into the dimly lit part of the euphotic zone [2].
Moreover, for oceanic phytoplankton, an antagonistic relationship exists between cellular
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Fe and light-harvesting capacity, owing to a higher demand for photosynthetic Fe-based
redox proteins by low-light-acclimatized algae, causing the negative effects of the two
factors to reinforce one another [76]. Accordingly, some of the recent studies on Fe and
light co-limitation showed that Fe addition can boost phytoplankton growth, but only
when sufficient light is available [73], pointing towards irradiance as the main limiting
factor. However, spatial [71], taxonomic [47], and of course seasonal variability exist
for the relative importance of Fe and light limitation. Moreover, studies on laboratory-
cultured [77] and natural [72] phytoplankton populations have suggested that SO species
evolved Fe-saving strategies to cope with low light levels, partially relieving the additive
effect of the two factors [78]. Specifically, both diatoms and the Antarctic bloom-forming
haptophyte Phaeocystis antarctica showed increased size of photosynthetic units under low
light irradiances, instead of increased numbers of units [77]. This strategy allowed them to
reduce the Fe burden of photosynthesis, and their Fe requirements decreased or remained
relatively constant with decreasing light, in contrast with temperate diatoms [77]. Moreover,
Ryan-Keogh et al. [70] found that phytoplankton species that utilize this Fe-saving strategy
were favored in the Ross Sea late-summer season, which may explain the typical seasonal
transition in bloom-dominating species observed in this region. Interestingly, most, but
not all, diatom species show an additive effect of Fe and light stress [78]. For example,
some species (i.e., Chaetoceros cf. sociales, Pseudonitzschia subcurvata, Actinocyclus actinochilus,
and Navicula sp.) showed a similar reduction in the growth rate when subjected to Fe
and light reduction, or a combination of the two, suggesting that an additive relationship
does not exist in these diatoms. In contrast, an additive effect was observed in some polar
diatoms, like Fragilariopsis cylindrus, Thalassiosira antarctica, and Proboscia alata [78]. This,
of course, is not the only Fe-saving adaptation that SO phytoplankton uses to overcome
limiting environmental conditions and maintain photosynthetic efficiencies and production
rates. Additional strategies include lower respiration rates, the use of proteorhodopsins,
Fe-free proteins which may allow the production of additional ATP, and the replacement
of the Fe-containing photosynthetic proteins, i.e., cytochrome c6 and ferredoxin, with the
copper protein plastocyanin or the nonmetal protein flavodoxin, respectively, under Fe
limitation. Fe-saving strategies have been studied mainly in diatoms and are discussed by
Strzepek et al. [79] and Coale et al. [80].

3.2.2. Temperature

Temperature is the other environmental factor that should be considered prohibitive
for phytoplankton to thrive in the SO. Temperature increments, for example, even if to a
lesser extent, have been shown to have a possible synergistic effect with Fe on Antarctic
phytoplankton [81-83]. Bloom-forming Pseudonitzschia species from the Ross Sea showed
significantly increased growth and high managing capabilities for cellular Fe demand
under warmer low-Fe conditions [83]. Nevertheless, SO phytoplankton species are notably
adapted to the characteristic low temperatures of their natural environment, and not all of
them are affected by a temperature increase in the same way [82,83]. Some studies have also
suggested that low temperatures may actually have a role in facilitating the aforementioned
increased light-harvesting antenna size adaptation [79]. In fact, large antennae are usually
disadvantageous because they potentially increase energy loss as heat and fluorescence,
but heat loss should decrease with lower temperatures [79].

3.2.3. Silicates

As already mentioned, Si concentrations are usually not limiting for phytoplankton
growth in the SO. However, in some areas, like the Subantarctic zone north of the Polar
Front [67], they can exert significant control on the growth of some species of phytoplankton,
primarily diatoms [36,64], which use silicic acid (Si(OH),) as a structural component of their
cell walls. Many observations point out that phytoplankton communities north and south
of the Antarctic Polar Front respond differently to Fe addition [56,65], because natural
concentrations of Si(OH), limit diatom productivity in the north, especially in the late
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growing season. In fact, the community composition here tends to shift towards larger,
non-siliceous cells, or small diatoms, in response to Fe addition [47,56,65]. Nevertheless,
field studies suggest that Si frequently acts only as a secondary limiting nutrient compared
to Fe [15,56,67,74].

This section highlights how it is hardly possible to trace back the (apparently) para-
doxical situation in the SO to one cause or variable, except at small scales. Even if the
role of Fe is now established to be crucial, it is unlikely that Fe alone limits phytoplankton
production. Rather, it appears that: (I) there is a primary productivity pattern synchronized
with seasonal irradiance, (II) the Fe supply primarily controls phytoplankton growth during
late spring and summer, except when (III) Si limitation is strong and constrains diatom
blooms [27,75]. Thus, primary productivity in the SO is restricted due to Fe deficiency,
in combination with severe seasonal effects of irradiance and wind mixing (which affects
the light climate), as well as regional Si limitation for diatoms. Fe distribution, hence,
plays a critical role in determining the development of phytoplankton blooms during
the growing season, thus regulating primary production, with effects on the whole SO
community structure.

3.3. Phytoplankton Community and Ecosystem Structure

In general, it has been shown that small cells are favored under Fe limitation due to
higher surface-to-volume ratios that facilitate Fe uptake by diffusion [76]. Moreover, small
algae predominantly rely on recycled ammonium as nitrogen (N) source, and thus have a
lower Fe requirement, as it is needed for nitrate and nitrite reduction [9,12].

In the SO, there is geographical and seasonal variability in the proportions of the
phytoplankton size categories, but generally the biomass is dominated by nanoplankton
and picoplankton [2,34,39,84], while the contribution of larger phytoplankton species is
limited. Diatoms and P. antarctica typically dominate phytoplankton groups in Antarc-
tic waters, and diatoms in particular appear to be especially limited by low Fe in this
region [12,15,58]. Fe availability highly influences phytoplankton species composition. A
case study is offered by offshore waters of the Ross Sea, where in recent years changes
in the abundance of phytoplankton have been recorded during austral summer [85,86].
Here, the ice-free areas were usually HNLC because of Fe limitation of phytoplankton
growth [87], but recently, considerable biomass increase and large-sized phytoplankton
were observed [85,86,88], suggesting relevant alterations in Ross Sea summer productivity.
During these observations, the phytoplankton of the ice-free Ross Sea showed significant
anomalies. For example, P. antarctica colonial bloom occurred in an area and in a season
usually characterized by the prevalence of diatoms. Conversely, diatoms dominated the
wide upper mixer layer. These changes are thought to be driven by modifications in the
circumpolar deep-water circulation [89,90] and variations in the benthic sources which
supply Fe to the system [88]. However, it is unclear what main environmental factors are
driving these changes in primary production and the prevalence of different functional
groups [91,92]. The current asset may affect not only the Ross Sea, but the entire SO ecology,
also having an impact on a global scale.

Several other studies have indeed demonstrated that Fe limitation and Fe enrichment
affect the phytoplankton species composition, even though there is some intrinsic variability
in the results, which is mainly due to the natural heterogeneity of the starting communities
utilized for the experiments, which differ between sampling sites and periods. However, a
commonly reported result is a general increase in larger size categories. Hinz et al. [68],
for example, observed significant differences in the phytoplankton community structure
after Fe addition, but only in the samples collected from naturally Fe-limited areas or
from a naturally Fe-fertilized area at the end of the growing season. Specifically, a general
increase in medium and large diatoms was observed in these regions, suggesting that these
groups were in fact Fe-limited. These results are in agreement with the before-mentioned
results from mesoscale Fe addition experiments, which prompted strong growth of larger
microphytoplankton species, especially diatoms [42,55,58], and in line with the outcomes of
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many other bottle incubation experiments following Fe addition [40,47,64,68,73]. Moreover,
cell numbers of medium and large-size diatoms increased during observation of naturally
Fe-limited regions with episodic Fe-driven diatom blooms [13,27,36,42]. The success of
larger diatoms is consistent with the idea that medium and large diatoms have higher Fe
requirements, while being less susceptible to grazing, thus particularly favored when Fe
limitation is relieved, assuming that the region is not Si-depleted. In fact, no taxonomic shift
toward diatom-dominated communities was observed during experiments conducted in
Si-limited regions, such as SAGE and LOHAFEX (Table 1) [59,60], but was present during
SOFeX-N [56]. On the other hand, some medium-small diatoms, including but not limited
to Cylindrotheca spp. [68] and Pseudonitzschia spp. [40,47,55,56,68], also showed increased
biomass in Fe treatments, demonstrating that small phytoplankton species exhibit a Fe
response as well, besides having lower Si demands [67]. Notably, both small and medium-
sized Pseudonitzschia spp. responded in different regions of the SO. A recent study also
found that Pseudonitzschia spp. can up-regulate Fe-conserving photosynthetic processes,
use low-Fe nitrogen assimilation mechanisms, and increase Fe uptake and storage during
Fe limitation, indicating that this genus may have great impact on SO production and
carbon export [83].

In general, it can be concluded that, in the SO, the Fe-enriched community often
tends to a shift towards a diatom-dominated community [15,58,70], being diatoms the
main beneficiaries of Fe addition. This shift is suggestive of community-specific Fe quota
requirements [77], which guide the composition of the existent phytoplankton community
in the SO. Oceanic single-celled algae are the basis of the ocean food web, and the whole
community structure is influenced by phytoplankton species composition [50,93]. For
instance, P. antarctica can form large colonies at high Fe concentrations [94], which influence
its susceptibility to grazing. Similarly, large diatoms are too big to be easily grazed by
microzooplankton grazers. As larger mesozooplankton grazers normally have lower
growth responses [42], this allows bigger blooms to form, with cascade effects on higher
trophic levels, major nutrients and carbon drawdown, and biogeochemical ramifications
on local and global scales.

3.4. Where We Are Today: Artificial Fe Fertilization and Carbon Export

Thanks to the research conducted in the past three decades, Fe has now been estab-
lished as a key resource that influences the magnitude and dynamics of primary production
in the global ocean, thus shaping CO, fixation and the whole carbon cycle. As a conse-
quence, the carbon export by the biological pump is presently limited by the insufficient Fe
availability [11]. Oceanic waters, in fact, can store carbon on decal to millennial timescales,
thus regulating the atmospheric pCO, with effects on the global climate. According to the
Fe hypothesis, atmospheric Fe supply to the SO during the last glacial maximum enhanced
biological productivity, and the corresponding atmospheric CO, drawdown [11]. Decades
later, the idea that Fe fertilization can change the global climate through the reduction of
atmospheric CO; has been confirmed [95]. Meanwhile, this assumption inspired research
on the use of Fe fertilization to stimulate oceanic carbon sequestration through the biolog-
ical pump in Fe-limited regions and mitigate future climate change [26,96,97]. The past
in situ Fe fertilization experiments were specifically designed to test the Fe hypothesis
and showed indeed higher CO, uptake and increased particulate organic carbon (POC)
concentrations in the surface layer, as a response to Fe addition (details are summarized
in [43]). However, an increase in the carbon export flux from the surface layer (i.e., the
magnitude of Fe-induced carbon export below the winter mixed-layer depth) was much
more difficult to prove [26,42]. The only exception was the SO, where the Fe-induced
carbon export exhibited a small but significant increase during some long-term monitoring
experiments [56]. Later, with the EIFEX project, which was performed within the core of
an eddy, researchers were able to prove and to measure long-term carbon sequestration
in ocean bottom waters and sediments following Fe-fertilized diatom blooms [98]. How-
ever, these ocean fertilization experiments are still debated because of their ambiguous
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relevance, mostly in terms of carbon sequestration [41,57,99], and in recent years similar Fe
fertilization experiments have rarely been performed. Nevertheless, they allowed to better
understand of the functioning of plankton-based ecosystems and some HNLC dynam-
ics [96], while also highlighting the necessity of methodological improvements, including
better selection of the study sites (i.e., sites without additional influences such as Si and
grazing pressure), longer monitoring periods, the implementation of new techniques for
more reliable measurements and quantifications, and the evaluation of potential dangerous
side effects on the system [43]. Today, Fe fertilization is among the possible carbon draw-
down strategies discussed by the Intergovernmental Panel on Climate Change (IPCC) [100].
However, other studies are more cautious, and the IPCC itself also underlined a range of un-
certainties and open questions about the feasibility and the large-scale consequences of Fe
fertilization [100-102]. Moreover, a simulated glacial Fe fertilization pointed out that addi-
tional processes might have been significant contributors to the past decrease in the glacial
CO; [103], and the complexity and diversity of the drivers of ocean carbon sequestration
(besides the biological sinking pump) is still emerging [104]. Thus, while the connection
between Fe limitation and primary productivity is now established, direct evidence of
its precise impact on carbon export is still lacking [105]. Moreover, potential side effects
have emerged as harmful consequences of Fe enrichment [106], such as negative climate
and ecosystem changes [97,106,107], due to the possible production of climate-relevant
gases (e.g., nitrous oxide, N,O; dimethylsulfide, DMS; and methane, CHy) [97,106,107], or
the development of suboxic/anoxic conditions in the water column [97,106,107] and toxic
algal blooms [108,109], thus sparking the debate between those who support and those
who oppose artificial ocean Fe fertilization experimentation. Overall, the progressively
decreasing magnitude of CO, sequestration over time during the experiments, the moni-
toring difficulties, the possible negative side effects, and the many uncertainties must be
thoroughly addressed and modelled before making any attempt of Fe fertilization at large
scales for climate mitigation. As the matter of Fe-stimulated carbon export is still currently
debated, it is only possible to speculate. Surely, Fe enrichment played a role during past
glacial eras, but the recreation of such conditions through artificial fertilization cannot
currently be proved.

4. Looking to The Future: Could Climate Change Relieve Iron Limitation?

The Fe cycle comprises diverse processes: external supply, chemical speciation, trans-
formations, biological uptake, recycling, and the removal by sinking particles. Each one of
these processes is, and will be, affected by the changes that the global oceans are experi-
encing [100], likely at different magnitudes and with potential cumulative effects, which
complicate possible predictions. Timing, direction, and scale of climate change impacts in
the Antarctic region differ sub-regionally [100,110]. Moreover, future climate changes will
strongly influence phytoplankton dynamics themselves, and the biological Fe demand will
vary due to acclimation and adaptive evolution to environmental changes. Thus, to make
predictions about modifications in phytoplankton communities and productivity in the
next centuries, it is essential to understand the positive and negative feedback interactions
of Fe biogeochemistry with the changing oceans and the biology of the organisms involved.
To date, accurate modeling and projections of future Fe cycle and its impact on SO pro-
ductivity require further advances in both data collection and conceptual understanding.
Nevertheless, it is apparent that there will be shifts in Fe biogeochemistry, from cellular
physiology to global-scale oceanic circulation (as summarized in Figure 3).
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Figure 3. Schematic representation of the predicted effects of anthropogenic climate change on the SO
phytoplankton community through three main climate-driven processes: acidification, stratification,
and warming, according to the data summarized in the 2019 and 2022 IPCC reports [100,111], and as
discussed in the text (Section 4.2). The figure also shows the possible changes in cryosphere dynamics
and their consequences on the Fe supply, as a general overview. The complexity and the details of the
subject are discussed in the text (Section 4.1). In general, the future effects of acidification, as the ones
of modified stratification, could be positive and negative at the same time, while the consequences of
increased temperatures are still not defined for phytoplankton due to high variability in the results.
However, warming is expected to have a positive indirect effect on future phytoplankton, thanks
to the resulting increase in ice melting rates and consequent Fe release and reduced ice cover. More
details on the confidence levels of these predictions can be found in the 2019 IPCC report on polar
regions [111].

4.1. Iron Supply

In the SO, Fe supply is extremely important for productivity and CO, drawdown [95],
and relies on numerous and different Fe sources, most of which will be affected by climate
change. Cryosphere dynamics are probably the most influential and highly studied research
topic regarding future climate change in the SO. How will changes in cryosphere dynamics
influence Fe supply to SO waters in the future?

Already in the 90s, the importance of drifting “dirty” icebergs was discussed as
an important Fe source for the Fe budget in some productive regions [33]. Loss of ice
and glacial mass has been predicted with very high confidence for polar regions in the
future [100]. The potential to directly release dissolved and sediment-bound nutrients
to the surface ocean, and to indirectly stimulate nutrient upwelling is expected with ice
melting [100]. Thus, ice shelves and glacial melt may become increasingly important Fe
sources in some SO regions, due to anthropogenic warming [21,30,112-114], while drifting
icebergs have the potential to fertilize the SO far from the coastal waters [20,115].

Climate-change-driven community shifts have already been observed in ice-free Ross
Sea areas [85], as mentioned in Section 3.2. The calving of the Mertz Glacier Tongue in 2010
altered the surrounding ecosystem, causing a meltwater-induced diatom bloom due to
increased light and Fe, which doubled the seasonal uptake of carbon [112]. Thus, glacier
retreat could potentially increase the release of Fe-rich material from shallow suboxic shelf
sediments, a source that may become increasingly significant for the local Fe supply, also be-
cause of the potential cutting out of deep water supply due to increased stratification [114].
Moreover, ice shelves retreat can potentially bring to the formation of new polynyas in
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their wake, or to increased productivity of pre-existing polynyas [111]. Given the amount
of residual macronutrients in surface waters, polynya productivity has the potential to
increase due to future changes in ice melt rates [30], with influences on whole coastal
ecosystems and an enhanced capacity of Antarctic continental shelf waters to sequester
atmospheric CO, [116]. The collapse of the Larsen A and B ice shelves in the Antarctic
Peninsula offered a case study to observe the effects of ice shelf disintegration. The Larsen
embayments function now as new high productivity areas, with probable ramifications for
organic matter export and the evolution of the whole marine ecosystem [113].

Finally, with glacier retreat, ice-free land areas are likely to enlarge, causing a possible
enhancement of the Fe flux to sea ice via dust deposition [117]. On the other hand, some
argue that the current rate of glacier retreat may end up in total loss of glacial cover, and
consequently stop the glacial Fe supply to coastal waters. Thus, the link between the
continental sources and the offshore surface ocean would be cut, with a high impact on
some of the most productive regions in the SO [22,118].

It is important to note that warming-driven changes in the cryosphere will not only af-
fect ice-born Fe supply, but will influence most Fe sources by changing the water circulation
(i.e., causing mixing and upward advection) [23], by increasing stratification due to changes
in the wind fields [113], and by potentially stimulating Aeolian dust deposition (i.e., with
the expansion of ice-free land areas) [117]. This interdependence of different Fe supplies
highlights the vulnerability of coastal Antarctic ecosystems to changes in ice basal melt
rates. Moreover, besides the influence on Fe supplies, climate change will also affect other
factors that are important for Fe bioavailability to phytoplankton, mainly the chemical
speciation [16]. However, many aspects of the ocean Fe cycle are currently understudied,
and more research is needed to better predict future changes in chemical speciation, abiotic
removal and scavenging, and their effects on Fe bioavailability. On the other hand, we have
a better understanding of phytoplankton physiological and community-level responses to
changes in the Fe supply.

4.2. How Will Changes in the Environment and Iron Cycle Affect Phytoplankton Biology?
4.2.1. Warming

As already mentioned, Fe addition and warming together often show stimulatory and
interactive effects on Antarctic diatoms [81,82,119]. Moreover, warming and Fe have been
found to be the most influential climate change factors in a multivariate analysis consider-
ing the effects of multiple variables on a model diatom from the genus Pseudonitzschia [120].
Interestingly, experimental evidence has shown that warming alone could not only stimu-
late considerable growth and nutrient drawdown, but also compensate for Fe limitation,
and maybe even improve Fe-use efficiencies, although this is not true for all diatom
species [16]. Even dominant diatom groups exhibit important molecular and physiological
differences [83]. In particular, the genus Pseudonitzschia has shown resilience and enhanced
growth and nutrient drawdown with rising temperatures, even under low-Fe conditions,
which suggests an increasingly important role of this genus in warming SO ecosystems [83].
However, overall, ocean warming is expected to put pressure on Antarctic phytoplankton
and favor the spread of invasive species [100].

4.2.2. Acidification

Acidification, like warming, is another primary global change phenomenon, derived
from increased CO; levels. Acidification may influence Fe aqueous speciation [16] and
consequently Fe availability, but it can also potentially affect phytoplankton community
structure and Fe demand with both direct and indirect effects. Calcifying phytoplankton
species will probably be affected in different, often opposing ways, i.e., showing decreased
calcification due to acidification, while exhibiting higher photosynthetic rates due to in-
creased CO; levels [100].

Incubation experiments with Antarctic HNLC communities often show that the effects
of changing CO; are secondary to the relief of Fe stress [121,122]. Nonetheless, it should
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be mentioned that in most experiments, Fe addition exceeded the proposed Fe levels
in model projections, while acidification treatments typically mimic predictions more
accurately [16]. Furthermore, CO,-mediated shifts in diatom community structure have
been reported [121,122], and a critical threshold for tolerance to ocean acidification has
been identified in a coastal phytoplankton community [123]. CO, concentrations over the
threshold negatively affected photosynthetic performances and primary productivity, and
consequently reduced nutrient uptake, chlorophyll a accumulation, and particulate organic
matter (POM) production [123]. Species-specific variability exists regarding growth and
primary production responses to acidification.

4.2.3. Mixing and Stratification

Changes in stratification will affect mixed-layer depths, a leading regulator of primary
production. Deeper mixed layers bring more nutrients to the surface; however, they also
result in lower irradiance levels available for phytoplankton growth. Model projections sug-
gest that there will be a reduction in macronutrient vertical supply, mainly due to increased
stratification, while Fe supply could potentially increase, as previously explained [111]. A
shallowing trend in mixed-layer depth was observed in the southern part of the Western
Antarctic Peninsula during a 24-year observation, associated with an enhanced phytoplank-
ton carbon fixation [124], while no changes in either factor were detected in the northern
part of the peninsula. A hypothetical higher irradiance would reduce Fe demand in some
species [77] and possibly favor cellular Fe reallocation to Fe-bearing antioxidant enzymes.
Thus, increased stratification could have a positive effect on phytoplantkon growth due
to shallower mixed layers; but, increased stratification, together with acidification and
deoxygenation, will also affect macronutrient availability and demand. This will alter
the stoichiometry of the Fe/nutrient ratios, likely affecting existing co-limitation between
Fe and macronutrients and creating new co-limitation scenarios in the future [16], with
far-reaching consequences for future Fe demand, phytoplankton growth, and diversity.
For example, unbalanced Fe:P ratios could substantially decrease diazotroph growth rates,
and thus N fixation rates and carbon export. Future N limitation scenarios would affect
differently the various phytoplankton groups, with plausible opposing trends in the Fe
supply needed to support their growth (i.e., high Fe-demand diazotrophs versus a tendency
for many producers towards reduced, recycled N sources) [16]. In the Fe/Si co-limited
HNLC sub-Antarctic waters, a decrease in future Si supply rates is projected [100]. In
low Fe waters, the restraint of vertical Si supply could shift future communities towards
non-silicified phytoplankton groups, disfavoring diatoms. On the other hand, in some
parts of the open SO, it is projected with medium confidence that changes in wind fields
will deepen the summer mixed-layer depth [125] and raise primary productivity in the
future due to increased nutrient entrainment [100,126].

Overall, there is low confidence in the predictions about the changes in future nutrient
supply in the Antarctic region [111]. Furthermore, there is currently a lack of studies
investigating future changes in phytoplankton cellular Fe quotas, though considerable
plasticity in cellular Fe content has been observed so far, which may facilitate acclimation
to future environmental changes [72,94,94,127,128]. Adaptive evolution will also play a
role, helping phytoplankton to cope with a changing environment, but this subject has been
rather neglected by research so far.

Leung et al. [126] predicted the trends in primary production in the SO due to climate
change from 2006 to 2100 and identified a “zonally banded pattern” of phytoplankton
changes in abundance and production. According to this model projection, light (influenced
by summer mixed-layer depth, cloud cover, and sea-ice cover) and Fe supply were the
most important factors driving phytoplankton changes in the SO, south of 40° S, while
acidification was not reported as an important driver in this modelling experiment.

At present, according to the 2019 IPCC report [101], there is low confidence regarding
predicted future changes in surface Fe supply (projected to increase) in the SO. This
negatively affects the confidence of predicted changes in phytoplankton biomass, which
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is also low for the SO [111]. Low confidence in SO projections mainly arises from (1) the
difficulty in mapping present Fe supply mechanisms, and (2) understanding the combined
effects of multiple drivers (i.e., temperature, irradiance, nutrients, pCO,, pH, and grazing)
on different species of phytoplankton. Currently, a common primary production trend at
the circumpolar scale has not been assessed due to regional variation: if many studies point
toward an increase in SO productivity, others show an opposing trend in some sectors, i.e.,
the subantarctic zone [100,129]. Thus, in situ long-term experiments coupled with satellite
observations are clearly needed to confirm model findings regarding SO biology.

5. Discussion

Fe is an essential nutrient for all living organisms. The formulation of the landmark
“Fe hypothesis” boosted research in the field, which is currently still expanding. Fe concen-
trations in the ocean are often very low due to biological uptake and Fe organic chemistry.
This leads to the presence of HNLC regions in the world oceans, the biggest of which is in
the SO. Low Fe concentrations limit primary production rates and biomass accumulation
in these areas, and influence ecosystem structure and worldwide biogeochemical cycles.
According to the “Fe hypothesis”, atmospheric dust deposition of Fe can stimulate varia-
tions in oceanic primary productivity, thus controlling atmospheric CO; concentrations
and hence global climate, over glacial-interglacial timescales. A contemporary application
of this concept supports large-scale Fe fertilization of HNLC regions to enhance the ability
of the ocean to mitigate climate change by storing anthropogenic CO,. However, the
efficacy and advisability of Fe fertilization projects is still being debated, and past in situ Fe
enrichment experiments do not show a clear pattern of enhancement of the carbon export
flux to the depths. What clearly emerges from the past decades of experiments, instead,
is the complexity of the SO system, which we addressed in this paper with a synthetic
overview of the topic.

Extensive variability exists among different regions in terms of Fe concentrations, the
timing and extent of phytoplankton seasonal blooms, and susceptibility to future climate
changes. Some areas, like the continental shelf region of the Ross Sea which experiences
one of the largest phytoplankton blooms in the SO [38,91,92], are less Fe-stressed than other
open water regions [6,38], while some other regions like East Antarctica remain relatively
undersampled. The same goes for seasons: phytoplankton tends to be more Fe-stressed in
summer/fall than in spring, when light is more easily limiting, and in high-Si water than
in low-5i water. Considering what we have reported and summarized in this review, Fe
can have a greater or lesser influence depending on environmental conditions (i.e., light,
temperature, availability of other nutrients, currents, and weather) that may fluctuate
considerably over small distances and timescales. Grazing is also an important regulator of
primary producers biomass, but is not addressed in this review.

This environmental complexity reflects on the variability of natural populations,
which is of course influenced by Fe concentrations. Even if physiological and molecular
responses of various phytoplanktonic species may differ, some authors have focused on the
uncovering of possible molecular indicators of Fe limitation, to understand the dynamics of
Fe stress in natural populations. Chappell et al. [130], for instance, evaluated in the diatom
Thalassiosira oceanica the expression of a gene encoding Fe-responsive flavodoxin (FLDAT),
homolog of the Fe-regulated gene identified by Whitney et al. [131], and a gene coding an
Fe-starvation-induced protein (ISIP3). FLDAI and ISIP3 expression were inversely related
to Fe concentrations and the authors suggested them as possible indicators of Fe limitation.
Another work by Erdner et al. [132], focusing on seventeen species of marine phytoplankton,
highlighted that ferredoxin replacement by flavodoxin was a common response to Fe stress,
as was previously suggested [51]. More recently, transcriptomic studies have allowed
the identification of important genes tracking the Fe status in P. antarctica [94] and the
diatom Pseudonitzschia [133]. Microcosm experiments and at sea (California) also confirmed
Pseudonitzschia biomarkers for Fe-replete and Fe-deplete conditions [133]. Similar studies



J. Mar. Sci. Eng. 2023, 11,272 15 of 21

may serve to identify possible biomarkers indicating severe Fe stress, not only for a specific
microalgal species but also for the whole microalgal community.

As we move into a changing world, facing major ecosystem shifts, it is essential to
understand how all these changes will alter the Fe cycle and predict possible cumulative
enhancement, attenuation, or in some cases ‘zero sum’ effects. Currently, there are a variety
of studies addressing this issue, but still low confidence regarding predictions of future
changes in surface Fe supply and phytoplankton biomass in the SO [101,111]. Predictions
in the SO are complicated by many factors, including technical sampling limitations in a
harsh environment, complexity of the Fe cycle, the diversity of supply mechanisms, and
the combination of multiple drivers (i.e., temperature, irradiance, nutrients, pCO;, pH,
and grazing) on different species of phytoplankton. However, the current low-confidence
projections point toward an increase in future Fe supply as a consequence of climate
change, which could influence and possibly change the HNLC nature of the SO. What
appears evident is that changes to a complex system, coming both from controlled large-
scale experiments, or from anthropogenic climate change, will likely provoke a similarly
complex, and largely unpredictable, response.
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