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Abstract

We conducted microcosm incubation experiments in contrasting biogeochemical areas of the South Indian Ocean and Indian
sector of the Southern Ocean to determine the phytoplankton response to aerosol related nutrient release. Dry depositions of
2 mg.L-1 of dust from Patagonia or 25 mg.L-1 of ash from the Icelandic stratovolcano Eyjafjallajokull were added to trace
metal clean incubations of surface seawater, along with nutrients (Si, Fe, N or P) at five stations. We interpreted the biological
response based on abiotic experiments of aerosols nutrient release. We showed that both types of aerosols increased significantly
the primary production by resolving some main local nutrient limitations of the Southern Ocean, at least for iron and to a
lesser extend for silicon. Phytoplanktonic communities reacted differently to the additions; however added nutrients/aerosols
were mostly beneficial for diatom growth, responsible for 40 to 100 % of the algal biomass increase, depending on the region
and aerosols. Nonetheless, the aerosols did not relieve main N limitation of the LNLC area, as neither dust nor ash released
significant amounts of NOx. According to these findings, characteristic localized high deposition of volcanic eruptions be of

equal or higher importance to phytoplankton compared to desert dust, despite ashes’ lower nutrient solubility to the ocean.
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Key Points:

e Representative desert dust and volcanic ash depositions released significant amounts of
Fe and Si but not NOx to seawater.

e The triggered phytoplankton response was mainly caused by diatom development.

e The Kerguelen plateau presented the highest response in primary production, despite

being naturally fertilized.
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Abstract

We conducted microcosm incubation experiments in contrasting biogeochemical areas of the
South Indian Ocean and Indian sector of the Southern Ocean to determine the phytoplankton
response to aerosol related nutrient release. Dry depositions of 2 mg.L™ of dust from Patagonia
or 25 mg.L™ of ash from the Icelandic stratovolcano Eyjafjallajokull were added to trace metal
clean incubations of surface seawater, along with nutrients (Si, Fe, N or P) at five stations. We
interpreted the biological response based on abiotic experiments of aerosols nutrient release. We
showed that both types of aerosols increased significantly the primary production by resolving
some main local nutrient limitations of the Southern Ocean, at least for iron and to a lesser
extend for silicon. Phytoplanktonic communities reacted differently to the additions; however
added nutrients/aerosols were mostly beneficial for diatom growth, responsible for 40 to 100 %
of the algal biomass increase, depending on the region and aerosols. Nonetheless, the aerosols
did not relieve main N limitation of the LNLC area, as neither dust nor ash released significant
amounts of NOx. According to these findings, characteristic localized high deposition of
volcanic eruptions be of equal or higher importance to phytoplankton compared to desert dust,
despite ashes’ lower nutrient solubility to the ocean.

Plain Language Summary

The South Indian and Southern Oceans are known for contrasting nutrient concentrations and
different microalgal communities, limited by the low content of several nutrients. In most of this
area, nutrients are supplied by oceanic interfaces (aerosols, sediments, ice...). Only limited
amounts of atmospheric dust reach currently the remote open ocean, but aerosol deposition
nevertheless constitutes one of the major sources of new nutrients within this vast ocean area.
This supply might have dramatically changed with time compared to glacial times and/or
volcanic eruption events. After deposition on the sea surface, the particles release nutrients such

as iron and silicon to the seawater, which might temporally boost algal development.

In this study, we show that a representative deposition of desert dust or volcanic ash triggers a
biological response in different regions of the Indian Southern Ocean. Some algae groups such as
diatoms benefit more from the new nutrients, thereby modifying the structure of the planktonic
community. On the other hand, the same deposition had no effect in the central part of the South
Indian Ocean, as the local nitrogen limitation was not relieved by the aerosols.
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1 Introduction

The Southern Ocean (SO) is the most extended High Nutrient Low Chlorophyll (HNLC) area of
the world ocean, where phytoplankton growth is mostly limited by low iron (Fe) surface
concentrations (Martin, 1990; Moore et al., 2002). Moreover, due to latitudinal gradients of
dissolved macronutrients decreasing northwards, the SO can be subdivided in several
biogeochemical regions with different nutrient limitations. In the Subantarctic Zone (SAZ),
which is North of the subantarctic front (SAF) and south of the subtropical front (STF), dissolved
silicon (dSi) becomes scarce (Nelson et al., 2001), shifting the Fe limitation of the Antarctic
Zone (AZ) towards a Fe/Si co-limitation (Hoffmann et al., 2008; Hutchins et al., 2001). Further
north, the STF signs the boundary towards the Low Nutrient Low Chlorophyll (LNLC) area of
the Subtropical Zone (STZ) of the South Indian Ocean (SIO) with low dissolved inorganic
phosphorus (DIP) and NOx (NO3™ + NO;") within the oligotrophic subtropical gyre (McClain et
al., 2004; Morel et al., 2010).

One of the factors responsible for the SO Fe-depletion is the scarcity of so-called new Fe supply,
i.e. Fe reaching the euphotic zone from reservoirs outside this surface layer. The fluvial input can
be neglected in the remote SO (Middag et al., 2011), making atmospheric aerosol deposition the
main Fe source (Cassar et al., 2007; Chester and Jickells, 2012), except in upwelling areas
associated with hydrothermal vents (Ardyna et al., 2019), in areas subjected to Fe-rich sea ice
melting (Vancoppenolle et al., 2013) or within the naturally fertilized coastal regions such as the
Kerguelen and Crozet plateaus (Blain et al., 2007; Planquette et al., 2007), as emphasized by
Tagliabue et al. (2017) for high-latitudes. While current monthly averaged dust deposition to the
SO is very low (Meskhidze et al., 2007), daily peaks of intense episodic events well above the
lower monthly averages could sporadically affect phytoplankton, especially during the austral
summer months, when the water column is stratified and the number of dust days detected from
the Patagonian source area is maximal (Gass6 and Torres, 2019). While the present-day dust
supply to the modern SIO and SO is extremely low (Grand et al., 2015b; Jickells et al., 2005;
Piketh et al., 2000; Tagliabue et al., 2008), several studies suggested that dust deposition to the
SO was up to 20 times higher during the last glacial maximum (Conway et al., 2015; Mahowald
et al., 1999). These periods of increased Fe supply by dust might partly explain millennial-scale
CO; fluctuations and glacial-interglacial cycling. Indeed, during glacial intervals, the higher dust

Fe supply could have triggered higher phytoplanktonic productivity and a more efficient



81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

102

103

104
105
106
107
108
109

manuscript submitted to Global Biogeochemical Cycles

biological carbon pump in the SO and ultimately a global atmospheric CO, drawdown (Conway
et al., 2015; Martin, 1990; Watson et al., 2000). Thus, the role of atmospheric particles as source
of new nutrients to the surface SO is important in the climate feedback, along with their ability to
scatter solar radiation (Tegen and Schepanski, 2018).

Significant CO, drawdowns have also been observed on local and regional scales after past and
modern volcanic eruptions (Langmann et al., 2010a), suggesting possible equivalent fertilization
of remote open ocean areas by volcanic ash compared to desert dust (Duggen et al., 2010;
Langmann et al., 2010b). However, the range of ash deposition is highly variable (Durant et al.,
2010) and may be influenced by a wide variety of parameters such as the magnitude of the
eruption, the ash emission rate of the volcano, the wind speed and direction, particle aggregation
processes within the ash cloud, as well as the distance between source and deposition site
(Duggen et al., 2010).

Over the last decades, several mesoscale artificial Fe enrichment experiments (Boyd et al., 2007
and references therein) have demonstrated the relieve of phytoplankton growth limitation after
the addition of Fe to the SO, while microcosm studies were able to show a biological response
after dust or ash additions to the Atlantic sector of the SO (Browning et al., 2014; Trimborn et
al., 2017). Yet the S10 and Indian SO represents an important ocean basin where biogeochemical
experiments remain scarce. One of the novelties of our study is the direct comparison of volcanic
ash and desert dust nutrient release and bioavailability in different HNLC and LNLC areas of the
SO. In addition, we compare the biological response to both dry and wet deposition modes, well-

known to influence nutrient solubility (Chester and Jickells, 2012; Duggen et al., 2010).
2 Materials and Methods

2.1 Cruise transect, hydrological and biogeochemical context

Since 1998, physico-chemical and biogeochemical parameters were measured at least once a
year in the SIO and SO (20° S-60° S) in the frame of the French OISO (Ocean Indien Service
d’Observations) program. The following study was conducted as part of the VT163/0ISO-29
(MD217) cruise (Metzl and Lo Monaco, 2020), on board the R/ Marion Dufresne, which took
place in the SIO and SO during the austral summer, from the 5" of January to the 15" of

February 2019 (Fig. 1). Nutrient/aerosol additions during bioassay experiments were performed
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at five stations (2, 11, A3, 14 and 16, Fig. 1), located in contrasted biogeochemical regions. The
oceanic area studied in the frame of the OISO program is characterized by latitudinal gradients
of sea surface temperature and salinity (SST and SSS, respectively) decreasing southward and of
macronutrients increasing southward (Jabaud-Jan et al., 2004; Metzl et al., 2006). Stations 2 and
16 are located in the southwest Indian subtropical gyre in the STZ north of the STF. The STZ is a
LNLC region, characterized by warm and oligotrophic surface waters. Station 14 lies south of
the STF and north of the SAF within the SAZ, a transition zone between the macronutrient-poor
STZ and the macronutrient-rich AZ. The SAZ is characterized by high nitrogen (N) and
phosphorous (P) but low silicon (Si) and Fe concentrations (Hutchins et al., 2001), and described
by Dugdale and Wilkerson (1998) as a High Nitrate-Low Silicate-Low Chlorophyll (HN-LSi-
LC) region. Station 11 is situated south of the polar front (PF), within the vast High Nutrient (N,
P, Si) Low Chlorophyll (HNLC) area of the AZ separated from the SAZ by a strong SST
gradient across the PF (Moore et al., 1999). Lying also below the PF, A3 is a reference station of
the diatom bloom area at the naturally Fe-fertilized Kerguelen plateau (Blain et al., 2007; Fripiat
etal., 2011b).
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Figure 1. OISO-29 cruise transect with the locations of the five stations (2, 11, A3, 14 and 16)
where bioassay experiments were performed, and satellite-derived chlorophyll-a concentration
(1g.L-1) averaged over January 2019 (MODIS). The position of major fronts was determined
from satellite-derived temperature data (January 2019, MODIS): STF: subtropical front (18 °C),
SAF: subantarctic front (13 °C) and PF: polar front (5 °C). Fronts delimit the STZ: subtropical
zone, SAZ: subantarctic zone, PFZ: polar front zone and AZ: Antarctic zone. The map (a) shows
the STZ with a higher resolution than the general map (b), thus enabling the detection of the
South East Madagascar bloom (SEMB). Figures were produced using Ocean Data View
(Schlitzer, 2021).
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2.2 Bioassay experiments

All materials were acid-washed (HCL Suprapur) and manipulations took place under laminar
flow hoods. Unfiltered surface seawater (~10 m depth) was collected within the surface mixed
layer using Go-Flo bottles and Kevlar wire to avoid any metallic contamination. We carried out
trace metal clean nutrient and aerosol additions during bioassay experiments at five stations (Fig.
1), characterized by contrasted biogeochemical features. Bioassays were performed in two sets of
acid cleaned polycarbonate bottles per replicate, with 4.5 L bottles dedicated for biogenic silica
measurement and 2.3 L bottles for all other biological samples.

Table 1. Experimental nutrient and aerosol additions at each station. At station 11, simulated dry
and wet deposition events were performed.

Station  Zone Region +Dust +Ash +Fe +Si  +FeSi +N +NP

2 STZ LNLC dry dry X X X X X
16 STZ LNLC dry dry X X X X X
14 SAZ HN-LSi-LC  dry dry X X X
A3 AZ Kerguclen dry dry X X X

plateau
11 AZ HNLC dry/wet  dry/wet X

Experimental nutrient additions were adapted to potential nutrient limitations of each type of
biogeochemical region (Table 1). We performed mono- and multiple nutrient additions: +Fe: 2
nmol.L™ FeCls; +Si: 2 pmol.L™* Na,SiOs; +FeSi: 2 nmol.L™ FeClz + 2 pmol.L ™ NaySiOs. +N: 2
umol.L™Y NaNOs; +NP: 2 nmol.L”? NaNO; + 0.2 umol.L? KH,PO,. Possible trace metal
contamination from the added nutrient solutions has been measured by ICP-AES and is
discussed in the supplementary material S1. One unamended sample was used as a control. In
addition to nutrient enrichments, dry deposition events of desert dust and volcanic ash were
simulated by adding aerosols at final particle concentrations (PC) of 2 mg.L™ for the dust
treatment (+dust) and of 25 mg.L™ for the ash treatment (+ash) (see Table 2 for composition of
aerosols and section 2.4.2 for justification of PC). Each nutrient/aerosol treatment was performed

in triplicate.
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At the HNLC station 11, wet deposition events of ash and dust were also simulated. Artificial
rainwaters (ARW) were prepared following the protocol described in Paris et al. (2011). Briefly,
aerosols were added to ultrapure water (Millipore®, resistivity of 18.2 MQ.cm™) previously
acidified with sulfuric acid (1%. H,SO, SupraPur® at 2.102 M, theoretical pH of 4.7), which is
naturally found in the atmosphere (Pye et al., 2020). After a contact time of 60 min in ARW (PC
of 100 mg.L™ dust and 1250 mg.L™ ash), 2 % of unfiltered ARW was added to the incubation
bottles filled with unfiltered surface seawater, in order to obtain the same PC as in the dry
deposition experiments (2 and 25 mg.L™ for respectively dust and ash). In order to determine the
chemical composition of ARW, aliquots were filtered through a 0.2 pm polycarbonate
membrane for measurements of the macronutrients and dissolved iron concentrations (see
section 2.5 for analysis).

After nutrient/aerosol additions, the microcosms were placed in on-deck incubators for 48 h with
circulating surface seawater and covered by a filter to simulate the appropriate irradiance
encountered at 10 m depth. Before the nutrient/aerosol additions, seawater was sampled for
initial determination of the primary production, pigments, cell abundances, biogenic silica (bSi),
macronutrients and dissolved Fe (dFe) concentrations. Samples for pigments, bSi, cell abundance
and nutrients were collected at final time (48 h) in all the treatments, and the primary production

was determined between 24 h and 48 h.

2.3 Abiotic dissolution

Nutrients released by dust and ash were monitored at each station with an abiotic control of 0.2
pum filtered surface seawater (SW), using the same deposition mode (dry event at all stations and
wet event at HNLC station 11) and aerosol PC as in the bioassay experiments. Triplicates of 250
mL polycarbonate bottles were placed in the same experimental conditions than microcosms and
harvested after 48 h for macronutrients and dFe concentrations. For back-calculations of Fe

release in ash ARW (see section 2.5), we used supplementary samples filtered after 12 h.
2.4 Characterization of dust and ash

2.4.1 Collection and composition

Collection took place in remote areas using clean sampling techniques. Samples were stored in

double zip bags to avoid anthropogenic contamination.
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Desert dust

The fine fraction (< 20 pum) of a Patagonian arid surface soil (south of Sierra Grande, Argentina,
hereafter referred to as Pata) was used for the dust additions at the five stations. The soil sample
was collected from the first centimeters of the top layer of the desert soils, exposed to wind
erosion and dry sieved in order to produce a dust analogue (Guieu et al., 2010), hereafter referred
to as aerosol for simplification, according to a protocol described by Guieu et al. (2014). Dust
from this region has been shown to reach the Southern Ocean (Gili et al., 2016; Li et al., 2008;
Mahowald, 2007; Smith et al., 2003).

Volcanic ash

The ash originated from the 2010 explosive eruption of Eyjafjallajokull volcano (63°37°11” N,
19°36°54” W) in Iceland, hereafter referred to as Eyja. The ash was collected on the ground
immediately after an ash fall event that occurred in Holtsa (~4-5 km from the volcano) on 17
April. The ash sample was sieved at 100 um to remove large particles that are not representative
of the material transported over long distances in the atmosphere (Gudmundsson et al., 2012;
Rose and Durant, 2009; Witham et al., 2005). Thus, the Eyja ash is not directly representative of
volcanic ash deposition over the modern SIO and the SO, but was the best available sample for

our study.

The chemical and mineralogical composition of Pata and Eyja are presented in Table 2. Carbon
(C) and N were quantified with an isotope ratio mass spectrometer (IR-MS Delta V plus, Thermo
Fischer Scientific) coupled with a C/N analyzer (Flash EA, Thermo Fisher Scientific). P, Si and
Fe were measured after acid digestion (Fu, 2018) with inductively coupled plasma mass
spectrometry (ICP-MS 7500cx, Agilent) or with ICP after fusion (Thermo Fischer Scientific).
The median diameter was calculated from volume size distribution measured by laser diffraction
in ultrapure water (without ultra-sonication to avoid breaking up aggregates). Specific surface
area (SSA) was determined by the Brunauer, Emmet and Teller (BET) gas adsorption
method using nitrogen for dust (< 20 um) and krypton for ash particles (< 100 pum). The
mineralogical composition of the crystalline portion of aerosols was measured by quantitative X-
ray diffraction (XRD) and the proportion of the amorphous phase was determined by adding an

internal standard.
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2.4.2 Representativeness of aerosol depositions

Desert dust

Studies based on satellite data (Erickson et al., 2003; Gassé and Torres, 2019), modelling (Li et
al., 2008; Mahowald, 2007) and ice core analyses (McConnell et al., 2007) have revieled
Patagonian dust deposition in Antarctica and the SO. The chosen PC from this study (2 mg.L™),
corresponds to an estimated deposition of 9 g.m™ (see Supplementary Material S2). Local dust
deposition rates are extremely low (potential maxima at 45° S in the Atlantic sector of the SO
with an annual mean deposition of 8.0 mg.m?.day™ calculated according to Li et al. (2008).
Thus, this deposition rate is not realistic for modern atmospheric deposition in the SOI and SO,
but remains representative for other time periods and other offshore oceanic areas: the SO
received up to 20 times higher dust deposition during the Last Glacial Maximum (Conway et al.,
2015; Mahowald et al., 1999), and high Saharan dust deposition events reach up to 22 g.m?in
the modern open Mediterranean Sea (Ternon et al., 2010). The chosen PC is also in agreement
with several bioassay studies performed in the Mediterranean Sea, Atlantic and Pacific Ocean, in
which dust PC of 2 mg.L™ has been used (e.g. Jacq, 2014; Marafién et al., 2010; Mélancon et al.,
2016; Mills et al., 2004).

Volcanic ash

The global deposition flux of volcanic ash is less studied than desert dust flux and there is to date
no available annual estimate of deposition to the SO and SI1O. Ash fluxes to the ocean are
strongly less frequent than desert dust events (Durant et al., 2010) and usually unpredictable
eruptions might lead to the deposition of great ash masses over the ocean (Langmann, 2013). In
this study, we used an ash PC of 25 mg.L™, corresponding to an estimated deposition of 300
g.m?i.e. arealistic 0.2 mm ash layer (see Supplementary Material S2). Thus, the ash PC is at the
same order of magnitude than the published estimates of historical eruptions, as well as other
bottle experiments (6.0 to 35.8 mg.L™ of ash in the Atlantic sector of the SO in Browning et al.
2014).
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2.5 Biological and chemical parameters

Primary Production

Net CO, fixation rates were determined using the **C-tracer addition method. 1 mL of NaH'*CO;
(99 %, Eurisotop) was added 24 h after the beginning of incubation to fully filled 2.3 L
experimental polycarbonate bottles. Then, the bottles were vigorously shaken after spike
addition, and placed back into on-deck incubators for 24 h. After incubation, 1 L to 2.3 L were
gently filtered onto pre-combusted 25 mm Whatman GF/F filters and stored at -80 °C. Sample
filters were dried at 40 °C for 48 h before analysis. Carbon in particulate matter and **C isotopic
ratios were quantified using an online continuous flow elemental analyzer (Flash 2000 HT),
coupled with an Isotopic Ratio Mass Spectrometer (Delta V Advantage via a conflow 1V

interface from Thermo Fischer Scientific).

Cell abundance

The cell abundances of heterotrophic bacteria, cyanobacteria pico- and nanoeukaryote species (<
30 um) were determined by flow cytometry according to the protocol detailed in Marie et al.
(1999). Briefly, 1.5 mL of seawater were immediately fixed with 15 pL of glutaraldehyde (25 %)
and placed in the dark for 15 min before being frozen and stored at -80 °C.

Pigments

One to two liter of seawater were filtered onto GF/F filters at initial time and after 48 h
incubation, then immediately placed at -80 °C prior to analysis at the SAPIGH analytical
platform at the Institut de la Mer (IMEV, Villefranche-sur-Mer, France). Filters were extracted at
-20 °C in 2 mL methanol (100 %) containing an internal standard (vitamin E acetate, Sigma®),
disrupted by sonication and clarified one hour later by vacuum filtration through GF/F filters.
The extracts were rapidly analyzed (within 24 h) on a complete Agilent® Technologies 1200
series HPLC system. The general procedure for HPLC pigment analysis, identification and
quantification were described in Ras et al. (2008). HPLC sampling at final time at LNLC stations
(2 and 16) could not be carried out because the volume of seawater available after the sampling
of other parameters (PP, nutrients, etc.) was insufficient. Taxonomic pigments were used as size
class markers of phototroph groups (pico-, nano- and microphytoplankton). The

chemotaxonomic correspondence of HPLC-determined pigments and the associated size-class
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came from Uitz et al. (2006). The biomass fractions of the three phytoplankton size classes was

calculated with the following equations from Uitz et al. (2006):

fmicro = (141 Fuco + 1.41 Peri)/wDP (1a)
frano = (1.27 19'HF + 0.60 Allo + 0.35 19'BF) /wDP (1b)
frico = (0.86 Zea + 1.01 Tchlb) /wDP (1c)

where WDP is the weighted sum of the concentrations of the seven diagnostic pigments:
wDP = 1.41 Fuco + 1.41 Peri + 1.27 19'HF + 0.60 Allo + 0.35 19'BF + 0.86 Zea +
1.01 Tchlb 2
The concentration of total chlorophyll-a (Tchla) associated with each size class was calculated as

follows, with x standing either for micro, nano or pico:

Tchla, = f, X Tchla (3)

The diatom and dinoflagellate biomass were estimated as follows:
Chlagigtom = (1.41 Fuco = Tchla) /wDP (4a)
Chlaginofiageniate = (1.41 Peri = Tchla) /wDP (4b)

The relative contribution of each size class to the increase in Tchla (ATchlay, in %) in the
nutrient/aerosol treatment (trtm) after 48 h relative to the mean control (ctr) after 48 h was

calculated as follows:

Tchla,(trtm.48h)—Tchla,(mean ctr.48h
ATchla, = x( ) x( )
Tchla(trtm.48h)—Tchla(mean ctr.48h)

x 100 (5)

Biogenic silica

Samples for bSi were collected at initial time and after 48 h incubation through gentle filtration
of 1 or 1.5 L (depending on local potential diatom abundance) from the 4.5 L incubation bottles
on 47 mm polycarbonate membrane Nucleopore (0.8 um) filters using 1 L Nalgene filtration
units (Thermo Scientific™). As described in Fripiat et al. (2011), the filters were stored in
polycarbonate Petri dishes and dried on board at 60 °C overnight, then stored at room
temperature until on shore analysis. The bSi was extracted from the membrane filter through
alkaline digestion following a protocol adapted from the first leaching step found in Ragueneau
et al. (2005). Briefly, the bSi was dissolved in 4 mL NaOH solution (0.2 M, pH 13.3) during 40
min at 100 °C, after which the solution was neutralized with 1 mL Suprapur HCI (1 M) or 0.8
mL Suprapur HNO3 (1 M) to stop the digestion. The leachate was analyzed for Si concentration
by spectrophotometry (Thermo Fisher Evolution 220) using the manual colorimetric method of
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Grasshoff et al. (1999). As some lithogenic silica (LSi) might also dissolve during the digestion,
the aluminum (Al) concentration of the leachate was measured by ICP-MS (Agilent 7900). We
used the mean crustal Si/Al ratio of 3.74 (Taylor and McLennan, 1985) to correct the measured
Si concentration from lithogenic contamination:

[bSi] = [Si] - [Al] x 3.74 (6)
Note that bSi samples after 48 h of incubation were analyzed in duplicates only, while we
performed replicated measures of subsamples and/or analytical replicates for the initial sample
from each station. Biogenic Si in dust and ash treatments are not shown, since the high LSi
proportion from the aerosols overwhelms the bSi signal, yielding to a much too large uncertainty
of the correction. Despite a higher filtration volume (1.5 L instead of 1 L), bSi at LNLC stations
(2 and 16) was below detection limit (0.01 pmol.L™).

Macronutrients

Samples of dSi, DIP and NOx were obtained through 0.2 um filtration as follows: (1) for initial
conditions, SW samples were directly filtered on-line from the Go-Flo bottles through acid-
cleaned 0.2 pum capsule filters (Sartorius Sartobran-P-capsule 0.45/0.2 pum); (2) at 48 h in the
abiotic experiments, SW samples were filtered onto acid-cleaned PALL Supor 0.2 pum
polyethersulfone (PES) filters mounted on polyethylene syringes; (3) the same 0.2 um filtration
protocol was performed after 1 h of contact with ARW. Samples were stored at +5 °C (dSi) or
-20 °C (DIP and NOXx) prior to on shore analysis. Dissolved Si and DIP were measured with a
spectrophotometer (Thermo Fisher Evolution 220) according to the manual colorimetric methods
of Grasshoff et al. (1999) and Murphy and Riley (1962), respectively. The concentration of NOx
was measured with the SEAL AutoAnalyzer 3HR, according to Aminot and Kérouel (2007). The
detection limits were 0.03 uM dSi, 0.03 uM DIP and 0.08 uM NOX.

Micronutrients

The same 0.2 um-filtration protocol than for macronutrients was used for dissolved iron (dFe),
manganese (dMn) and cobalt (dCo) samples in SW. After filtration (with acid cleaned capsule or
syringe/filters), micronutrient samples were acidified (0.2 % HCI Ultrapur) and stored at +5 °C
before analysis by ICP-MS coupled with an automated sample preconcentration system
(SeaFAST) according to Wuttig et al. (2019). The detection limits in SW were 0.005 nM dFe,
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0.016 nM Mn and 0.2 pM dCo. Moreover, dFe in ARW after 1 h was measured by ICP-AES
(Spectro Arcos) with a detection limit of 8.0 nM dFe. Due to Fe contamination issues of the ash
ARW samples during analysis, we estimated the Fe release and resulting solubility in ash ARW
according to a back-calculation of dFe release after the addition of 2 % ash-containing ARW to
the abiotic filtered SW control:

dFearw = AdFegy 12n/0.02 (7)
where dFesw.12n corresponds to the first available data point 12 h after addition of 2 % ARW in
0.2 pum-filtered SW. The calculated concentration might be biased by secondary Fe release
and/or scavenging processes during the 12 h in the SW matrix.

Calculation of nutrient and aerosol induced responses

In order to compare the biological response in the different bioassay treatments at the five
stations, we calculated the relative change (RC) of each parameter according to:

RC (in %) = (Cermeasn — Cetrasn) X 100/ Cerragn (8)
where Cyy stands for the concentration of the variable (primary production, cell abundance,
pigments, bSi) 48 h after the nutrient/aerosol addition and C is the mean value of the variable

in the control after 48 h.

2.6 Statistical analysis

Means (n=3) after 48 h incubation in the bioassay as well as in the abiotic experiments were
compared using a one-way ANOVA followed by a Fisher LSD means comparison test. When
assumptions for ANOVA were not respected, the tests were performed on the log-transformed
data or means were compared using a Kruskal-Wallis test and a post hoc Dunn test. Means of
nutrient solubility for dust and ash in the abiotic experiments were compared using the Student’s

t-test. Statistical tests were done using the XLSTAT software.
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3 Results
3.1 Characterization of aerosols and nutrient release

3.1.1 Composition of aerosols

The two tested aerosols have a different mineralogy and elementary composition (Table 2). The
Pata dust is richer in C and N but lower in P and Fe relative to the Eyja ash. The Si content is
similar for both aerosols. Dust particles (sieved < 20 um) had a nine times higher specific surface
area (SSA) than the larger (sieved < 100 um) ash particles. Pata dust contains twice more clay,
while Eyja ash is more amorphous i.e contains less crystalline minerals. Compared to Saharan
dust, which usually contains less than 10 % of feldspars (Journet et al., 2008), the Pata dust is
enriched in magmatic silicate minerals, including albite (18.6 wt.%, Table 2), originating from

the eruptive products of nearby volcanos (Simonella et al., 2015).

Table 2: Mineralogical and chemical properties (% in weight) of the fine fraction of the
Patagonian soil (< 20 um) and the volcanic ash (< 100 um) used in the bioassay and abiotic
experiments.

Desert Dust (Pata) Volcanic Ash (Eyja)

- Sierra Grande Eyjafjallajokull
Origin .
Patagonia Iceland
Lime stones calcite 2.9 calcite 0.3
) Acidic rocks albite 18.6; quartz 6.2  albite 23.4; analcime 1.0
Mmg;a)logy Clays illite 20.6; smectite 2.8  smectite 10.9
° (hydr)oxides not detected gibbsite 0.3; hematite 0.1
amorphous 48.3 63.7
Specific surface area (m%.g?) 62.1 7.3
C (%) 1.06 +0.01 0.14 £0.01
N (%) 0.09 £ 0.01 0.03
P (%) 0.08 £0.01 0.18+£0.01
Si (%) 25.8 26.47
Fe (%) 455 +0.23 7.51+0.28
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3.1.2 Abiotic nutrient release

Dry deposition mode

After 48 h of contact in 0.2 um filtered surface seawater, the Eyja ash released around five times
more dFe than the Pata dust (Table 3A) and similar amounts of dSi. The dFe released by ash is
twice higher than the dFe addition in the Fe treatment while the dSi released by both aerosols
(maximum 0.3 pM) is eight times less than Si addition in the Si treatment. Both aerosols were
not a significant source of NOx whereas only Eyja released significant DIP concentration
(representing half of the +P treatment addition). Nutrient solubility was highest for P (Eyja),
followed by Si then Fe. Solubility from dust was more than ten times higher for Si compared to
ash and four times higher for Fe, while the released nutrient concentration was equal (dSi) or

lower (dFe) (Table 3A), which can be explained by the difference in PC.

Wet deposition mode

With a 12.5-fold higher PC, the Eyja ash dissolved 8-10 times more dSi and DIP and 18 times
more dFe than the Pata dust, while NOx release was similar for both aerosols (Table 3C). The
solubility of all tested nutrients from Pata dust was higher relative to Eyja ash in ARW.
Interestingly, the Si solubility of Pata dust was higher in SW (1.25 % and 0.21 % in SW and
ARW, respectively) but similar in both matrices for Eyja (~0.12 %). In contrast, Fe solubility
was similar for Pata in both matrices (~0.044 %) but significantly higher for the estimation of
Eyja in ARW than in SW (0.051 % in ARW compared to 0.011 % in SW). The calculation might
be over-estimated, which has however no implication for the bioassay experiments. The
solubility of DIP for Eyja was higher in ARW compared to SW.

After the addition of 2 % of unfiltered ARW into abiotic 0.2-filtered SW, the final nutrient
release by ash compared to dust after 48 h in SW was higher for dFe and DIP (Table 3B). Thus,
final dFe and DIP concentrations after a wet compared to a dry deposition event were equal for
Pata and higher for Eyja. On the other hand, the wet deposition of aerosols induced a significant
decrease in dSi concentration, and a wet Pata deposition surprisingly decreased the SW NOx
concentration (Table 3B). Thus, the aerosols are a source of dSi only in dry deposition mode and

no source of NOX in our experiments.
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Table 3: Means of N, P, Si and Fe release (concentration after the experiment minus initial ARW
or SW concentrations) and solubility (% released from initial element content in aerosol) of dust
and ash after 48h of contact in 0.2 um filtered surface seawater for particle concentrations of 2
mg.L™ Pata dust and 25 mg.L™ Eyja ash in (A) dry deposition mode (means at the five station) in
filtered SW and (B) in wet deposition mode (HNLC station 11 only). (C) Nutrient release and
solubility after 1h of contact with artificial rainwater at station 11 for particle concentrations of
100 mg.L™* for Pata dust and 1250 mg.L™ for Eyja ash.

(A) Released

concentration NOx, uM DIP, uM dSi, uM dFe, nM
Pata n.s. n.s. 02+0.2°% 0.7+0.6°
Eyja n.s. 0.10 + 0.05 0.3+0.1° 38+16°
solubility N, % P, % Si, % Fe, %
Pata n.s. n.s. 1.25 +0.52° 0.041 +0.035%
Eyja n.s. 6.8 +3.4 0.11+0.05° 0.011 + 0.005°
(B)  Released NOX, UM DIP, UM dSi, uM dFe, M
concentration
Pata -0.5+0.0 n.s. -2.2+0.6° 0.7 +0.3°
Eyja n.s. 0.4+0.0 -1.2+0.3° 9.0+0.1°
solubility N, % P, % Si, % Fe, %
Pata <0 n.s. <0 0.041 +0.017°2
Eyja n.s. 29.7+22 <0 0.027 +0.000 ?
(C)  Released NOX, UM DIP, uM dSi, uM dFe, M
concentration
Pata 0.15+0.03* 1.65+0.05°  1.92+0.10° 472+09°
Eyja 0.11+0.01% 1541+0.60° 1541+0.24° 856.7 +35.4°*
solubility N, % P, % Si, % Fe, %
Pata 2.18+0.50%  60.6+1.8° 0.21+0.01° 0.058 + 0.001°
Eyja 0.38+0.02° 20.8+0.8° 0.13+0.00°" 0.051 + 0.002°*

Note: Only the significant releases in nutrients (mean concentrations at 48h in the dust/ash
treatments significantly different from means in the control at tO p-val < 0.05) are shown; n.s.
stands for ‘not significant’. Means that are not significantly different between dust and ash
treatment for each element are labelled with the same superscript letter a or b (p > 0.05).
Negative dissolution values express a decrease of NOx or dSi in SW after ARW addition. * Fe
release and solubility of ash in ARW are estimated according to Equation 7.

3.2 Initial conditions of the seawater samples

LNLC stations

The surface seawater at the studied stations had contrasted physico—chemical and biological

features as shown in Table 4. Stations 2 and 16 are located in the warmer and saltier LNLC
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region where surface seawater is characterized by low or undetectable concentrations of NOx
and DIP associated with low phytoplanktonic biomass and primary production (PP). The average
dSi concentrations were similar at both sites (~1.7 uM). At both LNLC stations, the molar
NOXx/DIP ratio is strongly lower than the Redfield ratio (16/1) (Redfield, 1934), indicating a
potential N limitation of the phytoplanktonic activity at surface, while the high dSi/NOx ratio (>
20) indicates that Si is not the limiting nutrient in the LNLC region. The highest value of dFe
relative to other stations is recorded at station 2 (0.54 nM), but this concentration remains low
and Fe might be a co-limiting factor of primary production.

At both sites, the phytoplankton biomass was dominated by picophytoplankton (~63 % of Tchla)
and nanophytoplankton (~26 % of Tchla). Moreover, prokaryotes were the main component of
the picophytoplankton size class, as assessed by the high cyanobacteria-specific zeaxanthin
concentration (~0.036 pg.L™). Biogenic Si was below detection limit at the LNLC stations,
which is in good agreement with the very low diatom-specific fucoxanthin concentrations. The
highest cellular abundance in the < 30 pum size-fraction is represented by Synechococcus
cyanobacteria in the western LNLC station 2, but this genus was not detected at the eastern
station 16. Likewise, no Prochlorococcus cells were detected by flow cytometry at any studied

station, which will be discussed in section 4.1.

HN-LSIi-LC station

South of the STF, station 14 lies within the HN-LSi-LC zone, and is characterized by colder and
less salty surface waters, associated with a strong increase in NOx and DIP concentrations (Table
4), relieving potential N and P limitations. The dissolved Si concentration is the lowest (~1 puM)
and consequently, the molar dSi/NOx ratio of 0.12 is well below the elementary ratio of 1.12
determined by Brzezinski (1985) for diatoms, suggesting a potential Si limitation of diatoms in
this HN-LSi-LC area. As dFe concentration is low (0.39 nM), Fe may additionally limit
phytoplankton growth.

The PP and algal biomass increased by a factor 7 to 12 compared to the LNLC region. The
phytoplankton structure is modified: nano- and microphytoplankton dominate (respectively 54
and 28 % of Tchla) whereas picoplankton represents only 18 % of Tchla. At this station, the
Tchla concentration is the second highest of the five sampled stations, while the pigments
peridinin, 19°’HF, alloxanthin and chlorophyll-b  (biomarkers for dinoflagellates,
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chromophytes/nanoflagellates, cryptophytes and chlorophytes, respectively) were the most
abundant of all stations (data not shown). Based on pigment analysis, the nanoplankton biomass
is largely dominated by nanoflagellates and chromophytes (99 % of the nanoplankton biomass),
whereas microplankton biomass is comprised of 58 % dinoflagellates and 42 % diatoms (diatoms
represented ~11 % of Tchla in agreement with the low bSi concentration). The highest cell
abundances in the < 30 um community are recorded at the HN-LSi-LC station 14 with an eight
fold increase in Synechococcus and nanoeukaryote abundances and a 13 and 2-fold increase in
picoeukaryotes and heterotrophic bacteria abundances respectively, relative to the LNLC

stations.
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451 Table 4: Initial physico-chemical and biological properties of the surface seawater used for the
452 microcosm experiments. Mean nutrient concentration + standard deviation of replicates. DL =
453  detection limit. PP = primary production; bSi = biogenic silicon; Tchla = total Chlorophyll a.
454  Phytoplankton size-fractions according to Uitz et al. (2009): pico: 0.4-2 pm, nano: 2-10 pm,
455  micro: > 10 pm.
Station 2 16 14 A3 11
Zone STZ STz SAZ AZ AZ
Region LNLC LNLC HN-LSI-LC Plateau HNLC
Latitude, degrees S 29.97 35.00 42.49 50.64 56.50
Longitude, degrees E 54.11 73.47 74.90 72.05 62.99
Sampling date 12Jan 2019 05Feb2019 30Jan2019 27 Jan 2019 23 Jan 2019
Temperature, °C 24.6 22.0 12.8 44 2.1
Salinity 35.47 35.48 34.49 33.83 33.83
NOx, uM <DL <DL 8.11+0.41 20.60+£0.77  25.25+0.01
DIP, uM 0.03+0.00 0.09+0.01 0.65+0.02 1.04+0.05 1.58+0.16
dsi, uM 1.79+0.05 1.61+0.05 0.99+0.00 1.59+0.06 16.67%0.15
NOx/DIP <27 <0.9 125 19.8 16.0
dSi/NOx >224 >20.1 0.12 0.08 0.67
dFe, nM 0.54+0.12 0.37 0.39 0.35+0.13 0.27+0.02
dMn, nM 1.17%0.05 0.72+0.02 0.30+0.01 0.14+0.03 0.24+0.02
dCo, pM 4.6+0.7 7.9£1.3 8.9+1.2 20.0£1.2 14.3+1.9
Synechococcus, cells.mL™ 1703 <DL 13 620 349 <DL
picoeukaryotes, cells.mL™ 452 882 5786 401 571
nanoeukaryotes, cells.mL™ 339 209 2798 644 1176
heterotrophic bacteria, cells.mL™ 655 782 547 742 1310728 615 636 441 028
PP, mg C.m>.d™ 2.78 3.67 26.7 54.42 7.24
bSi, pmol.L™ <DL <DL 0.11+0.02 2.31+0.79 0.96+0.48
Tchla, pg.L™ 0.085 0.049 0.603 1.40 0.157
Fucoxanthin, pg.L™ 0.004 0.002 0.046 0.688 0.047
Zeaxanthin, pg.L™" 0.045 0.026 0.011 0.002 0.001
bSi/fucoxanthin, mol.g™ <25 <5 2.4 3.4 20.4
% micro 13 10 28 92 45
% nano 24 28 54 7 54
% pico 63 62 18 1 2

456

457
458
459
460
461

HNLC and the plateau stations

South of the PF within the AZ, SST and SSS at stations 11 and A3 were the lowest while NOx
and DIP reached maximum values (> 20 uM and > 1 uM, respectively). The Kerguelen plateau
station A3 and offshore HNLC station 11 are characterized by different dSi concentrations

leading to contrasting dSi/NOXx ratios: the plateau station presents a potential Si limitation (dSi of

1.59 uM and dSi/NOx ratio of 0.08), whereas the offshore station 11 contains ten times more
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dSi, raising the dSi/NOx ratio to 0.67, which is closer to the elementary compositional ratio of
diatoms (1.12 + 0.33, Brzezinski, 1985). Moreover, Fe concentrations of respectively 0.35 and
0.27 nM may be limiting at both sites.

The highest PP and Tchla are recorded at the plateau station A3 (54.42 mg C.m>.d™ and 1.40
1g.L™). The phytoplankton community is considerably shifted with 92 % of Tchla composed by
microphytoplankton (> 20 pm). The diatom-specific pigment fucoxanthin is 15 times more
important than in the surrounding AZ (station 11) and SAZ (station 14). The second biomarker
for microphytoplankton, the dinoflagellate-specific pigment peridinin, is increased only by a
factor of five compared to the HNLC station 11, indicating that diatoms are the major contributor
of Tchla (diatoms contribute to 98 % of the chla biomass of the microplankton) at this fertilized
station. This result is consistent with literature data indicating similar high fucoxanthin and bSi
concentrations (Armand et al., 2008; Uitz et al., 2009).

The open HNLC station 11 holds eight and nine times less PP and Tchla than at the naturally Fe-
fertilized plateau station A3. The phytoplankton community structure is different compared to
the plateau, with twice less microplankton and six times more nanoplankton, contributing
respectively 45 and 54 % to the Tchla biomass. Picophytoplankton was negligible at both

stations with a contribution to Tchla lower than 2 %.
3.3 Biological responses

3.3.1 Primary production

At the LNLC stations 2 and 16, the addition of N and NP led to a significant increase in PP,
reaching a mean maximum relative change (RC, Eq. 8) of ~+150 % and ~+125 % at stations 2
and 16 respectively (Fig. 2a,b). No significant difference was observed between +N and +NP
treatments, indicating that the phytoplanktonic activity is mainly N limited. The addition of Fe
and Si, as well as the dust and ash additions promoted significantly and similarly PP only at the
western station 2 (~+65 %).

At the HN-LSI-LC station 14, additions of Fe and/or Si as well as dust triggered a similar and
significant increase in PP (~+35 %), while ash addition had two times more influence (+66 %,
Fig. 2c). Likewise, at station A3, both Fe and Si additions led to an increase in PP (~+80 %), and
FeSi triggered significantly more PP than Si, suggesting Fe and Si co-limitation (Fig. 2d). Of all
stations, aerosol additions at the plateau station A3 induced the highest PP increase (~+105 %).
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At the HNLC station 11, the maximum increase in PP (~+80 %) is recorded after Fe addition.
Aerosol additions in both dry and wet deposition modes stimulated PP (~+40 % on average, p <

0.05), and a dry deposition of ash had a significantly higher impact than a dry deposition of dust.
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Figure 2. Primary production (PP, mg C.m™.d™) at the beginning of the experiment (t-ini, white
bar) and after 48h of incubation for each treatment at the stations LNLC St 2 (a) and 16 (b), HN-
LSi-LC St 14 (c), plateau St A3 (d) and HNLC St 11 (e). Error bars indicate standard deviation
of triplicates. Means that are not significantly different are labelled with the same letter (p >
0.05) within a station.

3.3.2 Cellular abundances

At the western LNLC station 2, additions of Fe, FeSi, N and NP led to a similar stimulation of
the picoeukaryote abundance (~+93 %, Fig. 3a). Si and NP additions induced the highest
response of nanoeukaryote abundance (~+340 %, Fig. 3b) which was significantly different to
that observed in Fe and N (~+220 %). On the contrary, Synechococcus abundance is just
stimulated after N and NP additions (~+90 %, Fig. 3c). Aerosol addition had a different impact
according to the phytoplankton type: picoeukaryotes were greater stimulated by dust (+96 %)
than by ash addition (+50 %), while both aerosols had a similar effect on Synechococcus (~+70

%), and no effect on nanoeukaryotes. Surprisingly, at the eastern LNLC station 16, only the
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addition of N and NP induced an increase in nanoeukaryote abundance (~+75 %) and ash
stimulated picoeukaryote abundance by +38 % (Fig. 3d,e).

At the HN-LSI-LC station 14, none of the tested nutrients (Fe and/or Si) impacted the cell
abundance of the assessed phytoplankton (< 30 um). Only ash addition stimulated picoeukaryote
abundance (+32 %, Fig. 3f), and dust enhanced nanoeukaryote abundance (+44 %, Fig. 3j), while

no addition stimulated Synechococcus.
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Figure 3. Cell abundance (cells.mL™) of pico eukaryotes (a,d,f,i,I), nano eukaryotes (b,e,g,j,m)
and Synechococcus (c,h,k) at the beginning of the experiment (t-ini, white bar) and after 48h of
incubation for each treatment at the LNLC St 2 (a-c) and 16 (d-e), HN-LSi-LC St 14 (f-h),
plateau St A3 (i-k) and HNLC St 11 (I-m). Error bars indicate standard deviation of triplicates.
Means that are not significantly different are labelled with the same letter (p > 0.05) within a
station.

Contrariwise, at the Kerguelen plateau (station A3), Fe addition increased both pico- and
nanoeukaryote abundances (+120 % and +50 % respectively, Fig. 3i,j). Surprisingly, Si or FeSi
additions generated a Synechococcus development (~+70 %) that was not significant after Fe
addition. +Dust and +ash triggered similar responses within a phytoplankton type, increasing cell
abundance by 140, 75 and 40 % for Synechococcus, pico- and nanoeukaryotes respectively.

At the HNLC station 11, Fe addition increased just the nanoeukaryote abundance (+21 %, Fig.
3m). Wet and dry addition of dust or ash induced a similar stimulation of the nanoeukaryote
abundance (~+40 %), whereas the effect on picoeukaryotes was not significant (Fig. 3I).

The abundance of heterotrophic bacteria (Fig. S1) increased significantly at the LNLC station 16
after FeSi and NP treatments (~+60 %), as well as after dust and Si additions at station 14 (~+30

%) or ash at A3 (+30 %).

3.3.3 Pigments

Both Fe and Si additions enhanced the Tchla and fucoxanthin concentrations relative to the
controls at the three stations within the SAZ (St 14) and AZ (St 11 and A3, Fig. 4), indicating
phytoplanktonic and especially diatom biomass stimulation. At the HN-LSi-LC station 14, Fe
and Si additions generated a similar Tchla increase (~+40 %, Fig. 4a) but Si induced a higher
fucoxanthin increase than Fe (+130 % and +50 % respectively, Fig. 4d). Thus, while the
microplankton size fraction was initially dominated by dinoflagellates (as assessed by the
peridinin/fucoxanthin ratio, data not shown), diatoms benefit more of nutrients and particularly
Si addition. At the plateau station A3, the stimulation after both nutriment additions was similar
(+65 % and ~+70 % for Tchla and fucoxanthin, Fig. 4b,e), whereas ash addition induced a higher
increase in both pigments relative to the dust treatment (Fig. 4b,e). At the high and low Si HNLC
stations (11 and 14), no significant difference for both pigments was noted after a dry addition of
dust and ash: we observed a Tchla increase of ~+60 % at both stations, while fucoxanthin

increase was higher at the low-Si station 14 compared to the high-Si station 11 (~+115 % and
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~50 %, respectively). Moreover, a wet deposition of ash at the HNLC station 11 had a twice

lower impact on Tchla increase than a dry deposition (+37 % and +74 %, respectively). The

contribution of different size fractions to Tchla increase will be further discussed in section 4.2.
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Figure 4: Pigment concentration (ug.L™) of total Chlorophyll-a (a-c) and fucoxanthin (d-f) at the
beginning of the experiment (t-ini, white bar) and after 48h of incubation for each treatment at
HN-LSi-LC St 14 (a,d), plateau St A3 (b,e) and HNLC St 11 (c,f). Error bars indicate standard
deviation of triplicates. FeSi treatment at St 14 is not included in statistics, due to n = 1. Means
that are not significantly different are labeled with the same letter (p > 0.05) within a station.

3.3.4 Biogenic silicon

Both Si and FeSi additions strongly enhanced the bSi concentration at the HN-LSi-LC station 14,
(+100 % and +60 %, respectively, Fig. 5a) whereas an addition of Fe had no impact. The
Kerguelen plateau station A3 and HNLC station 11 were both diatom-dominated and the bSi
concentration was high (around 3.0 and 2.0 pmol.L™ respectively, Fig. 5b,c), but no influence of

the nutrient treatments was observed.
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Figure 5: Biogenic silica concentration (bSi, umol.L™) at the beginning of the experiment (t-ini,
white bar) and after 48h of incubation for each nutrient treatment at the HN-LSi-LC St 14 (a),
plateau St A3 (b) and HNLC St 11 (c). Error bars indicate the range from duplicates besides Si
treatment at St 14 (with n = 1).

4 Discussion

4.1 Initial conditions and ambient nutrient limitations

The progressive shift from the oligotrophic gyre of the SIO towards the macronutrient-rich SO is
associated with a shift in the phytoplankton community. Thus, the warm LNLC waters of the
SIO are dominated by picoplankton which decline with decreasing SST, whereas microplankton
increases and becomes the main size class in the SO. Relative nanoplankton proportion is
maximal in the HN-LSi-LC region within the SAZ (Table 4, Fig. 7).

A recent publication based on cruise data from the same study zone focused on the community
composition shaped by hydrographic fronts of the SIO and SO (Hdrstmann et al., 2021). The
authors were the first to measure PP in the western SIO and in different regions of the Indian SO,
and their results on productivity and pigment signature are in good agreement with our findings
for initial conditions in the LNLC, HN-LSi-LC and HNLC zones.
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Figure 6. Schematic representation of the biological response of phytoplankton communities
after dry or wet dust (D) and ash (A) deposition to the sea surface within different
biogeochemical regions of the South Indian Ocean and Southern Ocean. The top part of the
figure (orange box) shows the phytoplankton response to aerosol deposition (PP and ATchla),
while the bottom part (blue box) represents the initial conditions prior to deposition (nutrient
limitation and phytoplankton structure). Primary production is expressed in relative change (%),
as follows: +++ above 100%; ++ above 50%; + below 50%; — no significant change compared to
control. ATchla shows the contribution (%) of different phytoplankton classes explaining the
global increase in Tchla. The community composition (initial and final) is based on the pigment
signature, with red: microplankton (dark: diatoms and light: dinoflagellates), purple:
nanoplankton and green: picoplankton. The schema concerns solely the surface layer and
response after 48h, regardless of depth and particle sinking. The represented taxa are
representative for the SO: microplankton: Eucampia and Chaetoceros (coastal and open ocean
diatoms, respectively), Ceratium (dinoflagellate); nanoplankton: Phaeocystis (haptophyte); pico-
plankton: Synechococcus (cyanobacteria). Zones and fronts (from North to South): Subtropical
Zone and Front (STZ and STF), Subantarctic Zone and Front (SAZ and SAF), Polar Front Zone
and Front (PFZ and PF) and Antarctic Zone (AZ).
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LNLC stations

The SIO remains one of the least known ocean regions due to under-sampling relative to other
regions like the North Atlantic and Tropical Pacific oceans. Its NOx and DIP depleted surface
waters associated with low phytoplankton biomass and productivity are confirmed by previous
studies (Estrada et al., 2016; Horstmann et al., 2021; Thomalla et al., 2011; Wiggert et al., 2006).
Recently, Twining et al. (2019) measured surface dFe of 0.2 nM and nitrate concentration below
0.05 pM and identified N limitations in the Eastern SIO dominated by Prochlorococcus, whereas
Browning et al. (2017) investigated the impact of Co additions in the Eastern South Atlantic
Ocean gyre and determined N-Fe-Co co-limitations. Their limiting concentrations of 0.014-1.833
UM NOx, 0.09-0.37 nM dFe and 0.01-0.02 nM dCo are similar to the initial nutrient conditions
in our LNLC study zone (Table 4) and indicate that the phytoplankton community could also be
co-limited by micronutrients such as Fe or Co in addition to N limitation.

It is to be noted that the eastern station 16 was sampled three weeks after the western station 2
(Table 4), which might have affected the local nutrient dynamics as well as the phytoplankton
community structure and response, despite a generally low seasonality within the STZ.
Moreover, Figure la displays the potential influence of the South East Madagascar Bloom
(SEMB) at the western station 2 that might explain higher initial algal biomass, whereas station
16 lays in more typical oligotrophic waters.

In our study in the Western part of the SI10, the phytoplankton composition was dominated by
the picoplankton size fraction, and the relative Synechococcus and picoeukaryotes abundances of
the western LNLC station 2 (54.11° E) are in good agreement with published data from LNLC
stations around 59° E and 70° E (Agusti et al., 2019; Liu et al., 2019). To our knowledge, the
absence of Synechococcus at our eastern LNLC station 16 (73.47° E) is documented for the first
time. Although Agusti et al. (2019) identified Prochlorococcus cells in the surface waters within
the study zone, the non-detection of the prochlorophytes in the STZ in our study is confirmed by
data collected in the same area during the SOCLIM cruise (Liu et al., 2019) as well as by recent
measurements during the SWINGS cruise (Obernosterer, pers. com., 2021). The prochlorophyte-
specific pigment divinyl-chlorophyll-a was however detected at both LNLC stations in our study
(16-30 ng.L™* divinyl-chlorophyll a), whereas the divinyl-chlorophyll b was close to the
detection limit (~1 ng.L™). The presence of such Prochlorococcus-specific pigments without

cytometric detection might be an indication that the fluorescence of the cells was too low to be
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detected by flow cytometry. Indeed, the cellular photosynthetic pigments of Prochlorococcus are
strongly reduced when the cells are exposed to high light in surface waters. Another hypothesis
states that the Prochlorococcus cells may not be free-living, but could occur as aggregates (Cruz
and Neuer, 2019), and therefore, would remain undetected by flow cytometry.

HN-LSIi-LC station

The general nutrient limitations of the low and high Si HNLC areas of the Indian SO are well
known and have been monitored in the context of C cycling and associated air—sea CO; fluxes
within the framework of the OISO program (Jabaud-Jan et al., 2004; Metzl et al., 2006).
Dissolved Fe and dSi concentrations of 0.29 nM and 0.5 uM respectively have been assessed at
the confluence of the Western Indian SAZ and STF at ~63° E off the coast of Crozet Island
(Blain et al., 2002; Sedwick et al., 2002), whereas Grand et al. (2015a) report 0.18 + 0.10 nM
dFe in the surface SAZ of the central SIO at 95° E. These concentrations are slightly lower but
comparable to our study site at 75° E (0.39 nM dFe and 0.99 uM dSi, Table 4). Several bottle
incubation studies concluded on phytoplankton FeSi co-limitation in the Indian (Sedwick et al.,
2002) and Australian (Hutchins et al., 2001) sectors of the SAZ.

Also in the Australian SO, Fripiat et al. (2011b) estimated a net loss of bSi production in the
Australian summer SAZ and observed similar bSi concentrations (0.1 pmol.L™") to our
measurements. In our study, the relative low bSi/fucoxanthin ratio of 2.4 mol.g™ indicates that
the diatoms are lightly silicified. However, surface phytoplankton community and productivity
records remain scarce in the SIO and Indian SO.

HNLC and the plateau stations

The dFe concentrations of the SO stations in this study (0.35 nM at the plateau station A3 and
0.27 nM at the HNLC station 11) were higher compared to data found by Blain et al. (2008)
during the same period of the year in the austral summer (KEOPS-1, January—February 2005).
These authors measured 0.090 £ 0.034 nM dFe in the surface ocean at the Kerguelen plateau
reference station A3 and 0.073 £ 0.014 nM dFe within the surrounding HNLC zone, whereas our
dFe concentration at A3 was more comparable to the 0.3-0.4 nM measured during the austral
spring (KEOPS-2, October—November 2011) (Bowie et al., 2015). Grand et al. (2015a) reported
0.34 + 0.15 nM dFe in the surface AZ of the Indian SO around 82° E. In the Atlantic sector of
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the SO however, Chever et al. (2010) and Trimborn et al. (2017) measured surface dFe
concentration of ~0.25 nM which are more comparable to our concentrations, whilst remaining
characteristic for Fe-limitation, as demonstrated by their photosynthetic efficiency
measurements.

Other parameters such as pigments and bSi concentrations at the plateau station A3 were in good
agreement with the literature (Armand et al.,, 2008; Uitz et al., 2009). For instance, the
bSi/fucoxanthin ratio of living cells of 4.9 + 1.0 mol.g™ recorded by Mosseri et al. (2008) during
the KEOPS1 cruise for the same station is close to our ratio of 3.4 mol.g™*. Moreover, the low dSi
concentration at A3 (10.5 times lower than at the HNLC station 11) and the season in late
summer (end of January) are indicators that the plateau ecosystem is close to Si limitation at the
end of the diatom bloom.

Further, while the fucoxanthin signature of the low and high Si HNLC stations (14 and 11) are
comparable (0.047 pg.L™), the bSi content of the HNLC station 11 is nine times higher than at
the HN-LSi-LC station 14, inducing a 8.5-times higher bSi/fucoxanthin ratio of 20.43 mol.g™.
This ratio is comparable to other HNLC stations of the SO (18.2 + 2.7 mol.g™* of living cells,
Mosseri et al., 2008) and indicates heavily silicified diatoms which may be explained by Fe
limitation (Claquin et al., 2002; Nunn et al., 2013).

4.2 Phytoplankton response to aerosol additions

The abiotic experiments performed within the scope of this study (Table 3) demonstrated that the
tested Pata dust and Eyja ash released significant amounts of Fe and Si to seawater. However,
neither the dust nor the ash particles were a significant source of NOx to SW, as shown in Table
3. This is also consistent with previous results using Saharan dust (Mills et al., 2004; Ridame et
al., 2014) and ash (Browning et al., 2014; Jones and Gislason, 2008). Thus, dust and ash addition
possibly relieved or reduced Fe and/or Si limitations of the SO but not the regional N limitation
of the SIO. The main phytoplankton response to aerosol additions is synthesized in Figure 6.
Possible Fe contamination of the +Si treatment is thought to be negligible for general

conclusions (see discussion in Supplementary Material S1).



685

686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701

manuscript submitted to Global Biogeochemical Cycles

LNLC stations

While the PP increases at the eastern station 16 after N additions could be explained at least by
an increase of nanoeukaryote abundance (Fig. 2b and 3e), the response pattern is more complex
at the western LNLC station 2, where phytoplankton groups responded differently to the
nutrients released by aerosols. Dust and ash stimulated significantly picoeukaryotes and
Synechococcus but not nanoeukaryotes, whereas Fe stimulated pico- and nanoeukaryotes but not
Synechococcus, and Si triggered solely nanoeukaryotes response, suggesting the presence of
nano-sized (< 30 um) diatoms or other Si-requiring species such as silicoflagellates (Shetye et
al., 2014; Shiro, 1986). For the LNLC stations, we could not analyze pigment content at the end
of the 48 h experiment, hindering a more precise identification of the responding phytoplankton
group.

The difference between aerosols compared to nutrients might be the release of other
micronutrients such as Co that was released significantly to the SW in the abiotic Pata and Eyja
experiments (data not shown). It is to be noted that FeSi and NP additions stimulate
heterotrophic bacteria at the eastern LNLC station (St 16, Fig. S1b), which may compete for
nutrient uptake and limit autotroph response, as observed in the oligotrophic tropical Atlantic
(Marafién et al., 2010).
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Figure 7. Phytoplankton community composition (%, a-c) with relative abundances of micro-
(dark), nano- (light) and pico-phytoplankton (median grey) calculated from pigment analysis
according to equations 3 and 4, and contribution (%, d-f) of different size fractions to the
increase in Tchla after 48h of incubation for each treatment relative to control (equation 5), at the
HN-LSi-LC St 14 (a,d), plateau St A3 (b,e) and HNLC St 11 (c,f). Diatom contribution within
the micro-plankton size fraction is dashed.

HN-LSIi-LC station

At the HN-LSIi-LC station 14, PP is mainly stimulated by ash addition. The microplankton
contribution to the total biomass (expressed as Tchla, Fig. 7a) increases after nutrient or aerosol
addition (initial 28 %, and reaching up to 36 and 42 % after Fe and Si additions, respectively).
Moreover, the increase in Tchla relative to the control (~+46 %, Fig. 4a) is mainly caused by the
micro size fraction (Fig. 7d), but nano- and picophytoplankton also benefit from the
nutrient/aerosol addition. Hence, the Tchla increase is explained for 58 %, 25 % and 17 % by
respectively micro, nano- and picophytoplankton biomass increase (Fig. 7d), independent of the
treatment. Diatoms benefit particularly from the nutrient supply, since their contribution to the
phytoplankton community increases from only 17 % in the control assemblage up to 30 % after
ash or Si additions (Fig. 7a). Thus, the diatom development alone is sufficient to explain an
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average 51 % of the total Tchla increase (Fig. 7d), whereas the contribution of dinoflagellates to
the Tchla increase averages to only 7 %. The dominance of the diatom response to Fe and/or Si
additions compared to that of dinoflagellates has also been reported for the Australian SAZ
(Hutchins et al., 2001).

Monitored by the increase in fucoxanthin concentration, diatoms responded equally to dust, ash
and Si additions (~+120 %, Fig. 4d), indicating that the diatom Si-limitation may be alleviated by
the aerosol input. In the abiotic experiment, a dry deposition of dust or ash released around 0.3
MM dSi (Table 3A), which indicates that the initial Si-limitation could be eased with a relatively
low absolute release representing +20 to +33% of the initial stock (initial dSi concentration of
0.99 uM; Table 4). The increase in bSi concentrations after Si and FeSi additions confirms the
increased development and/or silicification of diatoms at the HN-LSi-LC station (Fig. 5a).

The pico- and nanoeukaryote cell abundances responded significantly to ash and dust additions
(32 % and 44 %, respectively, Fig. 3f,g), but not to Fe and/or Si. This result indicates that pico-
and nanoeukaryotes growth may be limited by other micronutrients that were released from the
aerosols, for example Co, as already mentioned for LNLC stations, or Mn (Fishwick et al.,
2018). Alternatively, pico- and nanoeukaryotes may be less competitive than diatoms for new
nutrient uptake. The Synechococcus abundance was the highest recorded during the cruise but
did not evolve after new nutrient supply, indicating that this species was not nutrient-limited in
local conditions, could not benefit from this addition and/or were subjected to important grazing.
Hutchins et al. (2001) performed a similar trace metal clean bottle experiment involving Fe
and/or Si additions in the SAZ of the Australian sector of the SO. Comparable to our results, the
authors observed Fe and Si co-limitation of diatoms but no impact of the treatments compared to

the control for cyanobacteria, described as mostly Synechococcus.

HNLC station

Similar to Fe addition, dust and ash input led to a stimulation of PP and Tchla, confirming that
dry and wet depositions of dust and ash are a significant source of bioavailable Fe for
phytoplankton, as assessed in the abiotic experiment (Table 3) and as previously shown in
several HNLC areas of the ocean (Langmann et al., 2010b; Melancon et al., 2014, 2016;
Trimborn et al., 2017). The increase in Tchla after direct or atmospheric Fe addition in the
HNLC zone was mainly generated by the increase of the microplankton biomass (representing
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~78 % of the Tchla increase, Fig. 7f) and in particular by the diatom biomass increase that
sustained over 95 % of the microplankton biomass increase (Fig. 7f). Nanoplankton
(nanoflagellates and chromophytes) took also part in the Tchla increase, with a contribution of
about 20 %, in agreement with the increase in the nanoeukaryote abundances. The picoplankton
contribution to Tchla increase was negligible (~1 %, Fig. 7f), confirmed by the absence of
significant picoeukaryote abundance response to neither direct nor atmospheric Fe addition (Fig.
3l). As a result, the proportion of microplankton within the phytoplanktonic community slightly
increased (~60 % compared to 51 % in the control community, Fig. 7c) at the expense of
nanoplankton (~38 % compared to 47 %). Therefore, at the HNLC station, microplankton, and
almost exclusively diatoms, are not only the main components of the phytoplankton community,
but also the main beneficiaries of new nutrient release (Fig. 7f).

While PP is mostly stimulated by Fe addition, the responding phytoplankton groups are equally
or more intensely stimulated by aerosols compared to Fe addition, indicating that both tested
aerosols dissolve sufficient Fe in both dry and wet deposition modes to relieve the Fe-limitation
of the HNLC region. Similarly, Browning et al. (2014) recorded a significant biological response
after various ash and Fe additions in their bottle experiments in the West Atlantic sector of the
SO. In contrast, Trimborn et al. (2017) performed similar dust and Fe addition incubation
experiments in the Atlantic sector of the SO but using four times lower Fe concentrations (0.5
nM) and eight times lower dust input (0.25 mg.L™) than in our experiments. They did not record
an increase in diatom growth rate after their low Fe addition, or a shift of the diatom-dominated
phytoplankton community under actual CO, levels, which suggests that phytoplankton from the
severely Fe-limited SO need a certain Fe threshold to be able to respond to a stimulation (Boyd
et al., 2010).

Plateau station

At the Kerguelen plateau station A3, aerosol additions triggered a PP increase on par with that
observed with the Fe and/or Si additions, indicating a Fe and Si growth limitation. Likewise to
the HNLC station, the microplankton size fraction and more specifically diatoms constitute the
main contributor to the phytoplankton biomass (92 %, of which 98 % are diatoms, Fig. 7b), as
already observed by Uitz et al. (2009). Diatoms are sufficient to explain the entire Tchla increase
observed after nutrient or aerosol additions (Fig. 7e). Timmermans et al. (2008) tested the impact
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of naturally Fe- and Si-rich SW on the growth of the natural Kerguelen and open-ocean HNLC
phytoplankton communities as well as on diatoms in monocultures during translocation
experiments. The authors found that microphytoplankton, mainly diatoms, was responsible for
the increased CO; assimilation, confirming the Fe (and/or Si) limitation on the Kerguelen plateau
at the end of the diatom bloom. Silicon limitation at this season was also reported at A3 to
explain the modeled annual evolution of the Si biogeochemical cycle (Closset et al., 2014). Even
if the relative role of the < 30 um community to Tchla increase remains insignificant compared
to the dominating diatoms, it responded to the aerosol or nutrient additions at the plateau station:
pico- and nanoeukaryotes increased their abundance after direct Fe addition and aerosols,
whereas Synechococcus responded to aerosol inputs but also to Si addition. Silicon is not a
common nutrient for cyanobacteria, but Si bioaccumulation within picocyanobacteria such as
Synechococcus has already been observed in the western Pacific and Sargasso Sea as well as in
cultured strains (Baines et al., 2012; Krause et al., 2017; Wei et al., 2021). However, such
silicifying Synechococcus have not yet been detected near Kerguelen Islands to our knowledge.

The area over the Kerguelen Plateau was the most productive station (initial PP of 54.42 mg
C.m3.d?; Table 4) and also the most responsive to nutrient or aerosol addition, with a mean 100
% PP increase (Fig. 2d). On the other hand, a lower relative response of PP was measured at the
HNLC station (+~46 %). This variability in the biological response between the plateau and
surrounding open ocean populations could be explained by a precondition of the Kerguelen
phytoplankton community to frequent nutrient supply through winter mixing, accelerating the
response to aerosol addition. The HNLC population is acclimated to Fe limiting concentrations,
and it may require a longer period of time to reach maximal biological response. Thus, the
experimental duration of 48 h may not have been sufficient to overcome the lag phase, as
described by Moore et al. (2007) during the CROZEX in situ Fe addition experiment in the same
sector of the SO, where the biological response occurred mostly after three days of incubation.
Similarly, Timmermans et al. (2008) observed a twice longer lag phase (12 versus 6 days) in
their HNLC phytoplankton experiment compared to the Kerguelen plateau phytoplankton

community during translocation experiments.
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4.3 Influence of physico—chemical parameters on nutrient release

At each station, the addition of aerosols had either an enhancing or no impact on phytoplankton
since we never observed a net decrease in PP or any of the stocks at any station. Therefore the
stimulation after nutrient release has an equal or greater positive impact compared to a possible
inhibition effect due to the release of toxic elements (Paytan et al., 2009) as observed e.g. for Cu
release by European aerosols in the LNLC area of the Western Mediterranean Sea (Jordi et al.,
2012).

4.3.1 Aerosol type: importance of origin and mineralogy

We tested the impact of two contrasting types of aerosols on the biological response of
phytoplankton. We compared representative depositions from a South American desert dust to
the ash emissions of an Icelandic stratovolcano. The Fe release by desert dust (Guieu et al., 2002;
Paris et al., 2011) and volcanic ash (Ayris and Delmelle, 2012; Duggen et al., 2007; Jones and
Gislason, 2008; Langmann et al., 2010b) has already been demonstrated, as well as their
bioavailability for phytoplankton (Hoffmann et al., 2012; Jacq, 2014). Despite a 12.5-fold higher
PC for the volcanic ash experiments (accompanied by a 5.4-fold higher abiotic dFe and similar
dSi release relative to dust, Table 3A), the biological response after a dry deposition of these
contrasted aerosols was overall similar; independently of the tested biogeochemical area or the
phytoplankton size class. The aerosols have a different mineral composition, as the ash is
dominated by a glassy (amorphous) constituent (Table 2). Aluminosilicate glass dissolves faster
than its crystalline counterpart (Wolff-Boenisch et al., 2006) and may be responsible for the
majority of Si release upon dissolution from ash (Morin et al., 2015). In contrast, the Si released
from desert dust likely originates from crystalline minerals’ dissolution such as quartz, clays and
feldspar (Chou and Wollast, 1985; Wollast and Chou, 1988). In our experiment, we observed
identical Si release despite different PC, explained by significantly higher Si solubility of dust
(Table 3A).

The desert dust sample contained almost twice less Fe (4.55 % vs 7.51 %) than ash but twice
more clay minerals, well known for their role in Fe release (Journet et al., 2008). The smaller
particle size and specially the higher SSA of desert dust particles may also explain the four times
higher Fe solubility of dust relative to ash (Baker and Jickells, 2006). Iron solubility of dust
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compared to ash is four times higher, indicating that the higher nutrient release from ash is
merely due to the higher PC.

At the LNLC station 2 and the Kerguelen plateau station A3, the PP increase was independent of
the aerosol type. At these stations, no significant difference in PP was visible between dust, ash
and Fe additions, suggesting that the Fe released by aerosols might be bioavailable and sufficient
to relieve the local Fe-limitation. It is plausible that the Fe-limitation was not very severe at these
stations and that the mean 0.7 nM dFe provided by the dust deposition was sufficient to reach the
maximal response rate of cell division and PP. A similar conclusion was drawn by Mélancgon et
al. (2014), who performed ash addition bottle experiments with a concentration gradient in the
northeast subarctic Pacific Ocean. The authors observed a significant increase in absolute C
uptake and Chla specific productivity between low and medium ash concentrations of 0.12 and
1.2 mg.L™?, respectively. Further, the biological response reached the characteristic plateau of a
hyperbolic Monod curve for their high PC (10 mg.L™), demonstrating that the phytoplankton did
not respond to nutrients in excess in the case of their six day incubation. A similar observation
was made by Browning et al. (2014) with a ten-fold increase in PC of the same ash sample and
similar biological response. Thus, we can conclude that the local phytoplankton communities
reached the plateau of the Monod curve concerning Fe after the addition of Fe or aerosols, but
may nonetheless be limited by N at the LNLC station.

On the other hand, at the HNLC stations 14 and 11 (with respectively low and high Si
concentration), a dry deposition of ash triggered around twice more PP than dust (p < 0.05). At
the HN-LSi-LC station 14, ash addition generated more PP than the nutrients Fe and/or Si, which
may be a sign that the ash released other limiting micronutrients (Frogner et al., 2001; Hoffmann
et al., 2012). However, it is unlikely that the Fe limitation was not completely resolved after Fe
addition, as the release of 2 nM Fe is meant to be in excess. At the HNLC station 11, Fe addition
induced more PP increase than aerosols, which suggests that unknown synergistic effects
between the released elements could weaken the positive effect of Fe release (Hoffmann et al.,
2012; Paytan et al., 2009) or that the local communities were differently influenced by the direct
nutrient supply of the Fe solution compared to the potentially more gradual nutrient dissolution

from the aerosols.
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4.3.2 Deposition mode

The addition of desert dust and volcanic ash in both dry and wet deposition modes performed at
the HNLC station 11 enabled direct comparison of the influence of ambient pH of the first
contact medium (8.1 for seawater and 4.7 for rainwater) as well as the ionic charge and presence
of organic matter found in SW. Indeed, Fe dissolution of dust particles is known to decrease with
increasing pH (Desboeufs et al., 1999; Journet et al., 2008; Marcotte et al., 2020; Paris et al.,
2011), whereas organic matter, and more precisely the presence of Fe binding ligands, increases
Fe solubility and bioavailability in SW (Hassler et al., 2011; Paris and Desboeufs, 2013;
Wagener et al., 2008), demonstrating the complexity of opposing controls impacting nutrient
release.

In our abiotic control experience, the highest Fe solubilities for both dust and ash occurred in the
ARW matrix (Table 3C). Moreover, while the deposition mode did not significantly influence
the dFe release from dust to SW (0.7 nM after 48 h of contact, Table 3A,B), ash released 2.4
times more Fe to SW in wet compared to dry deposition mode (9.0 and 3.8 nM, respectively).
The addition of 2 % ARW to SW should theoretically release 0.94 and 17.1 nM dFe to SW after
wet dust or ash deposition. The difference between the measured wet deposition and theoretical
release (significant only for ash deposition) may indicate that Fe adsorption and/or precipitation
processes dominate over secondary Fe dissolution in the SW. Moreover, the quality and quantity
of organic matter in the SW may explain the high variability in Fe solubility, as previously
demonstrated (Bressac and Guieu, 2013; Wagener et al., 2008).

A wet deposition of either aerosol induced a moderate increase in PP (~+40 %, Fig. 2e),
intermediate between the higher impact of dry ash deposition (+50 %) and a lower reaction after
a dry dust deposition (+24 %). Equally, Tchla and fucoxanthin increases are independent of the
dust deposition mode, consistent with the equal abiotic Fe dissolution (0.7 nM dFe), indicating
that the Fe released by both mechanisms is equally bioavailable.

However, the dry deposition of ash triggered significantly more Tchla than the wet deposition
(+74 vs. +37 % respectively, Fig. 4c). Although the response of the dominant diatoms did not
vary between dry and wet deposition (Fig. 4f), other phytoplankton groups responded differently
depending on the deposition mode. For instance, picoeukaryote abundance increased only when

the dust or the ash was dry deposited (Fig. 3l), and the nanoplankton-size fraction (mainly the
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haptophyte Phaeocystis, assessed by their 19°’HF pigment signature, Fig. S2c¢) responded

negatively to a wet deposition, despite a higher Fe release.

5 Conclusions

Our results from incubation experiments demonstrate that both tested aerosols of contrasting
geographical, mineralogical and petrological characteristics released significant amounts of Fe
and Si to seawater in the Indian and Southern Oceans. A schematic summary of our main results
is presented in Figure 6. A representative deposition of both dust and ash was sufficient to trigger
a biological phytoplankton response, mainly driven by a stimulation of the diatom community.
The higher loading of ash compared to dust (2 and 25 mg.L™" for Pata dust and Eyja ash,
respectively) probably explains the greater Fe release from the former, i.e. Fe content and
solubility do not explain this result. Ash addition elicited an equivalent or greater biological
response than the dust, depending on the severity of the initial Fe-limitation. Nevertheless,
neither the tested Pata dust nor the Eyja ash was a source of NOX.

After dust or ash additions, the maximum relative and absolute PP increase was observed at the
most productive station over the Kerguelen Plateau, whereas the lowest relative response was
found at the HNLC station despite similar nutrient limitations. We hypothesize that acclimation
of the local phytoplankton community to either frequent nutrient supply through winter mixing,
causing a rapid doubling of the PP or, on the contrary, rare nutrient supply, induced an initial lag
phase and thus a longer time laps before reaching a maximum response. Moreover, a wet rather
than a dry deposition of aerosols in the HNLC area had minor effect on the net phytoplankton
response, as only the less abundant pico- and nanoplankton groups responded more to a dry than
a wet deposition, whereas the dominant diatom community responded equally to both deposition
modes. However, we cannot exclude a bias caused by preferential grazing, as we did not remove
zooplankton predators from the natural plankton community prior to the incubation experiments.
Further planned investigations on this dataset involve the study of dissolution and possible
bioavailability of other trace elements such as Mn and Co dissolved from dust and ash particles
(Fishwick et al., 2018) as these may limit phytoplankton growth in the open ocean (Mackey et
al., 2012; Perron et al., 2020). Since the seasonal and spatial variability of organic matter
concentration in surface seawater may impact nutrient dissolution and scavenging processes (de

Leeuw et al., 2014), its influence on the response of phytoplankton to aerosol additions should
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also be investigated (Bressac and Guieu, 2013; Hernandez-Ruiz et al., 2020). Similarly, the
presence of ligands is known to play an important role on the bioavailability of trace elements
(Meskhidze et al., 2017; Paris and Desboeufs, 2013; Strzepek et al., 2011; Wagener et al., 2008).
Moreover, nutrient bioavailability in the SO may be disturbed in the future, according to climate
change predictions (Deppeler and Davidson, 2017). Hence, predicted changes in the SO for 2100
include an increase in surface temperature, as well as ocean acidification coupled to around twice
higher CO, concentrations. While dust deposition to the SO has doubled during the 20™ century
(McConnell et al., 2007) and is thought to further increase, the pycnocline and MLD become
shallower (Deppeler and Davidson, 2017). Thus, more aerosols dissolve in a lower volume of
warmer, fresher and more acidic surface ocean, increasing PC (Deppeler and Davidson, 2017),
while the acidification is thought to impact nutrient solubility in general and Fe bioavailability in
particular (Trimborn et al., 2017 and references therein). Thus, further research is needed to
better constrain the evolution of aerosol burden and connected nutrient bioavailability in a

changing ocean.
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