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Abstract The cumulative effects of multi-faceted changes on the phytoplankton community of the Southern
Ocean (SO) are not yet known, which is a major limitation to predicting the future direction of the biological
carbon pump. Thus, our study aimed to estimate the effects of intensified Patagonian dust inputs, warming and
acidification on the growth, composition and production of phytoplankton assemblages in the Polar Frontal
Zone (PFZ) and the High-Nutrient Low-Chlorophyll (HNLC) region of the Indian sector of the SO during the
austral summer 2022. Natural phytoplankton communities were incubated for 5-day under 4 scenarios (present
and future conditions, and 2 intermediate scenarios). In the PFZ, +3°C and acidification stimulated the growth
of phytoplankton, mainly cyanobacteria, while intensified dust inputs alone did not have notable impact.
Conversely, in HNLC waters, the addition of Fe-dust alone increased the total chlorophyll a of diatoms (mainly
F. kerguelensis), whereas the negative effect of acidification and 4+3°C counteracted the positive impact of dust
input on the diatoms. In these waters, future conditions benefited smaller species (haptophytes and
cyanobacteria). The net particulate organic carbon production (POC) was also unaltered by future conditions,
suggesting that primary production may not change in the future SO. However the increase in the length and
number of long-chain diatoms under future HNLC conditions may indicate that POC export could intensify in
the future.

Plain Language Summary Phytoplankton in the Southern Ocean (SO) play a critical role in
absorbing atmospheric carbon dioxide and supporting marine ecosystems, however their response to future
environmental changes remains unclear. This study examined how increased dust inputs, warming, and
acidification affect the phytoplankton community in two contrasted biogeochemical domains of the SO, the
Polar Frontal Zone (PFZ) and the High-Nutrient Low-Chlorophyll (HNLC) region. In the PFZ, warming and
acidification favored the smaller phytoplankton species, while in the HNLC region, iron-rich dust stimulated
diatom species, though this effect was attenuated by warming and acidification. While overall the production of
organic carbon by phytoplankton remained unchanged, diatoms may enhance carbon export to deeper waters
under future conditions due to increased number and length of chain-forming species. These findings
highlighted the complexity of phytoplankton responses, which vary across regions and are influenced by
interactive environmental factors. Understanding the impact of these environmental factors on phytoplankton is
critical to predicting how future changes will shape the role of the SO in the global carbon cycle.

1. Introduction

The Southern Ocean (SO) is the largest High-Nutrient Low-Chlorophyll (HNLC) area in the world, where the
biological production is low despite abundant macronutrients (Moore et al., 2001). This paradox has been
explained by the “iron hypothesis”, according to which the very low iron (Fe) inputs in the HNLC area limit the
phytoplankton growth, given the essential role of Fe in the metabolic processes of primary producers (Mar-
tin, 1990). Iron and other trace metals, present at exceedingly low concentrations in the SO, can originate from
several sources. South of 35°S, the dominant sources of Fe in deep waters are sediments and hydrothermalism,
while atmospheric dust deposition and ice near Antarctica are the major sources of Fe in surface waters (Jickells
et al., 2005; Tagliabue et al., 2010). A study showed that one-third of the productivity in the SO is supported by
dust deposition (Weis et al., 2024). At these high latitudes, the main source of dust is the Patagonian Desert, often
referred to as the “Patagonia dust machine” (Ackert Jr, 2009; Li et al., 2008). This desert dust, transported over
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vast distances in the Atlantic and Indian sectors of the SO, can fertilize the surface waters, spatially and
temporally alleviating the limitation of micro-nutrients, such as Fe (Mahowald et al., 2010). While the role of
trace metals in supporting phytoplankton productivity in the SO is well-established, the broader context of
environmental shifts brings additional complexities to understanding these impacts.

The Anthropocene has come to a turning point in the 21st century, characterized by fast and profound shifts in
environmental balances (Lewis & Maslin, 2015). In this context, the SO plays a crucial role in regulating the
global climate (Hauck et al., 2015). It is recognized as the world's largest region for atmospheric carbon
sequestration through both physical and biological pumps (Rodgers et al., 2014). At the base of the biological
carbon pump are photosynthetic micro-organisms (Ducklow et al., 2001), notably key groups like diatoms. These
siliceous microphytoplankton that have been present in the ocean at least since the Early Cretaceous (Brytka
et al., 2023; Medlin et al., 1997) play a pivotal role in enhancing the efficiency of the biological carbon pump due
to their large size (Martin et al., 2011; Tréguer et al., 2018). The efficiency of the biological carbon pump depends
on critical factors facilitating phytoplankton metabolic processes under optimal conditions such as temperature,
light, pH and the availability of micro- and macro-nutrients (Perez-Garcia et al., 2011). These drivers are tracked
in the SO, with various scenario projections from the Intergovernmental Panel on Climate Change (IPCC) helping
to understand future global changes (Portner et al., 2022). The SO is unique by its mosaic of biogeochemical areas
and is undergoing diverse environmental alterations, including a projected 3°C temperature rise by 2,100, a
decrease of 0.3 pH units, and increased atmospheric Fe inputs (Constable et al., 2014; Deppeler & David-
son, 2017; Meredith et al., 2019). In addition, it is also possible that a decrease in wind strength could lead to a
decrease in dust inputs. However, studies indicate an intensification of wind strength in the SO and therefore a
potential increase in inputs of bioavailable Fe in the future (Bronselaer et al., 2020). These changes have potential
effects on the composition and productivity of phytoplankton communities. To understand the biological impacts
of these environmental changes and their subsequent effects on the biological carbon pump (Boyd et al., 2024) as
well as the feedback mechanisms on climate, it is crucial to simulate these multi-faceted changes (Boyd
et al., 2019; Browning & Moore, 2023). Previous studies have primarily focused on the individual impacts of
environmental changes. For instance, increases in temperature or light, or nutrient availability, have been shown
to stimulate the growth of phytoplankton (Arrigo et al., 2010; Browning et al., 2021; Raven & Geider, 1988).
Conversely, decreasing pH may have either positive or negative effects, depending on the phytoplankton com-
munity (Duncan et al., 2022; Trimborn et al., 2013). However, studies exploring the cumulative effects of such
environmental changes are limited (Boyd et al., 2016; Trimborn, Brennesis, et al., 2017; Trimborn, Thoms, et al.,
2017). These parameters can exhibit synergistic or antagonistic interactions, highlighting the need to investigate
their multi-faceted effects in order to better understand the impact of future changes on phytoplankton in the SO
(Glibert et al., 2020).

A realistic simulation of a biome and its ecosystem under environmental changes poses significant technical
challenges. However, some studies have successfully replicated the biological responses of polar ecosystems
under controlled and varying environmental conditions. For instance, a study examined the effects of acidification
and Fe inputs, either in the form of inorganic Fe or Australian dust inputs, on the natural phytoplankton
assemblage in the SO (Trimborn, Brenneis, et al., 2017). This study showed that the CO,-dependent phyto-
plankton species shift was controlled by Fe sources. In both the control and dust treatments, the resulting
phytoplankton communities were dominated by the same species, and ocean acidification led to a shift from
diatoms to Prymnesiophyceae. Another study explored the combined effects of acidification, warming, increase
of Fe concentration and photosynthetic active radiation (PAR), and decrease of macronutrients on a subantarctic
diatom (Boyd et al., 2016). The findings indicated that the net effect of warming on increased growth of a
subantarctic diatom would have been underestimated by about 15% if the interactive effects of other stressors
were not considered (Boyd et al., 2016). This highlights that future projections can be biased when only a subset
of multi-stressors is considered, emphasizing the need to conduct multi-factor experimental studies with the
whole phytoplankton assemblage of the SO. A recent study compared the impact of two atmospheric sources
(desertic and volcanic) on the phytoplankton community in the Indian sector of the SO (Geisen et al., 2022). Both
atmospheric inputs were found sufficient to stimulate phytoplankton growth, particularly diatoms. Although
volcanic dust induced a greater increase in phytoplankton growth compared to desert dust, the extent of this
stimulation was more dependent on whether the deposition area was Fe-limited than on the composition of the
dust itself. These previous studies examining the impacts of different environmental changes on the natural
phytoplankton community in the SO have not considered all drivers of phytoplankton growth and have not
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comprehensively simulated future conditions. Therefore, it is crucial to conduct additional experiments to
forecast the future trajectory of growth, composition and production of the phytoplankton assemblage in the SO.

This study aimed to assess the individual and cumulative impacts of projected intensification of Patagonian dust
input by 2,100 in conjunction with other environmental changes such as warming and acidification, on the natural
phytoplankton assemblage of the SO. For this, onboard incubation experiments were conducted in the Indian
sector of the SO, an area known for significant deposition of Patagonian dust (Demasy et al., 2024; Heimburger
etal., 2013; Li et al., 2008), which have ratio close to those found in Patagonian dust (Demasy, 2023), compared
to dust from Southern Africa (Gili et al., 2022), which settles at lower latitudes, and dust from Australia (Attiya &
Jones, 2022), which is primarily deposited in the Pacific sector of the SO (Li et al., 2008). These incubations were
conducted in the Polar Frontal Zone (PFZ) and the HNLC area, two distinct biogeochemical regions. The PFZ is
characterized by significant seasonal variations, with a predominance of smaller species such as cyanobacteria
and coccolithophorids (Franck et al., 2000; Le Moigne et al., 2013; Shramik et al., 2013). In contrast, the HNLC
area is characterized by Fe limitation and high macronutrient concentrations, supporting the presence of larger
species such as diatoms year-round (Armand et al., 2008; Le Moigne et al., 2013; Leblanc et al., 2005). Our study
used a reduced factorial design to assess the impact of environmental changes in these two regions of the SO. The
experimental setup encompassed both current and future conditions, mirroring changes projected by the IPCC
(Boyd et al., 2016; Portner et al., 2022). This focus centered on three main drivers (dust input as the main factor,
and temperature and pH as a combined stressors), along with two intermediate scenarios, to evaluate the in-
teractions between these factors.

2. Material and Methods
2.1. Sampling of Surface Seawater

The natural phytoplankton assemblages were collected onboard the French R.V. Marion Dufresne I in the Indian
sector of the SO during the summer 2022 (February). Samples were taken from two stations, one located in the
PFZ (at 47°40S, 58°00'E; sampled on 02/16/2022), and the other in the HNLC area (at 56°30S, 63°00'E; sampled
on 02/19/2022).

Seawater was collected at a depth of approximately 15 m using an ultra-cleaned PTFE diaphragm VA-P08 pump
(VERDERAIR® PURE) operating at a flow rate of 15 L min™'. To remove larger zooplankton grazers, the
seawater was initially filtered through a 200 pm mesh (nylon). Filtration took place under a laminar flow hood
within a clean space set up on the ship. Subsequently, 100 L of seawater was sampled at each station and
distributed into cleaned 10 L polycarbonate (PC) bottles (Nalgene®) assigned to the various tested scenarios.

2.2. Protocols of Microalgae Incubations Under Different Scenarios

The selected stressors included the input of Patagonian dust as the target main driver, with temperature (7') and pH
as combined drivers. Patagonian dust was selected as the main parameter in the factorial design, due to its sig-
nificant contribution to phytoplankton production in the SO (Li et al., 2008; Shoenfelt et al., 2018; Weis
et al., 2024; Wyatt et al., 2023). To streamline the experimental process, T and pH were combined, thereby
reducing the overall number of experiments needed. Four distinct scenarios (Figure 1; Table 1) were simulated to
reflect environmental conditions: (A) the current conditions for dust input, 7 and pH, (D) the projected future
conditions for 2,100, and two intermediate scenarios (B and C). Scenario B represented future dust input con-
ditions and current 7" and pH conditions, and scenario C represented the current dust inputs and future 7 and pH
conditions. Each scenario was performed in duplicate experiments. Additionally, control experiments without
dust addition were conducted at each station under present (TA) and future (TF) conditions of T and pH. This
experimental design allowed us to assess both the individual impact of dust input and the combined effects of T’
and pH, as well as the interactions between these drivers.

The scenario parameters (Table 1) were selected based on IPCC projections for the SO (Boyd et al., 2016; Portner
et al., 2022) and adapted to in situ conditions. For instance, the +3°C warming scenario is based on the in situ
condition. Regarding pH, although there is difference between the two zones (Table 2), equilibration through gas
exchange with a simulated future atmosphere (800 ppm CO,) has resulted in a pH decrease and mimicked natural
acidification.
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Table 1

Present condition Anticipated condition: Anticipated condition: Anticipated condition

dust only without dust
B

D i |

Dust CO, b
Combined factors: Ar
(Temperature, pH)
C D
Future ‘ ‘
Scenarios
A B
Present

ﬂ

>

Dust input

Present Future

Figure 1. Diagram of scenario A (present condition), scenario B (future projection of dust and present condition of
temperature and pH), scenario C (present input of dust and projection of warming and acidification), scenario D (projected
condition).

To simulate seawater acidification (scenarios C and D, and TF), 500 mL seawater from a 10 L bottle was bubbled
with a pure carbon dioxide (CO,) gas (ALPHAGAZ® 1 purity) for 2 min. This seawater was then returned to the
10 L bottle (Riebesell et al., 2011). Subsequently, the 10 L bottle was then bubbled with a mixture of 800 ppm
CO, gas (ALPHAGAZ® SAPHIR) until pH equilibration around 7.80. To ensure particle-free injection into the
seawater, gases were injected through ultra-clean pipes and passed through 0.2 pm PTFE filters (Pall Acro-
Vent™). The pH was measured using a pH probe (pHC281 HACH®) that has been calibrated with three reference
buffer solutions at pH 4, 7 and 10 respectively, prior to use.

The dust was prepared in the land-laboratory by grinding Patagonian soil collected at 50.30°S—71.81°W. Pre-
weighed amounts of 10 and 20 mg using a micro-balance (Mettler Toledo MX5®) were used to mimic the
present (1 mg L™") and future (2 mg L™") dust input. The concentration for the present scenario was estimated
based on regional conditions (Heimburger et al., 2013; Li et al., 2008), while
the doubling in the future scenario was determined using atmospheric
deposition projections (Gassé & Stein, 2007; Mahowald et al., 2010; Shi

Incubation Experiments Were Conducted in Four Scenarios, Each Reflecting
Distinct Experimental Conditions Performed in Duplicates

Scenario  Temperature (°C) pH Dust input (mg L™") PAR
A in situ in situ 1 in situ
B in situ in situ 2 in situ
C +3 -0.3 1 in situ
D +3 -0.3 2 in situ

et al., 2023). Additionally, dust models and measurements lack the resolution
to apply distinct dust fluxes to each zone. Prior to addition to the 10 L
seawater bottle, the dust was mixed with a small volume of equilibrated
seawater in a cleaned Eppendorf coning tube and then centrifuged using a
portable centrifugation device (vortex genie 2 Scientific Industries®). Then,
the dust was introduced into the 10 L bottle previously equilibrated at the
target pH, vigorously shaken and then subdivided in 2 L polycarbonate bottles
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Table 2 (Nalgene®) for daily sampling. The PC bottles were cleaned 48 hr with 2%
Physico-Chemical and Biological Parameters in the Ambient Seawater of the decon, 1 week in 10% HCI and stored until use in 2% distilled HCL.
PFZ and HNLC Area Used for the Incubation Experiments (n = 2)

The 2 L bottles were placed in two incubators covered by a 201 full CTB filter

PFZ HNLC from Lee filter® on the ship's back deck exposed to natural light. One
Temperature (°C) 7.88 2.45 incubator simulated the current 7' conditions (scenarios A and B, and control
pH 8.13 7.96 TA) by maintaining an open circuit of surface seawater that was pumped
Alkalinity (umol L") 2,088 + 47 2122 + 19 continuously from the ship, reflecting the ambient surface temperature. The
) . other incubator mimicked future T conditions, with the water flow regulated
Nitrate (umol L™°) 19.4 + 0.69 27.5 £ 0.89 . . . . . .
intermittently to adjust temperature. This was achieved using a thermostat
Silicate (umol L™") 7.78 +£0.46 288058 connected to a temperature controller, which maintained the temperature at
POC (pmol L™ 5.90 £ 115 4.99 £+ 0.63 +3°C above the ambient conditions recorded in the first incubator. Tem-
PON (umol L™") 0.75 + 0.08 0.74 + 0.09 perature adjustments occurred at least twice a day, including once during the
PFe (umol L™Y) 6.96 + 1.52 293 + 1.55 night. Since the ship was underway southwards from the PFZ station to the
et & () 1L ) 0.012 + 0.004 0.011 + 0.006 HNLC station and thefl ship .back dt.‘/Ck n(?rthwards, the ambie.nt T decreased
Lithogenic Si (umol L") i S R | from 11.4°C to 3.9°C in the incubation with PFZ waters, and increased from
4.8°C to 15.5°C in the incubations with HNLC waters over the 5-day after
Chlorophyll a (g L™") 0.18 + 0.01 0.26 + 0.02 seeding. Although this difference could introduce some bias to the study,
Total cell abundances (cells pL™") 13.39 + 1.05 5.08 £ 0.61 polar phytoplankton groups have an optimal growth temperature range of 0—
Nanophytoplankton (cells pL.™") 0.31 +£0.10 0.20 + 0.04 14°C, which practically covers the temperature variation being considered
Picophytoplankton (cells pL™") 13.08 + 0.96 4.88 + 0.60 (Coello-Camba & Agusti, 2017). Moreover, the surface waters of the SO can

fluctuate by up to 5°C throughout the year (Barnes et al., 2006; Chapman &
Walsh, 2007; Morley et al., 2010) and a combination of wind and current forcing can lead to a cooling of up to 9°C
(Leber et al., 2017). During the 5-day of incubation under TA conditions, in which no dust was added and the
temperature varied according to the ambient conditions, the cell abundance and pigment concentration did not
varied significantly in the PFZ waters (TChl a average = 0.18 =+ 0.02 pg L™'; cell abundance
average = 13.22 + 0.87 cells uL™"). In contrast, variations were observed in the HNLC waters (TChl a
average = 0.34 + 0.18 pg L™"; cell abundance average = 5.84 + 2.84 cells pL.™"), where the end of the incubation
was outside of the variance (TChl a = 0.64 pg L™"; cell abundance = 16.36 cells pL™"). However, these variations
were additional to all scenarios and may not directly influence the scenario-specific effects. Since temperature
fluctuations were recorded in the controls and were uniform across scenarios, the effects of dust input, acidifi-
cation, and +3°C warming were assessed through direct comparisons. This study accounted for natural envi-
ronmental variability, which could have partially masked treatment responses if it exceeded experimental effects.
However, significant differences in cell abundance and photosynthetic biomass among scenarios (ANOVA:
p =0.02 in PFZ, p = 0.01 in HNLC) confirmed the robustness of our results. The TA control treatment, where
temperature naturally varied, showed minor phytoplankton shifts, suggesting that cooling had little effect with the
PFZ waters, while warming of the HNLC waters likely stimulated growth. Despite these background variations,
phytoplankton responses to experimental treatments remained distinct, confirming that experimental treatments
significantly impact phytoplankton communities. Given that natural variability influenced all treatments yet
responses still differed, the observed effects may have been either underestimated (e.g., for PFZ cyanobacteria) or
overestimated (e.g., for HNLC picoplankton). Every day, the 2 L bottles were sampled at maximum light (around
noon) for each scenario and the controls. If pH changed over the course of the experiments in the acidification-
mimicking scenarios, the 2 L bottles were further bubbled with 800 ppm CO, gas mixture. Sampling times during
the incubation were designated as following: t-1 (before dust addition), tO (at the time of dust addition), t1 (day 1),
t2 (day 2), t3 (day 3), t5 (day 5).

2.3. Scanning Electron Microscope Analyses

A 50 mL volume was filtered through a PC filter holder (Nalgene®) with a PC filter (porosity of 0.2 pm, 47 mm
@, Nuclepore™), The filter was then dried and stored at room temperature. To prepare the sample for microscopic
examination, the filters were gold coated. Large phytoplankton species were observed during the experiments
using a focused ion beam-scanning electron microscope (FEG-FIB-SEM) Auriga 40 from Zeiss®, fitted with a
Zeiss Gemini column (Liu et al., 2016).
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2.4. Taxonomic Identification

Taxonomic identification and enumeration of microphytoplankton (20200 pm) and nanophytoplankton (3—
20 pm) were carried out using an inverted microscope (WildM40) in samples preserved with neutral lugol so-
lution (Dussart, 1992). Utermohl settling chambers were used for microphytoplankton analyses (Hasle, 1988),
and a smaller sedimentation chamber (2.97 mL) for the analyses of nanophytoplankton. Phytoplankton were
identified to the lowest taxonomic level achievable (species, genus or group) using classical manuals for marine
phytoplankton identification (In Scott & Marchant, 2005; Tomas, 1997) and the World Register of Marine
Species database (WoRMS Editorial Board, 2023), while recognizing that certain taxa may require other higher-
resolution techniques for definitive species-level identification. Biovolume of each species was also estimated
from these microscope analyses (Hillebrand et al., 1999).

2.5. Flow Cytometry Analyses

A 2 mL sample was collected daily from each duplicated scenario and directly analyzed from a cryotube and
stored in the dark. Analysis of cell density and estimated size were performed onboard using a CytoSense flow
cytometer (CytoBuoy®) within a maximum of 2 hr after the sampling. A description of the instrument and the size
conversion protocol can be found in Tulet et al., 2024. The instrument was calibrated with silicate beads of
different sizes (1.0, 2.01, 3.13, 5.02, and 7.27 pm non-functionalized silica microspheres, Bangs Laboratories,
Inc) to estimate particle size from the average pulse shapes of forward scatter per group, and to control mea-
surement stability. Two distinct analysis protocols were implemented for each sample, one with a lower detection
threshold (in ~190 puL sample volume) to finely examine OraPicoProk (Synechococcus-like cells), and another
one enabling higher detection threshold (in ~1,800 pL sample volume) to analyze picoeukaryotes to nano-
phytoplankton cells. Additionally, the instrument was coupled with a camera specifically targeting large cells
(>10 pm), improving the identification and differentiation of various phytoplankton groups. The raw data
generated by the CytoUSB control software underwent processing using CytoClus 4 software. Cytograms which
graphically display all cells counted in the sample according to the particle optical characteristics (scatters and
emitted fluorescence), were employed for identifying phytoplankton groups. The total area under the curve of the
sample was used for optimal cell signal representation. Group characterization was achieved by excluding
background and comparative analysis. Post-processing of the cytograms yielded results that quantified the
abundance (cells uL™") of distinct phytoplankton groups (Malkassian et al., 2011; Thyssen et al., 2022). The
phytoplankton groups were classified and standardized according to the reference database FO2 of Marine Mi-
crobial Flow Cytometry Standardised Group Names. The net growth rates (1) were calculated according to
Equation 1, with the slope of the cell density (N) as a function of incubation time (z).

ALn(N)

w(d)=—4 (M

Abundance of microphytoplankton was not significant in the small volume analyzed, consequently, they were not
presented.

2.6. Pigments Analyses

A 500 mL seawater sample was filtered from each duplicated scenario through a polysulfone filter (porosity of
0.7 pm, 25 mm @) using a filtration ramp with glass pump heads (25 mm @) connected to a vacuum pump. The
filter was carefully folded into quarters with metal tweezers and stored in hemolysis tubes at —80°C until lab-
oratory analysis. The filters were extracted in 100% methanol, ground and clarified by filtration (GF/F Whatman)
over a period of 2 hr (Ras et al., 2008). The extract was analyzed by High-performance liquid chromatography
(HPLC) Agilent Technologies 1,200. Carotenoids and chlorophyll ¢ and b were detected at 450 nm, while
chlorophyll a (Chl @) and its derivatives were identified at 676 nm and bacteriochlorophyll a at 770 nm.
Quantitative computations to determine total Chl a (TChl a) for each phytoplankton group used the diagnostic
pigments (DP) (Gieskes et al., 1988; Uitz et al., 2010). One limitation of using diagnostic pigments is their broad
generalization; for example, Antajan et al. (2004) suggested that haptophyte contributions may be
underestimated.
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2.7. Particulate Carbon and Nitrogen Analyses

Two separate 350 mL samples of seawater were filtered using a filtration ramp with glass pump heads (25 mm @)
connected to a vacuum pump. This filtration used GF/F filters (porosity of 0.7 pm, 25 mm @) previously calcined
during 4 hr at 450°C and stored in calcined glass tubes. Filters were then frozen at —20°C until laboratory
analysis. Upon returning to the laboratory, one of the two filters from each sample was decarbonated in glass vials
and under concentrated HCI vapors within a glass desiccator for 4 hr at room temperature to analyze particulate
organic carbon (POC) and nitrogen (PON). These filters were placed in a fume hood for 3 hr and then transferred
to an oven at 60°C to remove residual HCI. For the analyses, the filters were placed in a tin capsule where they
underwent combustion and reduction in a mass spectrometer (delta plus, Thermofisher, Bremen, Germany) which
is coupled with a C and N analyzer (Flash EA, Thermofisher Scientific) via a type Il interface. The analyses were
calibrated using atropine OAS (SYLAB SARL®) standards. Accuracy of the analyses was 0.04% and 0.5% for N
and C, respectively. Total particulate carbon (TPC) and total particulate nitrogen (TPN) were directly analyzed
from the filters. By subtracting POC from TPC and PON from TPN, we determined particulate inorganic carbon
(PIC) and particulate inorganic nitrogen (PIN). The net production rates of POC and PON were calculated
(Equation 2) as the difference in concentrations between day 5 (C,s) and the initial time (C,), divided by the
incubation period (Af).

Ct - CrO

At @

Net production rate (umol L™ d™') =

2.8. Statistical Analyses

Significant differences between scenarios were assessed on the flow cytometry (FCM) and the HPLC data. An
ANOVA test (Fisher, 1992) complemented by a Tukey test (Tukey, 1949) were performed using R software to
analyze variations among scenarios.

A reduced experimental design was used, focusing on Patagonian dust as the primary parameter, while
consolidating other environmental factors (pH, T) into a single parameter. These two factors were configured
under present and future conditions, resulting in four distinct scenarios representing various combinations of the
two parameters under different conditions. A statistical model employing a 2° factorial design (Goupy, 1993) was
used to estimate the relative weight of each parameter (dust addition, and the combination of pH and temperature)
and their interactions on changes in phytoplankton flow cytometry groups abundances and pigment
concentrations.

3. Results
3.1. Biogeochemical Conditions in the Ambient Seawaters

The experiments were conducted during the late austral summer, following the seasonal phytoplankton bloom in
the PFZ (Fiala et al., 2004). TChl a concentration was low in the surface waters of the PFZ (0.18 £ 0.01 pg L
n = 2; Table 2) and phytoplankton size classes, assessed using the DP were primarily composed by 46% of
nanophytoplankton (19°HF, 19°BF, Allo) and by 39% of picophytoplankton (Zea, TChl b). Pigments belonging
mostly to microphytoplankton (Fuco, Perid) contributed a fraction of 15%. Among the pigments based on
microphytoplankton class, a significant proportion of dinoflagellates was found, mainly represented by Gym-
nodinium sp. (93%) compared to diatoms, which were predominantly central diatoms (Figure 2c). The nano-
phytoplankton, identified as haptophytes (19'BF; Figure 3), was mainly constituted by coccolithophorids
(Figures 2g and 2h), while the picophytoplankton encompassed prochlorophytes (Zeaxanthin and TChl b). The
abundance counted by FCM of pico- and nano-phytoplankton was ~13.2 cells pL ™", with picophytoplankton
being the predominant size-fraction accounting for up to 98% and nanophytoplankton 2%.

The concentrations of PIC and PIN in these waters were below detectable levels, preventing precise determination
through the subtraction of the organic fraction from the total fraction. The concentrations of POC and PON were
estimated at approximately ~5.90 and ~0.75 pmol L™!, respectively (Table 2).

In the HNLC area, the TChl a concentration was also low (0.26 = 0.02 pg L~ (Table 2). In contrast to the PFZ,
microphytoplankton based on the DP, dominated the natural phytoplankton community, accounting for about
56% of the TChl a concentration, with Fragilaropsis kerguelensis (Figures 2a and 2b) being the predominant
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Figure 2. SEM images of phytoplankton sampled in the PFZ and the HNLC area, chain (a) and single cell (b) of Fragilariopsis
kerguelensis (diatom) in HNLC area, (c) Thalassiosira sp. (diatom) in the PFZ, (d) Corethron sp. (diatom) in HNLC area,
(e) Chaetoceros dichaeta (diatom) in HNLC area, (f) Stephanocha speculum (silicoflagellate) in HNLC area, (g) Emiliania

huxleyi (coccolithophorid) and (h) Calcidiscus leptoporus (coccolithophorid) in the PFZ.

species, while nano- and pico-phytoplankton estimated by DP, accounted for 39% and 5% of the TChl a,
respectively. Cell abundances from FCM was of 5.20 cells pL™"' (Table 2), exhibiting a lower abundance
compared to the PFZ. Picophytoplankton represented 96% of the FCM phytoplankton abundance, while nano-
phytoplankton accounted for approximately 4%. The concentrations of POC and PON closely mirrored those
observed in the PFZ, with values of 4.99 and 0.74 pmol L™, respectively (Table 2). POC and PON concentrations
were in the range of previous study in the HNLC domain (Tremblay et al., 2015).
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3.2. Impact on the Natural Phytoplankton Community
3.2.1. Polar Frontal Zone

The ANOVA test revealed a statistically significant difference in TChl a across the different scenarios and
controls after 5 days (p-value = 0.02). After 2 days of incubation in +-3°C and more acidic waters (scenarios C and
D, and TF), both TChl & and total cell abundances began to increase significantly (p-value = 0.0008; Figures 3a
and 3b). Conversely, under current 7 and pH conditions (scenarios A and B, and TA), a slight increase in biomass
(p-value = 0.005) and slight decrease in cell abundance (p-value = 0.02) were observed after a 5-day incubation
(Figures 3a and 3b). Furthermore, no significant difference was observed under the same 7 and pH conditions
regardless of variations in dust additions (p-value = 1.00; Figures 3a and 3b). The contribution of diatoms
(indicated by Fuco) increased more under future 7 and pH conditions (79% = 4%, C and D) compared to current T
and pH conditions (58% % 5%, A and B). Similarly, the contribution of coccolithophorids (19'HF) and cyano-
bacteria (TChl b and Zea) also showed greater increases (38% + 6%, 43% =+ 4%, respectively). Within future
scenario incubations and after 5 days, cell density rose by 50% in scenario TF (increase of 14.57 cells uL™"), by
~57% in scenario C (+17.14 cells pL™") and by ~62% in scenario D (+20.34 cells pL™"). Nanophytoplankton
abundances exhibited no significant differences across all scenarios (p-value = 0.06), while picophytoplankton
displayed substantial disparities (p-value = 0.01). Under warmer and acidification conditions, total cell density
increased (p-value = 1.107, scenarios TA, A, and B compared to TF, C, and D), particularly for nano-
phytoplankton (Figure 3a). However, despite this increase, picophytoplankton remained the dominant fraction of
the phytoplankton in term of abundances, with no significant shifts recorded in the relative abundances of the
pico- and nano-phytoplankton groups throughout the experiments.

3.2.2. HNLC Area

Over the 5 days incubation, TChl a concentration increased by 62%, 67%, 65%, 54%, 57%, and 66% for scenarios
TA, A, B, TF, C, and D, respectively (Figure 3b), with a statistical difference among scenarios (p-value = 0.01).
The increase in TChl a in the TA control can be due to water warming as the ship moved northward. The increase
of TChl a concentration under current conditions with dust addition (scenarios A and B) was mainly due to an
increase in diatom biomass (Fuco). Under the warmer and acidified conditions with dust addition (C and D), TChl
a concentration increased significantly (p-value = 0.018) with higher dust added (D) (Figure 3), mainly driven by
the increase of haptophytes (19'HF) and cyanobacteria (TChl b and Zea) (Figure 3). Total phytoplankton
abundances estimated by FCM increased by ~65% in TA (+5.8 cells uL™"), ~57% in A (+5.9 cells pL™"), ~63%
in B (+9.5 cells pL™"), ~65% in TF (+10.6 cells pL™"), ~68.8% in C (+12.3 cells pL™"), and ~74% in D
(+16.5 cells pL™") over the same period. The increase in nanophytoplankton cell abundance was stimulated by a
doubling of dust input under future conditions (Figure 3a); however statistical analyses showed no significant
differences in nanophytoplankton cell abundance across the tests (p-value = 0.17). In contrast, picophytoplankton
cell abundance responded positively across all conditions (p-value = 0.03). Warming, acidification, and dust
input notably promoted their growth more than dust addition alone (Figure 3), while nanophytoplankton cell
abundance was comparably stimulated by dust addition under present (A, B) or future (C, D) conditions
(Figure 3a). Despite environmental changes, no discernible shifts in the diatom assemblage were observed, with
F. kerguelensis remaining dominant (Figures 2 and 3).

3.3. Impact on the Production of Particulate Organic Carbon

Patagonian dust contains lower levels of organic carbon and nitrogen compared to other types of atmospheric
dusts that are more enriched, such as wildfire dust (Schlosser et al., 2017). This may explain why POC and PON

Figure 3. (a) Temporal evolution in cell density of phytoplankton groups in the PFZ and the HNLC area under distinct scenarios (TA, A, B, TF, C, and D). The t-1 value
represents the sampling before dust addition and acclimatization to increase T and acidification, and t0 just after dust addition. RedPico refers to cyanobacteria,
OraPicoProk to synechoccocus (cyanobacteria), HsNano to coccolithophorids and dinoflagellates, RedNano to cyanobacteria and cryptophytes, and OraNano to
cyanobacteria, red algae and cryptophytes. Standard deviation was calculated using duplicates of the total number of cells. (b) Temporal evolution of phytoplankton
pigment concentrations in the PFZ and the HNLC area under different scenarios (TA, A, B, TF, C, and D). Zeaxanthin and TChl b refers to cyanobacteria, Alloxanthin to
cryptophytes, 19'-butanoyloxyfucoxanthin to haptophytes and pelagophytes, 19'-hexanoyloxyfucoxanthin to haptophytes, Peridinin to dinoflagellates, and fucoxanthin
to diatoms based on the reference pigment classification (Uitz et al., 2006). The standard deviation was calculated using the duplicates of each scenario from the total

Chl a.
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Figure 4. Evolution of particulate organic carbon (POC) and particulate organic nitrogen (PON) concentrations during the incubation with waters from the PFZ and the
HNLC under different scenarios (TA, A, B, TF, C, and D). Standard deviation was determined from the average of duplicate experiments for each scenario.

concentration did not increase following dust deposition (Figure 4). The POC and PON concentrations in the
incubations conducted with the PFZ waters nearly doubled after 5 days compared to their initial values, reaching
~10.8 pmol L™ for POC and ~1.4 pmol L™" for PON across all scenarios (Figure 4). In contrast, significantly
higher increases were recorded in incubations using HNLC waters, with a threefold increase in POC
(~15.8 pmol L™") and PON (~2.01 pmol L™") concentrations after 5 days of incubation (Figure 4). During 5 days,
the net production rates of POC were estimated at 1.09 + 0.26 pmol L™" d™"' in the PFZ while higher rates of
2.07 +0.27 pmol L™" d~! were obtained in the HNLC area. A similar trend was observed in the production rate of
PON, with 0.13 # 0.03 pmol L™" d™" in the PFZ and 0.27 + 0.04 pmol L™' d™! in HNLC area. However, no
significant differences in POC and PON production were observed between the different scenarios within each
zone.

The mean POC/PON ratio in the PFZ incubations (7.1 £ 0.7) was similar to that in the HNLC region (7.5 £ 0.9).
Throughout the experimental period, the POC/PON ratio increased over the 5 days, reaching approximately 8.1 in
the PFZ and 7.6 in the HNLC across all scenarios at the end of the experiments.

4. Discussion
4.1. Impacts in the Polar Frontal Zone

The phytoplankton abundance was typical of summer conditions, with surface waters in the PFZ commonly
exhibiting abundances around ~13.4 + 1.1 cells pL_l (Fiala et al., 2003; Geisen et al., 2022). TChl a concen-
trations (0.18 + 0.01 ug L™") in the Indian sector of the PFZ waters during the late summer were notably lower
than those recorded in the Atlantic sector during spring (concentrations reaching up to 4.5 pg L™"; Dafner &
Mordasova, 1994; Whitehouse et al., 1996), which is consistent with the decrease of TChl a levels after the late
spring or early summer bloom occurring in the PFZ (Weir et al., 2020; Xiuren et al., 1996). The presence of
diatom species, including central diatoms and Pseudonitzschia sp., matched with known occurrences in the PFZ
during summer (Rigual-Hernindez et al., 2016; Shramik et al., 2013; Shukla et al., 2016; Smetacek et al., 2002).
Furthermore, environmental changes lead to a decrease in the proportion of central diatoms, and an increase of the
proportion of Pseudonitzschia species. In addition, the abundance of Gymnodinium sp. (dinoflagellate) observed
was consistent with previous findings in non-Fe limited waters of the PFZ of the Australian sector (De Salas
et al., 2011; Kopczynska et al., 2001).
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Figure 5. Net growth rate (estimated from abundance changes between initial and final incubation time) of nano- and pico-phytoplankton over a 5-days period under
different scenarios (TA, A, B, TF, C, and D) in the PFZ and HNLC area. Standard deviation was determined from the average of the duplicate experiments for each
scenario. For the PFZ, the “TA” bar does not appear as it was too close to 0.

Under the current conditions, the addition of dust alone did not stimulate the net growth of pico- and nano-
phytoplankton (Figure 5), even if temperature decreased during the experiment. This lack of net growth stimu-
lation in these smaller organisms in response to Fe-dust input suggested that they were likely not limited by
dissolved Fe concentrations, which is consistent with previous findings in this region (Gilbert et al., 2022). Some
species of cyanobacteria, including Trichodesmium sp., can assimilate particulate aerosol fractions (Polyviou
et al., 2018; Sugie et al., 2013). In this study, the lack of response to dust addition observed in the PFZ also
indicated that cyanobacteria were probably not limited by particulate Fe concentrations (6.96 + 1.52 pmol L™,
Table 2). On the other hand, the cooling of the waters when the ship was underway southwards could have slowed
the growth, as many phytoplankton species, including cyanobacteria, which typically thrive in warmer conditions
(Carey et al., 2012). This is consistent with the observed negative growth rate for cyanobacteria, although the rate
remained relatively low. In contrast, the increase in microphytoplankton in TA could be linked to the cooling,
which favors the growth of polar diatoms. The addition of Fe-dust alone also had no effect on the diatom biomass
(Figure 3) as well as the nitrate concentration, which showed only a slight decrease at the end of the incubation
compared to ambient water (from 19.4 + 0.69 to 17.8 + 0.71 umol L™"). In fact, diatoms were likely limited by the
low silicate concentrations (~7.8 pmol L~") measured in these surface waters (Table 2), since Si-limitation of
diatoms living in the PFZ region can typically occur at silicate levels below 20 pmol L™, which can be mainly due
to the low affinity for Si uptake at Si concentrations ranging from 0.7 to 10 pmol L™" (Nelson et al., 2001).
Additionally, by the end of incubation, Si concentrations remained relatively stable across all scenarios
(7.74 £ 0.43 pmol L™Y). The increase of POC and PON concentrations observed under the current conditions,
whether dust was added or not (Figure 4) contrasted with the lack of increase in diatoms and smaller species
(Figure 3). It suggested that photosynthesis was decoupled from the growth over 5 days (Leles & Levine, 2023;
Morel, 1987; Schuback et al., 2015, 2017).

The anticipated environmental changes significantly boosted both cell density and biomass throughout the entire
phytoplankton community (Figure 3). These changes notably favored the proliferation of the picophytoplankton
which exhibited a net growth rate of 0.45 d™" (Figure 5). Thus, the +3°C compared to ambient T and acidification
of waters actually stimulated the growth of the nano- and pico-phytoplankton, as previously observed (Lin
et al., 2012). For instance, coccolithophorids (nanophytoplankton, Figures 2g and 2h), evidenced by its contri-
bution to TChl a (19'HF), that are prevalent along the Great Calcite Belt between the Subtropical Front and the
Polar Front during the austral summer (Balch et al., 2011), increased in scenarios C and D. These algae may have
benefited from acidification due to the increased availability of CO,, which likely stimulated the functioning of
the Rubisco enzyme (Winter et al., 2014), despite potential negative effects on their calcification (Zhang
et al., 2020). Furthermore, diatom contribution increased under future conditions compared to present conditions
(Figure 3), suggesting a positive cumulative impact of +3°C, acidification and increased Patagonian dust input on
diatoms of the PFZ. Previous studies have also highlighted the beneficial effect of warming on a subantarctic
diatom (Boyd et al., 2016) and the combined positive influence of warming and Fe on diatom species (Zhu
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et al., 2016). Here, the rise in partial pressure of CO, under acidification could have played a key role, as diatoms
exhibit a lower diffusive flux of CO, relative to their carbon demand (Wu et al., 2014). Diatoms could potentially
benefit more from increased CO, partial pressure compared to coccolithophorids (Saini et al., 2021). Addi-
tionally, diatoms with silica frustules are less vulnerable to acidification than calcifying species (Meyer &
Riebesell, 2015). Although the future conditions did not lead to significant shifts in the phytoplankton com-
munity, nanophytoplankton exhibited the most pronounced response to these changes, followed by picophyto-
plankton (Figures 3 and 5). The organic carbon content of nano- and pico-phytoplankton is generally lower than
that of microphytoplankton (Edwards et al., 2012). As a result, the production of POC remained lower in the PFZ
dominated by nano- and pico-phytoplankton (Figure 4). In polar areas, smaller species such as the cyanobac-
terium Synechococcus sp. contribute minimally to POC production (Buitenhuis et al., 2012), which may explain
why the change in POC production between current and future conditions was similar.

4.2. Impacts in the HNLC Area

The nano- and pico-phytoplankton abundance observed in the ambient seawater (5.08 =+ 0.61 cells pL.™") was in
the range of cell abundances previously documented in HNLC regions during austral summer (typically ranging
from 0.001 to 10 cells pL_l) (Lin et al., 2012). The prevalent contribution of diatoms (33%) to TChl a was also
consistent with previous observations in this area (comprising approximately 20%—50% of the TChl a; Alvain
et al., 2008).

The addition of dust under present 7 and pH conditions led to an increase in TChl a concentration (Figure 3),
principally due to the increased contribution of diatoms (mainly F. kerguelensis), which already dominated in the
ambient HNLC waters. Similar fertilization effects on diatoms following the addition of Patagonian or volcanic
dust have been documented in these waters (Geisen et al., 2022), highlighting the Fe-limitation of diatoms in this
HNLC area. In addition, Fe is one of the elements that dominate Patagonian dust (Demasy et al., 2024). Diatoms
were observed either as single large cells or in small chains, as identified using the scanning electron microscope
(Figure 2a). Chain-forming diatoms are produced by the fusion of siliceous tubular fibers, ensuring the solidity of
the chain (Hildebrand et al., 2008; Mayzel et al., 2021; Nguyen & Fauci, 2014). Larger cells may experience
greater Fe limitation than smaller cells due to their lower surface-to-volume ratio, resulting in higher constraint on
Fe diffusion to the cell surface (Morel et al., 1991; Timmermans et al., 2001). Our results support this Fe-
limitation observed in large and/or chain-forming Antarctic diatoms, which responded most positively to Fe-
dust additions, likely facilitated by sufficient silicate concentration (27.50 pmol L") in these waters, which
remained stable in all scenarios during the incubation (27.20 = 0.94 pmol L™"). The high nitrate concentration in
the ambient water (27.50 + 0.89 pmol L1 decreased at the end of the experiment (24.13 = 0.21 pmol L™Y but
remained at high concentration. The fertilization effect of diatoms resulting from Fe-dust input could also be
attributed to their strong capacity to assimilate atmospheric dust through various biological mechanisms, such as
direct absorption, enzymatic hydrolysis, mixotrophy and symbiotic relationship with the microbial community
(Nygaard & Tobiesen, 1993; Reinl et al., 2022). Additionally, the size of diatoms (>20 pm) (Figure 2), superior to
the dust (<10 pm), may potentially enhance the ability to phagocytose atmospheric elements, thereby enabling the
direct uptake (Reinl et al., 2022). Furthermore, large-phytoplankton like F. kerguelensis have demonstrated the
ability to directly use Fe bound to strong organic ligands (Strzepek et al., 2011) and to use Fe in colloidal forms
(Hassler & Schoemann, 2009), which account for a significant portion of dissolved Fe in seawater of the SO and
dust (Aguilar-Islas et al., 2010; Boye et al., 2010; Wells & Goldberg, 1993). Consistent with the Fe-fertilization
effect on diatoms biomass due to Fe-dust input and the absence of Si-limitation in these waters, the production of
POC by diatoms also increased under these conditions (0.27 % 0.04 umol L™" d™).

Future environmental changes led to increased cell densities and diatom biomass, mainly due to the stimulation of
nano- and pico-phytoplankton (Figure 3). Changes in temperature during transit were superimposed with treat-
ment variations, potentially leading to over- or under-estimation of the observed responses. The warmer waters
(+3°C) and northward sailing from colder to warmer waters might have benefited smaller species. In contrast,
diatoms were at a disadvantage in the future 7" and pH conditions compared to dust addition alone under present
conditions, although they still dominated the phytoplankton assemblage. Under future conditions, longer and
more numerous chains of diatoms were formed (Figure 2a). The formation of diatom chains can enhance their
gravitational sedimentation, facilitating vertical migrations (Lovecchio et al., 2019), and serve as a defense
mechanism against zooplankton grazing, particularly for larger cells (Bjerke et al., 2015). However, grazing
effects were not simulated in our study to prevent potential top-down regulation of phytoplankton responses to
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Figure 6. Individual versus interactive effects of dust input and other factors (warming and acidification) on the cell densities
and biomasses. Total biomass was associated with TChl a, diatom biomass (microphytoplankton) with fucoxanthin,
cyanobacteria (picophytoplankton) with zeaxanthin and total chlorophyll b, and haptophytes, like coccolithophorids
(nanophytoplankton) with 19'-hexanoyloxyfucoxanthin. Total cell density was associated with growth rate of each size-cell
abundance, cyanobacteria with OraPicoProk and RedPico, and nanophytoplankton with HsNano. The changes in biomass
and cell density between day 5 and day O were used in the statistical model (Goupy, 1993).

environmental changes. Surprisingly, warming has been shown to have a stronger positive effect on the Antarctic
diatom growth when supplemented with Fe (Raven & Geider, 1988). However, acidification, especially with high
Fe input, can shift from neutral to negative effects for diatoms (Marchetti & Harrison, 2007). Acidification has
been observed to counterbalance the positive impact of Fe input on a subantarctic diatom and mitigate the positive
response of this diatom both to warming and Fe enrichment (Boyd et al., 2016; Trimborn, Brenneis, et al., 2017).
Our findings are consistent with these observations, highlighting the antagonistic effect of acidification and
warming on the intensification of Patagonian dust input on diatom biomass in the HNLC area. Despite these
antagonist effects, the production of POC and PON was similar under future and present conditions (Figure 4),
with concentration in the same range of the Redfield ratio (6.6) (Redfield, 1934) and consistent with typical POC/
PON ratios observed in oceanic phytoplankton cells (5.0-13.3; Finkel et al., 2010). The similar production of
POC and PON could be attributed to the fact that warming can reduce the cellular POC content in diatoms (Krause
& Lomas, 2020), which may explain why, despite an increase in TChl a and cell numbers, the overall POC
concentration remains unchanged. The consistency in POC and PON production may also be attributed to the
insufficient changes in cell number and TChl a between scenarios. Instead, POC and PON production differences
are likely more dependent on the specific species present (Basu & Mackey, 2018), which could explain the
difference reported between the PFZ and the HNLC area. Indeed, the higher POC production in the HNLC area
after 5 days of incubation compared to the PFZ might be attributed to larger F. kerguelensis cells in the HNLC
area (Timmermans & Van Der Wagt, 2010), which store more POC than smaller diatoms and dinoflagellates
(Gymnodinium sp.) observed in the PFZ (Kopczynska et al., 2001; Trimborn et al., 2013). Consequently, the
anticipated future conditions might not lead to changes in POC production.

4.3. Weight of Environmental Changes on Phytoplankton Responses in the Two Biogeochemical Domains

A statistical model employing a 2% factorial design (Goupy, 1993) was used to estimate the weight of individual
impacts of dust addition, +3°C compared to ambient 7 and acidification, as well as their interactions, on the cell
density and the TChl a of the phytoplankton species (Figure 6). In the case where these different parameters
trigger biological responses that diverge (stimulation or inhibition), the model may yield negative weights rep-
resenting inhibition effects (Figure 6).
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In the PFZ, 4+3°C and acidification were the main drivers of the increase TChl a and cell abundances (Figure 3),
notably of the picophytoplankton that proliferated under future conditions (Figure 5). Conversely, in the HNLC
area, dust input contributed significantly to the increase of TChl a, while +3°C and acidification were major
contributors to the increase in abundances of smallest cells (Figure 6). The differing biological responses to
environmental factors between these two biogeochemical domains predominantly stemmed from variations in
diatom behavior. Specifically, in the PFZ, diatoms primarily responded to +3°C and acidification, whereas in the
HNLC area, their response was influenced by Fe-dust input and the combined negative effects of acidification and
warming (Figure 6). This disparity might be explained by fundamental differences in diatom species between the
regions, with central diatoms and Pseudonitzschia sp. predominating in the PFZ, while F. kerguelensis was
predominant in the HNLC region (Figure 2). Considering potential biases in future predictions when considering
only individual impact of multiple stressors in experimental studies, our research strongly suggested divergent
diatom responses to forthcoming changes in environmental conditions. While diatoms might thrive in response to
+3°C and acidification in the PFZ (Figure 3) and the SAZ (Boyd et al., 2016), these changes could conversely
negatively impact diatoms in the HNLC area (Figure 3). In this area, diatoms were primarily influenced by the
positive effects of Fe, however, increasing the Fe input by twofold did not amplify this effect (Figure 6). This can
be attributed to the fact that the anticipated doubling of dust input by 2,100 is unlikely to increase the Fe
bioavailability in the HNLC area (Demasy et al., 2024).

The primary beneficiaries of future +3°C and acidification in surface waters across both biogeochemical domains
were the nano- and pico-phytoplankton. Specifically, cyanobacteria (picophytoplankton) demonstrated a positive
response primarily to warming and acidification in both zones (Figure 6). This response was consistent with the
increased metabolism of cyanobacteria under warmer waters, where they thrive at temperatures above 25°C
(Bender et al., 2014; Visser et al., 2016). Similarly, nanophytoplankton were stimulated by these environmental
changes, with +3°C and acidification playing a key role (Figure 6), as previously observed (Trimborn, Thoms,
et al., 2017). The adverse effects of dust input in the PFZ on micro- and pico-phytoplankton was difficult to
explain, but they remained limited compared to the positive impact of +3°C and acidification. In the HNLC area,
the observed detrimental impact on microphytoplankton due to warming and acidification can be attributed to the
increased vulnerability of F. kerguelensis to environmental changes compared to other diatom species prevalent
in the PFZ.

4.4. Expected Changes in Phytoplankton Species Composition and Primary Production in the Southern
Ocean

The interactions among environmental factors are still unexplored and warrant special attention. Changes in
temperature, light and pH can alter chemical forms, bound structures, interactions between chemical species, and
the residence time of elements in seawater (Hutchins & Boyd, 2016), which in turn can subsequently alter the
bioavailability of both micro- and macro-nutrients (Demasy et al., 2024). Numerous studies have shown opposing
conclusions regarding chemical changes under future conditions. Moreover, phytoplankton may develop diverse
adaptive strategies to cope with nutrient availability under the pressure of environmental changes (Basu
et al.,, 2019), further complexifying the study of these interactions. Interpreting these experiments requires
caution, as the small-scale nature of the onboard incubation and experimental closed system could not capture
long-term ecological dynamics, such as adaptation and competition of species over decadal timescales. Addi-
tionally, the study did not consider oceanographic physical processes, including variations in the mixed layer
depth and meso-to sub-mesoscale physical processes. However, while it is impossible to consider all factors, this
study provided a controlled framework to investigate the interactions between physico-chemical environmental
parameters across different phytoplankton groups.

Smaller algae, particularly cyanobacteria, which were prevalent in the PFZ during the austral summer, grew
preferentially in future warmer waters, a trend observed in the PFZ and the HNLC area. Climate change pro-
jections support a potential increase in their geographical distributions and abundance as surface seawaters
continue to warm (Flombaum et al., 2013). Likewise, haptophytes, especially coccolithophorids, benefited from
warming of the waters in both domains. The increase in stratification within the SO since 1960 (Li et al., 2020)
could particularly benefit coccolithophorids, which preferentially thrive in stratified waters (Brown &
Yoder, 1994). Additionally, their proliferation may be enhanced by intensification of Fe-dust input (Boyd
et al., 2016; Mahowald et al., 2010), as observed in our HNLC area incubations. Presently, the largest haptophyte
blooms appear in regions impacted by Patagonian dust deposition in the southern Indian sector (Alvain
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et al., 2008). Anticipated environmental changes could lead to an intensification of haptophyte blooms and a
southward expansion of these species. Indeed, documented migration of coccolithophorids from northern to
southern latitudes in the SO has been reported since last decades (Patil et al., 2017; Winter et al., 2014).

Albeit smaller species are a key cornerstone in the context of warming and acidification, diatoms play a crucial
role in the SO, particularly for their role in the efficiency of the biological carbon pump. Diatoms in the PFZ,
especially central diatoms and Pseudonitzschia sp. appeared to benefit more from 43°C and acidification
compared to diatoms found in the HNLC area, such as F. kerguelensis (Figures 2 and 3). The response of diatoms
in the PFZ possibly highlighted their ability to adapt to increasing seasonal warming associated with climate
change. However, acidification may alter the nutritional value of Antarctic diatoms (Duncan et al., 2022). While
Si-limitation could prevent diatoms from blooming in the future conditions in the PFZ (Deppeler & David-
son, 2017), acidification and warming could counteract the positive effect of increased Fe-dust input on diatoms
in the HNLC area. Despite the enhanced Fe supply and possible positive effect of warming (Boyd et al., 2016), our
finding suggested that diatoms may compete poorly with smaller phytoplankton species in potentially lower-Si
waters in the PFZ.

Our study suggested that phytoplankton species composition in the future SO may not be altered, with the
prevalence of nano- and pico-phytoplankton in the PFZ during late summer and of diatoms in the HNLC area. The
projected production of POC was also expected to be similar to current levels in each domain, due to the stim-
ulation of smaller species in the PFZ and to the negative impact of warming and acidification on the diatoms in the
HNLC area. This suggested that primary production may not change in the future SO. However, the increase in
number and length of chain-forming diatoms as observed under future conditions in the HNLC area may imply an
intensification of POC export to deeper waters (Lovecchio et al., 2019; Mouw et al., 2016). Additionally, these
chains are less prone to grazing by zooplankton (Bjerke et al., 2015). For instance, it has been reported that half of
the biomass produced during a diatom bloom in the SO is exported to depths greater than 1,000 m through
processes such as mucilaginous aggregates, cellular entanglements and chain formation (De La Rocha
et al., 2008; Smetacek et al., 2012).

Our experimental findings suggested that pico- and nano-sized phytoplankton may preferentially increase in Si-
limited waters under future conditions in PFZ, potentially enhancing the transfer efficiency of particulate matter
through the upper trophic food-chain and microbial loop. However, our results do not align with predictions of
increased net primary production (Kessler & Tjiputra, 2016). Models also predict an increased carbon export,
primarily driven by phytoplankton responses to higher Fe inputs, shallower mixed layer, and warming across
much of the SO (Henley et al., 2020). Correspondingly, models project increased carbon export in the SO by 21%
in 2,100 under the RCP8.5 scenario (Sweetman et al., 2017). Yet, uncertainties persist regarding changes in
phytoplankton growth rates and composition, the efficiency of the microbial loop, and its interaction with
zooplankton (Henley et al., 2020).

Phytoplankton species have triggered a rapid response to projected in temperature, pH and dust input for 2,100 in
our experimental study. However, phytoplankton are likely to undergo a longer adjustment period to adapt to
changing environmental conditions over the next 80 years in the SO, which could result in distinct long-term
responses. However, if the changes of conditions occur more gradual, phytoplankton could take advantage of
the mosaic of environments favorable to its growth, potentially leading to a migration of populations from the
north to the south concomitant with that of the fronts in the SO (Billany et al., 2010). Nevertheless, regardless of
the direction of migration, nutrient availability will remain a critical factor shaping the future evolution of
phytoplankton assemblages (Wyatt et al., 2023).

5. Conclusion

By the 2,100 horizon, projected environmental changes in the SO, including intensification of Patagonian dust
input, warming, and acidification, are expected to elicit diverse responses among phytoplankton species inhab-
iting both the waters of the PFZ and HNLC (Figure 7). This study is the first to simulate the combined impact of
Patagonian dust, a +3°C temperature increase, and acidification on the natural phytoplankton communities from
the PFZ and HNLC area of the SO.

Our experimental study showed that different phytoplankton responses to these future environmental changes in
the two distinct biogeochemical regimes of the PFZ and HNLC area (Figure 7). Indeed, small phytoplankton
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Figure 7. Conceptual schematic illustrating the present conditions (top panel) and the anticipated environmental change
(lower panel) and their interactive effects on phytoplankton in the Polar Frontal Zone (left) and the HNLC area (right) of the
Southern Ocean. This visual was generated using BioRender website.

species may benefit most from future temperature increases in the PFZ, while increased Fe-inputs would not have
a significant impact on the phytoplankton in this region during the austral summer. Future environmental changes
may not alter the composition of the phytoplankton assemblage in the PFZ, nor the primary production.
Conversely, future intensification of Fe-dust input in the HNLC zone may strongly benefit to larger phyto-
plankton, especially diatoms. However, this Fe-fertilization effect may be counteracted by the negative impact of
future acidification and warming on diatoms. Nevertheless, the composition of the phytoplankton assemblage
dominated by large diatoms and the primary production may not be altered by the future environmental changes in
the HNLC area. However, the increase in the number and length of diatom chains could lead to an increase in
export of particulate organic carbon in the future HNLC domain.

To comprehensively understand the implications of environmental changes and dust input in the SO ecosystem,
additional research is needed. For instance, longer-term experiments (>5 days) could better elucidate the evo-
lution of phytoplankton assemblages and its adaptation to long-term changes in the environmental conditions.
While the study identified distinct biogeochemical responses depending on the domain studied, seasonality plays
also a crucial role, especially in the PFZ. Changes in environmental conditions may influence phytoplankton
communities in varying ways, particularly before the summer bloom, when nutrient concentrations can undergo
drastic changes. Given the role of zooplankton predation on phytoplankton, exploring its impact on phytoplankton
could help uncover cascading effects within the upper trophic chain. Additionally, heterotrophic prokaryote
activity deserves particular attention since it significantly impacts the exported flux of organic matter at depth.
Assessing interactions between the different micro-organisms of the trophic chain could highlight the potential
positive or negative effects of environmental changes on the future trajectory of the biological carbon pump in the
SO. In summary, this work has enabled the exploration of environmental co-impacts, which current models often
fail to capture due to their limitations. Many models assume that factors act independently, overlooking their
complex interactions, which are not always linear and may involve spurious relationships. By addressing these
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