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In the Western Tropical South Pacific (WTSP) Ocean, a hotspot of dinitrogen
fixation has been identified. The survival of diazotrophs depends, among others,
on the availability of dissolved iron (DFe) largely originating, as recently revealed,
from shallow hydrothermal sources located along the Tonga-Kermadec arc that
fertilize the Lau Basin with this element. On the opposite, these fluids, released
directly close to the photic layer, can introduce numerous trace metals at
concentrations that can be toxic to surface communities. Here, we performed
an innovative 9-day experiment in 300 L reactors onboard the TONGA
expedition, to examine the effects of hydrothermal fluids on natural plankton
communities in the WTSP Ocean. Different volumes of fluids were mixed with
non-hydrothermally influenced surface waters (mixing ratio from 0 to 14.5%) and
the response of the communities was studied by monitoring numerous stocks
and fluxes (phytoplankton biomass, community composition, net community
production, N, fixation, thiol production, organic carbon and metal
concentrations in exported material). Despite an initial toxic effect of
hydrothermal fluids on phytoplankton communities, these inputs led to higher
net community production and N, fixation rates, as well as elevated export of
organic matter relative to control. This fertilizing effect was achieved through
detoxification of the environment, rich in potentially toxic elements (e.g., Cu, Cd,
Haq), likely by resistant Synechococcus ecotypes able to produce strong binding
ligands, especially thiols (thioacetamide-like and glutathione-like compounds).
The striking increase of thiols quickly after fluid addition likely detoxified the
environment, rendering it more favorable for phytoplankton growth. Indeed,
phytoplankton groups stressed by the addition of fluids were then able to recover
important growth rates, probably favored by the supply of numerous fertilizing
trace metals (notably Fe) from hydrothermal fluids and new nitrogen provided by
N, fixation. These experimental results are in good agreement with in-situ
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observations, proving the causal link between the supply of hydrothermal fluids
emitted at shallow depth into the surface layer and the intense biological
productivity largely supported by diazotrophs in the WTSP Ocean. This study
highlights the importance of considering shallow hydrothermal systems for a
better understanding of the biological carbon pump.

KEYWORDS

hydrothermal fluids, phytoplankton communities, trace metal, fertilizing effect, toxic
effect, Western Tropical South Pacific, community functioning, thiol compounds

1 Introduction

The Western Tropical South Pacific (WTSP) Ocean (18-22°S,
160°E-160°W) has recently been recognized as a hotspot of
dinitrogen (N,) fixation, harboring some of the highest rates
reported to date in the global ocean (Bonnet et al., 2017).
Diazotrophs (i.e., N,-fixing organisms) have high cellular iron
(Fe) quotas relative to other plankton functional groups, as Fe is
an essential component of the nitrogenase enzyme catalyzing N,
fixation (Rueter et al,, 1992; Berman-Frank et al., 2001). Hence,
their biogeographical distribution has been closely related to
ambient Fe concentrations, especially in the subtropical Atlantic
Ocean and the WTSP Ocean (Schlosser et al., 2014; Lory et al,
2022). In the WTSP Ocean, diazotroph blooms have also been
attributed to elevated, non-limiting concentrations of Fe, along with
optimal conditions of temperature and phosphorus availability
(Moutin et al., 2005; Moutin et al., 2008). Prior to the OUTPACE
(Moutin and Bonnet, 2015) and TONGA (Guieu and Bonnet, 2019)
cruises performed in the WTSP Ocean, our knowledge of the origin
and distribution of Fe in the region was poor, as the Pacific Ocean is
severely undersampled, especially for trace metals (Schlitzer et al.,
2018). Accurate quantification of dissolved Fe (DFe) distribution
along a 6000-km transect during the TONGA cruise has
demonstrated that shallow hydrothermal sources (200-300 m)
located along the Tonga-Kermadec arc accounted for these
elevated DFe concentrations measured in the Lau Basin and
Melanesian waters (Tilliette et al., 2022) and trigger the high N,
fixation rates measured in the region (Bonnet et al, in rev.).

The Tonga-Kermadec subduction zone belongs to the Pacific
Ring of Fire hosting nearly three-quarters of the world’s active
volcanoes (Rinard Hinga, 2015). It is the most linear, convergent
and seismically active of the Earth’s subduction boundaries (Timm
et al., 2013) and consequently carries intense volcanic and
hydrothermal activities (2.6 active vents/100 km; Pelletier et al.,
1998; Massoth et al., 2007). Submarine hydrothermal activity occurs
when water percolates through the fractured oceanic crust. As it
penetrates downward, the water is heated (> 400°C) and undergoes
chemical changes by reacting with nearby rocks. At this
temperature, the fluid becomes buoyant and rises rapidly in the
water column (German et al., 2016). Numerous chemical species
can be introduced into the water column by hydrothermal plumes
at concentrations much higher than those usually found in the
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water column (Dick et al., 2013; Lilley et al., 2013; Gonzalez-Vega
et al,, 2020). These include gases (e.g., carbon dioxide: CO,,
hydrogen sulfide: H,S, dihydrogen: H,, helium: He) and
macronutrients (e.g., nitrate: NO3 , silicate: Si(OH)4, phosphate:
PO;"). They also contain dissolved and particulate trace metals,
some being essential although toxic at high concentrations (e.g.,
copper: Cu, zinc: Zn) and others non-essential and even harmful
(e.g., cadmium: Cd, mercury: Hg, lead: Pb) for many organisms
including phytoplankton (Thomas et al., 1980; DalCorso, 2012;
Mehana, 2014; Azeh Engwa et al., 2019). Contrary to mid-ocean
ridges where hydrothermal vents are located deep (3000-4000 m),
in some regions such as the WTSP or the Aegean Sea, hydrothermal
vents can be shallow (< 300 m) and inject such elements directly
into the surface layer (Massoth et al, 2007; Zhang et al., 2020).
Thus, besides fertilization by trace metals such as Fe (Ardyna et al.,
2019; Schine et al., 2021), toxic effects may also occur for plankton
communities due to the proximity of the vent, where fluids can be
highly concentrated in these elements (Lilley et al, 2013). In
addition, plumes from shallow hydrothermal sources supply
fresher and more labile material (Hawkes et al., 2014) compared
to inputs reaching surface waters from deep systems (Tagliabue
et al., 2010) and thus may be more bioavailable to surface
phytoplankton. These fluids could therefore affect (positively or
adversely) the functioning of the planktonic ecosystem and the
biological carbon pump.

Numerous studies have reported on the effects of trace metal
additions, alone or in combination, in mono-speciﬁc cultures or on
natural phytoplankton assemblages. They all revealed that plankton
communities release binding ligands into the environment to face
metal stress (e.g., Lage et al.,, 1996; Leal et al., 1999; Morel and Price,
2003; Dupont and Ahner, 2005; Horvati¢ and Persi¢, 2007;
Hoffmann et al., 2012; Wu and Wang, 2012; Permana and
Akbarsyah, 2021). In particular, thiols, which are low molecular
weight peptides comprising a sulthydryl group (-SH; Buckberry
and Teesdale-Spittle, 1996; Morrison et al., 2010), are an important
component of the ligand pool and have been shown to be
responsible for the near-complete complexation of several trace
metals in surface waters, rendering them non-bioavailable (Satoh
etal., 1999; Tang et al., 2000; Dupont et al., 2006). Such compounds
may have a key role in detoxifying an environment rich in harmful
elements (Grill et al., 1989; Ahner and Morel, 1995; Zenk, 1996). Yet
to date, no study has explored the effect of natural metal-rich
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shallow hydrothermal inputs on plankton communities. In the
present study, we conducted an innovative experiment to
investigate the effects of hydrothermal fluids from shallow sources
located along the Tonga-Kermadec arc on natural plankton
communities of the WTSP Ocean. During the TONGA cruise,
different volumes of hydrothermal fluids collected from an
identified active vent along the Tonga arc were added to surface
waters collected in a remote area unaffected by hydrothermal fluids.
This nine-day experiment allowed for the examination of the
community functioning as a whole and for the investigation of
the effects of hydrothermal fluids on numerous biological and
biogeochemical stocks and fluxes (e.g., biomass, community
composition, thiols and fluorescent dissolved organic matter
(FDOM) concentrations, biological productivity, N, fixation,
export of material) in a system mimicking the natural physico-
chemical conditions prevailing in the region.

2 Materials and methods

2.1 Hydrothermal fluid enrichment
experiment

2.1.1 Experimental design

The experiment was conducted as part of the TONGA cruise
(GEOTRACES GPprl14, November 2019, R/V L’Atalante; Guieu
and Bonnet, 2019) in 300 L high-density polyethylene (HDPE) and
trace metal free experimental tanks (referred hereafter as
minicosms; Figure 1A). Each minicosm was equipped with a lid
supporting six rows of LEDs (Alpheus®) composed of blue, green,
cyan and white units mimicking the natural light spectrum. A 250
mL HDPE bottle was screwed onto a polyvinyl chloride valve that
remained open throughout the experiment to collect exported
material at the conical base of each minicosm. Photosynthetically
active radiation (PAR; 400-700 nm) and temperature were
continuously monitored in each minicosm using a QSL-2100
irradiance sensor (Biospherical Instruments Inc®) and a HOBO
TidbiT® v2 temperature data logger (Onset), respectively.

The experimental system was composed of nine minicosms
installed in a light-isolated, air-conditioned, clean-room container
(99.9% filtration of particles larger than 0.2 um by a high efficiency
particulate air filter; Figure 1B). Prior to the experiment, minicosms
were meticulously washed with a high-pressure cleaner (Karcher®)
and filled with a mixture of fresh water and surfactant (DeconTM)
for 24 h. They were then refilled with fresh water and acidified with
hydrochloric acid (Suprapure HCI; Supelc0®; final pH ~2). After 24
h, minicosms were emptied and rinsed with deionized water. The
temperature of the container was adjusted 2°C below in-situ
temperature level to facilitate maintaining temperature close to
the targeted level (i.e., in-situ temperature) using a temperature-
control system placed in each minicosm during the experiment
(see thereafter).

The experimental protocol followed a gradient approach, with
one control and seven minicosms enriched with increasing volumes
of hydrothermal fluids: from 1.8 to 14.5% of the total volume added
to surface waters (Table 1). These ratios were chosen based on
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previous DFe measurements during the OUTPACE cruise (Guieu
et al., 2018), where DFe likely from hydrothermal origin reached
concentrations up to 66 nM while in surface waters (< 100 m)
impacted by these fluids, [DFe] reached 1-2 nM. Depending on
their vertical and horizontal distance from the source, communities
will be subjected to different fluid-water mixing. Closer to the
source, communities will be subjected to higher enrichments (5-
12 nM at 100-150 m during OUTPACE, corresponding to mixing
rates of 8-18%) while those more distal from the source will be
subjected to lower mixing, due to high fluid dilution, similar to
those observed at the surface during OUTPACE (corresponding to
mixing of 1.5-4.5%). The gradient chosen thus covers the different
conditions to which communities may be subjected. The ninth
minicosm, labeled M9, was used to sample both end-members
(hydrothermal fluids and surface waters unaffected by
hydrothermal fluids) for all parameters and processes considered
prior to their mixing (see Section 2.1.2).

2.1.2 End-member sampling and mixing protocol

The nine minicosms were first filled with surface water sampled
on November 10, 2019, at the western boundary of the South Pacific
Gyre (21.69°S, 174.74°W), located outside the influence of volcanic
activity and characterized by low chlorophyll concentrations (< 0.1
mg m?; Figure 1C). Seawater was pumped at 5 m at 10 p.m. (local
time) using a high flow peristaltic pump (TecamySer®). A volume
of 275 L was evenly and synchronously distributed in the nine
minicosms using nine HDPE pipes. M9 was sampled the next day at
6 a.m. for the measurement of all stocks and fluxes, which are
necessary to characterize the properties of the surface end-member
shortly before mixing. M9 was then emptied and rinsed with
deionized water.

Hydrothermal fluids were sampled upon arrival at the station,
on November 11, 2019, at 9:30 a.m. (local time). Sampling was
performed at 21.15°S, 174.75°W above an active shallow
hydrothermal source (Figure 1C). Seawater was pumped at 200 m
(i.e., the depth at which the strongest acoustic and chemical
anomalies were measured; Tilliette et al., 2022) to fill the
minicosm M9 using the same pumping device as for the surface
end-member. After having collected the samples for the parameters
and processes needed to characterize the fluid end-member, M9 was
used for the mixing. In each of the eight minicosms, different
volumes of surface seawater were removed and replaced by the
same volumes of fluid end-member, following the gradient
approach described in Table 1. The entire process (pumping and
mixing of the two end-members) required 13 h. Concurrently, a
CTD cast (conductivity, temperature and depth; SeaBird SBE 911
Plus rosette-mounted) was performed above the hydrothermal
source to compare parameters measured in the minicosms to the
in-situ data (see below).

2.1.3 Final adjustments and launch of
the experiment

Immediately after mixing, 260 mg of '*C-labeled sodium
bicarbonate (**C-NaHCOs; Sigma—Aldrich®) was added to each
minicosm to monitor the incorporation of dissolved inorganic
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FIGURE 1

Methods used for the hydrothermal fluid enrichment experiment. (A) Scheme illustrating the different components of a minicosm with A LED cover,
B heating resistor, C temperature data logger, D photosynthetically active radiation (PAR) sensor, E sampling tube, F motorized propeller, G filtration
cartridge (used only for some parameters) and H particle trap. (B) Picture taken during sampling, showing eight of the nine minicosms used during
the experiment and installed in the “clean-room" container. (C) Cruise transect superimposed on surface chlorophyll-a concentrations (mg m ).
Chlorophyll-a concentrations were derived from satellite images acquired during the respective period of occupancy: 5 November 2019 for the
western part of the transect, 15 November for the southeastern part, and 29 November for the northeastern part. The position of the end-members
sampled for the minicosm experiment is represented by a red triangle for the fluid end-member and a blue square for the surface end-member.
Note that an effort was made to sample waters relatively low in chlorophyll-a for the surface end-member (< 0.1 mg m™®). The hooks under the
transect represent the different subregions studied during the cruise: Melanesian waters and the Lau Basin at the west and the South Pacific Gyre at
the east.

TABLE 1 Gradient approach considered for the mixing experiment between surface water and hydrothermal fluids.

Treatment Control 1.8% 7.3% 9.1% 10.9% 14.5%
Volume of fluid (L) 0 5 10 15 20 25 30 40
Volume of surface water (L) 275 270 265 260 255 250 245 235

Treatment (in %) represents the proportion of hydrothermal fluid added to surface waters.
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carbon (DIC) into particulate organic carbon (POC). An initial 13C-
DIC signature of ca. 500%o was achieved. The rotating propellers
fitted in each minicom (Figure 1A) were set at 9 rotations per
minute, creating a slight turbulence allowing particles to remain in
suspension. A 12:12 light cycle was simulated with a maximum
irradiance of ~735 pmol photons m™ s reached between 9:30 a.m.
and 5 p.m. (local time). The seawater temperature in each minicosm
was regulated during the entire experiment to the surface in-situ
value (25.7°C) using heating resistors (500 W; AquamedicTM)
regulated by control units (Corema' ™).

2.1.4 Sampling

Sampling was performed on six occasions for most parameters
during the nine-day experiment: 12 h (day 0.5), 24 h (day 1), 48 h (day
2), 96 h (day 4), 144 h (day 6) and 216 h (day 9) after mixing the two
end-members. However, some parameters requiring low volume, such
as for flow cytometry analyses, were sampled daily. The parameters
studied included: photosynthetic pigment concentrations,
phytoplankton abundances, net community production (NCP), N,
fixation rates, DFe, thiols, FDOM and nutrients concentrations. All
samples were collected from the sampling tube installed on each
minicosm (Figure 1A) under the cleanest possible conditions by
gravity and without filtration, except for thiol and macronutrient
samples filtered on sterile Sartobran® 300 cartridges (0.45 um pre-
filtration and 0.2 pm final filtration) connected to the sampling tubes of
each tank. Macro-nutrients were analyzed (see Text S1) and are
described in detail in Bonnet et al. (in rev.). The sampling protocol is
illustrated in Table S1. The duration of the experiment was imposed by
the tight schedule of the cruise and the need to sample less than 50% of
the initial volume by the end of the experiment to minimize the
associated bias.

2.2 Analytical methods

2.2.1 Dissolved iron and particulate trace metals

DFe samples were collected in 60 mL LDPE bottles after filtration
through sterile Sartobran® 300 cartridges (pre-filtration on 0.45 um
and final filtration on 0.2 pm). Right after collection, seawater samples
were acidified to pH ~1.7 with 2%o (v/v) hydrochloric acid (HCI,
Ultrapure® Merck) under a class 100 laminar flow hood, double-
bagged, and stored at ambient temperature in the dark before shore-
based analysis. DFe concentrations were determined by flow injection
and chemiluminescence detection as described in Tilliette et al. (2022).

Trace-metal clean rosette casts were conducted to sample
dissolved and particulate trace metals above the hydrothermal
source. DFe samples were analyzed as described above (see
Tilliette et al. (2022) for further details). The protocol for other
dissolved and particulate trace metal measurements is presented in
Text S2.

2.2.2 Biological stocks
2.2.2.1 Photosynthetic pigments

Samples of 2.7 L were filtered within 2 h of collection through 25
mm glass fiber filters (GF/F; WhatmanTM; 0.7 pum). After filtration,
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filters were transferred to cryovials, flash-frozen in liquid nitrogen and
stored at -80°C pending analysis. Nine months after collection, samples
were processed by the SAPIGH analytical platform at the Institut de la
Mer de Villefranche (IMEV, France). Filters were extracted at -20°C in
3 mL of methanol (100%) containing vitamin E acetate (Sigma-
Aldrich®). They were crushed by sonication before being clarified
one hour later by vacuum filtration. The extracts were analyzed within
1200 series high-
performance liquid chromatography (HPLC) system. The

24 h using a complete Agilent Technologies®

contribution of the identified pigments and their taxonomic
significance were determined according to Uitz et al. (2006). The
biomass of haptophyceae, diatoms and dinoflagellates was thus
estimated from 19’-hexanoyloxyfucoxanthin, fucoxanthin and
peridinin, respectively.

2.2.2.2 Abundance of Synechococcus and
Prochlorococcus cells

Samples of 7 mL were fixed with a mixture of 0.25%
glutaraldehyde and 0.01% Pluronic F-68, flash-frozen in liquid
nitrogen and stored at -80°C pending analysis. Samples were
analyzed at the Station Biologique de Roscoft as described in
Marie et al. (1999). Briefly, 1 mL of thawed sample was
transferred into a cryotube and analyzed using a BD
FACSCanto' " II flow cytometer equipped with 488 and 633 nm
lasers. Signal was triggered on red fluorescence and samples were
run for 3 minutes with a flow rate around 100 uL min™'.
Synechococcus were discriminated from Prochlorococcus cells
through the presence of the pigment phycoerythrin.

During the cruise, rosette casts were conducted to sample for
photosynthetic pigments as well as Prochlorococcus and
Synechococcus abundances above the hydrothermal source. The
collected samples were analyzed as described above.

2.2.3 Biological fluxes
2.2.3.1 Net community production

Samples of 2.7 L were filtered through pre-combusted (450°C,
4 h) and pre-weighed GF/F filters. Filters were then stored in petri
dishes and dried at 60°C for 24 h. Shortly before analysis, each
sample was acidified by adding HCI (2 N) to remove the inorganic
carbon fraction. POC concentrations and carbon isotopic signature
were measured by an elemental analyzer coupled to an isotope ratio
mass spectrometer (EA-IRMS; Vario Pyrocube-Isoprime 100,
Elementar®). DIC concentrations were determined using the R
package seacarb developed by Lavigne and Gattuso (2010) using the
pre-requisite pH and total alkalinity data measured during the
experiment (see Texts S3, 54). 83C-DIC concentrations were
measured as described in Maugendre et al. (2017). NCP was
finally calculated using all these parameters according to the
method of de Kluijver et al. (2010).

2.2.3.2 N, fixation rates

Rates were measured using the '°N, bubble technique (Montoya
et al,, 1996), intentionally chosen to avoid any potential trace metal or
dissolved organic matter contaminations (Klawonn et al,, 2015), as
both have been found to control N fixation or nifH gene expression in
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this region (Moisander et al., 2014; Benavides et al,, 2017). Samples
collected in 2.25 L acid-washed polycarbonate bottles were amended
with 2 mL of 98.9% °N, (Cambridge isotopes), incubated in on-deck
incubators connected to surface circulating seawater and shaded at the
specified irradiances using blue screening. Incubations were stopped by
filtering the entire incubation bottle onto pre-combusted (450°C, 4 h)
GF/F filters. Filters were subsequently dried at 60°C for 24 h before
analysis of "N:"*N ratio and particulate N using an EA-IRMS (Integra
2, SerCon Ltd) as described in Bonnet et al. (2018). The'*N:'*N of the
N, pool available for N, fixation (Montoya et al., 1996) was measured
in all incubation bottles by membrane inlet mass spectrometry to
ensure accurate rate calculations as fully described in Bonnet
et al. (2018).

2.2.4 Dissolved organic compounds
2.2.4.1 Thiols

Thiol samples were collected in 125 mL trace metal-clean low-
density polyethylene (LDPE) bottles (Nalgene®) after filtration
through sterile Sartobran® 300 cartridges. Samples were then
double-bagged and stored frozen at -20°C pending analysis.
Samples were defrosted at room temperature in the dark, and
thiol concentrations were measured electrochemically using a
Metrohm pAutolab III. The working electrode was a hanging
mercury drop electrode, the reference electrode was Ag/AgCl with
a glass salt bridge filled with 3 M KCI, and the counter electrode a
glassy carbon rod. The voltammetric method was taken from
Pernet-Coudrier et al. (2013).

Briefly, a sample aliquot of 10 mL was transferred into an acid-
cleaned voltammetric quartz cell under a laminar flow hood and
acidified to pH 2 using trace-metal grade HCl. The solution was
spiked with 30 pL of 10 ppm molybdenum(VI) and then purged
with nitrogen (99.99%) for 5 minutes. A deposition potential of 0 V
was applied for 150 s with stirring followed by a 5-s rest time. Using
differential pulse mode, the potential scan ranged from 0 to -0.65 V.
Compound concentrations were determined by standard addition
of thioacetamide (TA, Fisher Scientific) and glutathione (GSH,
reduced, Sigma-Aldrich) standards. Two additions were made for
each sample, with four measurements per addition. The peak height
was measured using ECDSOFT (Omanovic and Branica, 1998).

2.2.4.2 Fluorescent dissolved organic matter

FDOM samples were collected in pre-calcined glass bottles and
immediately filtered through pre-calcined GF/F filters using a low
vacuum glass filtration system. The resulting filtrates were transferred
to 100 mL pre-calcined amber glass bottles with Teflon®-lined caps.
The ampoules were stored in the dark at -20°C until analysis.

Within three months of collection, FDOM measurements were
performed with a F-7000 spectrofluorometer (Hitachi®). Excitation-
emission matrices (EEMs) were conducted over the excitation (Agy)
and emission (Ag,) wavelength ranges of 200-500 nm and 280-550
nm, respectively. EEMs were blank-corrected, Raman-normalized and
converted into quinine sulfate unit (QSU). EEMs were treated with
parallel factor analysis (PARAFAC) executed using the
DOMFluortoolbox v1.6 (Stedmon and Bro, 2008) running under
MATLAB® 7.10.0 (R2010a) for the identification of the main
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fluorophores according to Ferretto et al. (2017) and Tedetti et al.
(2016); Tedetti et al. (2020).

2.2.5 Exported material

At the end of the experiment, particle traps were removed, closed
and stored at 4°C in the dark in a 4% formaldehyde solution pending
analysis. Samples were processed according to the standard protocol
followed by the “Cellule Pieges” (INSU-CNRS). After removal of the
swimmers (zooplankton), samples were rinsed three times in MilliQ
water and lyophilized. The total amount of material collected was
weighed to estimate the total exported flux. Three aliquots were then
weighed to estimate total carbon, POC as well as particulate trace
metals exported during the experiment: Fe and Cu.

Total carbon was measured with a CHN elemental analyzer
(2400 Series II CHNS/O Elemental Analyzer, Perkin Elmer®) on
weighted subsamples. POC was measured similarly, after removing
inorganic carbon by acidification with 2 N HCI.

Particulate Fe and Cu concentrations were measured by ICP-
OES (Inductively Coupled Plasma Optical Emission Spectrometry;
Perkin-Elmer® Optima-8000) on acid-digested samples. Digestions
were performed in Teflon® vials by adding Suprapur grade acids to
weighed subsamples in two steps: (1) 1 mL of 65% nitric acid
(HNO:s) followed by a mixture of (2) 500 uL of 65% HNO; and 500
uL of 40% hydrofluoric acid. After each step, samples were heated at
150°C for 5 h. Several aliquots of blanks and certified reference
material (GBW, NRCC) were digested and analyzed under the same
conditions. Blanks (reagent alone and reagent + blank filter) were
below the detection limit (DL). The percentage recovery obtained
with the certified reference material indicated accurate digestion
and quantitative analysis for all elements (Fe: 94 + 4%, Cu: 97 + 3%).

2.2.6 Statistical analyses

To estimate whether the addition of different hydrothermal fluid
volumes had an effect on the measured parameters as a function of
time, multiple linear regressions with interaction were performed
following James et al. (2013). These regressions were modeled to
follow the formula y = ax; + bx, +¢, with y, the parameter of
interest; x;, the mixing ratio (in %); x,, the sampling time and c, the
intercept. In order to compare the growth and decline phases of the
control to the kinetics observed in the fluid-enriched treatments,
regressions were performed independently at the start (12 h, 24 h, 48
h) and at the end (96 h, 144 h, 216 h) of the experiment via the Im
function in R software. In case of significant interaction (p-value (p) <
0.05), a pairwise post-hoc comparison test was performed to determine
the percentage(s) of enrichment having an effect on the considered
parameter using the emmeans package (Lenth et al., 2019).

3 Results

Irradiance, temperature and pH on the total scale during the
experiment are shown in Figure S1. Briefly, the different L:D cycles
(Light :
experimental temperature (25.7°C) was achieved in each

Dark) were stable for all minicosms. The targeted

minicosm, although a lower temperature (25.2°C) was recorded in
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the +9.1% fluid treatment. However, this value was within the range
of in-situ surface temperatures and likely did not significantly
impact the results presented. Since the pH of the fluid end-
member was very low (~6.5), decreases in pH proportional to the
addition of fluid were observed. These pH values gradually returned
to the values observed in-situ in surface waters, due to CO,
outgassing during the experiment. Dilution curves performed on
pH, nutrients and DFe data are shown in Figure S2 and attest the
accuracy and quality of the mixing performed.

3.1 Dissolved iron

DFe concentration ([DFe]) in the fluid end-member was 15-
fold higher than in the surface end-member. [DFe] followed quite
similar dynamics in all fluid-enriched treatments (Figure 2). They
increased until day 1, peaking at 3.2-19.5 nmol L', before gradually
decreasing until the end of the experiment.

In the following section, the results will be discussed according
to two selected periods of the experiment: period 1 (P1) from the
start of the experiment to day 2 and period 2 (P2) from day 2 to the
end of the experiment.

3.2 Stocks and fluxes during
the experiment

3.2.1 Biological stocks
3.2.1.1 Cyanobacteria

Prochlorococcus abundance increased in all minicosms during P1,
independent of fluid treatment (p > 0.05; Figure S3A), although the
maximum abundances reached were 1.1 to 2-fold higher in the fluid-
enriched treatments relative to control (Table 2), except for the +3.6
and +10.9% fluid treatments. Prochlorococcus populations then
gradually decreased until the end of P2, independently of the

25

—{—Control
——1.80%
——3.60%
~—5.50%
——7.30%
9.10%
——10.90%
14.50%
O Surface
B Fluid
A Insitu

DFe (nmol L)

6
Time (in days)

8

FIGURE 2

Temporal dynamics of dissolved iron (DFe) concentrations for a
gradient of fluid addition (in % of total minicosm volume). DFe
concentrations measured in the surface and fluid end-members are
represented by an empty and a solid gray square, respectively. The
red triangle represents the concentration measured in-situ above
the sampled hydrothermal source at 5 m during the CTD casts of
TONGA cruise.
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treatment (p > 0.05; Figure S3A). In contrast, Synechococcus
populations showed significant differences between the fluid-enriched
treatments and the control (p < 0.05; Figure S3B). Control populations
increased until day 1 only, before decreasing. Population in the +7.3%
fluid treatment followed the same kinetics as in the control, although
the maximum abundance was two-fold higher (Table 2).
Comparatively, Synechococcus grew in all other fluid-enriched
treatments until day 2, reaching up to 8-fold higher maximum
abundance as compared to the control. Synechococcus populations
decreased in most minicosms during P2, even reaching a near-zero
abundance in some treatments (p > 0.05; Figure S3B). Modest increases
in abundance were observed for three of the seven fluid-enriched
treatments between days 6 and 8. Only the +1.8% fluid treatment
reached its maximum abundance in P2 (x3.7 relative to the
control; Table 2).

3.2.1.2 Non-cyanobacterial phytoplankton

Haptophyceae biomass (Bpapto) in the control increased throughout
P1 (Figure 3A) before decreasing during P2. In comparison (p < 0.01),
no increase in biomass was observed in the fluid-enriched treatments
during P1, as Bj,p decreased (reaching ~0.004 pg L) relative to the
initial biomass (0.01 pg L™). During P2, Bhapto continued to increase
until day 4, peaking at 0.035 pg L, before gradually decreasing
(Figure 3A). Stagnant in P1, By, in fluid-enriched treatments
increased throughout P2, reaching values twice the one in the control
(up to 0.1 g L, P <0.01). Diatom biomass (Bg;,) remained stable in the
control (~0.0031 pg L") within the first 24 h relative to the initial
biomass (0.0025 pg L™). It then doubled at the end of P1 (Figure 3B)
and remained stable throughout P2 (~0.0025 pg L™). By, in the fluid-
enriched treatments remained stable during P1 at much lower values
than those reached in the control (p < 0.002). It then increased from the
start of P2 until day 6. By, then stabilized in most fluid-enriched
treatments, except for the +5.5, +7.3 and +10.9% fluid treatments in
which a significant increase was observed at the end of P2 (up to 0.043
ug L p < 0.006 relative to the control). Dinoflagellate biomass (Bgo) in
the control increased throughout P1, peaking at 0.046 pg L™ before
decreasing until the end of P2 (Figure 3C). The opposite was observed in
the fluid-enriched treatments, displaying a decreasing trend (p < 0.001)
during P1 (~0.001 pg L), which continued until day 4. It stabilized
between 4 and 6 days before increasing significantly in the fluid-
enriched minicosms until the end of P2 (p < 0.05 relative to control).

3.2.2 Biological fluxes

Cumulative NCP increased during P1 similarly in all treatments
(p >0.08, Figure 4A). At the start of P2, a slight shift occurred: while
control NCP continued to increase, NCP in fluid-enriched
treatments stabilized until day 6 (except for the +14.5% fluid
treatment; Figure 4A). Control NCP stabilized after 4 days,
peaking at 19.8 pumol C L', before decreasing. In comparison,
cumulative NCP in fluid-enriched treatments finally increased
significantly at the end of P2, to higher levels than in the control
(~30.6 umol C L', p < 0.04). A strong positive correlation was
observed between the maximum cumulative NCP reached for each
treatment and the percentage of fluid enrichment (R* = 0.72, p <
0.05; Figure 4B).
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TABLE 2 Ratio of maximum relative changes in biomass of
cyanobacteria populations in hydrothermal fluid-enriched treatments
relative to the control.

Treatment Prochlorococcus Synechococcus
1.8% 1.1 (day 2) 3.7 (day 8)
3.6% 0.7 (day 2) 4.3 (day 2)
5.5% 1.4 (day 2) 4.6 (day 2)
7.3% 1.6 (day 2) 2.1 (day 1)
9.1% 1.5 (day 2) 7.5 (day 2)
10.9% 0.9 (day 2) 3.4 (day 2)
14.5% 2.0 (day 2) 43 (day 3)

The sampling time at which these maximum relative changes were observed is indicated in
parentheses. The abundance of cyanobacteria (Prochlorococcus and Synechococcus) was
measured by flow cytometry.

Cumulative N, fixation (Figure 4C) also increased in all
minicosms during P1. It stabilized in the control at the end of P1
while it continued to increase, although less sharply, in the fluid-
enriched treatments. Cumulative N, fixation in the control
remained stable during P2, peaking at 15 nmol N L' (Figure 4C).
In comparison, N, fixation continued to increase throughout P2 in
the fluid-enriched treatments, reaching values 2.5-fold higher than
the control. No significant correlation was found between the
maximum cumulative N, fixation reached for each treatment and
the percentage of fluid added (R* = 0.019, p = 0.96).

3.2.3 Dissolved organic compounds
3.2.3.1 Thiols

Two types of thiol compounds were identified during the
experiment: TA and GSH compounds. TA concentrations ([TA])
remained stable in the control during both P1 and P2 (~92.8 nmol
LY Figure S4A). In contrast, [TA] increased at the start of P1 in all
fluid-enriched treatments, reaching a maximum concentration 2.5- to
9.2-fold higher than in the control (p < 0.04; Table 3). However, no
correlation between the percentage of fluid enrichment and [TA]
increase was observed (R* = 041, p = 0.31). [TA] then decreased

10.3389/fmars.2023.1082077

rapidly until the end of P2, reaching near-control levels. GSH
concentrations ([GSH]) were null in all minicosms at the start of P1
(Figure S4B). They started to increase at P2, except for the +1.8% and
the +9.1% fluid treatments, reaching concentrations 1.1 to 1.9-fold
higher than in the control (Table 3).

3.2.3.2 Fluorescent dissolved organic matter

Three FDOM fluorophores were identified by the PARAFAC
model: two protein-like fluorophores, ie., tryptophan-like (TP; peaks
T) and tyrosine-like (TY; peaks B), and one humic-like fluorophore
(HS; peaks 1+C). These are the most prevalent FDOM fluorophores in
the aquatic environment (Coble, 2007; Aiken, 2014). Below, fluorophore
concentrations refer to their fluorescence intensities in QSU.

TP concentrations ([TP]) increased in all fluid-enriched
treatments during P1 (Figure S5A), whereas [TP] remained stable
in the control (p < 0.01). Only the +3.6% fluid treatment reached its
maximum concentration during P1 which was lower than in the
control (Table 3). [TP] slightly increased throughout P2 (Figure
S5A), mainly in the fluid-enriched treatments, reaching maximum
concentrations 1.3 to 3.3-fold higher than in the control (Table 3). A
drastic increase of TY concentrations ([TY]) was observed in all
minicosms during P1. Only [TY] in the control decreased after 24 h
(Figure S5B). HS concentrations ([HS]) increased during the first 24
h in all minicosms before stabilizing until the end of P1 (Figure S5C,
p > 0.05). [TY] and [HS] followed the same dynamics as [TP]
during P2 (p < 0.03), reaching maximum concentrations 1.1 to 1.4
higher in the most enriched minicosms as compared to the control.

3.3 Trace metal and POC concentrations in
exported material collected in particle
traps throughout the experiment

The exported material from the control, +3.6% and +10.9% fluid
treatments showed similar Fe concentrations ([Fe]; ~3.67 mg g'l;
Figure 5A). [Fe] from other fluid-enriched treatments doubled
relative to the control. The highest [Fe] (x4 relative to the control)
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Processes studied during the experiment. (A) cumulative **C-net community production and (B) highest values of cumulative **C-net community
production obtained for each minicosm (i.e., day 6 for the control and day 9 for the fluid-enriched treatments) correlated with the percentage of
hydrothermal fluid added. Net community production is shown in pmol C L™* and was determined according to the **C-labeling method described
by de Kluijver et al. (2010). (C) Cumulative dinitrogen fixation (nmol N L™).

was observed in the most fluid-enriched treatment. Nevertheless, no  dilution lines were thus calculated for each treatment and compared
significant correlation was found between the exported [Fe] and the  to the measured values of the parameters at 12 h (Figure S6). For the
percentage of fluid added (R* = 0.24, p = 0.57). High concentration of ~ cyanobacteria biomass, the measured values were always higher (~0.08
Cu ([Cu]) were exported in the most fluid-enriched treatments relative g L") compared to theoretical values (~0.05 ug LY, indicating that
to the control (x2.4; Figure 5B). However, low [Cu] was exported in the ~ cyanobacteria developed rapidly after mixing. In comparison,
+5.5% and +9.1% fluid treatments relative to the large volume of fluid ~ measured values of By, (~0.004 pg L") and By (~0.001 pg L)
added. Nevertheless, a positive relationship between the [Cu] exported ~ were lower than theoretical values (~0.01 pg L™ and ~0.003 pg L™,
and the percentage of fluid added was observed (R* = 0.6, p = 0.03).  respectively) in the fluid-enriched treatments, showing a decline of
POC concentrations ([POC]) exported in the fluid-enriched treatments  both after mixing. The opposite was observed in the control (i.e., higher
were higher than the control (x1.4), except for the +3.6% fluid  measured than theoretical values). Regarding thiols, while measured
treatment that exported lower [POC] (Figure 5C). The highest  and theoretical [TA] of the control matched perfectly, [TA] measured
[POC] (x2 relative to the control) were exported in the least fluid-  in fluid-enriched treatments were up to 8 times higher than theoretical
enriched treatment. No correlation between the [POC] and the  [TA]. This evidence shows that the dynamics observed during the first
percentage of fluid added was found (R* = 0.27, p = 0.52). 12 h after mixing were rather a biological response to hydrothermal
fluid enrichment than a simple dilution effect.

4 Discussion
4.1 Primary effect of fluids
Our primary concern was whether the dynamics observed for the
major phytoplankton groups and thiols were a consequence of the In the control minicosm, a small increase of biomass associated
biological response to the addition of hydrothermal fluids or a dilution ~ with picocyanobacteria, haptophyceae, diatoms and dinoflagellates
effect following the mixing of the two end-members. Theoretical ~ was observed during P1. This increase lasted for only two days,

TABLE 3 Ratio of maximum relative changes in the concentrations of thiol compounds and fluorescent dissolved organic matter (FDOM)
fluorophores in hydrothermal fluid-enriched treatments relative to control.

Thiols FDOM fluorophores
Treatment
GSH-like Tryptophan-like Tyrosine-like Humic-like

1.8% 3.7 (day 0.5) 0.68 (day 9) 1.3 (day 9) 1.3 (day 9) 1.1 (day 9)
3.6% 3.8 (day 0.5) 1.7 (day 4) 0.8 (day 2) 1.2 (day 6) 1.2 (day 9)
5.5% 2.9 (day 0.5) 1.9 (day 4) 1.6 (day 9) 1 (day 6) 1.4 (day 9)
7.3% 2.5 (day 0.5) 1.2 (day 4) 2.3 (day 9) 1.2 (day 9) 1.4 (day 9)
9.1% 2.5 (day 0.5) 1 (day 9) 1.7 (day 9) 1.2 (day 4) 1 (day 9)

10.9% 2.6 (day 0.5) 1.3 (day 9) 3.3 (day 9) 1.2 (day 4) 1.2 (day 9)
14.5% 9.2 (day 0.5) 1.1 (day 9) 15 (day 6) 0.9 (day 9) 1.2 (day 9)

The sampling time at which these maximum relative changes were observed is indicated in parentheses. TA refers to thioacetamide-like thiol compounds while GSH refers to glutathione-like
thiol compounds. FDOM is composed of two protein-like (tryptophan- and tyrosine-like) and one humic-like fluorophores. Concentrations of the three fluorophores refer to their fluorescence
intensities in QSU.
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probably due to nutrient limitation, especially in nitrate (< 0.1 pmol
LY, Figure S7; Bonnet et al., in rev.). The biomass associated with
those groups then decreased rapidly until the end of the experiment.
Nevertheless, this brief development at the start of the experiment
resulted in fairly significant cumulative NCP and POC export into
the traps. In contrast, N, fixation rates remained stable during this
period in the control, and throughout the experiment.

Large differences were observed between the control and fluid-
enriched treatments regarding community composition, plankton
abundance and biological fluxes. Indeed, at the start of P1, only
picocyanobacteria (mainly Synechococcus) developed after the
mixing and at much higher abundances than in the control. Yet,
the fluids provided a small amount of macronutrients that could
have supported the growth of phytoplankton (+0.04-0.28 and
+0.003-0.023 umol L' of NOzand PO  added by fluids,
respectively, relative to the control; Bonnet et al, in rev.).
Furthermore, active diazotrophs also likely provided new N
sources to the system. Compared to the control, the large non-
cyanobacterial species did not develop during P1 and dinoflagellate
mortality (i.e., decreased abundance) was even observed. One
possible hypothesis is that the observed patterns were the result
of an initial toxicity of some elements supplied by the fluids. Such an
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effect would have decreased after 4 days of experiment, as species
whose growth was stagnant finally started to grow. This implies that
the studied waters had likely been detoxified, consistent with the
dynamics of thiols at P1, as these compounds have been reported to
selectively complex certain toxic trace metals (Grill et al., 1989;
Ahner and Morel, 1995; Zenk, 1996). This mechanism will be
explored in the following section.

4.2 Detoxification of the environment and
candidate toxic elements

Environmental detoxification may occur through the excretion
of metal-binding ligands by communities (e.g., Leal et al., 1999;
Morel and Price, 2003; Dupont and Ahner, 2005; Hoffmann et al.,
2012). Two types of organic ligands capable of detoxifying the
environment were measured during the experiment: FDOM,
protein- and humic-like fluorophores, and thiols, a pool of non-
fluorescent matter (Chen et al., 2013). In this section, an in-depth
exploration of thiol implication in environmental detoxification will
be conducted. FDOM fluorophores will be discussed in accordance
with their role as strong Cu ligands (Wong et al., 2019).
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Thiol production by phytoplankton is triggered by the presence
of various trace metals such as Cd, Cu, Hg, Pb and Zn (Grill et al,,
1989; Ahner and Morel, 1995; Zenk, 1996). These metals, essential
(Cu, Zn) or not (Cd, Hg, Pb), can cause numerous deleterious
effects on communities at various concentrations (e.g., Sunda and
Huntsman, 1998; Echeveste et al., 2012; Le Faucheur et al., 2014).
During our experiment, communities immediately responded to
fluid addition through striking thiol production (i.e., up to +823%
[TA] relative to control produced during the 12 h after the mixing).
Two types of thiol compounds were detected: TA and GSH. TA is
actively exuded by phytoplankton (Leal et al., 1999) and precipitates
trace metals, rendering them non-bioavailable to communities
(Gharabaghi et al., 2012). GSH is the most common thiol ligand
in surface waters (Le Gall and Van Den Berg, 1998; Leal et al., 1999;
Tang et al,, 2000) and is a precursor of phytochelatins (PC; Grill
et al,, 1989), a polypeptide that forms complexes with trace metals
ultimately transported and degraded in the vacuole and/or
chloroplasts (Cobbett, 2000; Worms et al.,, 2006). Thus, the
decrease in [GSH] to near-zero levels reflects a high PC
production (Romano et al., 2017). Previous studies reported that
GSH levels in the presence of high metal concentrations could reach
undetectable levels within a few hours (2-4 h; Scheller et al., 1987;
Coppellotti, 1989; De Vos et al., 1992; Rijstenbil et al., 1994; Satoh
etal, 1999), in agreement with the levels observed in minicosms 12
h after the mixing (< DL). After the probable environmental
detoxification, [GSH] accumulated in minicosms. This result was
expected as GSH also plays a homeostasis and environmental
sensing role in phytoplankton (May et al, 1998; Noctor et al,
1998). Thus, these two thiol compounds had a key role in mitigating
the deleterious effects of toxic trace metals added to the
environment by fluids (Figure 6). The possible trace metals
released by hydrothermal fluids will be explored in this section in
accordance with their ability to trigger thiol production (i.e., Cd =
Cu > Pb > Hg; Grill et al,, 1989; Ahner and Morel, 1995).

4.2.1 Cadmium

Cd has been reported as the most effective trigger of thiol
production in most phytoplankton species (Ahner and Morel, 1995;
Dupont and Ahner, 2005; Romano et al., 2017; Permana and
Akbarsyah, 2021). Consistently, elevated concentrations of
particulate Cd were measured in the fluid end-member relative to
the surface end-member (x11.5; Table S2) suggesting that fluid
addition supplied high Cd levels. This raises the possibility that Cd
played a role in the preliminary toxicity induced by shallow
hydrothermal fluid addition.

4.2.2 Copper

Cu has been reported to trigger significant phytoplankton
production of thiols, both TA and GSH, their presence allowing
for rapid and efficient detoxification of the environment (De Vos
et al,, 1992; Leal et al., 1999; Brown and Gordon, 2001; Dupont and
Ahner, 2005). Although total dissolved Cu (DCu) concentrations
were similar in fluid and surface end-members (~250 pmol LY,
DCu toxicity depends solely on the concentration of the free Cu®*
form (not measured during TONGA), the only toxic form of DCu
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and also the most bioavailable (Brand et al., 1986; Ahner et al., 1994;
Sunda, 1994; Ahner et al, 1998). Interestingly, shallow
hydrothermal sources have been reported to release high
concentrations of labile material, including Cu®* (Valsami-Jones
et al., 2005; Hawkes et al, 2014), suggesting that a significant
portion of the DCu measured in the fluid end-member may be in
the ionic form. Thus, the low concentration of DCu present in the
fluid could still be extremely toxic to communities, as Cu*"
concentrations as low as 2.3 pmol L have been reported to be
toxic to some species (Leal et al, 1999; Mann et al., 2002). In
contrast, an 82-fold enrichment of particulate Cu (pCu) in the fluid
end-member relative to the surface end-member was measured
(Table S2). A relationship between the percentage of fluid addition
and the concentration of exported pCu (Figure 5) was also found.
This pCu was probably a mixture between fluid-added
hydrothermal particles and Cu-TA compounds (ie., complexed
thiols). However, based on pCu concentrations added by fluid and
surface end-members (see Text S5 for further details), it can be
stated that not all of the added pCu was recovered in the material
exported in fluid-enriched treatments (~28-72% recovered
depending on the fluid addition), in contrast to the control (101%
pCu recovered). This could be explained by a possible redissolution
of hydrothermal particles at the start of the experiment (favored by
the low pH; Figure SI; Ain Zainuddin et al, 2019) or by the
presence/formation of fine particles that may be slow to settle.
This is likely as most hydrothermal particles have been reported to
have a small diameter (< 2 pm; Walker and Baker, 1988) and Lou
et al. (2020) demonstrated that particles smaller than 20 pm were
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Summary diagram. (1) in blue, the ratio of thioacetamide-like
compound concentrations measured 12 h after the mixing versus at
the end of the experiment (D0.5:D9) and, (2) in black, the ratio of
cumulative **C-net community production rates measured at the end
versus at the start of experiment (D9:D0.5). Treatments were grouped:
no addition (0, control), low (+1.8-5.5%), medium (+7.3-9.1%) and high
(+10.9-14.5%) fluid addition. Asterisks represent the significance of
each group relative to control (unpaired Student test, p < 0.01).
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involved in the long-distance transport of the plume (and thus have
a lower sedimentation rate). Furthermore, a high FDOM
production was observed in the fluid-enriched treatments with
significant increases in the concentrations of protein- and humic-
like fluorophores during the experiment (Table 3). Besides thiols
compounds, protein- and humic-like fluorophores have been
clearly identified as organic ligands that present binding affinities
with trace metals, particularly Cu?t (Mounier et al., 2011; Chen
et al., 2013). A recent study also showed a strong correlation
between FDOM production, Cu?" concentrations and L,-class
ligands in marine waters (Wong et al, 2019). All these
observations suggest a release of protein-like FDOM by
phytoplankton in response to Cu toxicity (Corbett, 2007; Wong
et al, 2019). Thus, Cu may play an important role in the toxicity
induced by fluid addition at the start of the experiment.

4.2.3 Lead

Pb is a known trigger for thiol production by phytoplankton,
although less effective (Ahner and Morel, 1995). This element may
have had a toxic effect on communities subjected to fluid enrichment at
the start of the experiment, as particulate Pb was 91 times enriched in
the fluid end-member relative to the surface end-member (Table S2).

4.2.4 Mercury

Hg has been reported as being one of the less effective triggers of
thiol production by phytoplankton in response to toxic
environments (Satoh et al., 2002; Wu and Wang, 2012). Despite
such a fact, total Hg (THg) concentrations in the fluid end-member
were 10 times higher than in the surface end-member (Table S2,
Desgranges, pers. comm., 2022). THg was present primarily as
elemental Hg (i.e., in gaseous form; Desgranges, pers. comm., 2022)
that can (1) degas to the atmosphere and/or (2) be oxidized to Hg2+
reported to be extremely toxic to phytoplankton (Wu and Wang,
2011). Even if it is impossible to conclude which Hg form
predominates in fluid-enriched treatments, high concentrations of
ngJr could be toxic, or even lethal, to communities.

Other thiol-complexed trace metals, such as Zn or nickel, were
not exported in significant amounts in traps relative to the control.
It is therefore unlikely that these elements played a significant role
in the biological dynamics observed during P1. Thus, the high
production of thiols in response to the hydrothermal fluid addition
is coherent and could be triggered by the presence of a cocktail of
several toxic elements such as Cu, Hg, Pb and possibly Cd.

4.3 The most probable producers of
thiol ligands

The question of which players produce thiols capable of detoxifying
the environment is relevant. In the present experiment,
picocyanobacteria could be the potential thiol producers (Moffett
et al., 1990; Moffett and Brand, 1996; Croot et al., 2000). In fact, the
first organisms to grow were picocyanobacteria such as Synechococcus
and Prochlorococcus to a lesser extent, consistent with the striking
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increase of thiols that occurred 12 h after the mixing (Table 3). In line
with these observations, Prochlorococcus has been reported to be more
sensitive to trace metal addition than Synechococcus (Mann et al., 2002).
However, Synechococcus has previously been reported as one of the
most sensitive species to trace metal addition due to its large surface-to-
volume ratio (Quigg et al, 2006). This was not observed in this
experiment, as in several other studies, where Synechococcus was the
most resistant species to trace metal addition while eukaryotic species
were the most sensitive (Joux-Arab et al., 2000; Stauber and Davies,
2000; Le Jeune et al,, 2006; Levy et al., 2007). Numerous studies have
demonstrated the existence of Synechococcus ecotypes adapted to toxic
trace metal concentrations, either genetically or physiologically (Huckle
et al,, 1993; Mann et al., 2002; Palenik et al., 2006; Stuart et al., 2009;
Stuart et al,, 2013). These ecotypes are primarily from environments
where trace metal concentrations may be chronically high, such as
coastal waters or near hydrothermal vents, and are adapted to a fast-
changing environment (Mann et al., 2002; Stuart et al., 2009). They may
also be related to their previous exposure to trace metals (Levy et al,
2007). Low abundance of cyanobacteria was measured in the fluid end-
member (0.0035 ug L™). It is therefore possible that the thiol-producing
Synechococcus adapted ecotypes found in fluid-enriched treatments
originated from the environment near the shallow hydrothermal
source and allowed for environmental detoxification. Molecular
analyses would be necessary to confirm such a hypothesis. For all
these reasons, it is very likely that Synechococcus, known to produce
strong binding ligands, including thiols (Moffett et al., 1990; Moftett and
Brand, 1996; Croot et al., 2000), was the major producer of these ligands
that were needed to inhibit toxicity of ionic trace metal, allowing other
species to grow. Moreover, Brand et al. (1986) demonstrated that
Synechococcus growth rates subjected to high concentrations of Cu or
Cd were inhibited in the absence of strong chelators.

Based on our experimental data, the largest non-cyanobacterial
species (haptophyceae, diatoms and dinoflagellates) were probably
not the major thiol producers, especially since eukaryotes have been
reported to have more affinity for thiols-Cu complexes, in contrast
to prokaryotes (Walsh et al., 2015) and to produce weaker ligands
(Croot et al., 2000). Indeed, diatoms and haptophyceae only
developed 2 and 4 days after the mixing, respectively, not
coinciding with the thiol peaks measured 12 h after mixing.
However, it is interesting to note that diatoms - known to be
more tolerant to the addition of certain trace metals, such as Cu
(Croot et al., 2000) - were the first to develop after environmental
detoxification. Dinoflagellate mortality (i.e., decrease in biomass)
was observed from the start of the experiment, rendering these
species poor candidates for strong ligand production. This result is
not surprising as dinoflagellates are known to be very sensitive to
Cu, even at low concentrations, and to other trace metals (Anderson
and Morel, 1978; Brand et al., 1986; Taylor, 1987; Lage et al., 2001).
Encystment strategies have been developed by dinoflagellates to
protect themselves from a harmful environment (Anderson and
Morel, 1978; Pinto et al., 2003), allowing the persistence of plasma
membrane and chlorophyll integrity (Lage et al., 2001). Recovery
from trace metal exposure has been observed for numerous
dinoflagellates species within 24 to 96 h after exposure (Lage
et al,, 1994; Okamoto et al,, 1999). This excystation process may
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explain the delayed growth of dinoflagellates (6 days after the
mixing) relative to other species.

Abiotic factors such as pH and temperature and biotic factors such
as uptake pathways and internal detoxification processes can influence
trace metal tolerance. When mixing the two end-members, addition of
one (or a cocktail of) trace metal(s) and H,S-rich, low-pH and oxygen-
poor fluid (Tilliette et al., 2022) temporarily altered the surface water
chemistry and may have exacerbated the toxic effect of fluid addition.
Nevertheless, due to the significant production of thiols by
picocyanobacteria, especially by resistant Synechococcus ecotypes,
potential toxic elements supplied by hydrothermal fluids have been
modified into less harmful forms. This environmental detoxification
allowed the larger species to grow and a late positive effect proportional
to the fluid addition could be observed at the end of the experiment (see
the following section).

4.4 Fertilizing effect of fluid addition and
comparison with in situ data

As discussed above, the addition of hydrothermal fluids to surface
waters first inhibited biological activity until the fluid chemistry was
modified by the production of thiols making the mixed water less
harmful or even fertilizing (Figure 6). Indeed, growth of non-
cyanobacterial species was observed 4 days after the mixing, resulting
in enhanced cumulative NCP rates (up to x3.3 relative to the control) at
the end of the experiment. Moreover, an increasing fertilizing effect
depending on the addition of hydrothermal fluid was observed, as the
maximum cumulative NCP values were proportional to the percentage
of fluid added (Figure 4B). This positive effect was also observed for N,
fixation, which was up to 2.5-fold higher in fluid-enriched treatments
relative to the control. Consequently, an increase of POC export was
measured in the fluid-enriched treatments (x1.4 on average and up to
x2.2 relative to the control). Such a positive effect on NCP and N,
fixation is likely due to the introduction of high concentrations of
fertilizing elements, such as Fe, along with rather low concentrations of
macronutrients, so the system was likely still nitrate-limited. During the
TONGA cruise (Guieu and Bonnet, 2019), the same stocks and fluxes
studied in the minicosms were measured in-situ along a 6100-km
transect through the Tonga volcanic arc. Cruise results show that N,
fixation rates were the highest above hydrothermal sources and
primarily supported by large (> 10 pm) species such as
Trichodesmium (Bonnet et al, in rev.). In contrast, in-situ primary
production was high a few kilometers from the source, but lower just
above it (Bonnet, unpublished), likely reflecting the toxic effect of fluids
evidenced during our experiment.

Fe is an essential element for phytoplankton growth and
metabolism (Behrenfeld and Milligan, 2013). It is a known fertilizing
element for all phytoplankton species, having a direct influence on
photosynthesis (Sunda and Huntsman, 1995) and thus an important
role in carbon export and sequestration in the ocean interior (Martin,
1990; Pollard et al,, 2007). Fe is also often a limiting element for
diazotrophs, as in addition to photosynthesis, the N, fixation process
also requires high Fe amounts (Raven, 1988). During the experiment,
hydrothermal fluids supplied high Fe concentrations, both in
particulate and dissolved forms (Figure 4). Indeed, a 772- and 16-
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fold enrichment of particulate (Table S2) and dissolved Fe, respectively,
could be observed in the fluid end-member relative to the surface end-
member. These high DFe concentrations introduced by the fluid end-
member ([DFe] = 15.8 nmol L) were likely responsible for the high N,
fixation and NCP rates measured in the fluid-enriched treatments. This
was confirmed (see Text S6) by the higher Fe uptake rates of
picocyanobacteria (mainly Synechococcus and bacteria), that
consumed up to 16% of the total minicosm DFe stock over the
course of the experiment, relative to non-cyanobacterial species, that
consumed up to 8% of the total stock, in agreement with the uptake
rates measured by Lory et al. (2022) during the TONGA cruise (~4-11
pmol Fe L' d™). Interestingly, consistent with these uptake rates, the
DFe dynamics observed during the experiment were primarily driven
by precipitation. This process can easily be explained by the presence of
high H,S concentrations in the fluid (Tilliette et al, 2022) and the
gradual increase in pH, which was significantly decreased at the start of
the experiment through the low pH fluid addition (pH of 6.5; Figure
S1). Estimated precipitation rates in fluid-enriched treatments (66 +
7%) were similar to those estimated in-situ above the shallow
hydrothermal source (62-86%; Tilliette et al., 2022). As for Cu, only
a small proportion of the particulate Fe was recovered in traps (< 10%),
probably due to the small particle size that did not allow them to
be exported.

The growth of the large non-cyanobacterial species occurred at
days 2-4, when phosphate and nitrate concentrations were nearly
depleted (Bonnet et al, in rev; Figure S4). Nitrogen was made
available to non-diazotrophic phytoplankton through N, fixation and
the use of rather abundant DOP (~0.2 pmol L7 after 4 days, data not
shown) as an alternative P-source may have allowed their growth.
Indeed, microbial utilization of DOP through alkaline phosphatase
activity can be Fe-limited (Browning et al.,, 2017) and the alleviation of
Fe stress leads to DOP loss (likely as a consequence of enhance uptake)
under low phosphate availability at the global scale (Fernandez-Juarez
et al, 2019; Liang et al, 2022). Thus, the introduction of high
concentrations of DFe by the fluid end-member mitigated the Fe
limitation of surface end-member waters. This DFe fertilization by
fluids is of great importance as diazotrophs can exploit these high
concentrations to build biomass, as long as phosphate concentrations
are sufficient or if these organisms also use DOP (Dyhrman et al., 2006;
Dyhrman and Haley, 2006). The fluid addition also allowed an
important enrichment in Al (x27.5 of particulate Al relative to
control; Table S2). Interestingly, Al has been reported to promote Fe
uptake (Shaked et al., 2005; Mujika et al., 2011; Ruipérez et al., 2012),
DOP utilization and N, fixation (Liu et al,, 2018) and may explain, in
addition to DFe availability, the fertilizing effects observed on
phytoplankton communities over half of the experiment. Subsequent
nitrogen provision by these organisms in this N-poor environment
likely allowed the development of larger non-diazotroph species (ie.,
haptophyceae, diatoms and dinoflagellates), which in turn likely also
explains the observed significant impact on primary production
(Berthelot et al,, 2016). Hydrothermal fluid-induced DFe fertilization,
which resulted in higher primary production rates and POC export,
indicated that such fertilization has a positive impact on the biological
carbon pump, in line with in-situ results obtained during the TONGA
cruise (Bonnet et al., in rev.). It should be noted that the experiment
had to be stopped for logistic reasons, during the exponential phase of
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FIGURE 7

Conceptual diagram of the stepwise biological responses of natural phytoplankton communities to hydrothermal fluid addition during the nine-day
experiment. Briefly, the following points can be observed: (1) the dominance of picocyanobacteria and diazotrophs at the start of the experiment
due to the toxicity of the metals supplied by the hydrothermal fluid, (2) the production of organic ligands by Synechococcus, in particular thiols and
FDOM, within 0.5 to 2 days after the fluid addition, (3) the development of eukaryotic phytoplankton following environmental detoxification, leading
to high primary production and (4) the exponential growth of these eukaryotes until the end of the experiment. The schematic legend is represented
in a grey frame. Cu, copper; Fe, iron; TA-like compounds, thioacetamide-like compounds; GSH-like compounds, glutathione-like compounds;

FDOM, fluorescent dissolved organic matter; PP, primary production.

non-cyanobacterial species. Thus, POC export was likely supported by
diazotrophs, as observed in-situ (Bonnet et al., 2023), and
cyanobacteria, as larger non-diazotroph phytoplankton developed
belatedly and were still in exponential phase when the experiment
was stopped. This suggests that the effect of fluids on POC export was
likely underestimated in our experiment due to the limited incubation
time considered.
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5 Conclusion

This nine-day experiment demonstrates that, although
hydrothermal fluids triggered an initial toxic effect on phytoplankton
communities, these hydrothermal inputs ultimately stimulated NCP,
N, fixation and POC export, in line with in-situ observations. This
fertilizing effect occurred notably through rapid detoxification of the
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potentially toxic trace metal-rich environment (a cocktail of trace
metals such as Cu, Cd, Hg and Pb) by Synechococcus ecotypes,
which are capable of producing organic ligands, such as thiols (TA-
and GSH-like compounds) and FDOM (protein-like fluorophores).
These ligands have been reported to significantly reduce the
bioavailability of harmful elements to the planktonic communities
and have probably allowed the environment to become suitable for the
development of more sensitive communities (i.e., eukaryotes). Thus,
species stressed by high concentrations of trace metals (haptophyceae,
diatoms and dinoflagellates) were able to increase their growth rates,
which were further enhanced by the supply of essential and fertilizing
elements, especially Fe, by hydrothermal fluids (Figure 7). The
experimental results are consistent with the in-situ observations
performed during the TONGA expedition in the region impacted by
hydrothermal fluids. They confirm the causal link between the supply
of hydrothermal fluids into the photic layer, the intense biological
productivity and the high rates of diazotrophy. This study highlights
the implication of shallow hydrothermal systems as a trigger for high
biological productivity in oligotrophic ocean areas. Such sources may
be widespread in the global ocean and may have a significant impact on
the functioning and effectiveness of the biological carbon pump.

This study revealed some shortcomings that need to be addressed
in future experiments. Additional analyses of trace metal ionic
concentrations in fluids from hydrothermal sources of the Tonga-
Kermadec arc would have helped confirm the level of toxicity of metals
triggering the production of thiols. A precise measurement of the
dynamics of ionic forms of trace metals and their ligands during the
experiment could be of great interest to better understand
environmental detoxification. It would also be possible to repeat this
experiment but over a longer time period to accurately estimate the
effect of fluids on material export. Molecular analyses could also
validate the hypothesis of the presence of resistant thiol-producing
ecotypes of Synechococcus in hydrothermal fluids.
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