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This study highlights that FeMn input can
induce small but significant changes in
plankton community composition and
primary production, enhancing 4 times
the carbon export potential.
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SUMMARY

Next to iron (Fe), recent phytoplankton-enrichment experiments identified manganese (Mn) to (co-)limit
Southern Ocean phytoplankton biomass and species composition. Since taxonomic diversity affects aggre-
gation time and sinking rate, the efficiency of the biological carbon pump is directly affected by community
structure. However, the impact of FeMn co-limitation on Antarctic primary production, community composi-
tion, and the subsequent export of carbon to depth requires more investigation. In situ samplings of 6 stations
in the understudied southern Weddell Sea revealed that surface Fe and Mn concentrations, primary produc-
tion, and carbon export rates were all low, suggesting a FeMn co-limited phytoplankton community. An Fe
and Mn addition experiment examined how changes in the species composition drive the aggregation capa-
bility of a natural phytoplankton community. Primary production rates were highest when Fe and Mn were
added together, due to an increased abundance of the colonial prymnesiophyte Phaeocystis antarctica.
Although the community remained diatom dominated, the increase in Phaeocystis abundance led to highly
carbon-enriched aggregates and a 4-fold increase in the carbon export potential compared to the control,
whereas it only doubled in the Fe treatment. Based on the outcome of the FeMn-enrichment experiment,
this region may suffer from FeMn co-limitation. As the Weddell Sea represents one of the most productive
Antarctic marginal ice zones, our findings highlight that in response to greater Fe and Mn supply, changes
in plankton community composition and primary production can have a disproportionally larger effect on

the carbon export potential.

INTRODUCTION

Phytoplankton fixes inorganic carbon into algal biomass via
photosynthesis and thus provides organic carbon to the rest of
the food web. This ultimately leads to export of carbon to deeper
depth,’ a process coined the biological carbon pump.? As a
consequence, phytoplanktonic primary production in the Wed-
dell Sea (south of 55°S-60°S)® accounts for =25% of the total
Southern Ocean’s (SO’s) biological carbon uptake, making it
one of the most productive marginal ice zones of the SO and
an important area to study.* Large regions of the world’s oceans,
including the SO, display low phytoplankton biomass despite a
plethora of available macronutrients. In the 1990s, John Martin
and colleagues® discovered that iron (Fe) availability was the
main factor for the lack of macronutrient utilization and the low
chlorophyll biomass of these high nutrient low chlorophyll
(HNLC) regions. The SO is the largest HNLC region where the
scarcity of Fe and other trace metals (TMs), such as manganese
(Mn), have previously been shown to impact phytoplankton
growth.®'" This is not surprising since, in addition to low dis-
solved Fe (dFe) concentrations, low dissolved Mn (dMn)

L)

concentrations were also measured in several SO regions such
as the Scotia Sea, Weddell Sea, and Drake Passage.®''"®

It is well documented that phytoplankton cells have a high
requirement for Fe, as it is required in many cellular metabolic
pathways.'*"° In addition to Fe, Mn is the second most needed
TM involved in photosynthesis,'® being an essential element
of the metalloenzyme cluster of the oxygen-evolving complex
during photosynthesis."” The fact that Mn may limit or, together
with Fe, co-limit SO phytoplankton biomass, physiology, and
productivity in the field has been demonstrated in several
FeMn-enrichment experiments,”®'%"" and their effects on
carbon export have been projected in biogeochemical
models.'®'® Moreover, it has been shown that key members
of the same phytoplankton community of the Drake Passage,
such as the biogeochemically important diatom Fragilariopsis,
were co-limited by Fe and Mn, whereas the other members
were solely Fe limited.”" In fact, different TM availabilities in
seawater and the different TM requirements of different phyto-
plankton genera are key determinants of the plankton commu-
nity composition.’*?° The taxonomic composition of the
phytoplankton community also influences how much carbon
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is exported out of the mixed layer via the biological carbon
pump, since taxonomic diversity of cell size and shape—for di-
atoms, different degrees of cell-wall silicification within a com-
munity—affect aggregation time and sinking rate.”’** For
instance, a genus like the large and heavily silicified Fragilariop-
sis sp. acts as an important sinking conduit, as its thick silica
frustules are less prone to dissolution and are more resistant
to grazing than less silicified diatoms such as Chaetoceros
sp.?>?® Also, the colony-forming haptophyte Phaeocystis
antarctica, which produces transparent exopolymer particles
(TEPs), can form big aggregates®* since TEP promotes the
coagulation process and the formation of large particles.”>>°
In association with silicified diatoms, TEP-containing Phaeo-
cystis aggregates can also sink,?’ potentially accelerating and
facilitating carbon and silica export to the deep sea.?® Thus,
to model the primary production and subsequent carbon
export by SO phytoplankton, it is crucial to understand the
ecophysiology of key diatoms and P. antarctica in the SO. In
this study, we investigated the potential of Fe and Mn to limit
and/or co-limit primary production and impact phytoplankton
composition at the genus level in the southern Weddell Sea.
Furthermore, this is the first study that investigated the effects
of TM limitation and co-limitation on aggregate formation, one
of the main vectors for the transport of fixed organic carbon
from the surface ocean to the deep sea, and quantified its po-
tential for carbon export of a natural phytoplankton community
of the Weddell Sea.

RESULTS AND DISCUSSION

Low Fe/Mn concentrations indicate FeMn co-limited
phytoplankton across the southern Weddell Sea polynya
The seasonal polynya of the southeastern Weddell Sea is an
understudied region (Figure 1A), primarily due to difficult access
in the brief timeframe, where the area is not covered by ice. Hence,
this study presents the first concentrations of dissolved TMs and
their impacts on the phytoplankton community of this seasonally
productive area. Surface concentrations of both total dFe and
dMn were relatively low throughout the sampling region across
our 6 stations (Table 1; Figure 1A) and coincided with low primary
productionrates (Table 1). In addition, in situ measurements of par-
ticulate organic carbon (POC) fluxes to 100 m depth measured
from 3 sediment traps in the same study area (traps 1, 2, and 3; Ta-
ble 1) were also low and consistent with previous values reported
of Fe-limited waters,”**" indicating low carbon export fluxes. The
additional calculation of an already published Mn deficiency coef-
ficient in phytoplankton (Mn*, Table 1)° showed a relatively similar
range of Mn* (—0.02 to 0.06 nmol L™") to previously reported Mn-
limited and FeMn-co-limited phytoplankton populations of the
Drake Passage (—0.02 to 0.04 nmol L), identified via FeMn
amendment experiments. This further pinpointed that at the time
when phytoplankton of the southern Weddell Sea were sampled,
they were not primarily limited by Fe alone, but most likely FeMn
co-limited. However, one must keep in mind that Mn* is highly
dependent on the Fe and Mn requirements of each phytoplankton,
which can greatly limit the use of the Mn* coefficient in the field. To
test for FeMn co-limitation, an FeMn addition experiment was con-
ducted with the in situ phytoplankton community sampled from
location 1 (Figure 1A). The seawater used for the experiment was
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characterized by high macronutrient concentrations (nitrate + ni-
trite [NO,] = 31.9 umol L~ '; phosphate [PO,4] = 2.11 pmol L~ 7; sili-
cate [SIOH,] = 69.5 pmol L~'; Table 1) and low concentrations of
dFe and dMn (0.16 and 0.08 nmol L™, respectively; Table 1). In
line with this, the sampled phytoplankton community also ex-
hibited alow photosynthetic efficiency (F,/F, 0.26 + 0.01; Table 2)
and high functional absorption cross-sections of photosystem ||
(PSIl) (opsy, 9.69 + 0.55; Table 2), both being representative of
FeMn-limited waters.®"*? In addition to the low dFe concentration
(0.16 nmol L=, Table 1), which was indicative of Fe-limited HNLC
waters (=0.20 nmol L=),%° the low dMn concentration (0.08 nmol
L', Table 1) was similar to values observed of FeMn-limited wa-
ters of the Drake Passage (=0.03-0.4 nmol L), to which FeMn
additions were made,”"®""** and of the Mn-poor surface waters
of the northern Weddell Sea (<0.2 nmol L™") based on which
FeMn co-limitation was inferred.>> Accordingly, at our sampling
location, phytoplankton biomass was low, with concentrations of
Chla, POC, and primary production being 0.43 + 0.02 ng L',
0.22 + 0.01mgL™",and 17.0 + 0.6 mgCm3day ', respectively
(Table 1). The phytoplankton community was numerically domi-
nated by a group of autotrophic pico-nanoflagellates (=900 cells
mL~"; Table S1), already reported in SO Fe-poor waters.*® Among
the microplankton, diatoms were the dominant phytoplankton
group, accounting for about = 75% of the whole microphytoplank-
ton community (Figure 1B). Among the diatoms, the heavily silici-
fied Fragilariopsis sp., a genus commonly observed in SO HNLC
waters,'"*” was numerically the most abundant genus (75 cells
mL~"; Table S1). Another abundant genus was Pseudo-nitzschia
sp. (54 cells mL~"; Table S1), whereas Chaetoceros sp., Corethron
sp., and Leptocylindrus sp. were only found with lower cell abun-
dances (8,5, and 18cellsmL ™", respectively; Table S1). Consistent
with observations made in other coastal regions of the SO, col-
onies of P. antarctica accounted numerically for 25% (52 cells
mL~"; Figure 1B; Table S1) of the total microphytoplankton com-
munity.>**° As in our study, diatoms and haptophytes (e.g.,
P. antarctica) represent important key players in the Weddell
gyre.*°

Chla, POC-based growth rate and diatoms growth
responded mostly to Fe

Although measurements of bulk community parameters such as
Chla are helpful, they may miss specific processes such as
species-specific effects and TM co-limitation. Just as in our (Fig-
ure 2A) and numerous other studies,®'"*'~** Fe addition to the
phytoplankton community of location 1 resulted in a total Chla in-
crease due to the high Fe requirement for Chla synthesis.'*
Hence, Fe addition usually relieves chlorosis and enables
the cells to increase their Chla content.”*~* Consistent with
other studies,®'"*'~** POC and primary production of the whole
community were strongly enhanced after the addition of Fe
(Figures 2B and 2C). As 80% of the Fe requirement pertains to
photosynthesis, '>''® increased Fe supply, as an electron carrier,
usually leads to more electrons being transported*” and results
in a greater rate of supply of ATP (adenosine triphosphate)
and NADPH (nicotinamide adenine dinucleotide phosphate
hydrogen) for carbon fixation. Based on our Chla and POC re-
sults, the phytoplankton community as a whole was primarily
limited by the availability of Fe. We also determined cell abun-
dances of the most prominent microphytoplankton genera to
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Figure 1. Overview of the sampling area in the Weddell Sea

Map showing (A) the 6 sampling locations and (B) the initial species composition of the experimental location. The blue points represent the stations as described
in Table 1, and the connected red dots represent the deployment and the recovery of the drifting sediment traps as detailed in Table 1 (A). At location 1, an FeMn
addition experiment was conducted with the in situ phytoplankton assemblage, which was initially composed of the shown different phytoplankton groups (B).
Relative abundances of the main microphytoplankton genera (based on data from Table S1) at the start of the experiment were determined via light microscopy.

identify possible FeMn co-limitation effects at the genus level
(Tables 3 and S1). Although the communities in all treatments re-
mained numerically diatom dominated, the relative contribution
of each genus changed depending on the different TM additions
(Table. S1). After Fe addition, for instance, the growth rates of
the two ecologically important diatoms Fragilariopsis sp. and
Chaetoceros sp. significantly increased by =20% and =70%,
respectively, relative to the control (Table 3). It has frequently
been reported that these two diatom genera are the main bene-
ficiaries of Fe-enrichment experiments in the field.?>*"*® Inter-
estingly, the addition of FeMn did not lead to any changes in
the growth of these two genera relative to the Fe addition, sug-
gesting that they were primarily Fe limited. In contrast,
Pseudo-nitzschia’s ability to cope with a wide range of Fe con-
centrations®® was also evident in this study by its lack of
response to neither +Fe nor +FeMn (Table 3). Whether this was
due to its low Fe requirement or to the limitation by another TM
or vitamin is unclear. For example, SO phytoplankton species
have previously been reported to be Fe and vitamin B4, co-
limited®*°" and/or to experience additional limitations by other
TMs such as zinc and cobalt.° Nevertheless, it cannot be
excluded that the overall great increase in growth of all species
for each treatment (Table S1) may also be biased by possible
bottle effects (e.g., lack of sinking and large grazers).>>°

FeMn co-limited P. antarctica drove increases in
primary production

In line with Wu et al.,'® in our study, the colonial P. antarctica was
also FeMn co-limited, as it only achieved maximum growth when
both TMs were provided (Table 3). In addition to this, significant
species-specific TM effects inside the community were also
observed. Although P. antarctica was FeMn co-limited,
Pseudo-nitzschia sp. was not limited by the tested TMs, and Fra-
gilariopsis sp. and Chaetoceros sp. were only Fe limited. Hence,
this study highlights the complex effects of TM limitation and co-
limitation at the genus level. Interestingly, in this study, re-
sponses to Fe and Mn availabilities differed even between bulk
parameters. Although both Chla-based growth rate and POC-
based growth were driven by Fe alone, primary production
reached its maximum only in the FeMn treatment, resulting in
a +34% increase over Fe alone (157 + 12 t0 210 + 34 mg C
m~2 day™"; Figure 2C). This increase in primary production
was accompanied by a significantly higher growth rate of
P. antarctica in the FeMn addition compared with the Fe addition
(0.49 vs. 0.42 day~'; Tables 3 and S1;). Additionally, not only the
number of cells was increased but also more colonies were
formed in the +FeMn treatment (Table S2). High Fe supply was
previously found to trigger colony formation®" but had never
been tested in combination with Mn. Unlike single-celled
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Table 1. Biological and chemical characterization of the experimental area (Figure 1)

Measured
Primary POC flux,
production  POC1gg insitu

Latitude Longitude  Surface total Surface total Mn* NO PO, SiOH,4 Chla POC (mgCm=2 (mgCm2

emin™  emin™")  dFe(mmolL™") dMn(@mmolL™") (molL™") (molL™") (umolL™") (umolL™") (ugL7") (mgL™") day™) day™)
1 76°06.140 30°19.084 0.16 0.08 + 0.01 0.02 31.9 2.11 69.5 0.43 + 0.02 0.22 + 17.0 £ 0.6 POC100_exps
Experiment 0.01 92.2 +18.9
location (calculated,

see Table S3)

2 75°57.886 31°32.416 0.15+0.03 0.04 + 0.01 -0.02 - - - - - 1836 £ 15 -
3 76°02.415 31°03.924 0.19 + 0.03 0.13 £ 0.01 0.06 - - - - - 10.7 + 06 -
4 77°06.455 36°34.869 0.37 +0.04 0.16 + 0.01 0.02 - - - - - 418 + 0.7 -
5 77°02.365 33°33.906 0.09 + 0.01 0.09 + 0.01 0.06 - - - - - 45 + 0.3 -
6 77°03.018 34°44.548 0.18 + 0.05 0.07 + 0.07 0.00 - - - - - 8.6 + 0.3 -
Sedimenttrap 1  75°568.599 31°22.128 - = = = = = = = = =
deployment
Sedimenttrap 1 75°53.980 32°15.100 - - - - - - - - - 68.6
recovery
Sedimenttrap 2  76°05.541 30°25.299 - = = = = = = = = =
deployment
Sedimenttrap2 76°10.040 30°53.354 - - - - - - - - - 54.2
recovery
Sediment trap 3  77°02.405 33°39.240 - - - - - - - - - -
deployment
Sedimenttrap 3 77°11.562 34°01.114 - - - - - - - - - 93.8

recovery

Concentrations of macronutrients (NO, = NOg [nitrate] + NO, [nitrite]; PO,4, phosphate; SiOHy,, silicate), chlorophyll a (Chla), and particulate organic carbon (POC) were determined in the seawater
sampled at location 1 (Figure 1). Additionally, surface concentrations of total dFe, dMn, manganese deficiency (Mn*), and primary production were determined in the seawater sampled from 20 m
depth at stations 1-6 (Figure 1). Particulate organic carbon flux to 100 m (POC1g insitu) Was determined from 3 sediment traps 1, 2, and 3 in the same area (Figure 1A) as well as at the end of the

experiment (location 1). Values represent the mean + SD (n > 3).
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Table 2. Photophysiological response

Fu/Fpm (rel. unit) opgi (NM?)
Initial 0.26 +0.01 9.69 + 0.55
Control 0.28 +0.06¢c 9.82 + 1.69a
+Mn 0.31 +£0.04b 9.03 + 1.47b
+Fe 0.31 £0.02b 7.89 + 1.16¢
+FeMn 0.36 +0.03a 7.52 £ 0.77c

The dark-adapted maximum photosystem Il quantum vyield (F,/F,) and
the functional absorption cross-section of PSIl (ops)) were determined
at the start and the end of the experiment from the communities after
exposure to different Fe and Mn concentrations. Values represent the
mean + SD (n > 3). Different letters indicate significant differences at
the 5% level from the higher mean (a) to the lowest mean (c).

Phaeocystis being more competitive for scarce Fe and Mn sup-
ply,""° colonial Phaeocystis cells accumulate Fe and Mn in their
mucus matrix°® with the organic content of the mucus matrix
supporting the photochemical reduction of Fe and Mn, thus
increasing their bioavailability to Phaeocystis.?®°"*® Hence, the
accumulated dFe (0.5 nmol L™") and dMn (1 nmol L") led to
larger and more abundant P. antarctica colonies in the +FeMn
treatments (Table S2). In an area like the SO, where the scarcity
of Fe and Mn drives phytoplankton species composition, the
ability of the colonial Phaeocystis to use its mucus as a TM reser-
voir may be a competitive advantage over other phytoplankton
genera.®®

P. antarctica enhanced the carbon export potential of
the diatom-dominated plankton community

An aggregation experiment was conducted with the final phyto-
plankton communities of the four treatments to determine
whether the observed changes in community composition also
translate into a change in carbon export potential (see STAR
Methods for detailed description). This is the first study that
directly links the effects of FeMn additions on community
composition changes and primary production together with
aggregate formation and settling rates. From each treatment, re-
sulting aggregates larger than 0.5 mm were picked and used for
further analyses. The aggregate volumes were similar between
the treatments, ranging from <0.1 to 8.2 cm®, whereas the sink-
ing velocities ranged from 0.5 and 40 m day~' (Table S3). Very
interestingly, the POC content of the aggregates changed with
TM addition (POC,ng, Table 4). Relative to the control, the POC
content of the aggregate increased, although not significantly,
in the +Mn treatment (+35%) and the +Fe treatment (+50%).
The highest POC concentrations were observed in the FeMn-en-
riched aggregates (Table 4), likely due to the higher number
of larger P. antarctica colonies formed upon FeMn addition
(Table S2). Colonial P. antarctica cells have a mucilaginous ma-
trix surrounded by a hydrophobic membrane; hence, when a col-
ony is formed, organic matter, e.g., (muco)polysaccharides and
carbohydrates, are exuded from the cell.>® Approximately 30%—
50% of the assimilated POC is located in the mucus matrix of a
P. antarctica colony.®®%" As the polysaccharide matrix of Phaeo-
cystis colonies contains high amounts of TEP, it can facilitate ag-
gregation due to its glue-like nature.?>?° Qur results show that
the growth of colonial P. antarctica was significantly increased
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Figure 2. Community response

(A) Chlorophyll a-based accumulation rate, (B) particulate organic carbon
production (POC) production, and (C) primary production were estimated from
the communities after exposure to different Fe and Mn concentrations. Data
are represented in box plots where the black points represent the individual
replicates (n = 3), and the red points represent the mean (based on data from
Table S5). Different letters indicate significant differences between treatments
(p < 0.05).

when Fe and Mn were added together (+500%) over Fe alone
(+210%), indicating FeMn co-limitation (Table S1). This change
within the diatom-dominated phytoplankton community had,
however, strong implications for primary production and its car-
bon export potential. Although Fe alone stimulated primary pro-
duction by 270%, it only led to a 40% increase in potential
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Table 3. Genus-specific response

Fragilariopsis sp. (day™") Chaetoceros sp. (day™")

Pseudo-nitzschia sp. (day~") Phaeocystis antarctica (day ")

Control 0.46 + 0.02b 0.34 + 0.04b
+Mn 0.46 + 0.00b 0.33 = 0.07b
+Fe 0.56 + 0.01a 0.57 = 0.02a
+FeMn 0.57 + 0.01a 0.58 + 0.01a

0.45 + 0.02a 0.22 + 0.06°
0.38 + 0.01b 0.21 + 0.02°
0.45 + 0.05a 0.42 + 0.01b
0.49 = 0.01a 0.49 + 0.05a

Growth rates of Fragilariopsis sp., Chaetoceros sp., Pseudo-nitzschia sp., and Phaeocystis antarctica were determined via light microscopy after expo-
sure to different Fe and Mn concentrations. Values represent the mean + SD (n = 3). Different letters indicate significant differences at the 5% level from

the higher mean (a) to the lowest mean (c).

carbon export to 100 m (POC1gg_exp, Figure 3; Table 4). Relative
to Fe alone, the combined addition of Fe and Mn only slightly
enhanced primary production by +30%, but more interestingly,
it enhanced the carbon export potential by +180%. Our study
highlights that small changes in species composition and pri-
mary production can, however, have a disproportionally larger
effect on the makeup of aggregates.

Ecological implications for the biogeochemistry of the
southern Weddell Sea

Additional in situ measurements of POC fluxes to 100 m depth
(POC100 insitu; 72.2 mg C m~2 day~' — average of traps 1, 2,
and 3 in Table 1) fit the calculated carbon export for FeMn
co-limited phytoplankton in the control treatment (POC10_exp;
station 1 in Table 1; Figure 3) at the end of the incubation
experiment. These POC1qg_insitu fluxes (station 1 and traps 1,
2, and 3; Table 1) were low and comparable with previous car-
bon export fluxes reported for Fe-limited waters.??%%? For
instance, at the Kerguelen Plateau,*° carbon export fluxes of
the naturally Fe-fertilized (=276 mg C m~2 day ') Phaeocystis
bloom were 2-fold higher relative to the unfertilized waters
(=146 mg C m 2 day ). Similarly, during the CROZet natural
iron bloom and EXport experiment (CROZEX) campaign,?® car-
bon export fluxes of the Fe-enriched patch (=180 mg C m2
day~") were 3 times higher relative to the fluxes of the unfertil-
ized waters (=60 mg C m~2 day").°> As sedimentary input of
Fe is presumably accompanied by Mn as well,%® both the sur-
roundings of the Kerguelen and Crozet islands were most likely
enriched in both Fe and Mn. In our experiment, in response to
FeMn enrichment, POC1qg exp increased by 4-fold compared
with the control (Figure 3; Table S38), henceforth, leading to
reasonably similar fertilization effects as reported at the Ker-
guelen and Crozet islands.?®*° Similar to our experimental sta-
tion (location 1), concentrations of dFe and dMn, the Mn defi-
ciency indicator as well as primary production and
POC100_exp (Table 1), were all low in the sampling area of the
southern Weddell Sea (Figure 1A). Therefore, based on the re-
sults of our FeMn-enrichment experiment, we speculate that
this region suffers from FeMn co-limitation and would likely
respond to greater Fe and Mn supply with much higher carbon
export fluxes.

For a long time, SO primary production has largely been
deemed as being solely Fe limited since a plethora of Fe fertil-
ization experiments resulted in enhanced primary production
after Fe additions.*” It needs to be noted that in addition to
other factors such as aggregate fragmentation, grazing by
zooplankton, and microbial remineralization,”® the potential
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for carbon export is highly dependent on which functional
type of phytoplankton acts as the carbon conduit.”” The addi-
tion of different phytoplankton functional types into models is,
therefore, crucial to assess the widespread effect of low Fe
and Mn concentrations and the resulting effects on carbon
production and export in the SO."® In most biogeochemical
SO models, for example, Phaeocystis is not included as an
additional functional group mostly due to its very complex
life cycle,® although this study highlights that the increased
growth of P. antarctica within a diatom-dominated phyto-
plankton assemblage significantly enhanced the potential car-
bon export. In line with our results, model simulations that
incorporated characteristics of P. antarctica colonies revealed
a possible overestimation of diatoms contributing to primary
production and sinking of POC in the SO.%* In fact, south of
60°S, in the Weddell or Ross Sea, models projected that
P. antarctica colonies contribute up to 30%-50% of the total
POC export.’*% Although we present results from a
single experiment, it now becomes clear that low concentra-
tions of both Fe and Mn prevail in many areas of the
SO,78: 1118343586 with diverse responses on phytoplankton
functional types'''® and potentially, important implications
for the biological carbon pump. Therefore, it is imperative
that biogeochemical models integrate Mn limitation/FeMn
co-limitation when considering future changes of TM input
into SO surface waters, something which has only recently
been implemented.'®"®
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Figure 3. Effect of Fe and Mn addition on the export of organic carbon
The enhancement of the Chla-based growth rate of the whole community was mainly driven by Fe additions (+Fe: 0.28 day~ ", +FeMn: 0.31 day ). The additions
of Fe and FeMn changed the community structure and led to an increased growth rate of P. antarctica (represented in blue in the pie charts), but the most
significant increase (indicated by the orange arrows) resulted from FeMn addition. As a consequence, Fe and FeMn additions also increased primary production
rates of the whole community (green arrows) up to 157 and 210 mg C m 2 day ', respectively. Still, the most significant increases (indicated by the orange arrows)
resulted from FeMn addition. The higher contribution of P. antarctica in the FeMn treatment enhanced highly POC-enriched aggregates (green circles).
The estimated carbon flux to 100 m (POC1gg_exp, Table S3, dark arrow) was significantly influenced by the addition of Fe (130 mg C m~2 day™"). Only the
addition of FeMn increased the POC1gg_exp Up to 363 mg C m—2 day“, significantly higher relative to the single addition of Fe (+180%, indicated by the orange

arrows).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Phytoplankton natural communities This paper https://doi.org/10.1594/PANGAEA.957278

Deposited data
Original dataset PANGAEA https://doi.org/10.1594/PANGAEA.957278

Software and algorithms

R Studio version 1.1.463, © 2009-2016 R Core Team and contributors worldwide https://www.r-project.org/

R library - ‘stats’

R Studio version 1.1.463, © 2009-2016 Felipe de Mendiburu https://cran.r-project.org/web/packages/
R library — ‘agricolae’ agricolae/agricolae.pdf

Ocean Data View Schlitzer®” N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Jenna Balaguer.

Materials and data availability
All data needed to evaluate the conclusions in the paper are present in the manuscript and/or Supplementary Materials and will be
freely available from the PANGAEA data repository.

Data and code availability
- Microscopy data reported in this study will be shared by the lead contact upon request.

- This study does not report any original code.

- Any additional information required to reanalyze the data reported in this paper is available at https://doi.org/10.1594/PANGAEA.
957278 as well from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was performed in vivo with a natural phytoplankton community. The water for the experiment was taken during RV Polar-
stern COSMUS expedition PS124 (January to April 2021), the 28.02.21 at 76° 06.140 30° 19.084.

METHOD DETAILS

Water collection for in situ sampling and one shipboard phytoplankton TM incubation experiment

In situ sampling: During the RV Polarstern COSMUS expedition PS124 (January to April 2021), a Teflon CTD equipped with GoFlo
bottles (12L/bottle capacity) was used to sample 6 in situ stations (Figure 1A, Stations 1-6) in the southern Weddell Sea to determine
concentrations of total dissolved iron (dFe) and dissolved manganese (dMn) to derive the dMn deficiency rate relative to dFe (Mn*)®in
surface water (20 m depth). TM clean techniques, based on GEOTRACES guidelines®® were used in all sampling and sample
processing. To minimize potential TM contamination, the GoFlo bottles were sampled directly in a clean laboratory container
under a laminar flow bench (US class 100, Opta, Bensheim, Germany). All tubing, carboys, bottles, and other equipment used for
TM sampling were sequentially soaked for 1 week in 1% Citranox and for 1 week in 1.2 mol L™ hydrochloric acid (PA grade, Merck
Millipore Corporation, Darmstadt, Germany). Between each soaking step, the bottles were rinsed 7 times with ultrapure water (Merck
Millipore Corporation, Darmstadt, Germany). Finally, the equipment/bottles were air-dried under a clean bench (US class 100, Opta,
Bensheim, Germany) and packed in two polyethylene bags for storage. For the 6 stations, primary production rates were also quan-
tified. Please note that the detailed method description for the TM analysis and primary production measurements will be given
below.

In addition, the particulate organic carbon flux down to 100 m depth (POC1qq_insitu) Was measured from 3 sediments traps (1, 2
and 3; Table 1) in the same area (Figure 1A). The drifting sediment trap (KC Denmark) consisted of a trap station at 100m depths
equipped with 4 collection cylinders attached via a gyroscopic mounting. The final deployment times of the 3 sediment traps varied
between 18h and 26h (Table 1). Material from one trap tube per depth was fixed with 0.14% mercuric chloride and stored at 4°C for
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later determination of mass and element fluxes. In the home laboratory, a sample splitter (McLane) was used to split each sample into
five equal parts and particulate organic carbon (POC) was determined.

Shipboard incubation experiment: At location 1 (Figure 1A), a shipboard incubation experiment, which took place between the
28.02.21 and the 7.03.21, was conducted in order to study the effects of Fe and Mn limitations on SO phytoplankton productivity
and how this impacts community structure and aggregate formation in the southern Weddell Sea. At this location, HNLC seawater
was collected from a depth of 20m using TM clean techniques based on GEOTRACES guidelines.®® To minimize potential TM
contamination, seawater was pumped directly into a clean laboratory container using a Teflon membrane pump (Almatec, Futur
50). The whole system (pump and hosing) was flushed for >1 h before filling 4L polycarbonate bottles for the experiments. All tubing,
carboys, incubation bottles, and other equipment used during the experiment were TM clean. The Control treatment consisted of
seawater without any TM addition, while the other 3 treatments were enriched with either iron chloride (FeCls) alone (0.5 nmol L™,
AAS standard, TraceCERT, Fluka; +Fe treatment), manganese chloride (MnCly) alone (1 nmol L', AAS standard, Trace- CERT,
Fluka; +Mn treatment), or together (+FeMn treatment). Low dFe and dMn concentrations for the addition treatments were chosen
to reduce the formation of inorganic colloids in our experiments. No ethylenediaminetetraacetic acid (EDTA) was added to avoid
alteration of the natural seawater trace metal chemistry.®® All incubation bottles were maintained at 100 umol photons m2 s white
light under a 20:4 (light:dark) hour cycle, mimicking natural conditions typical for the time and region. The experiment was performed
in a clean laboratory container set at 1°C. All treatments consisted of triplicate 4L bottles, gently rotated daily to avoid cell sedimen-
tation. To monitor the experiment, every 2-4 days, the photosynthetic efficiency was assessed using a Fast Repetition Rate Fluorom-
eter (FRRf, FastOcean PTX sensor, Chelsea Technologies Group (Figure S1A) and chlorophyll a, a proxy of algal biomass, was
measured (Figure S1B) using a Trilogy Fluorometer (Turner Design, San Jose, CA, USA). At the start and the end of the experiment,
samples were taken for the determination of seawater chemistry (Fe, Mn and macronutrients), phytoplankton productivity, commu-
nity composition, elemental composition (Particulate organic carbon/nitrogen and pigments) and photophysiology. The duration of
the experiment was 8 days.

To test aggregation capacity and carbon export potential of the final communities established in each treatment (Control, +Mn, +Fe,
and +FeMn; Figure S2), 911 ml aliquots were taken from each triplicate bottle at the end of the incubation experiment and combined
in a roller tank (d= 20 cm, L=8.7 cm, V=2733 cm°®) to induce aggregation via differential settling. The tanks were rotated at 1 rotation
per minute (rpm) over 48h at a constant temperature of 1°C and 100 pmol photons m™ s™" white light under a 20:4 h (light:dark) cycle.
After 24 h and 48 h, all tanks were filmed with a Canon EOS 650 to record aggregate formation, size/volume, and sinking velocity
(Table S3). The whole tank was imaged to make sure that all depths were in focus. Tracking of particles was performed using the
imaging software FlJI/ImagedJ, for which the methodology described in Schindelin et al.”® was applied. The abundance (Aggregates,
Table S3) and size of aggregates (equivalent circular diameter, Table S3) were calculated from the aggregate area as measured in the
stillimages of single frames extracted from the video recordings. Each aggregate was then identified in the tank and their sizes were
determined as total two-dimensional pixel area. This was performed by applying a threshold to the images so each aggregate was
identified as a white object against a dark background (using Imaged). The aggregate area has been converted to an equivalent cir-
cular diameter, i.e. the number of pixels (Table S3). Using a scale bar imaged when the videos were recorded, the number of pixels
can be converted to diameter in millimetres. FlJI plug-in "MTrackJ"”" was used to track the aggregate and tank orbits which were
needed to calculate the sinking velocity following Ploug et al.”? method. At the end of the roller tank incubation, aggregated material
(POCeng, the sum of all aggregates) was collected for POC measurements. As the bottle replicates from the incubation were com-
bined into a single flocculation experiment, the evaluation of the uncertainty is based on the robustness and the variability of the POC
measurements that were performed in triplicates.

We estimated the potential POC flux down to 100m (POC1gg_exp, Table S3) for each treatment in order to compare it to the in situ
measured sediment trap flux at 100m. To do this, we upscaled the aggregate formation from the roller tank incubations to get the
aggregate formation in 1m? of water within the upper water column. This was done by measuring the size of each aggregate formed
during the roller tank incubations (Sagg, Table S3). The total POC aggregation per aggregate size-class was calculated by applying
the size-specific POC content to each aggregate size (POCaga, Table S3) and summing the POC content for each size-class in each
treatment. This was upscaled from the roller tank volume to a cubic meter (Vpoc_aga, Table S3). The flux out of the upper 20m water
column (Fy0) was calculated by multiplying the total aggregated carbon concentration per size-class per cubic meter (Vpoc aca,
Table S3) by the size-specific (measured) sinking velocities for each size-class (S,, Table S3). Finally, we used the Martin Curve to
estimate the potential flux to 100m”:

-b
F, = Fyp (22—0) (Equation 1)
where F, (POC1o0_aag in Table S3) is the sinking flux of POC to the depth z (100m), Fyq is the potential flux out of the upper 20m of the
water column (estimated using the roller tank incubations). The exponent “b” defines the average attenuation of POC flux. During the
cruise, in situ camera profiles showed strong attenuation in the total aggregate volume between 20 and 100m, we therefore used a
rather high b-value of -1.29, previously observed at the Polar Front in the Southern Ocean.”* The whole detailed calculation as well as
all the parameters are provided in Table S3.
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TM seawater chemistry

100 mL of seawater was filtered through polycarbonate filters (0.2 um pore size) using a Thermo Scientific Nalgene® (300-4100) filtra-
tion system; the filtrate was collected into a polyethylene bottle and stored triple bagged at 2°C until analysis for dTM back at the lab.
Concentrations of the dFe and dMn were determined on a SeaFast system (Elemental Scientific, Omaha, NE, USA)"*"® coupled to an
inductively coupled plasma mass spectrometer (ICP-MS, Element2, Thermo Fisher Scientific, resolution of R = 2000). An iminodia-
cetate chelation column (part number CF-N-0200, Elemental Scientific) was used during the preconcentration step. All seawater
samples were acidified to pH=1.7 with a double distilled nitric acid (HNO3) (distilled 65% HNO3, pro analysis, Merck) and irradiated
for 1.5h using a UV power supply system (7830) and Photochemical lamp (7825) from ArcGlass to provide total dissolved concen-
trations of trace metals and avoid the presence of organic compounds.”” During each UV digestion step, two blanks were taken. The
ICP-MS was optimized daily to achieve oxide forming rates below 0.3%. Each seawater sample was analyzed via standard addition
to minimize any matrix effects which might influence the quality of the analysis. To assess the accuracy and precision of the method, a
NASS-7 (National Research Council of Canada) reference standard was analyzed in a 1:10 dilution (corresponding to environmentally
representative concentrations) at the beginning, in the middle and at the end of each run (two batch runs; n = 18). The analytical
blanks for Fe and Mn measurements, as well as the NASS-7 certified values, can be found in the Table S4. The dissolved macronu-
trient concentrations (nitrate, phosphate and silicate) were determined colorimetrically in the laboratory on a QuAAtro autoanalyzer
(Seal Analyticals).®®

The Mn deficiency rate (Mn*, nmol L") was determined from® :

dFe
R b
where R is the assumed average of phytoplankton Fe:Mn ratio (2.67)."®

Mn* = dMn — (Equation 2)

Phytoplankton community characterization
Light microscopy
To determine the effects of the different treatments on the microplankton composition, unfiltered seawater was collected at the start
and the end of both experiments for later analysis via light microscopy in the home laboratory. Briefly, samples were fixed with Lugol’s
solution (1% final concentration) and stored at 2°C in the dark until taxonomic analysis. All samples were allowed to settle in Utermohl
sedimentation chambers (Hydrobios, Altenholz, Germany) for at least 24 hours and were analyzed on an inverted light microscope
(Axiovert 200; Zeiss), according to the method of Uterméhl”®. Different genera were counted and identified according to taxonomic
literature.®° Each aliquot was examined until at least 400 cells had been counted (Table S1). To determine the cell abundance of
P. antarctica colonies, the relationship between colony sizes and cell number per colony was determined (Table S2; Figure S3) ac-
cording to the method of Mathot et al.®’
Flow cytometry
Autotrophic pico- (0.2 — 2 um) and nanoeukaryotes (> 2 um), as well as heterotrophic bacteria (< 2 um), were analyzed via flow cy-
tometry. At the start and the end of the experiment, samples were preserved with 10% buffered formalin, flash-frozen in liquid nitro-
gen. Abundances of heterotrophic bacteria (stained with Synergy Brands Green I), phycoerythrin-containing picocyanobacteria, and
photosynthetic picoeukaryotes were determined by means of a BD Accuri™ C6 Plus flow cytometer (Becton, Dickinson and Com-
pany) using fluorescence patterns and particle size from side angle light scatter.5? Before running the samples, 2 uL beads (Spero-
tech - Rainbow Fluorescent Particles - 2.11 um) were added to each treatment as a size and fluorescence reference. Then pico-/
nanoeukaryotes were identified based on side scatter versus FL-3 (Figure S4) and heterotrophic bacteria on side scatter versus FL-1.
Based on cell abundances, the net growth rate per day (i, d™') was calculated for all cells using:

Nt
In (NT‘Z)
u = 71 (Equation 3)
where N ¢y and Ny, are the cell abundances at the start and end of each incubation experiment, while dt denotes the incubation time in
days.

Phytoplankton quotas

Chlorophyll a (Chla)

Chla samples were taken throughout the experiment (Figure S1B). All samples were filtered onto glass-fiber filters (GF/F, =0.7 um,
25 mm, Whatman, Wisconsin, USA) and were directly stored at -20°C in the dark until further analysis. Samples were extracted in
90% acetone for 24h at 4°C in the dark and analyzed fluorometrically®® on a Trilogy Fluorometer (Turner Design, San Jose, CA,
USA) using the non-acidification module. Based on Chla initial and final concentrations (Table S5), a growth rate per day (u, d™)
was calculated from Equation 3.

Particular organic carbon (POC) and nitrogen (PON) content

At the start and the end of the experiment as well as from the sediment traps, seawater was filtered onto pre-combusted glass-fiber
filters (15h, 500°C, GF/F, =0.7 um, 25 mm, Whatman, Wisconsin, USA) and stored at -20°C in pre-combusted glass petri dishes.
Prior to analysis with a Euro Elemental Analyzer 3000 CHNS-O (HEKAtech GmbH), the filters were dried for > 12h at 60°C and
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then acidified with 200 pL of 0.2N HCL to remove inorganic carbon and dried a second time. Content of POC and PON (Table S5) were
corrected for blank measurements and normalized to filtered volume and cell densities to yield cellular quotas. The POC-based
growth rate was derived from Equation 3.

14c-based primary production

Primary production was determined in 50 mL TMC culture flasks from the 6 in situ stations as well as the end of the incubation exper-
iment. To this end, 0.97 MBq of "C-bicarbonate (Perkin Eimer, specific activity 2035 MBq mmol ') was added to each flask accord-
ing to the JGOFS protocol,®* and the bottles were bagged and returned to the position of the original experiment. Incubations were
terminated after 24 hours by filtering samples onto 0.2 um pore size polycarbonate filters. At the beginning and the end of the incu-
bation, 250 uL were removed from each vial to determine total activity (the amount of isotope added). After placing the filters into
scintillation vials, 250 uL of 1.2 N hydrochloric acid was added and any remaining dissolved inorganic '*C was allowed to degas
for 24h. 5 mL of Ultima Gold (Perkin Elmer) was then added to each vial and the samples were analyzed on a Scintillation Counter
(Tri-Carb 2900 TR, Perkin Elmer) onboard. Net primary production rates were then calculated as described in the JGOFS protocol.®*

Photosystem Il (PSII) fluorescence

At the start, during (every 2-4 days) and at the end of the experiment (Figure S1A), Chla fluorescence measurements were collected
using a Fast Repetition Rate Fluorometer (FRRf) coupled to a FastAct Laboratory system (FastOcean PTX), both from Chelsea
Technologies Group. Chla fluorescence of PSIl was determined after 1 h of dark acclimation prior measurements to ensure that
all photosystems’ |l reaction centres were oxidized.

The single turnover mode was set with a saturation phase of 100 flashlets on a 2 us pitch in order to saturate photosystem Il and
followed by a relaxing phase of 40 flashlets on a 50 ps pitch. From these measurements, the minimum (Fo) and maximum (F,,) were
derived to calculate the maximum quantum yield of PSII (F,/Fy, [rel. unit]):

i (Fm — Fo)/Fm (Equation 4)
Frm

From Oxborough et al.,%® the functional absorption cross sections of PSII (spgy;, nm? PSII™") were derived using the FastPro8 Soft-

ware (Version 1.0.55, Kevin Oxborough, CTG Ltd).

QUANTIFICATION AND STATISTICAL ANALYSIS

Shapiro-Wilk tests were performed to test the normal distribution and equal variances of the datasets. A one-way analysis of variance
(ANOVA) was conducted to assess the impact of Fe and Mn availability compared to the Control treatment on cell abundance and
Chla accumulation rate. As post-hoc tests, the Fisher Least Significant Difference (LSD) was used between the mean group for a
comparison of the effect of all factors. A p < 0.05 was used to establish significant differences among treatments. All statistical an-
alyses were performed with R Studio (version 1.1.463, © 2009-2016) and all maps with Ocean Data View.®” R packages to reproduce
statistical analysis are ‘stats’ and ‘agricolae’.
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