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Abstract

Contrasting concentrations of macronutrients and micronutrients induce different nutrient limitations of
the oceanic productivity and shape the composition of the phytoplankton communities of the South Indian
Ocean and Indian sector of the Southern Ocean. o assess the phytoplankton response to nutrient release by
desert dust and volcanic ash aerosols in these distinct biogeochemical regions, we conducted microcosm incuba-
tion experiments. A dry or wet deposition of either dust from Patagonia or ash from the Icelandic volcano
Eyjafjallajokull or dissolved nutrients (Si, Fe, N and/or P) were added to trace metal clean incubations of surface
seawater collected from five stations. These deposition experiments enabled the measurement of the biological
response along with solubility calculations of nutrients. Both types of aerosols alleviated the iron deficiency
occurring in the Southern Ocean during austral summer and resulted in a 24-110% enhancement of the pri-
mary production, depending on the station. The release of dissolved silicon may also have contributed to this
response, although to a lesser extent, whereas neither the dust nor the ash relieved the nitrogen limitation in
the low-nutrient and low-chlorophyll area. Diatom growth was responsible for 40% to 100% of the algal bio-
mass increase within the responding stations, depending on the region and aerosol type. The high particle con-
centrations that are characteristic of ash deposition following volcanic eruptions may be of equal or higher
importance to phytoplankton compared to desert dust, despite ashes’ lower nutrient solubility to the ocean.

The Southern Ocean is the largest high-nutrients low-chloro-
phyll (HNLC) area of the ocean, where phytoplankton growth
is mostly limited by low surface iron (Fe) concentrations
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(Martin 1990; Moore et al. 2002). Due to latitudinal gradients of
dissolved macronutrients decreasing northwards, the Southern
Ocean can be further divided in distinct biogeochemical regions
(Fig. 1), characterized by different nutrient limitations. In the
Subantarctic Zone, dissolved inorganic phosphorus (DIP) and
NO, (NO3~ + NO,") remain high but dissolved silicon (Si) is
scarce (Nelson et al. 2001). The Fe limitation of the Antarctic
Zone is thus shifted to a Fe-Si co-limitation (Hutchins
et al. 2001; Hoffmann et al. 2008), referred to as high nitrate-
low silicon-low chlorophyll (HN-LSi-LC) (Dugdale et al. 1995).
Further north, the Subtropical Front marks the boundary with
the low-nutrient low-chlorophyll (LNLC) region of the Subtrop-
ical Zone of the South Indian Ocean. This region within the oli-
gotrophic subtropical gyre is characterized by low NO, and
surface chlorophyll a (Chl a) concentrations (McClain et al.
2004; Morel et al. 2010).

One of the factors responsible for the Fe-depletion in the
surface Southern Ocean is the shortage of the so-called new Fe
supply, that is, the input of Fe from outside the euphotic
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Fig. 1. OISO-29 cruise transect showing the locations of the five stations
(LNLC-2, HNLC-11, Kerguelen-A3, HN-LSi-LC-14 and LNLC-16) where the
bioassay experiments were performed, and satellite-derived Chl
a concentration (ug L™") averaged over January 2019 (MODIS). The posi-
tion of major fronts was determined from satellite-derived temperature
data (January 2019, MODIS): STF, Subtropical Front (18°C); SAF, Subant-
arctic Front (13°C); PF, Polar Front (5°C). Fronts delimit: STZ, Subtropical
Zone; SAZ, Subantarctic Zone, PFZ: Polar front zone; AZ, Antarctic Zone.
The map (a) shows the STZ with a higher chlorophyll a concentration
scale adjustment than the general map (b), thus enabling the detection
of the south East Madagascar Bloom (SEMB). Maps were produced using
Ocean Data View (Schlitzer 2021).

zone. In winter, surface Fe is mainly supplied by vertical deep
mixing (Tagliabue et al. 2014). As the fluvial Fe supply to the
remote Southern Ocean can be neglected, aerosol deposition
may be episodically a significant external source of Fe for the
open surface waters during the summer stratified period,
except in upwelling areas associated to hydrothermal vents, or
in areas subjected to Fe-rich sea ice melting, or within natu-
rally fertilized coastal regions such as the Kerguelen and
Crozet plateaus (Ardyna et al. 2019). The monthly averaged
dust deposition flux to the Southern Ocean is very low (10-
45mgm > month™! during austral summer, Meskhidze
et al. 2007), but intense sporadic events may affect phyto-
plankton growth. These events occur especially during the
austral summer months, when the water column is stratified
and the emissions from the Patagonian source are more fre-
quent (Gassoé and Torres 2019). Several studies suggest that the
dust deposition to the Southern Ocean was up to 20 times
higher during the Last Glacial Maximum (Mahowald
et al. 1999). At this time, dust-mitigated Fe input to the ocean
surface layer may have fertilized the ocean phytoplankton
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production, thereby contributing to millennial-scale CO, fluc-
tuations  associated ~ with  glacial-interglacial  cycles
(Martin 1990; Watson et al. 2000; Conway et al. 2015).

Several studies have also shown that volcanic ash is a sig-
nificant source of dissolved Fe that can stimulate phytoplank-
ton growth in HNLC regions (Olgun et al. 2011; Mélancon
et al. 2014). Clear evidence has been provided by direct obser-
vation after the 2008 eruption of the Kasatochi volcano in the
Gulf of Alaska (Langmann et al. 2010). The range of ash depo-
sition to the ocean is highly variable (Durant et al. 2010) and
is influenced by various factors, such as the volume of ejected
ash, the ash grain distribution and in-plume processes
(Duggen et al. 2010; Ayris and Delmelle 2012).

Several mesoscale artificial Fe enrichment experiments
(Boyd et al. 2007 and references therein) have demonstrated
the relief of the Fe limitation for phytoplankton growth in the
Southern Ocean, and microcosm studies have highlighted a
biological response after dust or ash additions to its Atlantic
sector (Browning et al. 2014; Trimborn et al. 2017). Neverthe-
less, the Indian and Southern Oceans represent a large ocean
basin in which the biological and biogeochemical responses
to atmospheric deposition events are poorly documented. To
better assess the impact of desert dust and volcanic ash deposi-
tion events to this under-sampled region, we performed short
term (2 days) microcosm experiments with representative
aerosol particle concentrations. Phytoplankton primary pro-
duction (PP) and community composition were measured
after simulated dry or wet aerosol deposition or dissolved
nutrients additions. The novelties of this study are the com-
parison of the nutrient release and phytoplanktonic responses
between (i) dust and ash deposition events, (ii) HNLC and
LNLC areas, and (iii) dry and wet deposition modes.

Materials and methods

Cruise transect, hydrological, and biogeochemical context

Our study was part of the VT163/0ISO-29 (MD217) cruise
(Lo Monaco and Metzl 2019), on board the R/V Marion
Dufresne during the austral summer, from 05 January to
15 February 2019. Experiments were performed at five sta-
tions, located in the contrasted LNLC, HN-LSi-LC, and HNLC
areas defined by major fronts (Fig. 1), as well as a reference sta-
tion of the bloom area of the naturally Fe-fertilized Kerguelen
plateau (Sta. A3) (Blain et al. 2007; Fripiat et al. 2011).

Bioassay experiments

We carried out trace metal clean nutrient/aerosol additions
during bioassay experiments at five stations (Fig. 1, and details
in Table 1). All materials were acid-washed (HCI 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 trace metal contamination. Dry deposition
events of desert dust or volcanic ash were simulated by adding
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Table 1. Experimental nutrient and aerosol additions performed in triplicate at each station, with mono-nutrient and multiple nutrient
additions: +Fe (2 nmol L' FeCl3); +Si (2 umol L' Na,SiO3); +FeSi (2 nmol L' FeCl3 + 2 ymol L™ Na,SiOs); +N (2 umol L™
NaNOs); +NP (2 nmol L~ NaNOs + 0.2 umol L~ KH,PO,), and single aerosol additions of +Dust (2 mg L") and +Ash (25 mg.L™").

At Sta. 11, simulated dry and wet deposition events were performed. The control corresponds to unamended seawater.

Region Station Zone Control +Dust +Ash +Fe +Si +FeSi +N +NP
LNLC 2 STZ + Dry Dry + + + + +
LNLC 16 STZ + Dry Dry + + + + +
HN-LSi-LC 14 SAZ + Dry Dry + + +

Plateau A3 AZ + Dry Dry + + +

HNLC 11 AZ + Dry/wet Dry/wet +

STZ, Subtropical Zone; SAZ, Subantarctic Zone; AZ, Antarctic Zone.

aerosols at final particle concentrations of 2 and 25 mg L™" for
the dust and ash treatments, respectively (see below for details
about the aerosols). All treatments were performed in triplicate
in 2.3-L polycarbonate bottles. Possible trace metal contami-
nation of the surface seawater from the added nutrient solu-
tions was tested (Supporting Information Text S1).

Additional wet deposition events of dust and ash were simu-
lated at HNLC-11 (Table 1). Artificial rainwater was prepared fol-
lowing the protocol described by Paris et al. (2011). Briefly,
100 mg L dust or 1250 mg L ™" ash (n = 1) were added to ultra-
pure water (Millipore®, resistivity of 18.2 MQ cm™') previously
acidified with sulfuric acid (1%o0 HySO4 SupraPur® at
2 x 107% mol L™, theoretical pH of 4.7). After a contact time of
60 min, 2% of the unfiltered artificial rainwater was added to the
incubation bottles filled with unfiltered surface seawater, thus
obtaining the same particle concentrations as in the dry deposi-
tion mode. Subsamples were filtered through a 0.2-um polycar-
bonate membrane for the detection of dissolved macronutrients
and Fe concentrations in artificial rainwater.

Before aerosol/nutrient additions, one seawater sample was
taken for the determination of the initial PP, pigments and
cellular abundances, and replicate samples (n = 3) were col-
lected for dissolved macronutrient and Fe concentrations.
After aerosol/nutrient additions, the microcosms were incu-
bated for 48 h in on-deck incubators with circulating surface
seawater equipped with blue filters (Lee Filters) to simulate the
appropriate temperature and irradiance encountered at 10 m
depth. The PP was determined between 24 and 48 h for all
treatments, whereas the samples used for other analyses were
collected at the end of the experiment (48 h).

Abiotic dissolution experiments

To monitor the abiotic release of nutrients at all stations,
250 mL of 0.2-um filtered surface seawater was introduced into
triplicate polycarbonate bottles and amended with the same
aerosol concentration and under the same deposition mode as
in the bioassay experiments. An additional, abiotic wet deposi-
tion performed at HNLC-11 consisted in adding 2% of unfil-
tered artificial rainwater into 0.2-um filtered seawater. Bottles
were then placed in the same experimental conditions as
microcosms. Subsamples were collected after 48 h for the

dissolved macronutrients and Fe concentrations. For back-
calculations of Fe release in the ash amended artificial rainwa-
ter, we used supplementary subsamples filtered after 12h
(refer to Eq. 1).

Characterization of dust and ash
Aerosol collection and deposition

Collection took place in remote areas using clean sampling
techniques and samples were stored in double zip bags to
avoid anthropogenic contamination.

Desert dust

The fine fraction (< 20 ym) of a Patagonian arid surface soil
(south of Sierra Grande, Argentina, hereafter referred to as
Pata) was used in all experiments. Dust from this region has
been shown to reach the Southern Ocean (Li et al. 2008; Gili
et al. 2016). This material corresponds to the first top centime-
ters of the surface soil exposed to wind erosion. The soil was
dry sieved in order to produce a dust analogue (Guieu
et al. 2010), hereafter referred to as aerosol for simplification,
according to the protocol described by Guieu et al. (2014).
The dust concentration used in this study (2 mgL™") corre-
sponds to an estimated deposition event of 9 g m~? diluted in
the upper first meters (see details in Supporting Information
Text S2). Local dust deposition rates in the Southern Ocean
are low (annual mean deposition of 8.0 mgm ™2 d'; Li
et al. 2008). Thus, this deposition rate is probably over-
estimated for present-day conditions in the Indian and South-
ern Oceans, but is assumed to be realistic for the Last Glacial
Maximum (Mahowald et al. 1999; Conway et al. 2015) and for
other offshore oceanic areas such as the modern open Medi-
terranean Sea (Ternon et al. 2010). The chosen particle con-
centration is also in agreement with those used in several
microcosm studies performed in LNLC and HNLC areas (Mills
et al. 2004; Marafién et al. 2010; Mélancon et al. 2016).

Volcanic ash

The ash originated from the 2010 explosive eruption of the
Eyjafjallajokull volcano (63°37'11”"N, 19°36'54"W) in Iceland
(hereafter referred to as Eyja) and was collected on the ground
immediately after an ash fall event that occurred in Holtsa
(~4-5 km from the volcano) on 17 April 2010. The ash
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sample was sieved at 100 ym to remove large particles that are
not representative of the material transported over long dis-
tances in the atmosphere (Witham et al. 2005).

The present-day global deposition flux of volcanic ash is
not known and annual estimates for the Indian and Southern
Oceans are not available. In this study, we used an ash con-
centration of 25 mg L™}, corresponding to an estimated depo-
sition event of 300 g m 2, that is, equivalent to a 0.2-mm-
thick ash deposit (see Supporting Information Text S2). This
concentration is on the same order of magnitude as the esti-
mates reported for historical eruptions (Olgun et al. 2011) and
comparable to previous bioassay experiments in the Atlantic
sector of the Southern Ocean (Browning et al. 2014).

Aerosol composition

Total P, Si, and Fe of Pata and Eyja were measured with
inductively coupled plasma atomic emission spectrometry
(ICP-AES iCAP 6500, Thermo Fisher Scientific) after alkaline
fusion (Li-tetraborate/Li-metaborate, 1000°C) and dissolution
(HNO3, 2 mol L™}, ~ 100°C). Total P and Fe were also mea-
sured with inductively coupled plasma mass spectrometry
(ICP-MS 7500cx, Agilent) after acid digestion (HNO3; 67-69%
and HF 40%, Ultrapur) according to Fu (2018). The total N
content was quantified with an isotope ratio mass spectrome-
ter (IR-MS Delta V plus, Thermo Fisher Scientific) coupled with
a C/N analyzer (Flash EA, Thermo Fisher Scientific).

The median particle diameter was calculated from volume
size distribution measured by laser diffraction in ultrapure
water (without ultra-sonication to avoid breaking up aggre-
gates). The specific surface area was determined by the
Brunauer, Emmet, and Teller gas adsorption method using
nitrogen for dust (<20 um) and krypton for ash particles
(< 100 ym). The mineralogical composition of the crystalline
portion of aerosols was measured by quantitative X-ray diffrac-
tion according to Nowak et al. (2018), and the proportion of
the amorphous phase was determined by adding an internal
standard.

Biological and chemical parameters
Primary production

Net CO, fixation rates were determined using the '*C-tracer
addition method (see details in Ridame et al. 2014). Briefly,
1mL of NaH;3CO3; (451 mmol L} prepared in ultrapure
water, 99%, Eurisotop) was added 24 h after the beginning of
incubation to 2.3-L polycarbonate bottles to obtain a ~ 10%
final enrichment. The bottles were vigorously shaken and put
back into on-deck incubators for additional 24 h. After incuba-
tion, about 1-2.3 L was gently filtered using precombusted
25-mm Whatman™ GF/F filters and stored at —80°C. It has to
be noted that 51.5 mL has also been sampled for cellular
abundances and nutrients. The 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 con-
tinuous flow elemental analyzer (Flash 2000 HT), coupled
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with an IR-MS (Delta V Advantage via a conflow IV interface
from Thermo Fisher Scientific). The atom% excess of the dis-
solved inorganic carbon (DIC) was calculated using the DIC
concentrations measured on board.

Cellular abundance

The cellular abundances of picoeukaryote and nano-
eukaryote (< 30 um), cyanobacteria, and heterotrophic bacteria
were determined using a FACS Canto II flow cytometer,
equipped with a 488 nm laser and the standard filter setup,
according to the protocol detailed in Marie et al. (1999). Briefly,
1.5 mL of seawater was immediately fixed with glutaraldehyde
and placed in the dark before being frozen and stored at —80°C
prior to analysis. Samples were thawed at room temperature
and beads were added as an internal reference. Phytoplankton
cells were analyzed (3 min at 100 4L min~') and populations
were discriminated on the basis of their forward and side scat-
ters as well as their phycoerythrin and chlorophyll auto-fluores-
cence. For heterotrophic cells, samples were stained using SYBR
Green-I, incubated in the dark and analyzed (2 min at
50 L min~ ).

Pigments

One to two liters of seawater were filtered onto GF/F filters
at initial time and 1 L after 48 h incubation, then immediately
placed at —80°C prior to analysis at the SAPIGH analytical
platform, 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 1 h later by
vacuum filtration through GF/F filters. The extracts were ana-
lyzed within 24 h on a complete Agilent© Technologies 1200
series high-performance liquid chromatography (HPLC) sys-
tem. The general procedure for HPLC pigment analysis, identi-
fication and quantification are described in Ras et al. (2008).
The sampling at final time at the LNLC stations (2 and 16)
could not be carried out due to the insufficient volume of sea-
water remaining after the sampling of other parameters. Taxo-
nomic pigments were used as size class markers of phototroph
groups (picophytoplankton, nanophytoplankton, and micro-
phytoplankton). The chemotaxonomic correspondence of
HPLC-determined pigments and the associated size-class came
from Uitz et al. (2006), as further presented in the Supporting
Information Text S3.

Macronutrients

At initial time, seawater for dissolved Si, DIP, and NO,
determination was filtered on-line from the Go-Flo bottles
through acid-cleaned 0.2-um capsule filters (Sartorius
Sartobran-P-capsule 0.45/0.2 ym). At final time (48 h in the
abiotic experiments and 1 h in artificial rainwater), samples
were filtered on acid-cleaned PALL Supor 0.2-um poly-
ethersulfone filters (10 mL for dissolved Si, 5 mL for DIP and
NO,). Samples were stored at +5°C (dissolved Si) or —20°C
(DIP and NO,) prior to analysis. Dissolved Si and DIP were
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measured with a spectrophotometer (Thermo Fisher Evolution
220) according to the manual colorimetric methods of
Grasshoff et al. (1999) and Murphy and Riley (1962), respec-
tively. The concentration of NO, was measured with the SEAL
AutoAnalyzer 3HR, according to Aminot and Kérouel (2007).
Ammonium was not measured in this study. The detection
limits were 0.03 ymol L~! dissolved Si, 0.03 gmol L~! DIP, and
0.08 ymol L~! NO,.

Dissolved iron

The same filtration protocol as for macronutrients was used
for dissolved Fe samples. After filtration of 30 mL, samples were
acidified (0.2% HCI Ultrapur) and stored at +5°C before analysis.
Dissolved Fe was measured in seawater by ICP-MS coupled with
an automated sample preconcentration system (SeaFAST)
according to Wuttig et al. (2019), and in artificial rainwater by
ICP-AES (Spectro Arcos). The detection limits were 0.005 and
8.0 nmol L™, respectively. Due to Fe contamination issues dur-
ing the analysis of the artificial rainwater samples amended with
ash, we estimated the Fe release from ash and the resulting solu-
bility in artificial rainwater (dFesrw) according to a back-
calculation of released Fe after the addition of 2% ash-containing
artificial rainwater to the abiotic filtered seawater:

dFeARW :AdFeSW_lzh/O.OZ (l)

where dFegw 125 corresponds to the first available dissolved Fe
data point 12 h after addition of artificial rainwater in filtered
seawater. This calculated concentration might be biased by
secondary Fe release and/or scavenging processes during the
first 12 h in the seawater matrix.

Data processing
The nutrient solubility of aerosols (%X, in %) was calcu-
lated as follows:

dX —dXo
— X

tot

%Xsol = 100/ (2)

where dX and dX, are the concentrations of a dissolved nutri-
ent X at final and initial time, and X is the amount of X in
the added aerosol sample.

The contribution of each phytoplankton size class
(x = micro, nano or pico) to the total Chl a increase (ATchla,,
in %) in the nutrient/aerosol treatment (trtm) after 48 h rela-
tive to the mean control (ctr) after 48 h was assessed from:

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

"~ Tchla(trtm.48h) — Tchla(mean ctr.48h) x 100. (3)

The relative change (RC, in %) in each parameter was calcu-
lated as follows:

RC (in%) = (Ctrmt.48h - CctrA48h) X IOO/CCtrASh/ (4)

Phytoplankton response to dust and ash addition

with Cyim, the concentration of the parameter at 48 h and
Cetr, the mean of the triplicate controls at 48 h.

Statistical analysis

Means (n = 3) at final time in the biotic experiments were
compared using a one-way ANOVA followed by a Fisher Least
Significant Difference means comparison test. When assump-
tions 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 nutri-
ent release for dust and ash in the abiotic experiments were
compared using Student’s t-test. Statistical tests were done
using the XLSTAT software. The significance threshold was set
to p-value < 0.05.

Results

Characterization of aerosols and nutrient release
Composition of aerosols

The mineralogy and nutrient content of dust and ash mate-
rials differ (Table 2): Pata contains more N but less P and Fe
than Eyja, and the Si content is similar for both aerosols. The
specific surface area of Pata (<20 um) is nine times higher
than Eyja (< 100 ym). Pata contains twice more clay than Eyja,
which has a lower crystallinity. Compared to Saharan dust,
which usually contains less than 10% of feldspars (Journet
et al. 2008), Pata dust is enriched in magmatic silicate min-
erals, including albite (18.6 wt.%, Table 2), likely originating
from the eruptive products emitted by nearby volcanoes
(Simonella et al. 2015).

Abiotic nutrient release

Dry deposition mode.  Eyja released more dissolved Fe and
DIP than Pata (Table 3a) and similar amounts of dissolved Si,
whereas the NO, release by both aerosols remained
undetectable. Compared to ash, dust solubility was more than
10 times and four times higher for Si and Fe, respectively,
whereas the released nutrient concentration was equal (Si) or
lower (Fe) (Table 3a).

Wet deposition mode. The nutrient release by ash in natu-
ral seawater after the addition of 2% artificial rainwater was
higher for dissolved Fe and DIP compared to dust (Table 3b).
Dissolved Fe and DIP concentrations in seawater that were
released after a wet compared to a dry deposition event were
similar for Pata and higher for Eyja (Table 3a,b). Surprisingly,
the wet deposition induced a decrease in dissolved Si and NO,
concentrations (Table 3b) whereas both aerosols were a source
of dissolved Si only in dry deposition mode.

With a 12.5-fold higher particle concentration in artificial
rainwater, Eyja released about eight times more dissolved Si
and DIP and 18 times more dissolved Fe in artificial rainwater
than Pata, whereas the release of NO, was similar for both
aerosols (Table 3c). The solubility of all tested nutrients from
Pata was higher relative to Eyja in artificial rainwater.
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Table 2. Mineralogical composition and total nutrient content (weight %) of the fine fraction of Pata (< 20 um) and Eyja (< 100 um)
used in the bioassay and abiotic experiments.

Desert dust (Pata) Volcanic ash (Eyja)
Sierra Grande Eyjafjallajokull
Patagonia Iceland

Mineralogy (%) Limestones Calcite 2.9 n.d.
Acidic rocks Albite 18.6; quartz 6.2 Albite 23.4; analcime 1.0
Clays lllite 20.6; smectite 2.8 Smectite 10.9
(Hydr)oxides n.d. Hematite 0.1
Amorphous 48.3 63.7

Specific surface area (m? g~ ") 62.1 7.3

N (%) 0.09 £ 0.01 0.03

P (%) 0.08 + 0.01 0.18 + 0.01

Si (%) 25.8 26.47

Fe (%) 4.55+0.23 7.51 £0.28

n.d., not detectable.

Table 3. Means of N, P, Si, and Fe release (concentration after the experiment minus initial seawater or artificial rainwater concentra-
tions) and solubility (%) of Pata dust and Eyja ash after 48 h 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 stations) in filtered seawater and (b) in wet
deposition mode (HNLC-11 only). (c) Nutrient release and solubility after 1 h of contact with artificial rainwater at HNLC-11 for particle
concentrations of 100 mg L™' Pata dust and 1250 mg L' Eyja ash.

@) Released concentration NO,, gumol L™ DIP, gmol L™ dsi, yumol L™’ dFe, nmol L'
Pata n.d. n.d. 0.2 £0.22 0.7 £0.6°
Eyja n.d. 0.10 + 0.05 0.3 £0.1 3.8+1.6°
Solubility N, % P, % Si, % Fe, %
Pata n.d. n.d. 1.25 +0.52% 0.041 + 0.035°
Eyja n.d. 6.8 +3.4 0.11 £ 0.05° 0.011 + 0.005°
(b) Released concentration NO,, gmol L™ DIP, gmol L™ dsi, umol L' dFe, nmol.L™!
Pata —-0.5+0.0 n.d. -22+067 0.7 +0.3%
Eyja —-04(n=1) 0.4+ 0.0 -1.2+0.3° 9.0 +0.1°
Solubility N, % P, % Si, % Fe, %
Pata <0 n.d. <0 0.041 £0.017°
Eyja <0 29.7 £ 2.2 <0 0.027 + 0.000?
© Released concentration NO,, umol L™’ DIP, gmol L™ dsi, yumol L™ dFe, nmol.L™!
Pata 0.15 + 0.03° 1.65 + 0.05% 1.92 +0.10° 47.2 +0.9°
Eyja 0.11 £ 0.01° 15.41 + 0.60° 15.41 4+ 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°*

dSi, dissolved Si; dFe, dissolved Fe; n.d., not detectable.

*Fe release and solubility of Eyja ash in ARW were estimated according to Eq. 1

Only detectable nutrient releases (mean concentrations after 48 h in the dust/ash treatments significantly different from means in the control at t-ini,
p < 0.05) are shown. Means that are not significantly different between dust and ash treatment for each element are labeled with the same superscript
letter “a” or “b” (p > 0.05). Negative dissolution values express a decrease of NO, or dissolved Si in seawater after artificial rainwater addition.

Initial features of the incubated seawater (2 and 16), the molar NOx/DIP ratio was notably lower than

The surface seawater at the studied stations had contrasted the Redfield ratio (16/1, Redfield 1934). The low dissolved Si

physico—chemical and biological features (Table 4), displaying  concentrations at HN-LSi-LC-14 and Kerguelen-A3 led to

a southward decrease in sea surface temperature and salinity molar dissolved Si/NO, ratios lower than the optimal ratio for

and an increase in macronutrients. At the LNLC stations diatoms (Si/N = 1.12 4 0.33, Brzezinski 1985), whereas the
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Table 4. Initial physico-chemical and biological properties of the surface seawater used for the microcosm experiments. Mean nutrient
concentration + standard deviation of replicates (n = 3). Phytoplankton size-fractions according to Uitz et al. (2006): pico: 0.4-2 um,

nano: 2-10 ym, micro: > 10 ym.

Station 2 16 14 A3 11
Zone STZ STZ SAZ AZ AZ
Region LNLC LNLC HN-LSi-LC Kerguelen HNLC
Latitude, °S 29.97 35.00 42.49 50.64 56.50
Longitude, °E 54.11 73.47 74.90 72.05 62.99
Sampling date 12 Jan 2019 05 Feb 2019 30 Jan 2019 27 Jan 2019 23 Jan 2019
Temperature,®C 24.6 22.0 12.8 4.4 2.1

Salinity 35.47 35.48 34.49 33.83 33.83

NO,, uM <DL <DL 8.11 +£ 0.41 20.60 + 0.77 25.25 +£0.01
DIP, uM 0.03 4 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
NO,/DIP <27 <0.9 12.5 19.8 16.0
dSi/NO, >22.4 > 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
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 1,310,728 615,636 441,028

PP, mgCm3d’ 2.78 3.67 26.7 54.42 7.24

Tchla, pg L™ 0.085 0.049 0.603 1.40 0.157

% Micro 13 10 28 92 45

% Nano 24 28 54 7 54

% Pico 63 62 18 1 2

STZ, Subtropical Zone; SAZ, Subantarctic Zone; AZ, Antarctic Zone; dSi, dissolved Si; dFe, dissolved Fe; PP, primary production; Tchla, total Chl g; < DL,

below detection limit.

nutrient ratio at HNLC-11 was closer to the optimal value
(Table 4). The NO, and DIP concentrations were the highest
at the stations within the Antarctic Zone (A3 and 11), whereas
the highest dissolved Fe concentration (0.54 nmol LY was
recorded at LNLC-2 and the lowest at HNLC-11 (Table 4).

The LNLC stations were characterized by the lowest phyto-
planktonic biomass, dominated by picophytoplankton. The PP
at HN-LSi-LC-14 was over seven times higher than at the LNLC
stations, and the algal biomass was dominated by
nanophytoplankton (mainly nanoflagellates and chromophytes,
data not shown). The highest PP and Tchla were recorded at
Kerguelen-A3 where the phytoplankton community was largely
dominated by microphytoplankton (Table 4) and mainly dia-
toms. The PP at HNLC-11 was eight times lower relative to
Kerguelen-A3, and the phytoplankton community was co-
dominated by nanoplankton and microplankton.

Biological responses
Primary production

Except at LNLC-16, the PP significantly increased after dust
or ash additions (Fig. 2), as well as after a Fe or Si addition.
The highest increase was observed at Kerguelen-A3 (+105%
for aerosol additions). No significant difference was observed

after Fe addition alone or in combination with Si. At the LNLC
stations, N and NP additions led to the highest PP increase.

Cellular abundances

Aerosol additions had a contrasted impact on cellular abun-
dances (< 30 ym) according to the phytoplankton class, the
aerosol type and the station (Fig. 3). In the LNLC area,
picoeukaryotes were more stimulated by dust than by ash
addition at LNLC-2 (+96% and +50%, respectively), whereas
only ash stimulated their growth at LNLC-16 (+38%, Fig. 3
a,d). Additions of both aerosol types had a similar effect on
Synechococcus (~ +70% at Sta. 2, Fig. 3¢), and no impact on
nanoeukaryotes at these stations.

At HN-LSi-LC-14, ash addition enhanced picoeukaryote
abundance (+ 32%, Fig. 3f), whereas dust stimulated
nanoeukaryotes and heterotrophic bacteria (+44%, Fig. 3j and
+36%, Supporting Information Fig. S2). On the contrary, at
Kerguelen-A3, dust and ash triggered similar responses in phy-
toplanktonic abundances, which increased by 140%, 75%,
and 40% for Synechococcus, picoeukaryote and nanoeukaryote,
respectively (Fig. 3i-k). Moreover, ash also stimulated hetero-
trophic bacteria (+30%, Supporting Information Fig. S2). At
HNLC-11, a wet and dry addition of dust or ash induced only
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Fig. 2. Primary production (PP, mg C m~> d~") at the beginning of the experiment (t-ini, white bars) and after 48 h of incubation for each treatment at
the stations LNLC Sta. 2 (a) and Sta. 16 (b), HN-LSi-LC Sta. 14 (c), plateau Sta. A3 (d) and HNLC Sta. 11 (e). Error bars indicate standard deviation of
triplicates. Means that are not significantly different (p > 0.05) are labeled with the same letter within a station.

a stimulation of the nanoeukaryote abundance (~ +40%),
similar to that after nutrient addition (Fig. 3m).

Pigments

The addition of aerosols or nutrients induced an increase in
both Tchla and fucoxanthin concentrations relative to the
controls at t48 h at Stas. 14, A3, and 11 (Fig. 4). At Kerguelen-
A3, these increases were higher after ash compared to dust
addition (Fig. 4b,e), whereas they were similar at HN-LSi-LC-
14 and HNLC-11.

At these three stations, the addition of aerosols or nutrients
benefited mostly microphytoplankton, and in particular dia-
toms, which sustained from 52 up to 100% of the Tchla
increase (Fig. 5). The community structure was thus modified
at these stations (Supporting Information Fig. S1). Interest-
ingly at HN-LSi-LC-14, although the respective contribution
of diatoms and dinoflagellates to Tchla were quite similar in
the control at t48 h (~ 15%, Supporting Information Fig. S1
a), the diatom contribution doubled after ash and Si additions,
whereas that of dinoflagellates did not change.

Discussion

The abiotic experiments (Table 3) demonstrated that the
dust and ash samples released significant amounts of Fe and Si
to seawater. However, none of these materials acted as a
source of NOx in seawater (Table 3). These findings are

consistent with previous abiotic studies performed with Saha-
ran dust (Mills et al. 2004; Ridame et al. 2014) and ash speci-
mens (Jones and Gislason 2008; Browning et al. 2014).
Arguably, Pata and Eyja relieved or reduced the ambient Fe
and/or Si limitations of PP in the Southern Ocean but were
not able to alleviate the N limitation in the Southern Indian
Ocean (Fig. 2).

Moreover, we cannot exclude a bias caused by grazing, as
we did not remove zooplankton predators from the natural
plankton community prior to the experiments. However, the
responses are interpreted relative to the control, thus we
assume that the potential bias should be of the same magni-
tude in control as in the treatments.

Phytoplankton response
LLNLC stations

Interestingly, the phytoplankton response to aerosol addi-
tions was contrasted between the LNLC stations: aerosols led
to a significant PP increase at the western LNLC-2, whereas no
change was observed at the eastern LNLC-16. This difference
can be related to the initial nutrient limitation: the eastern sta-
tion was N-limited, as previously shown by Twining
et al. (2019), whereas the PP in the western station was N-, Fe-
, and Si-limited (Fig. 2a), and dust and ash stimulated signifi-
cantly the picoeukaryotes and Synechococcus abundances at
LNLC-2. The detection of Prochlorococcus-specific pigments at
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a. HN-LSi-LC St 14 b. Kerguelen St A3 c. HNLC St 11
100% 100% 100%
75% 75% 75%
50% 50% 50%
25% 25% 25%
0% 0% 0%

B microplankton Onanoplankton ®picoplankton

diatoms

Fig. 5. Size depending relative contribution to Tchla increase (%) after 48 h of incubation for each treatment relative to control at HN-LSi-LC Sta.
14 (a), Kerguelen Sta. A3 (b) and HNLC Sta. 11 (c), with microplankton (dark), nanoplankton (light), and picophytoplankton (median gray). Diatom con-

tribution within the microplankton size fraction is dashed.

initial time at these stations (16-30 ng L' of divinyl-Chl a)
without flow cytometric detection might indicate that the cell
fluorescence was too low to be detected by cytometry. As pigment
content could not be analyzed at final time at these stations, we
cannot conclude on the response of microphytoplankton to the
nutrient/aerosol additions.

Despite a generally low seasonality within the Subtropical
Zone, the 3-week difference in the sampling time between the
western and eastern stations (Table 4) may contribute to the
differences in the initial nutrient dynamics and the phyto-
plankton community structure, leading to different biological
responses. Moreover, the community at the western station
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may be influenced by the South East Madagascar Bloom
(Fig. 1a), explaining an initial algal biomass twice as high at
the western compared to the eastern station which lies in
more typical oligotrophic waters. Moreover, heterotrophic
bacteria (stimulated after FeSi and NP additions at the eastern
LNLC-16, Supporting Information Fig. S2b) may compete for
nutrient uptake and thus explain the limited autotroph
response, as already observed in the oligotrophic tropical
Atlantic (Marafién et al. 2010).

HN-LSi-LC station

The about 10 times lower dissolved Si/NO, ratio compared
to the optimal ratio for diatoms (Si/N = 1.12, Brzezinski 1985)
suggests a potential Si limitation of the diatom activity at HN-
LSi-LC-14, as demonstrated by PP increase (Fig. 2c) and previ-
ous studies in the Indian (Sedwick et al. 2002) and Australian
(Hutchins et al. 2001) sectors of the Subantarctic Zone. Dia-
toms responded similarly to dust, ash and Si additions
(Fig. 4d), indicating that the diatom Si-limitation could be
alleviated by aerosol input. Because of a potential Fe contami-
nation of the Si solution (Supporting Information Text S1),
these similar responses may also indicate that dust and ash
were capable of mitigating a potential co-limitation of diatoms
by Si and Fe. In the abiotic experiment, a dry deposition of
dust or ash released around 0.3 umolL~! dissolved Si
(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. Despite the low contribution
of diatoms to the initial biomass, their strong development
after aerosol addition explained roughly half of the increase in
Tchla (+39% and +60% for dust and ash, respectively, Fig. 6),
as already reported within the Australian Subantarctic Zone
after Fe and/or Si additions (Hutchins et al. 2001). Thus,
picooeukaryote and nanoeukaryote may be less competitive
than diatoms for new nutrient uptake.

The Synechococcus abundance, which was the highest at this
station, did not change after new nutrient supply. This sug-
gests that this species was either not nutrient-limited and/or
could not benefit from this addition and/or was subjected to
important grazing, as previously described by Hutchins
et al. (2001) in the Subantarctic Zone of the Australian sector
of the Southern Ocean.

HNLC station

The PP of HNLC-11 was mainly Fe-limited, despite a higher
surface dissolved Fe concentration in this study compared to
published data from the same ocean area and season
(KEOPS-1, January-February 2005) (Blain et al. 2008). The
measured dissolved Fe concentration was, however, compara-
ble to the same stations during austral spring (KEOPS-2,
October-November 2011) (Bowie et al. 2015), as well as to the
central Indian and Atlantic sectors of the Southern Ocean
(Chever et al. 2010; Grand et al. 2015).

At this station, we compared the phytoplankton response
to both dry and wet deposition modes, well known to

Phytoplankton response to dust and ash addition

influence nutrient solubility (Duggen et al. 2010; Chester and
Jickells 2012). Dust and ash, as well as Fe addition led to a
stimulation of PP and Tchla, confirming that dry and wet
depositions of dust and ash were a significant source of bio-
available Fe for phytoplankton and more specifically for dia-
toms. This confirms also the results from the abiotic
experiment (Table 3) and the previous studies in HNLC areas
(Langmann et al. 2010; Browning et al. 2014; Mélancon
et al. 2014). Interestingly, in the Atlantic sector of the South-
ern Ocean, Trimborn et al. (2017) found no biological
response after four to eight times lower Fe and dust additions
than in our study, suggesting that there is a required dissolved
Fe threshold to observe phytoplankton response in the
severely Fe-limited Southern Ocean (Boyd et al. 2010).

Kerguelen plateau station

Aerosol additions triggered a PP increase similar to that
observed after Fe and/or Si additions, indicating a Fe and Si
growth limitation that can be explained by the low dissolved
Si concentration at Kerguelen-A3 (10.5 times lower than at
HNLC-11) and the season in late summer (end of January) at
the end of the diatom bloom (Timmermans et al. 2008;
Closset et al. 2014).

The plateau station was initially dominated by diatoms which
also explain the major increase in Tchla (Fig. 6) after an aerosol/
nutrient deposition. Surprisingly, Synechococcus abundance
increased after Si addition. Silicon is not recognized as a nutrient
for cyanobacteria, but Si bioaccumulation within pico-
cyanobacteria such as Synechococcus has already been observed in
the West Pacific and Sargasso Sea as well as in cultured strains
(Baines et al. 2012; Krause et al. 2017; Wei et al. 2021). However,
to our knowledge, such silicifying Synechococcus have not yet
been detected near the Kerguelen Islands.

Surprisingly, the most productive station Kerguelen-A3 was
the station with the highest relative change in PP after aero-
sol/nutrient addition (~ +100%), whereas the increase in PP
was lower at HNLC-11 (~ +46%) (Fig. 2d,e). One hypothesis
to explain this different intensity of the biological response
may be a precondition of the Kerguelen plateau phytoplank-
ton community to frequent nutrient supply from the sedi-
ment, potentially accelerating the response to aerosol/nutrient
addition. The more intense response may also be related to
the different composition of the natural phytoplanktonic
community, as Kerguelen-A3 was dominated by bloom-
enabling diatoms, compared to the surrounding open ocean
HNLC waters co-dominated by nanoplankton and diatoms
(Fig. 6). 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 short time scale
of our experiments (48 h) may not have been sufficient to
overcome the lag phase. A similar phenomenon has been
described by Moore et al. (2007) during the CROZEX in situ Fe
addition experiment in the same sector of the Southern
Ocean, where the biological response occurred mostly after
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3 d of incubation. Similarly, Timmermans et al. (2008) observed
a twice longer lag phase (12 vs. 6 days) in their HNLC phyto-
plankton experiment compared to the Kerguelen plateau phyto-
plankton community during translocation experiments.

Influence of physico-chemical parameters on nutrient
release by aerosols
Aerosol type: Importance of origin and mineralogy
Surprisingly, the biological response induced by a dry depo-
sition of the two aerosol types was generally very similar, inde-
pendently of the studied biogeochemical area except for
stations HNLC-11 and HN-LSi-LC-14 (see “Discussion” sec-
tion). We observed identical Si release despite different particle
concentrations, a result reflecting a significantly higher Si sol-
ubility in dust than ash (Table 3a), that could be (partly) due
to higher specific surface area, combined to the differences in

mineralogy (Table 2) with variable solubilities and dissolution
kinetics (Geisen 2021).

At LNLC-2 and Kerguelen-A3, the PP increase occurred
regardless of the nature of the added aerosol. At these stations,
no significant difference in PP was observed between dust, ash
and Fe additions, suggesting that the Fe released by aerosols
may be bioavailable and sufficient to relieve the ambient Fe-
limitation. It is likely that the Fe-limitation was not very
severe at these stations and that the mean 0.7 nmol L' dis-
solved Fe provided by dust deposition was sufficient to reach
the maximal response rate of cell division and PP. The LNLC
community remained nonetheless N-limited.

In contrast, at HNLC-11 and HN-LSi-LC-14, a dry deposi-
tion of ash triggered around twice more PP than a dry deposi-
tion of dust (p < 0.05), which likely resulted from the higher
Fe supply from the ash addition compared to the dust
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(Table 3). At HNLC-11, the greater PP response after the addi-
tion of ash compared to nutrients/dust may also indicate that
other micronutrients (such as manganese; Frogner et al. 2001)
released by Eyja ash could relieve additional PP limitations. At
HNLC-11, Fe addition induced more PP increase than aerosols,
which suggests that unknown synergistic effects between the
released elements weakened the positive effect of Fe release
(Paytan et al. 2009; Hoffmann et al. 2012) or that the local
communities were differently influenced by the direct nutri-
ent supply of the Fe solution compared to the potentially
more gradual nutrient dissolution from the aerosols.

Deposition mode

The addition of dust and ash in both dry and wet deposi-
tion modes performed at HNLC-11 enabled to compare the
influence of the initial contact medium on nutrient release,
with varying pH (8.1 and 4.7 for seawater and rainwater,
respectively) and ionic charge, as well as the presence of dis-
solved organic matter in natural seawater. Iron dissolution of
dust particles is known to decrease with increasing pH
(Desboeufs et al. 1999; Journet et al. 2008; Paris et al. 2011),
whereas organic matter, and in particular the presence of Fe-
binding ligands, increases Fe solubility and bioavailability in
seawater (Wagener et al. 2008; Hassler et al. 2011; Paris and
Desboeufs 2013). Thus, nutrient release may be impacted by a
complex array of antagonistic parameters.

In our abiotic experiment, the highest Fe solubility for dust
and ash occurred in artificial rainwater (Table 3c). Moreover,
although the deposition mode did not significantly influence
the dissolved Fe release from dust to seawater (0.7 nmol L' after
48 h of contact, Table 3a,b), ash released 2.4 times more Fe to
seawater in wet compared to dry deposition mode (9.0 and
3.8 nmol L', respectively). The addition of 2% artificial rainwa-
ter to seawater should theoretically release 0.94 and
17.1 nmol L™! dissolved Fe to seawater 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 domi-
nate over secondary Fe dissolution in seawater. Moreover, the
quality and quantity of organic matter in the seawater may
explain the high variability in Fe solubility, as previously
reported (Wagener et al. 2008; Bressac and Guieu 2013).

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 reac-
tion after a dry dust deposition (+ 24%). Equally, Tchla and
fucoxanthin increases were independent of the dust deposi-
tion mode, consistent with the equal abiotic Fe dissolution,
indicating that the Fe released by both mechanisms was
equally bioavailable.

Conclusions

Our results from incubation experiments demonstrate that
the desert dust and volcanic ash materials, despite contrasted

Phytoplankton response to dust and ash addition

mineralogical and chemical composition released significant
amounts of Fe and Si to seawater in the Indian and Southern
Oceans. A representative deposition of both dust and ash was
sufficient to trigger a phytoplankton response, mainly driven
by a stimulation of the diatom community (Fig. 6). Ash addi-
tion elicited an equivalent or greater biological response than
dust, depending on the severity of the initial Fe-limitation.
However, neither the tested dust nor the ash was a significant
source of NOX.

After dust or ash additions, the maximum relative and
absolute increase in PP was observed at the most productive
station over the Kerguelen Plateau, whereas the lowest relative
response was found at the HNLC station despite similar nutri-
ent limitations. We hypothesize that acclimation of the ambi-
ent phytoplankton community to either frequent nutrient
supply through winter mixing, causing a rapid doubling of
the PP or, on the contrary, scarce nutrient supply induced an
initial lag phase and thus a longer time laps before reaching a
maximum response. Moreover, the HNLC phytoplankton
community was only slightly affected by a wet rather than a
dry deposition of aerosols, as the dominant diatom commu-
nity responded equally to both deposition modes.

Future work should focus on the dissolution and possible
bioavailability of other trace elements such as manganese and
cobalt dissolved from dust and ash particles (Fishwick
et al. 2018) as these may also limit phytoplankton growth in
the open ocean (Mackey et al. 2012; Perron et al. 2020). Since
the seasonal and spatial variability of organic matter concen-
tration 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
also be investigated (Bressac and Guieu 2013; Hernandez-Ruiz
et al. 2020).

Moreover, nutrient bioavailability in the Southern Ocean
may be disturbed in the future, according to climate change
predictions (Deppeler and Davidson 2017). Predicted
changes in the Southern Ocean for 2100 include increased
sea surface temperature, and around twice higher CO, con-
centrations leading to ocean acidification. Although dust
deposition to the Southern Ocean has doubled during the
20" century (McConnell et al. 2007) and is thought to fur-
ther increase, the pycnocline and mixed layer depth will
become shallower (Deppeler and Davidson 2017). Thus,
more aerosols should dissolve in a lower volume of warmer,
fresher and more acidic surface ocean, increasing particle
concentration and nutrient release (Deppeler and David-
son 2017). Thus, further research is needed to better con-
strain the evolution of aerosol load and associated nutrient
bioavailability in a changing ocean.

Data availability statement
The dataset is available at the address: https://www.seanoe.
org/data/00696/80825/
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