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Chaque génération, sans doute, se croit vouée a refaire le monde. La
mienne sait pourtant qu’elle ne le refera pas. Mais sa tache est

peut-étre plus grande. Elle consiste a empécher que le monde se

défasse.

Albert Camus, Discours de Suéde, 1957
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CHAPTER 1

General introduction

"There are other ways of saying it, but really the most urgent question
for biological oceanography is whether the marine biosphere will
mitigate or reinforce the increase of anthropogenic greenhouse gases

in the atmosphere."

A. R. Longhurst, Role of the marine biosphere in the global carbon cycle

13
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1.1 Overview: biogeochemical cycles in the pelagic

ocecan

1.1.1 The pelagic ocean structure and its key biogeochemical

processes

Since the pioneering nineteenth-century oceanographic expeditions, our expo-
nential knowledge of the global ocean has highlighted its crucial influence on
Earth’s climate system and oxygen production required for living organisms. Par-
ticularly, it has absorbed 90% of the heat gained by the Earth since 1970 (Cheng
et al., 2017), as well as a significant part of carbon dioxide (CO,) released by
human activities (Friedlingstein et al., 2022). Its most voluminous part, the pelagic
domain, is defined as the worldwide water column beyond the continental shelf
or neritic zone (Fig. 1.1), with the exception of the water near the ocean floor
(demersal zone) and the seafloor itself. Strong gradients of light, temperature, den-
sity and hydrostatic pressure govern this environment. In its three-dimensional
structure, global ocean dynamics is influenced by winds, the Coriolis force, and
variations in temperature and salinity of water masses, operating across different
scales to distribute heat and nutrients (Ganachaud and Wunsch, 2000). Unlike
terrestrial ecosystems, pelagic ecosystems are shaped by constantly turbulent and

advective waters.

BATHYPELAGIC

ABYSSALPELAGIC Aphotic Zone

HADALPELAGIC

Figure 1.1: Vertical and zonation of the ocean, modified from Davies et al. (2012).

Consequently, pelagic ecosystems are home to organisms that drift with cur-

rents on the horizontal plane, known as plankton, as opposed to nekton which are
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capable to swim against currents. Plankton encompass organisms from all three
domains of life (Bacteria, Archaea, and Eukaryota) along with viruses. They vary
greatly in size, ranging over more than six orders of magnitude (Sieburth, 1979;
Fig. 1.2), and occupy diverse ecological niches. Indeed, plankton are found at all
depths and span various feeding modes: they can be autotrophic (i.e., they produce
organic matter from simple chemical compounds), heterotrophic (i.e., they feed
on existing organic matter), or mixotrophic (i.e., they can use both pathways).
Planktonic organisms are major contributors to the biological production and
export of particulate organic carbon (POC) from the surface to the intermediate

and deep ocean, a process called the biological carbon pump (BCP; Fig. 1.3).

Dissolved Organic Matter Particulate Organic Matter
Truly solvable materials
Colloids Fecal pellets
Phytoplanktoerico- ® Nano- ® Micro-
Zoopla.nktOnb Micro- ® Meso- QMz:Lcro—
Aggregates: Submicron Micro- O Macro-
1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 |III|I|| 1 IIIIIIII 1 1 111111
0.1nm 1nm 0.1lpm lpm 10pm 100pm lmm lem

Size

Figure 1.2: Size range of marine particles and plankton, from Monroy et al. (2017).

Indeed, photoautotrophic phytoplankton take up CO5 and available nutrients
to produce organic matter in the epipelagic layer (Fig. 1.1, 1.3). Its lower boundary,
generally found between 100 and 250 m (Fig. 1.1), is defined as the depth at which
99% of daytime sunlight is absorbed. Phytoplankton encompass tiny prokaryotic
and eukaryotic single-cell organisms and contribute to half of Earth’s biomass
production (Field et al., 1998). Primary production varies considerably across time
and space with marked differences between oceanic regions. Central, mid-latitude
oceanic gyres are vast areas of quasi-permanent low productivity (also referred
to as oligotrophic environment or oceanic deserts). In contrast, high latitude
waters are characterized by high seasonal productivity, especially during spring
phytoplankton bloom (Fig. 1.4). In equatorial and coastal (eastern Pacific and
Atlantic) waters, wind-driven upwelling areas convey deep nutrient-rich waters
into warm surface waters, offering areas of high productivity which support some

of the most diverse oceanic ecosystems (Kaempf and Chapman, 2016; Fig. 1.4).
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Figure 1.3: Schematic view of the biological carbon pump, from Turner (2015).

Just below the epipelagic layer, the mesopelagic layer starts when light is
insufficient for photosynthesis and ends at 1,000 m (Fig. 1.1). The dim light that
reaches this layer enables some visual predators to effectively capture prey; this is
why this layer is commonly referred to as the "twilight zone" (e.g., Buesseler et al.,
2007). Other organisms have developed special adaptations to these light condi-
tions through bioluminescence, a widespread phenomenon in this layer (Martini
and Haddock, 2017). The mesopelagic zone is connected (and connects deeper
layers) to the surface ocean by hosting diel vertical migrations of zooplankton
and micronekton, considered the most important animal migration on the planet
(Hays, 2003). Although photosynthesis does not occur in the mesopelagic zone,
this layer is paradoxically characterized by high inorganic nutrient concentra-
tions, transferred to the surface ocean by water mass movements (Robinson et al.,
2010). Indeed, the upper boundary of the mesopelagic layer often coincides with
the thermocline, a transition zone between temperate surface waters and colder,
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deeper water masses. As a result, warmer and less dense waters are found at the
surface and are mixed by the action of winds. This mixed layer deepens during
winter and is enriched with nutrients from deeper waters, creating a favorable
environment for surface organisms. Therefore, the mesopelagic layer is a key
interface within the entire pelagic environment. Yet, studying this stratum is chal-
lenged by inherent sampling limitations (difficult access, mechanical disruptions
and decompression of organisms). Its ecology remains much less understood
compared to that of the surface ocean, and recent calls have highlighted the
urgency to explore and study this layer (Martin et al., 2020).

Deeper than the mesopelagic zone, the aphotic (i.e., no sunlight is coming
through) zone includes the bathypelagic, the abyssalpelagic and the hadalpelagic
layers (Fig. 1.1). Physical gradients are less marked and conditions are more

homogeneous. Thus, this thesis will focus on the epi- and mesopelagic layers.

Chlorophyll Concentration, OCI Algorithm (mg m~2)

_ T T :_v

0.01  0.02 0.05 0.1 0.2 05 1 2 5 10 20

Figure 1.4: Annual chlorophyll a concentration, a proxy of ocean productivity, for the
year 2020. Data come from the NASA satellite Aqua-MODIS.

The epi- and mesopelagic oceans host a rich abundance of life. Zooplank-
ton, including protist (i.e., unicellular eukaryotes) and metazoan (multicellular
organisms) taxa, link primary producers to higher trophic levels. Phytoplanktonic
material can also be transformed into dissolved organic carbon (DOC; Fig. 1.2)
and assimilated by heterotrophic bacteria. These bacteria are then eaten by het-

erotrophic protists, which are grazed by metazoan zooplankton. This microbial
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loop has a major role in transferring organic matter to higher trophic levels (Azam,
1998). Both pathways result in the formation of detrital material, crucial in the
functioning of the pelagic ecosystem. Phytoplankton cells in the surface layer can
form sinking aggregates, termed marine snow given their snow-like appearance
(Fig. 1.3). Similarly, fecal pellets and carcasses of larger organisms contribute to
this snow of detrital material toward the deep ocean (Silver and Gowing, 1991;
Wilson et al., 2013; Fig. 1.3).

As it distributes biologically available carbon along the water column from the
surface to the interior of the ocean, the BCP is a key component of marine food
webs. It results from a set of mechanisms, including gravitational settling of parti-
cles, physical mixing, subduction-driven lateral transport and active transport by
vertically-migrating zooplankton and fishes (Boyd et al., 2019; Stukel et al., 2023).
However, most of the POC produced in the euphotic layer is recycled back to CO,
there. Only a fraction is exported to the mesopelagic realm (Fig. 1.5a), and this
export is estimated to range between 5 and 12 Pg C y~! globally (e.g., Henson et al.,
2011; Nowicki et al., 2022; Clements et al., 2023). As the main food source for
mesopelagic biota, organic matter undergoes various processes of consumption,
repackaging and microbial decomposition (Fig. 1.3). Remineralization processes
will eventually break down organic matter into DOC (Fig. 1.2) or respired back
into CO,. As a consequence, gravitational POC flux declines exponentially with
depth and is commonly modeled by a power law (Martin et al., 1987; Fig. 1.5b) or
by an exponential law (Lutz et al., 2002). The fraction of exported organic carbon
that escapes remineralization and reaches at least 1,000 m is referred to as the
transfer efficiency (Francois et al., 2002). The depth at which organic carbon is
remineralized back to CO; eventually determines the time needed for its return
to the surface ocean, thereby impacting atmospheric CO; concentration (Kwon
et al., 2009).

Ultimately, only 1-3% of the surface primary production reaches depths below
1,000 m (Lampitt et al., 2010), at which it is said to be sequestered until the
thermohaline circulation brings it back to the upper ocean (Fig. 1.3; Passow
and Carlson, 2012). Sequestration varies spatially because of ocean circulation
patterns (DeVries et al., 2012). The sequestration timescale (i.e, the time until
carbon is returned as CO, to the atmosphere) depends on the depth at which
particles are injected as well as their circulation through the ocean before they
are remineralized to CO, (Boyd et al., 2019). Among the previously mentioned

components of the BCP, the gravitational pump exports most particles out of the
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(a) Global POC export
(Henson et al., 2012)

b) Regionalized flux attenuation coefficient b
(Guidi et al., 2015)

Figure 1.5: (a) Particulate organic carbon export from the euphotic zone at an arbitrary
depth of 100 m, modified from Henson et al. (2012). (b) Regionalized estimates of the
power law exponent b (Martin et al., 1987), also known as the attenuation coefficient,
modified from Guidi et al. (2015). Values of the dimensionless coefficient b mostly range
from 0.2 to 1.2. High values imply high flux attenuation and thus high remineralization.

surface ocean and is associated to longer sequestration timescale (Stukel et al.,
2017; Boyd et al., 2019; Stukel et al., 2023). The following of the thesis will focus

on this component and its mechanisms.

1.1.2 The gravitational pump

At global scale, export and transfer efficiencies due to gravitational sinking dis-
play strong variations over a range of oceanic provinces (Buesseler et al., 2007;
Henson et al., 2012; Guidi et al., 2015; Cavan et al., 2019; Fig. 1.5). They are linked
to surface phytoplankton (Francois et al., 2002; Guidi et al., 2009), zooplankton
(Steinberg et al., 2008b; Henson et al., 2019), and microbial (Le Moigne et al.,
2016) communities. Indeed, their combined action determines the amount and
properties of sinking material and the proportion of marine snow aggregates
versus fecal pellets (Buesseler et al., 2007). Deeper, mesopelagic communities
also play a critical role in the fate of sinking material. Zooplankton and bacteria

contribute to flux attenuation by fragmenting, consuming, and respiring organic
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material. Total mesopelagic carbon demand have been estimated to exceed the
loss of sinking POC flux by up to 10 times (Steinberg et al., 2008b), highlight-
ing the need to accurately quantify all sources of demand and flux for accurate
carbon budget assessments. Zooplankton can repackage sinking particles into
fast-sinking fecal pellets, enhancing transport of organic carbon to depths (Burd
et al., 2010). These activities are influenced by local temperature, oxygen and
resource availability conditions (Lépez-Urrutia et al., 2006; Iversen and Ploug,
2013; Marsay et al., 2015; Laufkétter et al., 2017; Cram et al., 2018). Still, the
role of mesopelagic organisms is yet poorly understood and this layer is often
under-parameterized in biogeochemical models (e.g., Aumont et al., 2015), despite
its high heterogeneity (Robinson et al., 2010; Cavan et al., 2019). Understanding
biological activities occurring in this layer is of paramount importance for our
knowledge of the BCP and its responses to future changes. Zooming in to a
smaller scale, the magnitude of the gravitational pump ultimately depends on the
ability of particles to reach great depth before their carbon is respired. Therefore,
it also depends on particles’ individual properties as well as ecological processes
they are exposed to (De La Rocha and Passow, 2007).

Sinking particles are diverse, including single or aggregated planktonic or-
ganisms, fecal pellets, organic debris, or a mixture of those (Alldredge and Silver,
1988). Given their distinct origin and age, they are composed of various organic
molecules, such as lipids or carbohydrates, whose concentrations vary (Kharbush
et al., 2020). There is a lability gradient from surface to depth, with highly labile
POC close to the surface, where it forms, and more refractory material in deeper
layers (Kharbush et al., 2020). As a consequence, organic particles are reminer-
alized at slower rates the deeper they are found (Ducklow et al., 2001; Herndl
and Reinthaler, 2013). Further modifying their composition during their sinking,
bacteria colonize particles and release polymeric compounds, which increase
particle stability and specific density (Alldredge et al., 1990; Stoderegger and
Herndl, 1999).

Particle composition, which determines the specific density of particles rela-
tive to the surrounding water, directly impacts their sinking speed. This latter
parameter has a key role in controlling flux attenuation (De La Rocha and Passow,
2007; Fig. 1.6). Indeed, the faster a particle sinks, the less remineralization it will
undergo before reaching the deep ocean. Besides composition, the speed of a
particle depends on its individual properties, such as size, shape and porosity
(McNown and Malaika, 1950; Engel et al., 2009; Iversen and Ploug, 2010), in
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addition to ambient water viscosity (Bach et al., 2012; Taucher et al., 2014). Given
the intricacy of these factors, assessing their effect is challenging. Hence, the
sinking velocity of particles is often modeled from size only (e.g., Guidi et al.,
2008; Iversen and Ploug, 2010; Ramondenc et al., 2016; Guidi et al., 2016; Fender
et al., 2019). Slow-sinking particles are typically assumed to be either small or
large with low density. Marine particles sink at a speed up to more than 2,000
m d~! (Turner, 2002; Turner, 2015), with fecal pellets usually sinking faster than
other aggregates (Turner, 2002). Over their course to the deep ocean, particles
undergo aggregation and disaggregation processes, altering their speed (Burd
and Jackson, 2009). Reworking by heterotrophs induces a change in fecal pellets
types (Urrere and Knauer, 1981) and possibly the loss of slowest sinking particles.
Consequently, the sinking speed of the population of particles has been observed
to increase with depth (Berelson, 2001).

Fast sinking Slow sinking

- Slow attenuation - Fast attenuation

- High flux to depth - Low flux to depth
100% 0% 100%

Larger

particle size particle size

Q Q Smaller
&

Lower compactness
- lower fractal dimension
- greater porosity

Greater compactness f
- higher fractal dimension
- lower porosity

Lower mineral
ballast content

Greater mineral
ballast content

b

Figure 1.6: Factors playing a role in particle sinking speeds. As described in Stokes
law (Stokes, 1851), these factors are related to size (red) or density (green). Fast-sinking
particles lead to a slower flux attenuation (left curve) and slow-sinking particles are
associated to fast attenuation (right curve). Modified from Williams and Giering (2022).

If particles are commonly assumed to sink to the deep ocean, a substantial
pool of carbon-rich suspended (i.e., neutrally buoyant) particles exists at all depths.
Their concentration can be two orders of magnitude higher than that of sinking
particles (Baltar et al., 2010). They constitute major substrates for heterotrophs
and are linked to deep metabolic activity (Baltar et al., 2009; Duret et al., 2019;
Baumas et al., 2021). Their concentration is constant in the deep ocean (Herndl

and Reinthaler, 2013). While a part comes from the surface ocean and becomes
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buoyant by entering dense water, another part is possibly produced at depth
(Herndl and Reinthaler, 2013).

Aside from their organic elements, particles can host mineral molecules,
mostly lithogenic silica, biogenic silica (biogenic Si or opal, of formula SiO,) and
biogenic carbonates. These minerals can play a role in two ways. By protecting
aggregates, they could slow down remineralization processes (Hedges et al., 2001).
Then, the high density of minerals increases the excess density of the particle
with respect to the ambient seawater, and thus its sinking velocity (Armstrong
et al., 2001; Klaas and Archer, 2002 Francois et al., 2002). The latter is known
as the "ballast hypothesis". However, the integration of minerals also has an
influence on size and porosity of the particle. Thus, the relationship between
mineral ballasting and POC fluxes is not straightforward. It was hypothesized that
POC fluxes control mineral fluxes instead, by scavenging and sticking together
mineral particles (Passow, 2004; Passow and De La Rocha, 2006).

In particular, the BCP is tightly coupled with the silica pump. Indeed, silica
accumulates in marine sediments (Tréguer et al., 2021) and is a vital element for
several pelagic taxa: diatoms, radiolarians, phaeodarians and silicoflagellates all
require dissolved silica (dissolved Si) to precipitate biogenic Si and build silica
shells or skeletons. Diatoms are the main primary producers of organic matter
(Field et al., 1998), and a decrease of dissolved Si in the epipelagic layer could
lead to a fall in their biomass (Martin-Jézéquel et al., 2000). Diatom-dominated
ecosystems are associated to high transfer efficiency through to mesopelagic zone
(Buesseler et al., 2007), though the relationship with export can be more complex
(Lam and Bishop, 2007). In the mesopelagic layer, diatoms are absent but several
heterotrophic groups take part in controlling dissolved Si distribution, such as
radiolarians and phaeodarians, contributing to silica circulation (Biard et al., 2018;
Llopis-Monferrer et al., 2020). However, in regions dominated by biogenic Si, the
transfer efficiency of organic carbon to the deep ocean is lower than in regions
dominated by calcium carbonate minerals, likely because the exported organic
matter during bloom events is more labile and packaged into looser aggregates,
thus being more effectively remineralized during its transit through intermediate
depths (Francois et al., 2002).

To summarize, gravitational export and flux attenuation are driven by the
nature of sinking material, with zooplankton playing a central role in determining
its ability to reach the deep ocean (Steinberg and Landry, 2017). While studies

of the role of zooplankton in the BCP is often focusing on crustaceans, recent
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studies showed that protists, occupying diverse functions in pelagic foodwebs,

play an important role in the cycling of elements.

1.1.3 The role of heterotrophic and mixotrophic protists

The kingdom Protista (from the Greek proto, "first") was introduced in 1866 by the
German biologist Ernest Haeckel to include organisms that did not belong neither
to Animalia nor to Plantae (Haeckel, 1866). This term, which no longer holds
taxonomic significance, is still frequently used to refer to unicellular eukaryotes,
which constitute the majority of the Eukaryota domain (Keeling and Burki, 2019).
In addition to phototrophy, protists feature a wide range of feeding modes, among
which mixotrophy and heterotrophy (Worden et al., 2015). In the well-lit epipelagic
layer, a significant proportion of protists are mixotrophic (Flynn et al., 2013), i.e.,
the cell is capable to engage both phototrophy and heterotrophy. These protists
initiate a shortened pathway from nutrient regeneration to primary production,
impacting foodweb dynamics and the functioning of the BCP (Mitra et al., 2014).
Heterotrophy is also a common mode of nutrition in marine protists. Although
the specific mechanisms of protist heterotrophy are not fully resolved yet, protists
can feed extensively on phytoplankton cells and detrital aggregates and they
can be associated to both sinking and suspended material (Duret et al., 2020).
As a result, they contribute to flux attenuation (Worden et al., 2015). Still, the
magnitude of their impact is not fully understood, particularly in the twilight zone.
Furthermore, several protist taxa can prey upon and be preyed upon metazoan
larger than themselves, such as copepods, leading to longer food chains and
therefore more carbon losses (Worden et al., 2015, and references therein).

Heterotrophic and mixotrophic protists make up most of the microzooplank-
ton size class (>200 ym) (Paffenhofer, 1998). The mesozooplankton size class (200
pum - 2 mm) consists mainly of metazoans, but also includes large protists, such as
Rhizaria (Steinberg and Landry, 2017, and references therein). Protist assemblages
differ between the epipelagic and the mesopelagic layers, but mesopelagic protist
communities remain poorly known (Edgcomb, 2016).

Among these diverse protist taxa are found planktonic Rhizaria, ubiquitous
protists which encompass both heterotrophy and mixotrophy. They span a size
range from a few tens of um to several mm and display a great ecological diversity,
inhabiting both the epipelagic and the mesopelagic layers. A handful studies
showed their contribution to both elemental flux (carbon and silica; e.g., Biard
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et al., 2018; Ikenoue et al., 2019) and flux attenuation (Stukel et al., 2019). In the
next section, we will review the knowledge about their biology and ecology and

then dig further into their role in pelagic biogeochemistry.

,—| In summary

+ A fundamental question in oceanography is to determine the
origin and fate of sinking flux, as it has significant implications
for atmospheric CO, concentrations.

+ By producing and mediating organic matter and minerals, pelagic
organisms influence the composition of sinking particles and
their sinking velocity, ultimately playing a key role in the BCP.

« Among the diversity of pelagic organisms, this thesis focuses on
Rhizaria, a group of heterotrophic and mixotrophic protists
which has been overlooked until recently.

1.2 Planktonic Rhizaria in pelagic ecosystems

1.2.1 Classification, biology and ecology of planktonic Rhizaria

Like for animals and plants, protist classification has historically relied on mor-
phological criteria, but detailed relationships were difficult to establish (Keeling
and Burki, 2019). Recent advances in molecular phylogeny have drawn attention to
the great diversity of unicellular eukaryotes. The SAR assemblage is composed of
the supergroups Stramenopila, Alveolata and Rhizaria (Fig. 1.7), embodying half of
eukaryotic diversity (Burki et al., 2007; Keeling and Burki, 2019). Stramenopila and
Alveolata include respectively diatoms and dinoflagellates, two major planktonic
lineages in modern oceans. On the other hand, Rhizaria are less well-known than
their sister clades, partly due to the impossibility to culture most of them. The
name Rhizaria refers to their root-like pseudopodia or axopodia, which charac-
terize the majority of organisms belonging to this group (Cavalier-Smith, 2002;
Nikolaev et al., 2004). This thesis focuses on two planktonic rhizarian taxa, most
of which producing silica skeletons: Radiolaria and Phaeodaria.

Radiolaria are included in the superphylum Retaria together with Foraminifera

(Moreira et al., 2007). These two ancient protistan lineages produce mineral
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skeletons which have accumulated on the seafloor through time and have helped
to determine past environmental conditions (De Wever et al., 2002). Originally
classified as Radiolaria based on their morphological characteristics (e.g., Haeckel,
1887), Phaeodaria are now included in the phylum Cercozoa (Nikolaev et al., 2004;
Polet, 2004; Sierra et al., 2013) thanks to the use of molecular phylogeny. Cercozoa
is a highly diversified and ubiquitous phylum, bringing together a majority of
free heterotrophic protists (Bass and Cavalier-Smith, 2004; Howe et al., 2011).

Radiolaria include six orders: Acantharia, Taxopodia, and the four orders Nas-
sellaria, Spumellaria, Collodaria and Orodaria forming the class Polycystinea (Adl
et al,, 2018; Nakamura et al., 2021; Biard, 2022a; Fig. 1.8). The cytological structure
consists of a double-layered cytoplasm which has extensions called pseudopodia.
The inner part of the cytoplasm contains the nucleus and cellular organelles. The
capsular wall separates it from its outer part which comprises food vacuoles and
algal symbionts. Pseudopodia are cytoplasmic strands extending outside of the
ectoplasm, whose contraction and elongation serve for buoyancy control and
capture of preys (Suzuki and Aita, 2011; Suzuki and Not, 2015). Almost every
species of Radiolaria has a mineral structure, made of strontium sulfate (SrSOy,)
for Acantharia and biogenic Si for all other orders, although some Collodaria are
naked (reviewed in Biard, 2022a). The structure and appearance of this skeleton
vary greatly among orders (Fig. 1.8).

Phaeodaria, on the other hand, possess a central capsule, a spherical cytoplas-

mic body which is enclosed in a double-walled membrane separating it from the
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order body size skeleton main skeletal colony  symbiotic
(um) type component formation  algae
Acantharia 50-1,000 shell SrS04 - +
Taxopodia 200-800 %€ g5 nh,0 - -
— spines

Spumellaria 50-2,000 shell Si0; NH0 - +

Nassellaria 50-300 shell SiO2 NHR0 - +
. dispersed

Collodaria 100-1.5m* shell/spicules = Sj0, nH,0 + +
or naked

Orodaria 1,000-7,000 shell SiO, nH0 - -

ordo. nov.

Figure 1.8: General characteristics of current radiolarian orders, with the topology based
on based on Nakamura et al. (2020). * indicates the length or diameter of a colony. +:
reported in some species. -: not reported. Modified from Nakamura et al. (2021).

extracapsular zone. This membrane is perforated to allow communication be-
tween these two parts. Through these pores, cytoplasmic strands named axopods
and filopods project into the environment (Cachon and Cachon, 1973; Anderson,
1983). At the oral pole lays a dark phaeodium, an assemblage of food and waste
vacuoles which does not exist in Radiolaria. Once their food is captured using
filopods and axopods, it can be digested outside the central capsule or inside
after ingestion (Gowing, 1986; Gowing, 1989; Cachon et al., 1990; Takahashi and
Anderson, 2000). In most Phaeodaria, these organic parts are supported by their
internal silica skeleton of porous nature (Takahashi and Hurd, 2007; Nakamura
et al., 2018a). Its overall appearance differ greatly from one group to another
(Takahashi and Hurd, 2007) (Fig. 1.9).

Although the composition of Radiolaria and Phaeodaria skeletons is similar
(Nakamura et al., 2018a), their structure differs greatly (Fig. 1.10). Compared to
that of Nassellaria and Spumellaria, the skeleton of Phaeodaria easily dissolves in
seawater, because of its porous nature, and does not preserve in sediments (Erez
et al., 1982; Takahashi and Hurd, 2007). Radiolaria and Phaeodaria display a great
morphological diversity and occupy a large size spectrum spanning over three
orders of magnitude (Fig. 1.8, 1.9). In Radiolaria, smallest Nassellaria species only
reach a few tens of um, whereas Orodaria specimens of more than 6 mm were
collected in the North Pacific (Nakamura et al., 2021). In Phaeodaria, cell diameter
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Figure 1.9: General characteristics of current phaeodarian orders. (a) Cell size of phaeo-
darian orders, modified from Nakamura and Suzuki (2015); (b) Skeletal characteristics of
current phaeodarian orders, based on the information from Nakamura et al. (2015).

ranges from about 100 ym to several mm (Nakamura and Suzuki, 2015). Present in
most of the world open ocean during their entire life cycle, they occupy various
ecological niches depending on their trophic mode and their vertical habitat.

Radiolaria can harbor algal symbionts from eukaryotic and prokaryotic lin-
eages (Ogane et al., 2010; Decelle et al., 2012; Biard et al., 2015). They can thus
be mixotrophic, enabling them to thrive in the epipelagic layer of oligotrophic
environments (Suzuki and Not, 2015; Biard and Ohman, 2020; Fig. 1.11). They
can also capture prey larger than them through adhesion on their pseudopodia
(Suzuki and Not, 2015). Regarding their predators, specimens have been found
in the gut of crustaceans and fishes mainly, but observations are scarce (Biard,
2022a, and references therein).

Contrary to Radiolaria, no photosymbiont has yet been seen in Phaeodaria
(Takahashi and Anderson, 2000; Nakamura and Suzuki, 2015). They are thus
strictly heterotrophic. Being non-motile, small species have been observed to
consume nearby suspended particles, but they mostly feed on sinking marine
snow and fecal pellets, plus their associated organisms (Gowing, 1986; Gowing,
1989; Gonzalez, 1992). Phaeodaria are omnivorous and generalist feeders: in their
phaeodium and mini-pellets have been found organisms as diverse as viral parti-
cles, bacteria, phytoplankton cells, microheterotrophs or fragments of metazoans
(Gowing, 1986; Gowing, 1989; Gowing and Bentham, 1994; Nakamura et al., 2013).

This flux-feeding behavior can in part explain the high occurrence of phaeodarian
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Figure 1.10: Scanning electron microscope photos of Rhizaria skeletons. (a) Skeleton
of two Spumelleria (Radiolaria). (b) Skeleton of Phaeogromida (Phaeodaria). (c) Broken
skeleton of Spumellaria, allowing to see central structures. (d) Pores covering the surface
of the Phaeogromida skeleton shown in (b). Photos: Dr. Lucie Courcot, Laboratoire
d’Océanologie et de Géosciences.

species in the subsurface waters (Nakamura et al., 2013; Biard and Ohman, 2020)
where they can obtain their food sinking from the euphotic layer. Phaeodaria
also dwell in the deep ocean. They were observed to more than 8,000 m in the
Kuril-Kamtchatka trench (Reshetnyak, 1966) and many species inhabit the meso-
and bathypelagic domains (e.g., Nakamura et al., 2013). They are as well found
in surface and subsurface waters, at high latitudes (e.g., Gonzalez, 1992; Gowing
and Garrison, 1992), but also in warmer areas such as the Mediterranean Sea
(Cachon-Enjumet, 1961) and the California Current (Biard and Ohman, 2020).
Seasonal fluctuations in Rhizaria assemblages, due to changes in ocean circula-
tion, were reported in the epipelagic layer, but not in the mesopelagic layer (Casey,
1966; Biard and Ohman, 2020). Likewise, small-scale wind-driven disturbances
can mix communities through the water-column and lead to occasionally high
densities in frontal regions (Faillettaz et al., 2016; Biard and Ohman, 2020).

To summarize, food and dissolved silica availability, together with tempera-
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Figure 1.11: Vertical distribution in the California Current Ecosystem of large (>600 pm)
rhizarian morphological categories resolved with in situ imaging, from Biard and Ohman
(2020). In the upper epipelagic, i.e., above 100 m depth, are found colonial Collodaria,
solitary Collodaria and Acantharia, all symbiont-bearing groups belonging to Radiolaria.
Phaeodarian families Castanellidae, Aulosphaeridae and Coelodendridae are found in the
lower epipelagic. In the upper mesopelagic mostly dwell the phaeodarian Medusettidae,
Coelodendridae, Tuscaroridae and Aulacanthidae.

ture and water column stratification, are the main factors known to affect the
distribution of planktonic Rhizaria (Nakamura et al., 2013; Dolan et al., 2017,
Stukel et al., 2018; Biard and Ohman, 2020). Their morphological, trophic and
habitat diversity leads to various pathways through which they contribute to ele-
ment cycling. Nevertheless, although planktonic Rhizaria are common residents
of the pelagic realm, many gaps remain regarding their role in biogeochemical

cycles.
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1.2.2 Role in biogeochemical cycles
Abundance and biomass

The fragile skeleton of many Rhizaria quickly dissolve in sediment traps (Beers and
Stewart, 1970) or can break upon collection with plankton nets. Hence, they have
long been undersampled and their abundance and biomass overlooked. Recently,
automated in situ imaging methods have, through their non-destructive nature,
highlighted the abundance of these fragile taxa, locally (Dennett et al., 2002) and
on a global scale (Stemmann et al., 2008; Biard et al., 2016).

Solitary Collodaria could be the third most important mesozooplanktonic
group in terms of global carbon biomass between 0 and 200 m (Drago et al., 2022).
This group contributes most to the carbon biomass of Rhizaria between 0-100
m (Biard et al., 2016) and are largely present at low and mid-latitudes (Fig. 1.12).
Large Acantharia show high biomass in the epipelagic layer, which declines in
the mesopelagic (Michaels, 1988; Drago et al., 2022). They are mostly present
in intertropical areas (Bottazzi and Andreoli, 1982), although high biomass was
observed in higher latitudes such as the Gulf of Alaska and the Southern Ocean
(Drago et al., 2022). This pattern is easily explained by their mixotrophic behavior.
Overall, the contribution of Collodaria and Acantharia to primary production is
estimated to 0.18% of total primary production in oligotrophic waters (Biard et al.,
2016). By being directly available to large consumers, this primary production
could shortcut trophic levels of marine food webs (Anderson, 1983; Biard et al.,
2016).

The contribution of Phaeodaria to zooplankton carbon biomass mostly occurs
in coastal areas and is low in oligotrophic gyres (Drago et al., 2022). It has been
shown that they can represent a significant carbon stock in the mesopelagic layer
in the North Pacific (Ikenoue et al., 2019) and in the Sea of Japan (Nakamura
et al., 2013). In general, abundances of Rhizaria increase at mid and low latitudes
and decrease towards the poles (Biard et al., 2016). This pattern contrasts with
the global copepod-driven pattern of abundance, possibly because of differences
in life strategy (Brandao et al., 2021). Particularly, their high abundance in olig-
otrophic areas, which are likely to expand with ocean warming (Polovina et al.,
2008), supports the need to have an accurate estimation of their biomass.

Still, given the lack of an accurate conversion factor, biomass estimates are
highly variable. Biard et al. (2016) estimated the global standing stocks of largest
Rhizaria (>600 ym) in the top 200 m to be of 0.089 Pg C. This was estimated to
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Figure 1.12: Global distribution of carbon biomass in the epipelagic layer (0-200 m) (in
mg C m~3) for (a) solitary Collodaria; (b) Phaeodaria. Modified from Drago et al. (2022).

represent 5.2% of the whole oceanic biotic carbon reservoir. However, the overall
biomass of the Phaeodaria family Aulosphaeridae in the California Current was
revised downward. They could contribute up to at most 10% of the total mesozoo-
plankton biomass, although their contribution to mesozooplankton abundance
is higher (Stukel et al., 2018). Regarding their silica biomass, siliceous rhizarian
skeletons are on average a hundred times more silicified than diatom frustules of
comparable size. This makes them the most silicified pelagic organisms (Taka-
hashi, 1982; Biard et al., 2018; Llopis-Monferrer et al., 2020), enhancing their role

in vertical fluxes.

A contrasting contribution to vertical fluxes

Rhizaria are believed to occasionally be major exporters of POC and biogenic Si.
Their occurrence in sediment traps has shown that they contribute substantially
to vertical fluxes of matter (e.g., Takahashi and Honjo, 1981; Takahashi et al., 1983;
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Gowing, 1993; Tkenoue et al., 2015). They can be associated to high carbon flux
events (Lampitt et al., 2009), promoting fast-sinking particle aggregation (Riley
et al., 2012). In the North Pacific Ocean, >1-mm Phaeodaria can account for 10%
of total POC from the sinking particles population (Ikenoue et al., 2019). In the
California Current, Aulosphaeridae and Castanellidae, two Phaeodaria families,
contribute on average to 10% of silica export from the euphotic zone, a number
that increases towards oligotrophic environments and mesopelagic depths (Biard
et al., 2018).

This contribution of siliceous Radiolaria and Phaeodaria to vertical fluxes
can be attributed to the density of their silica skeleton, acting as a ballast and
increasing their speed through the water column, but whose effect is not accu-
rately quantified yet. Still, because of skeletal differences (Nakamura et al., 2018a),
the sinking behavior differs between the two groups. Indeed, preservation is a
function of skeleton thickness rather than its size (Hurd and Takahashi, 1983), and
Phaeodaria have a more porous skeleton (Nakamura et al., 2018a). Polycystinea
generally reach the seabottom, but their dissolution level depends on the resi-
dence time. Conversely, phaeodarian species with a heavy skeleton quickly sink
to the seabottom, where they dissolve in a few months, whereas small species
are unlikely to reach it (Erez et al., 1982; Takahashi and Honjo, 1983; Hurd and
Takahashi, 1983).

As for other particles, the sinking velocity of Rhizaria is influenced by their
mass, size, density, and the presence of ornaments such as spines (Takahashi and
Honjo, 1983). Rhizaria can act as nucleation points (Riley et al., 2012; Fig. 1.13)
and package fast-sinking particles which can serve as major carriers of elements
(Ikenoue et al., 2019). Indeed, Phaeodaria are known to aggregate various cells and
detritus around them (Gowing, 1989; Stemmann and Boss, 2012; Ikenoue et al.,
2019) and Radiolaria can adhere particles to their pseudopodia. However, the
sinking speed of these particles, the amount of material they carry, and therefore
the extent of their contribution to vertical fluxes are poorly understood yet.

Recent metagenomic studies have also highlighted the correlation of Acan-
tharia and Collodaria with carbon export at 150 m in tropical and subtropical
waters (Guidi et al., 2016) and the prevalence of Radiolaria in organic matter
sinking out of the epipelagic layer in the California Current (Gutierrez-Rodriguez
et al., 2018). In the Southern Ocean, sequences of siliceous Radiolaria were mostly
enriched in suspended particles, whereas Phaeodaria sequences were enriched

in sinking particles (Duret et al., 2020), suggesting a diverging role in mitigating
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organic matter. Furthermore, Phaeodaria eliminate waste through the production
of mini-pellets (Gowing and Silver, 1985) with sizes ranging from 3-50 pm, but
whose abundance have been observed to be four to five orders of magnitude
greater than krill fecal pellets in the Weddell Sea (Gonzalez, 1992). These pellets
can contribute to a large proportion of sinking flux mediated by small particles
(Durkin et al., 2021).

(b)

5mm

Figure 1.13: Examples of Rhizaria aggregates. (a) Protist-complex aggregate from the
North Atlantic, modified from Riley et al. (2012). (b) Rhizaria aggregate recorded in situ,
1: Rhizaria organism, 2: Particles embedded in the matrix, modified from Stemmann and
Boss (2012).

This contribution to carbon export is partly counterbalanced by the trophic
ecology of several taxa. Phaeodaria are known to be flux-feeders (Gowing, 1986;
Gowing, 1989), they are thus likely to play a role in carbon flux attenuation by
feeding on rapidly sinking particles. In the California Current, members of the
family Aulosphaeridae can contribute up to 10% of total flux attenuation at the
base of the euphotic zone where they reach their maximum abundance (Stukel et
al., 2019). However, an accurate measurement of the carbon content of various taxa
would help to refine estimates of their carbon demand and thus their contribution
to flux attenuation. In addition, only one study has tackled this question, and
their influence on carbon flux at larger scale is unknown.

Knowledge about the contribution of Rhizaria to element fluxes and about
their role in the BCP and the silicon cycle is scarce. To fill existing gaps, several

complementary tools can be used for both biomass and flux assessments.
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,—| In summary

« Rhizaria are widespread, ubiquitous planktonic protists which
can build silica skeletons.

+ Recent studies showed their ability to carry carbon and silica to
the deep ocean, yet heterotrophic taxa can contribute to flux
attenuation.

+ Such studies are scarce and the lack of adequate
carbon-to-volume conversion factors prevent accurate estimates
of both carbon flux and demand.

1.3 Studying the role of plankton in biogeochemical

cycles

1.3.1 Plankton sampling
Plankton nets

Living Rhizaria can be collected with plankton nets. These instruments are
made of a nylon mesh net of various mesh size, attached to a cod end to collect
the sample, and to a towing line. They allow for accurate taxonomic identifica-
tions, chemical or biochemical measurements, in addition to plankton counting.
However, large rhizarian specimens are less effectively collected than small ones,
because they are too fragile and are often fragmented or broken by nets. Therefore,

their abundance has often been underestimated with this tool.

In situ imaging

While they enable to collect specimens, plankton nets are not suited for accurate
estimations of the abundance of large Rhizaria. Moreover, it is not always possible
to get the accurate sampling depth range, as nets are often towed over tens or
hundreds of meters. Addressing these issues, in situ imaging methods encompass
many instruments developed recently (Lombard et al., 2019; Fig. 1.14) which are
non-destructive and allow to know the sampling depth. Among these instruments,
the Underwater Vision Profiler consists of a camera connected to a red-emitting
light unit. This light unit illuminates a water volume imaged by the camera to

record particles and organisms. It includes several generations of intercalibrated
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instruments which have been deployed almost all over the world ocean (Gorsky
et al., 2000; Stemmann et al., 2008; Picheral et al., 2010; Picheral et al., 2022). The
versions 5 (Picheral et al., 2010; Fig. 1.15a) and 6 (Picheral et al., 2022; Fig. 1.15b)
record the size of particles >100 ym and vignettes (i.e., thumbnails) of particles
and organisms whose size is >600 um (Fig. 1.14). Upon recovery, particle data
and vignettes can be imported to the EcoPart and EcoTaxa applications (Picheral
et al., 2017). In EcoTaxa, vignettes can be classified both manually and by using
machine learning algorithms (Irisson et al., 2022). These instruments can sample
at 6,000 m depth and be integrated on a CTD (Conductivity, Temperature, Depth)
rosette for vertical profiles of abundance. In addition, the UVP6 can be mounted
and deployed on moorings, autonomous underwater vehicles or gliders. Data
from UVP have been used to study plankton ecology (e.g., Biard et al., 2016; Biard
and Ohman, 2020) and ocean biogeochemistry (e.g., Guidi et al., 2008; Ramondenc
et al., 2016).
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Figure 1.14: Size range (in equivalent spherical diameter; ESD) sampled by available
optical and imaging methods. Total operational size range is represented by dashed
lines. Red lines show the size range that provides efficient quantitative information. Blue
dashed lines delineate the size range covered by the Underwater Vision Profiler, for both
versions 5 and 6. Modified from Lombard et al. (2019).
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Figure 1.15: UVP cameras. (a) UVP5, from Picheral et al. (2010); (b) UVP6, modified from
Picheral et al. (2022).

1.3.2 Estimating biogeochemical parameters
Concentration and carbon mass

As we saw previously, the concentration of fragile rhizarian taxa can be resolved
with in situ imaging tools. These tools size imaged organisms and enable to
use simple carbon-to-volume content conversion factors to obtain their carbon
mass. However, obtaining accurate conversion factors requires the collection of
living organisms using plankton nets and accurate measurements of their carbon
content, which are yet scarce (Biard et al., 2018; Llopis-Monferrer et al., 2020;
Mansour et al., 2021).

Carbon demand

Zooplankton carbon demand depends on their metabolism and carbon content.
Stukel et al. (2019) established a relationship to estimate the carbon demand (C'D,
in pug C cell™t d~1) of Aulosphaeridae (Phaeodaria):

™ x BESD3
6 x GGE x T

with CV a carbon-to-volume conversation factor in ug C mm™3, ESD the equiv-

CD=CV x

alent spherical diameter of the cell in mm and GGE the growth gross efficiency.

However, accurate estimate of carbon content and turnover times are needed.
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Elemental flux

Elemental flux (in g m=2 d~!) can be expressed as the product of the concentration
of a pool of particles or organisms, of their elemental mass and of their sinking
velocity. Thus, assessing the contribution of planktonic organisms to vertical

fluxes rely on accurate estimations these parameters.

Sinking velocity of marine particles

Small planktonic organisms do not interact with seawater in the same way as larger
organisms. The dimensionless Reynolds number (Reynolds, 1883) determines the
relative importance of inertial forces (such as currents and winds) and viscous
forces (related to friction) acting on an organism or a particle moving through
a fluid. This number decreases with the density of the fluid and the size and
velocity of the particle, as well as with the increase of the dynamic viscosity of
the fluid. When it is less than 1, viscous forces are dominant, conversely when it
is greater than 1 inertial forces dominate. Thus, it allows to characterize the fluid
regime: at low values of Re, the flow is laminar. When Re increases, instabilities
appear, followed by turbulence (i.e., chaotic fluctuations). This transition occurs
when Re is of the order of 1,000. The estimated Reynolds number for marine
organisms increases with their size and spans more than 10 orders of magnitude,
from 107° for bacteria to 108 for largest mammals (Okubo, 1987). Stokes’ law
(Stokes, 1851) predicts the terminal sinking velocity of a spherical particle in a
fluid at low values of Re (Re < 0.5) as a function of its diameter D, its density and
that of the surrounding fluid:

1 g(pp — ps) D
0, — L9 —ps)

18 ff

1

with Uy, the sinking velocity of the particle in m s™', g the acceleration due to

gravity (9.81 m s~2), and p, and p; the density of the particle and of the fluid in kg
m~3.

Stokes’ law is commonly used to represent the sedimentation rate of particles
in biogeochemical models (Omand et al., 2020). However, this law was first
formulated for slowly settling spheres at low Re. Sinking velocities of marine
particles, usually non-spherical, porous, and for which Re > 0.5, often exhibit
a significant deviation from Stokes’ law (McDonnell and Buesseler, 2010). This

is especially true for radiolarian- and phaeodarian-mediated particles, whose
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skeleton exhibits various structures such as spines, known to increase the drag of
particles. Thus, experimentally measured sinking velocities deviate from Stokes’
law for numerous taxa (Takahashi et al., 1983).

A handful studies focused on measuring sinking velocities of marine particles
and organisms ex situ (e.g., Ploug et al., 2010). Laboratory experiments allow to
gather a pool of homogeneous particles and therefore and ability to measure
their characteristics (Fig. 1.16; Williams and Giering, 2022). However, this less
realistic pool of particles is likely to not reflect the pool encountered in the water
column. On the other hand, in situ measurements provide measurements on
the actual particle population, but they often fail at capturing detailed particle
characteristics (Fig. 1.16).

Target for in
situ methods

In situ camera system

In situ settling chamber/column
Scuba Gel sediment trap

Holographic velocimeter

Particle Realism (a.u.)

Roller tank

Vertical flow system
Settling column

10 20 30
Ability to Measure Particle Characteristics (a.u.)

Figure 1.16: Relative strengths of in situ (blue) and ex situ (orange) sinking velocity
measurement methods, regarding their ability to measure particle characteristics and
realism. Figure is from Williams and Giering (2022).

Limitations of sinking velocity measurement methods hinder our understand-
ing of particle sinking behavior, and especially of the link with particle character-
istics. In situ imaging, and especially the UVP, already assembled a worldwide
dataset of abundance of marine particles and organisms and their associated mor-
phological data. However, these morphological data, giving information about

particle characteristics, have seldom been taken into account in flux estimates.
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,—(In summary...}

« While plankton nets enable specimen collection, in situ imaging
is a powerful tool to estimate rhizarian abundance and obtain
measurements such as organisms’ size.

« An adequate carbon-to-volume conversion factor is crucial to
estimate carbon demand and flux.

+ Another key parameter is the sinking speed of particles, whose
estimation from particle size or by ex situ methods is often

biased.

1.4 Hypotheses and thesis objectives

As previously mentioned, planktonic Rhizaria cover a broad size spectrum and
have an extended range of vertical habitat. Both have consequences for their
trophic ecology and ability to sink to the deep ocean. By hypothesizing that their
contribution to biogeochemical cycles depends on these two aspects, we define

the thesis objectives as follows:

1. To measure the elemental content and production of a broad variety of

Rhizaria at cellular scale;

2. To reassess the global carbon biomass and the carbon demand of Rhizaria,

and to estimate their global biogenic Si biomass and production rates;

3. To develop a methodology to measure the sinking speeds of marine particles
from in situ imaging data, and to investigate links between particle sinking

speeds, morphological properties, and environmental conditions.

1.5 Work structure and datasets

Chapter 2 addresses the individual carbon and nitrogen content and biogenic
silica production rates of various Rhizaria taxa, using both literature values and
providing original measurements. The purpose is to investigate the relationship
between these values and organisms’ size. In chapter 3, I use a global UVP5
dataset, which includes 4,252 vertical profiles deployed during oceanographic
cruises spanning from 2008 to 2021, covering the world ocean. Particle data of part
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of this dataset were recently published (Kiko et al., 2022). While previous work has
addressed the global distribution (Drago et al., 2022) and the community structure
(Panaiotis et al., 2023) of zooplankton, here, I solely focus on Rhizaria data. In
total, this dataset encompasses 167,551 Rhizaria images ranging from 0.6 to 20
mm. These images were all classified and validated by Tristan Biard into 18 taxa,
following the classification outlined in Biard and Ohman (2020). Using boosted
regression trees, I then use the relationship developed in the previous chapter to
re-estimate their global carbon biomass, but also their global biogenic Si biomass
using the equation established by Llopis-Monferrer et al. (2020). To assess their
role in biogeochemical processes, I apply the formula 1.3.2 (Stukel et al., 2019) to
estimate the global carbon demand of large, flux-feeder Phaeodaria. Lastly, I use
literature biogenic Si production rates to estimate the global production rates of
large Phaeodaria. Chapter 4 is less Rhizaria-oriented. While the initial purpose
was to measure the sinking speed of Rhizaria-mediated particles, it involves a new
methodological development using the UVP6. Therefore, an assessment of the
sinking speeds of all marine particles, regardless their origin, is first attempted.
This has led to the collection during lagrangian cycles of small-scale datasets
in the California Current, the Indian Ocean, the Mediterranean Sea, and the
Atlantic Ocean, targeting specific water masses, although not all results could be

shown in this thesis and will be presented in the future.
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CHAPTER 2

Cell composition and uptake rates of Rhizaria

"[...], organisms must adjust their structure and function to compensate
for the geometric, physical, and biological consequences of being
different sizes. The principles of mathematics and physics are
universal, but their biological consequences depend on the size of the

organism."

J. H. Brown et al. Scaling in Biology: Patterns and Processes, Causes and

Consequences
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2.1 Elemental content allometries and silicon up-
take rates of planktonic Rhizaria: Insights into

their ecology and role in biogeochemical cycles

Laget, M., N. Llopis-Monferrer, J.-F. Maguer, A. Leynaert, and T. Biard.
This work has been published in Limnology and Oceanography (Laget et al., 2023).

2.1.1 Abstract

The last two decades have shown the importance of Rhizaria in the biogeochemi-
cal cycles of carbon and silicon in modern oceans. This eukaryotic supergroup,
which includes Radiolaria and Phaeodaria, represents an important part of zoo-
planktonic carbon biomass and contributes to carbon and silica export. Still,
accurate estimations of their carbon biomass are hindered by poor knowledge of
their elemental composition, contrasting with well-established allometric carbon-
to-volume relationships for smaller protists such as phytoplankton. Here, we
directly measured carbon, nitrogen, and biogenic silica content as well as silicon
uptake rates of planktonic Rhizaria. We highlight that size can be used as a predic-
tor of elemental content for a broad variety of planktonic Rhizaria ranging from
200 pm to several mm, whereas size is weakly correlated with silicon uptake rates.
Our results indicate that the scaling exponent of the carbon-to-volume allometry
is significantly lower than those for smaller protists, underlining the low carbon
strategy of these organisms. Still, we show that carbon and nitrogen densities
span over four orders of magnitude, possibly accounting for the differences in
depth ranges, nutritional modes and colonial or solitary forms. We estimate
Rhizaria sinking speeds by combining carbon, nitrogen, and silica content data
and show that great variability exists among the different taxa. Besides giving a
better understanding of rhizarian ecology and biogeochemistry, these analyses,
at the individual scale, are a first step to subsequent biomass and flux estimations

at larger scales.

2.1.2 Introduction

Marine plankton are a major reservoir of organic carbon (C) and nitrogen (N)

and the main driver of the biological carbon pump, one of the mechanisms
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by which atmospheric CO, is transported to the deep ocean (Ducklow et al.,
2001). In addition, many planktonic taxa require silicic acid to precipitate into
biogenic silica (biogenic Si) to form skeletons, a process that has likely been
responsible for a decline in silicic acid concentration in the oceans through
geologic times (Siever et al., 1991). Therefore, knowledge of small-scale planktonic
physiological processes is crucial for understanding the functioning of global
oceanic biogeochemistry. Besides giving insights into organisms’ physiology,
quantifying the elemental composition and uptake rates of planktonic individuals
is a key step to subsequently estimate stocks and fluxes at the population level.
Allometric relationships scale traits of organisms with morphological criteria
such as size over many orders of magnitude and are used for almost all forms of life
(Brown et al., 2002). Accordingly, they enable elemental composition-to-volume
relationships to provide trends that can be utilized in models. Indeed, size is
a common trait in plankton community models (Finkel et al., 2010; Andersen
et al., 2015) as well as in size-based ecosystem models (Blanchard et al., 2017),
stressing the strength of this approach to provide model parameters. Allometric
relationships linking individual C and N contents to cell volume relationships
have been developed for diatoms and various protists; however, they are likely to
overestimate elemental content of large protists such as Rhizaria (Menden-Deuer
and Lessard, 2000).

Planktonic representatives of Rhizaria are unicellular protists, with cell sizes
ranging from a few tens of micrometers to several millimeters (Biard, 2022b).
Among them, Retaria includes Foraminifera and Radiolaria (Sierra et al., 2013).
Foraminifera build calcium carbonate skeletons, whereas among Radiolaria, the
skeleton is made of strontium sulfate for the order Acantharia and biogenic Si
for the orders Nassellaria, Spumellaria, Collodaria, and Orodaria (Nakamura and
Suzuki, 2015; Suzuki and Not, 2015; Biard, 2022a). Phaeodaria, whose skeletons
are made of biogenic Si, have long been considered radiolarians, but are now
classified as Cercozoa, a sister group to Retaria (Sierra et al., 2013). Most rhizarians
live as solitary cells, but some (e.g., collodarian families Collosphaeridae and
Sphaerozoidae and the phaeodarian families Tuscaroridae and Medusettidae) are
able to form large colonies (Nakamura and Suzuki, 2015; Suzuki and Not, 2015).

Despite their close morphologies, Phaeodaria and siliceous Radiolaria differ in
their skeletal structure (Nakamura et al., 2018a). Phaeodaria have porous skeletons
that easily dissolve in seawater, whereas Radiolaria possess thick, dense skeletons

that can preserve well in sediments and are commonly used in paleoclimate studies
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(De Wever et al., 2002). Even though diatoms account for the largest part of the
biomass and production of biogenic Si (Tréguer et al., 2021, siliceous Rhizaria (i.e.,
siliceous Radiolaria and Phaeodaria) are the most silicified pelagic organisms
known to date, considering the amount of silica per unit volume (Biard et al.,
2018; Llopis-Monferrer et al., 2020). Partially because of these high biogenic Si
densities, their skeleton is expected to act as ballast upon their death. Ultimately,
skeletal remains increase fluxes of organic C and biogenic Si to the deep ocean,
which will be integrated in seafloor sediments if not dissolved or remineralized
on the way.

Siliceous Rhizaria inhabit the open ocean worldwide from the surface to the
bathypelagic realm (Nakamura and Suzuki, 2015; Suzuki and Not, 2015; Biard,
2022a). Their distribution is taxon dependent and influenced mostly by temper-
ature, dissolved Si concentration and the amount of food available (Boltovskoy
and Correa, 2016; Biard and Ohman, 2020). Although they all are heterotrophic,
epipelagic radiolarian populations include many mixotrophic species, harboring
a large diversity of algal symbionts (Decelle et al., 2015). On the other hand, deep-
living populations are strictly heterotrophic, some also feed on sinking marine
snow (Gowing, 1986). For example, the phaeodarian family Aulosphaeridae can
intercept on average 10% of total sinking flux at the depth of their maximum abun-
dance, therefore reducing the efficiency of the biological carbon pump (Stukel
et al., 2018). Despite their widespread occurrence in pelagic ecosystems, sampling
and culturing them are challenging, hampering our knowledge of their biology
and ecology. Still, over the last decade, non-destructive in situ imaging methods
and environmental metagenomics have expanded understanding of their role at
the community level. At a global scale, they represent a large part of mesozoo-
plankton biomass (Biard et al., 2016) and could account for 2% to 19% of world
biogenic Si production in the epipelagic layer (Llopis-Monferrer et al., 2020). Yet,
substantial production by Rhizaria occurs below 200 m depth, where diatoms are
absent. Furthermore, Rhizaria communities can contribute to a large component
of vertical C export (Lampitt et al., 2009; Guidi et al., 2016; Gutierrez-Rodriguez
et al., 2018). Large Phaeodaria (>1 mm) are responsible for up to 10% of the to-
tal organic C flux in the North Pacific by contributing to the enlargement and
aggregation of sinking particles in the mesopelagic zone (Ikenoue et al., 2019).

Nevertheless, gaps remain in our knowledge of their organic C and N com-
position. Previous global C biomass assessments for large Rhizaria (Biard et al.,

2016) relied upon a C-to-volume conversion factor of 80 g C mm? measured on a
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variety of zooplanktonic organisms (Beers and Stewart, 1970). In contrast, Stukel
et al. (2018) demonstrated that flux feeders Aulosphaeridae (Phaeodaria) could
meet their C demand only if their C density was one order of magnitude lower (1.1
pg C mm3, corresponding to 4.8 ug C cell ™! for a 2-mm cell). This revised estimate
was further supported by an average C content of 13 ug C cell™! measured on >1
mm Phaeodaria found in sediment traps (Ikenoue et al., 2019). In comparison,
the equation provided by Menden-Deuer and Lessard (2000) gives a value of 234
ug C cell™! for a 2-mm cell. Such high variability in conversion factors and its
impact on biomass assessment emphasizes the need for accurate quantification
of elemental content. To date, only three studies have provided C and N data
from direct measurements, as well as estimates of C : N ratios (Michaels et al.,
1995; Llopis-Monferrer et al., 2020; Mansour et al., 2021), but they focused solely
on a few limited taxa. A robust tool that could be used in biogeochemical or
size-based models is still lacking.

On the other hand, cell biogenic Si content correlates with cell volume over
the entire size spectrum, including many taxa (Biard et al., 2018; Llopis-Monferrer
et al., 2020; Llopis Monferrer et al., 2021). The silica-to-carbon ratio (Si : C) is
lower than for diatoms, without significant regional variation, but it has only been
investigated for the smallest taxa (Llopis Monferrer et al., 2021). Also, little is
known about silicon uptake rates of siliceous Rhizaria (i.e., the rates at which they
take up silicic acid to build their biogenic Si skeleton). In addition to knowing
their silica biomass, such values are essential to understanding how they use silica
from their environment at the physiological scale, opening the door to subsequent
estimates of their turnover times, as well as to refining their role in the Si cycle.
Likely because they are highly silicified cells, their Si uptake rate displays greater
values than that of diatoms (Llopis Monferrer et al., 2021). Current data are too
scarce to investigate a potential link with cell size or dissolved silica (dissolved
Si) concentration in the ocean.

Here, using original and literature data, we investigate how size relates to ele-
mental content for a broad variety of solitary and colonial Rhizaria. We also further
examine the Si: C ratio and Si uptake rates. Finally, we discuss biogeochemical

and ecological implications of these results.
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2.1.3 Material and methods
Sampling

We collected 2036 Rhizaria specimens either in the coastal or oligotrophic waters
of the California Current Ecosystem (CCE) during the P2107 process cruise (July-
August 2021, as part of the CCE-LTER program) onboard R/V Roger Revelle (Fig.
2.1a). We used various net tows to gather individuals from different depth intervals
from the surface to as deep as 800 m (Supporting Information Table S2.1). In
addition, we collected 55 individuals from the family Aulacanthidae (Phaeodaria)
in the bay of Villefranche-sur-Mer (Mediterranean Sea, France; 43.69°N, 7.31°E;
Fig. 2.1b) in 2019. Immediately after sampling, we isolated Rhizaria specimens
under a stereomicroscope and rinsed them with filtered surface seawater. We then
sorted individuals at the order, family or genus level based on the classifications
from Nakamura et al. (2015) for Phaeodaria and from Suzuki and Not (2015) for
Radiolaria (Fig. 2.2). Large Nassellaria (Radiolaria) found in the California Current

were identified as Phlebarachnium sp. according to Strelkov and Reshetnyak (1959).
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Figure 2.1: Sampling locations for this study. (a) Sampling stations during the P2107
process cruise and, (b) location of Villefranche-sur-Mer, France.

Organic C and N content

To obtain sufficient organic C and N matter for analysis, we deposited from 1
to 40 cells onto 25 mm GF/F filters that had been precombusted at 450°C for 4
h. Filters were placed in glass vials, previously washed for 24 h with HCI, rinsed
with MilliQ water and combusted at 450 °C for 4 h. The vials containing the dry
filters were stored at -20°C and dried at 55°C overnight before analysis. Blank
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Figure 2.2: Representatives of the sampled Rhizaria, observed under a stereomicroscope.
(a-g) Radiolaria, (h-p) Phaeodaria. (a) Thalassicolla sp. (Collodaria), (b) Thalassosphaera sp.
(Collodaria), (c,d) Phlebarachnium sp. (Nassellaria), (e) Oroscena sp. (Orodaria), (f) Cytocladus
sp. (Orodaria), (g) Spumellaria, (h) Aulosphaeridae, (i) Tuscaroridae, (j) Castanellidae, (k-1)
Coelodendridae, (m) Aulacanthidae, (n) Medusettidae, (o-p) Protocystis sp. (Challengeri-
dae). All scale bars are 1 mm, unless otherwise indicated.

filters were prepared in the same way (i.e., combusted the same day and stored in
the same conditions). C and N contents were quantified with a mass spectrometer
(Delta plus, Thermo Fisher Scientific) coupled with a C/N analyzer (Flash EA,
Thermo Fisher Scientific) via a Type III interface. Data were normalized to cell

counts to obtain mean individual values (Q¢ in ug C cell™! or Qn pug N cell™1).
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Biogenic Si content

The biogenic Si content of isolated Rhizaria was quantified according to Llopis-
Monferrer et al. (2020). Briefly, we added 0.2 mL of 2.5 N hydrofluoric acid (HF) to
the polymethylpentene tubes containing the filters with isolated specimens. The
biogenic Si contained in the filters was then digested for 48 h at room temperature
with HF acid to allow digestion of the robust Rhizaria skeletons. We then added
9.8 mL of saturated boric acid (H3;BOj3) solution to eliminate interference from
HF in the subsequent colorimetric analysis for Si. Analyses were performed on a
Technicon Auto-Analyzer II by colorimetric quantification of the orthosilicic acid
(Aminot and Kérouel, 2007). The standards used for calibration were prepared
with the same matrix as for the samples (HF/H3BO3). As C and N data, biogenic
Si concentrations were normalized to cell counts to obtain individual biogenic Si

content (Qypg; in g bSi cell™).

Si uptake rates (ps;)

For these measurements, we used the radioisotope of Si (32Si) following protocols
previously described (Tréguer et al., 1991; Leynaert et al., 1996; Llopis-Monferrer
et al., 2020). Briefly, samples containing from 1 to 30 individuals were spiked with
a 32Si silicic acid solution and incubated on deck for 24 h in a flowing-seawater
incubator to maintain constant water temperature. After incubation, isotope
samples were filtered by gentle (<150 mmHg) vacuum filtration onto 47 mm
diameter, 0.6 um pore-size polycarbonate membrane filters (Nuclepore), rinsed
twice with filtered seawater to wash away nonparticulate 32Si and dried at room
temperature for 48 h. The activity of 32Si in the samples was determined using the
Cerenkov counting method (Leynaert, 1993) on a scintillation counter (Tri-Carb
4910TR, Perkin Elmer) 3 months after the samples were filtered. Counts yielding
less than three times the background (23 CPM) were discarded. Results were
normalized to cell counts to obtain individual uptake rates (ps; in nmol Si cell™*
d~!). Samples were then analyzed for biogenic Si content as previously described.
The specific uptake rate (Vg; in d~1) was calculated by normalizing the Si uptake
rate to the biogenic Si concentration. Subsequently, we deduced the turnover
In2

time ¢ as <V_Si) (in d).
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Volume estimations

During the isolation process, photographs of each specimen were taken (Canon
Eos 77D camera) to relate elemental data to various morphological criteria. From
the pictures, we measured the length of major and minor axes using Image]
software (Abramoff et al., 2004). Volumes (V) were estimated by approximating
the shape and size of each taxon using simple geometric shapes that allowed
calculation of the associated volume (Mansour et al., 2021; Supporting Informa-
tion Table S2.2; Fig. S2.1). Finally, the equivalent spherical diameter (ESD) was
determined from the volume (Supporting Information Eq. 2.1.7). All images used
for measurements are available at https://doi.org/10.17882/89409.

Statistical analyses

We combined C and N content data measured for this study with literature data
(Mansour et al., 2021). All data analyses were conducted using R software (R Core
Team, 2020).

To test the relationship between individual elemental content and volume, we

assumed that it was adequately described by a power law:

Q;i=axV® (2.1)

where Q; is the individual C or N content in ug C cell ™! or ug N cell ™}, V' is
the individual volume in mm?3, a is the normalization constant, and b is the scaling
exponent of the power law. We used logjo-transformed elemental content and
volume data, as this is the most appropriate method to assess allometric-scaling
relationships (Kerkhoff and Enquist, 2009). This led to the transformed equation:

log,, @Q; = log,pa + blog,, V (2.2)

For these linear regression analyses, we choose Model I (ordinary least squares
regression) instead of Model II, as Model I is largely recommended for application
in allometry (Kilmer and Rodriguez, 2017) and because measurement error of the
independent variable, the individual volume, is considered to be low. Moreover,
our purpose was to provide a predictive relationship. The linear models were
validated by leave-one-out cross-validation using the R package caret (Kuhn
et al., 2020) and by analysis of normality and homoscedasticity of residuals. We
compared the regression slope of the C-to-volume relationship with those found
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previously for diatoms and various protists (Menden-Deuer and Lessard, 2000)
with Student’s ¢ tests. Difference in the regression slopes between Radiolaria and
Phaeodaria was tested using ANOVA. We then calculated the C and N density
in ug C mm~2 and pg N mm~3, respectively, and tested for differences in mean
values between taxa with ANOVA. We evaluated the correlation between Q¢ and
@x using a Kendall’s 7 correlation test.

To determine the Si: C ratio (mol : mol), we compiled our Q,s; data with litera-
ture data (Biard et al., 2018; Llopis-Monferrer et al., 2020; Supporting Information
Table S2.3) and when available, we calculated the ratio using the median values
of C (in nmol C cell™!) and biogenic Si content (in nmol Si cell™!) for each taxon
and geographic area. Excess densities were computed from C, N, and biogenic
Si content according to Baines et al. (2010) and Stukel et al. (2018) (see details in
Supporting Information Text S1). We then estimated the theoretical sinking Uy,
speed from Stokes’ law.

Correlations between Si uptake rates pg; and specific uptake rates Vg;, on
the one hand, and cell volume and averaged daily silicic acid concentrations,
on the other hand, were tested with a Kendall’s 7 correlation test. Dissolved Si
concentrations were measured on water samples collected with Niskin bottles.

All the data and code used for these statistical analyses are available on GitHub

(https://github.com/MnnLgt/Elemental_composition_Rhizaria).

2.1.4 Results
C and N contents and molar C : N ratio

We measured ()¢ for 153 samples of pooled Rhizaria, corresponding to 1555
specimens from 8 families of Phaeodaria and 536 specimens belonging to the
radiolarian orders Collodaria (Fig. 2.2a,b), Nassellaria (Fig. 2.2¢,d), Orodaria (Fig.
2.2e,f), and Spumellaria (Fig. 2.2g). @x was quantified for 136 of the samples,
corresponding to 2002 specimens covering the same taxonomic groups (Table 2.1).
Overall, ESD covered almost three orders of magnitude (Table 2.1), ranging from
220 4+ 60 pum for Spumellaria to 9.7 mm for Cytocladus sp. (Fig. 2.2f). We found
the highest average Q¢ and Qn per taxon for solitary Collodaria (65.1 + 32.8 ug C
cell™' and 15.4 4+ 10.4 ug N cell™!). The largest values, 717 ug C cell ™! and 76.8 ug
N cell ™!, were measured for the only specimen of Cytocladus sp. (order Orodaria),
which was large (diameter = 9.7 mm). The lowest Q¢ and ()x were observed for
the phaeodarian genus Protocystis sp. (0.71 + 0.37 pug C cell™! and 0.12 4 0.08 ug
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N cell™) (Table 2.1). The average C : N ratio was 7.8 4 2.1, reaching its highest
value for the nassellarian Phlebarachnium sp. (11.3 + 2.8) and its lowest for solitary
collodarians (5.7 & 1.4) (Table 2.1).

Along with 103 samples available from the literature (Mansour et al., 2021;
Table 2.1), we tested for the relationship between elemental composition and cell
size using ordinary least-square regressions of logjo-transformed C or N content
on logyg-transformed cell volume for a total of 256 samples for C and 235 for N.
For both elements, we found a significant relationship (R? = 0.76, p-value < 0.0001,
RMSE = 0.40 for C; R? = 0.78, p-value < 0.0001, RMSE = 0.41 for N), described by
the equations:

log;, Qc = [0.455 + 0.016] x log,, V + [0.958 & 0.025] (2.3)

log,, Qn = [0.477 £ 0.017] x log,u V + [0.157 £ 0.026] (2.4)

where V is the volume in mm?, Q¢ is the individual C content in ug C cell™},
and Qy is the individual N content in ug N cell™*. In both cases, residuals were
normally distributed and showed homoscedasticity (Supporting Information Figs.

S2.2, §2.3). These equations can be transformed into:

Qc = 10[0-958+0.025] o 1/[0.455+0.016] (2.5)

Ox = 10[0-157£0.026] o 77[0.477+0.017] (2.6)

Volume explained 76% and 78% of the total variance of Q¢ and Q. For both
relationships, the phaeodarian families Castanellidae and Tuscaroridae and the
radiolarian order Orodaria were almost always found above the regression lines,
whereas the phaeodarian family Aulosphaeridae was systematically below (Fig.
2.3).

Considering the whole dataset, the regression slopes of the individual element
content-to-volume relationship were 0.455 and 0.477 for C and N, respectively (Egs.
2.3, 2.4), but there was a significant difference in the slopes between Radiolaria
and Phaeodaria (ANOVA: p-value = 0.006 for C, p-value < 0.0001 for N), with the
highest slopes for Radiolaria (Supporting Information Table S2.4). This difference
could be due in part to a potential effect of the uneven distribution of data from

both groups along the size axis (Supporting Information Figs. S2.4, S2.5).



Table 2.1: Summary of carbon and nitrogen content (denoted Q¢ and @, respectively) data used for this analysis, compiled from Mansour et al. (2021) and this study.
Elemental content and density are expressed as mean + standard error.

Carbon Nitrogen
Group Order Taxon ESD* (um) ng™* Qcceli'ligl)c Derrlrsli;yi(ét)g ¢ nN™ ch\él({igl)N Der;;i;y,(g)g N (mci;gol) Reference
Aulacanthida Aulacanthidae 909 + 671 34[596] 5.8 +10.0 11.2+8.8 23[540] 1.2+20 14+0.6 7.0+0.6 This study
Aulacanthidae 733 =124 17[302] 3.1+1.6 18.0+15.3 17(302] 0.3+0.2 1.8+1.6 124 +2.3 Mansour et al., 2021
Phaeocalpida Castanellidae 632 + 89 35[567] 74+26 52.9+13.1 34[566] 11+04 8.0x+2.1 7.7+0.7 This study
Tuscaroridae 1210 =93 7110] 453 +23.1 489 +25.1 7(10] 75+4.0 8.0+39 7.1+0.5 This study
Phacodaria Phaeodendrida Coelodendridae 1609 + 695 13[45] 12.5+10.1 49=+2.1 9[26] 26+13 0.8+0.3 7.8+0.8 This study
Challengeria sp. 184 =73 2(48] 12+14 241.2 +108.8 2(48] 0.1+0.1 146+ 1.7 19.0+ 6.6 Mansour et al., 2021
Medusettidae 1893 + 456 3[4] 23.8+ 125 74+41 3[4] 41+1.8 1.3+0.7 6.7+0.6 This study
Protocystis sp. 318 +53 11[213] 0.7+04 39.7 £13.0 10[200] 0.1+0.1 6.1+27 79+20 This study
Protocystis sp. 97 =8 12[414] 0.7 +0.5 22244 + 1283.2 12(414] 0.1+0.0 259.3+131.4 10.0 £ 2.1 Mansour et al., 2021
Phaeosphaerida Aulosphaeridae 1959 + 206 10[120] 23+0.7 0.6 +0.2 10[120] 04+0.1 0.1+0.0 6.5+0.8 This study
Acantharia Various 18]540] 0.2+0.2 Mansour et al., 2021
Collodaria Collosphaeridae (colonial) 94 + 29 8[15033] 80.7 +41.2 0.6 +0.4 6[14589] 17.0 + 4.5 0.1+0.1 74+20 Mansour et al., 2021
Solitary spp. 286 + 404 2132] 21.6 £0.0 155.1 +47.7 2[32] 3.7+0.0 26.8 8.2 6.8+0.0 Mansour et al., 2021
Solitary spp. 3425 + 558 13[33] 65.1=32.8 31+19 13[33] 15.4 + 104 0.7+0.5 5.7+1.4 This study
Sphaerozoidae (colonial) 116 = 25 54(41111] 99.8 £ 87.5 19+1.7 52[39511] 13.7+8.2 04+04 7.6+3.1 Mansour et al., 2021
Radiolaria Nassellaria Various 83+6 6[241] 0.5+0.2 1472.1 +729.7 6[241] 0.1+0.0 171.3+85.3 103+ 1.7 Mansour et al., 2021
Phlebarachnium sp. 1175 + 289 19[468] 6.4+1.6 89+5.1 19(468] 0.7+0.3 09+0.3 11.3+2.8 This study
Orodaria Cytocladus sp. 9719 1[1] 717.6 1.5 1[1] 76.8 0.2 10.9 This study
Oroscena sp. 1492 + 571 58] 44.3 +34.0 25.0 + 14.1 5(8] 72+53 41+24 7.2+0.8 This study
Spumellaria Various 157 = 38 2174] 0.8+0.3 328.1 +126.9 2(74] 0.1+0.0 45.6 +32.5 9.7+3.7 Mansour et al., 2021
Various 220 = 60 2126] 15+0.6 279.7 + 104.8 2[26] 0.3+0.1 451+ 14.4 7.2+04 This study

* Equivalent Spherical Diameter.

** Number of samples analyzed, along with the total number of cells (in brackets).
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Figure 2.3: General allometry for elemental composition of planktonic Rhizaria. (a)
Carbon (ug C cell™) to volume (mm?®) and (b) nitrogen (ug N cell™!) to volume (mm?3).
Collodaria include solitary (sol.) and colonial (col.) specimens. Black solid lines represent
the Model 1 least-squares regressions of logjo-transformed data. Gray ribbons represent
the 95% confidence level intervals and black dashed lines show the 95% prediction
intervals. Data are compiled from Mansour et al. (2021) and this study.

We compared the regression slope of the C-to-volume relationship (0.455;
Eq. 2.3) with those obtained by Menden-Deuer and Lessard (2000). Ours differed
significantly from the slopes obtained for diatoms (slope = 0.811; ¢-test: p-value <
0.0001) and other various protists (slope = 0.939; ¢-test: p-value < 0.0001).

C and N densities ranged over four orders of magnitude (Fig. 2.4) and mean
values showed significant differences among taxa (ANOVA: p-value < 0.0001 for
both C and N). The phaeodarian family Aulosphaeridae displayed the lowest aver-
age C density (0.56 4= 0.23 ug C mm~3) and the collodarian family Collosphaeridae
the lowest average N density (0.08 4= 0.06 g N mm™3). Protocystis sp. collected in
the Southern Ocean and Nassellaria collected in the Mediterranean Sea reached
the highest mean densities for both C and N (>1000 g C mm~3 and >100 ug N
mm~3). In contrast, Protocystis sp. and the nassellarian Phlebarachnium sp. found
in the CCE had much lower mean C (39.3 & 12.5and 8.9 + 5.1 ug C mm—3) and N
(6.1 £2.7and 0.9 4+ 0.3 ug N mm~?) densities (Table 2.1).

A Kendall’s rank correlation 7 test showed a strong significant correlation
between Q¢ and Q (7 = 0.91, p-value < 0.0001). Molar C : N ratios differed

100

1000
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Figure 2.4: Elemental densities for planktonic Rhizaria. (a) Carbon densities and (b)
nitrogen densities. Nassellaria (2) refers to Phlebarachnium sp. Collodaria include solitary
(sol.) and colonial (col.) specimens. The central value indicates the median. The lower and
upper limits of the box correspond to the 25th and 75th percentiles. The lower whisker
extends from the 25th percentile to the smallest value at most 1.5 x IQR (inter-quartile
range) of the 25th percentile and the upper whisker extends from the 75th percentile to
the largest value no further than 1.5 x IQR from the 75th percentile. Data are compiled
from Mansour et al. (2021) and this study.

significantly among groups (ANOVA: p-value < 0.0001), even though they differed
greatly within each group (Fig. 2.5; Supporting Information Fig. S2.6).

Biogenic Si content, molar Si : C ratios, and excess densities

We measured the Qs; for 68 samples, representing 802 individuals from 4 radi-
olarian taxa and 7 phaeodarian taxa. We converted these data into ug Si cell™*
considering a molecular weight of 67 g mol~! for hydrated amorphous silica (Mort-
lock and Froelich, 1989) to include them in the regression equation linking Qys;
(in pg Si cell™!) to V (in um?) provided by Llopis-Monferrer et al. (2020). Our Qyg;
results ranged from 0.29 4 0.16 pg Si cell™! for Phlebarachnium sp. to 136 ug Si
cell™ for a solitary collodarian. By fitting a new model combining literature and
new data, we observed that the new slope (0.55) did not show a significant differ-
ence from the previous one (0.52) (t-test: p-value = 0.83) (Supporting Information
Fig. 52.7).

Using our data and literature data (Biard et al., 2018; Llopis-Monferrer et al.,
2020), we could determine the molar Si: C ratio for seven phaeodarian families and
the radiolarian orders Spumellaria and Orodaria (Fig. 2.6; Supporting Information

Table S2.5). We did not consider Collodaria, as most specimens used for C analyses

100
Nitrogen density (ug N mm~)
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Figure 2.5: C : N ratios (mol : mol) for planktonic Rhizaria. Nassellaria (2) refers to
Phlebarachnium sp. Collodaria include solitary (sol.) and colonial (col.) specimens. The
central value indicates the median. The lower and upper limits of the box correspond to
the 25th and 75th percentiles. The lower whisker extends from the 25th percentile to
the smallest value at most 1.5 x IQR (inter-quartile range) of the 25th percentile and the
upper whisker extends from the 75th percentile to the largest value no further than 1.5
x IQR from the 75th percentile. Data are compiled from Mansour et al. (2021) and this
study.

were not skeleton-bearing taxa. Aulosphaeridae reached the highest value (0.71)
and the nassellarian Phlebarachnium sp. the lowest (0.01). Among phaeodarians,
Coelodendridae displayed the lowest ratio (0.04) while Aulacanthidae showed a
marked difference between specimens from the California Current (0.31) and the
Mediterranean Sea (0.12).

Estimated excess densities ranged from 0.7 g mm~—3 for Coelodendridae to
545 g mm~3 for Spumellaria (Table 2.2). Except for the latter and the phaeodarian
Castanellidae, Tuscaroridae, and Protocystis sp., all excess densities were below 10
pg mm~3. The lowest theoretical sinking speed was observed for the nassellarian
Phlebarachnium sp. (20-43 m d~!) and the highest for Tuscaroridae (883-2044 m
d=1.

Si uptake rates

We measured Si uptake rates pg; for 26 samples corresponding to 347 cells be-
longing to 4 phaeodarian and 3 radiolarian taxa. Values ranged from 0.07 nmol Si
cell! d~! for our only sample of Protocystis sp. to 4.31 nmol Si cell=* d~! for our

only sample of Thalassosphaera sp. (solitary Collodaria) (Supporting Information
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Figure 2.6: General biogenic silica-to-carbon relationships for planktonic Rhizaria. Values
are expressed as median biogenic silica (umol Si cell™!) and carbon (umol C cell™?)
contents. Error bars show the median 4 median absolute deviation of each distribution.
Data are compiled from Biard et al. (2018), Llopis-Monferrer et al. (2020), Mansour et al.
(2021), and this study.

Table S2.6). The specific uptake rate Vg; spanned three orders of magnitude, with a
minimal value for Orodaria and Castanellidae (0.0007 d—') and a maximal value for
the nassellarian Phlebarachnium sp. (0.06 + 0.03 d~!) (Table 2.3). This corresponds
to a turnover time ranging from 10 to 1061 d (Table 2.3). Average daily silicic acid
concentration (Supporting Information Table S2.7) showed no correlation with pg;
(Kendall’s 7 = -0.04, p-value = 0.79) and a weak correlation with Vg; (Kendall’s 7 =
-0.55, p-value = 0.0001). When merged with 31 data points available from literature,
cell volume showed a very weak positive correlation with pg; (1 = 0.24, p-value =

0.008) and a weak negative correlation with Vg; (7 =-0.50, p-value < 0.0001).
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Table 2.2: Excess densities and theoretical sinking speeds computed from Stokes’ law for

planktonic Rhizaria.

ESD Excess density .Théoretlcal
Group Type Area _3 sinking speed
(pem) (g mm~) i
(md™)
Aulacanthidae CCE 593 8.7 [4.0-42.7] 143 [66-707]
Aulacanthidae Med 679 5.6 [3.8-6.9] 121 [83-149]
Aulosphaeridae CCE 2076 1.0[0.7-1.8] 199 [142-355]
. Castanellidae CCE 648 57.0 [40.8-60.6] 1127 [806-1199]
Phaeodaria .
Coelodendridae CCE 1930 0.7 [0.4-3.2] 115 [67-567]
Medusettidae CCE 2142 4.5 [4.5-4.6] 975 [973-986]
Protocystis sp. CCE 349 28.7 [25.5-54.2] 164 [146-311]
Tuscaroridae CCE 1177 27.8[13.5-31.3] 1817 [883-2044]
Phlebarachnium sp. CCE 881 0.9[0.6-1.2] 33 [20-43]
Radiolaria Oroscena sp. CCE 1682 9.8 [5.3-14.0] 1298 [709-1864]
Spumellaria CCE 197 545 [543-546] 1001 [999-1004]

Med, Mediterranean Sea.

Data used are compiled from Biard et al. (2018), Llopis-Monferrer et al. (2020), Mansour
et al. (2021) and this study. ESD is the median ESD. Excess densities were calculated with
the medians of carbon content, silica content and volume data. Between brackets are the
excess densities calculated with the 1st and 3rd quantiles of carbon content and silica

content, and associated sinking speeds.



Table 2.3: Silicic acid uptake rates pg;j, specific silicic acid uptake rates Vg; and turnover times ¢ for planktonic Rhizaria and diatoms.

psi- (nmol Si

Group Type Area cell -1 d) Vi (d™1) t (d) Reference
Aulacanthidae CCE 4 0.46 £0.70 0.008 + 0.008 87 This study
Aulacanthidae Med 0.061 + 0.089 11 Llopis-Monferrer et al. (2020)
Phaecodaria Aulosphaeridae CCE 6 0.62 + 0.54 0.006 + 0.007 116 This study
Castanellidae CCE 3 0.17 = 0.11 0.0007 + 0.0005 990 This study
Protocystis sp. CCE 1 0.07 0.002 347 This study
Protocystis sp. Med 0.167 + 0.148 4 Llopis-Monferrer et al. (2020)
Collodaria CCE 1 4.31 0.002 347 This study
Collodaria Med 0.422 + 0.312 2 Llopis-Monferrer et al. (2020)
Radiolaria Phlebarachnium sp. CCE 10 0.31+0.25 0.065 + 0.035 11 This study
Nassellaria Med 0.086 + 0.021 8 Llopis-Monferrer et al. (2020)
Oroscena sp. CCE 1 0.81 0.0007 990 This study
Spumellaria Med 0.372 £ 0.348 2 Llopis-Monferrer et al. (2020)
Diatoms Various 0.06 - 1.80 04-11.6 See references in

Llopis-Monferrer et al. (2020)

Med, Mediterranean Sea.

*psi and Vg; are denoted pp and Vp in Llopis-Monferrer et al. (2020). Except for diatoms, ps; and
Vgi are expressed as mean =+ standard error. ¢ is determined from mean Vg;. See Supporting
Information Table S2.6 for details of biogenic silica content Si uptake rates.
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2.1.5 Discussion
Elemental composition and stoichiometry of planktonic Rhizaria

In this study, we successfully measured C and N contents for 2091 rhizarian
specimens covering 12 taxa. By combining these data with literature data, we
found that over a size range extending three orders of magnitude (100 ym to
10 mm), the Q¢ and @ values for Rhizaria can be reliably predicted from cell
volume (Fig. 2.3). We report here a C : V scaling exponent for Rhizaria (0.455)
which is significantly lower than those found for diatoms (0.811) and other protists
(0.939) (Menden-Deuer and Lessard, 2000), supporting the conclusion that the
equations for diatoms are not suited for these giant protists. From our results,
the scaling exponents for the two rhizarian lineages Radiolaria and Phaeodaria
differ significantly, being higher for Radiolaria; however, since we could not rule
out the possibility of a bias due to differences in samples sizes, we recommend
the use of the general relationship. Individual volume did not fully explain the
variations in elemental composition (R* = 0.76 and 0.78 for the Q¢ : V and Qx :
V relationships), with the remaining unexplained variability potentially linked
to taxa-specific differences or physiological state of specimens. However, our
purpose here was to determine general trends to provide a basis for comparison,
even if specific taxa may deviate from them.

These differences between taxa were also reflected in elemental densities,
which varied over four orders of magnitude (Table 2.1). The lowest mean C density
(0.56 + 0.23 ug C mm—3) observed for the phaeodarian family Aulosphaeridae is
one order of magnitude lower than the conversion factor (80 ug C mm~3) used
for the global assessment of Rhizaria biomass (Biard et al., 2016). However, it
corroborates the density value of 1.1 ug C mm~3 based on the assessment of their
C demand (Stukel et al., 2018). For a 2-mm cell, our allometry gives a C content of
17.4 ug C cell™! while our mean Q¢ for Aulosphaeridae is 2.3 ug C cell™!. The
value of 4.8 ug C cell™! calculated by Stukel et al. (2018) falls within this range.
This low value can be explained by the ratio of the central mass diameter, which
consists of the central capsule and the phaeodium and is likely to contain most
of the organic matter of the cell, to the skeleton diameter. In comparison, the
family Aulacanthidae, known to co-occur with Aulosphaeridae in the California
Current (Biard and Ohman, 2020) and for which the combination of the central
capsule and phaeodium occupies about half of the skeleton, has a mean C density

of 11.2 + 8.8 ug C mm™3, a value one to two orders of magnitude higher than
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for Aulosphaeridae. The other phaeodarian families containing large species
(i.e., Castanellidae and Tuscaroridae), for which organic matter almost entirely
fills the skeleton, have a mean C density of 52.9 + 13.1 and 48.9 4+ 25.1 ug C
mm 3. For these taxa, our observations are consistent with values measured on a
bulk > 1-mm Phaeodaria population dominated by the same taxa in the North
Pacific Ocean, but for which the taxon-specific Q¢ values are not known (7.225
pg C cell™!; Tkenoue et al., 2019). In contrast, the smallest phaeodarian group of
our study, Protocystis sp. collected in the Southern Ocean (mean ESD = 97 um),
reaches the highest C and N densities (>1000 yg C mm~3, >100 pug N mm—3),
probably because the organic matter occupies the entire cell. Among Radiolaria,
Nassellaria other than Phlebarachnium sp. are the most C and N dense (>1000
pug C mm~3,>100 ug N mm~3), which could also be explained by organic matter
entirely filling the skeleton. Foraminifera, the sister clade of Radiolaria among
Retaria that builds CaCOj skeletons, have a mean C density of 89 ug C mm—
(Michaels et al., 1995) which is a higher value than those reported for colonial
and solitary Collodaria as well as Orodaria and photosymbiotic Nassellaria, but
one to two orders of magnitude lower than C densities of Spumellaria and other
Nassellaria.

For all taxa, the high variability in intragroup elemental densities is also
reflected in regional differences. For example, the observed difference between
Protocystis sp. collected in the CCE and those collected in the Southern Ocean, of
one order of magnitude for both C and N, suggests that polar species are denser
than their relatives living in warmer waters. Intragroup variability was previously
observed for solitary Collodaria (9-280 pug C mm™—3; Michaels et al., 1995) and
is most likely explained by environmental or cellular conditions. Indeed, it has
been shown that life history or nutritional status, such as the composition of
the phaeodium that is used to store food in Phaeodaria (Gowing, 1986), could
influence the Q¢ and Qy values as well as the C : N ratios (Sterner and Elser,
2017).

Our results showed that Q¢ and Qn values were strongly correlated, but their
ratio did not seem to be linked with size. Mean C : N ratios (mol : mol) are within
the range of values reported for Radiolaria (Michaels et al., 1995) and showed
significant variations among taxa. Overall, the mean C : N ratio (7.8 & 2.1) is
higher than the Redfield ratio of 6.6 (Redfield, 1934), as well as C : N ratios for
smaller protists (3.46.5; Menden-Deuer and Lessard, 2000) and the mean ratio for
all zooplankton (4.9; Kigrboe, 2013). Elemental stoichiometry of phytoplankton is
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known to depend on environmental conditions such as N availability (Finkel et al.,
2009). We can hypothesize that such effects could impact nutrient assimilation
and thus growth rates for Rhizaria as well, but knowledge about physiological
processes of Rhizaria is lacking.

Our values of Qyg; fit well with the established allometric relationship (Biard
et al., 2018; Llopis-Monferrer et al., 2020), underlining the robustness of this
tool. Except for the photosymbiotic nassellarian Phlebarachnium sp. and the
phaeodarian families Coelodendridae and Aulacanthidae from the Mediterranean
Sea, all molar Si: C ratios were higher than those reported for diatoms (0.13 +
0.04; Brzezinski, 1985). This result is expected since we showed that Rhizaria have
overall a low Q¢ value and they are known to be the most highly silicified pelagic
organisms per unit volume (Llopis-Monferrer et al., 2020). The high variations in
molar Si : C ratios among taxa highlight the morphological as well as ecological
diversity of these organisms. These ratios are likely to also be influenced by
abiotic factors (e.g., temperature or nutrient availability), as stated by Brzezinski
(1985) for diatoms, or biotic factors such as exposure to predation (Pondaven
et al., 2007). Our data are based on individuals coming from different depths and
different environmental conditions; thus, we still need to better constrain such

factors in order to account for intragroup variability.

From individual to global biomass and flux estimations

Accurate global biomass estimations are needed to better constrain ecological as
well as biogeochemical roles of marine organisms. Today, in situ imaging allows
quantification and distinction at low taxonomic level of large Rhizaria as well as
measurement of their biovolume (Nakamura et al., 2017; Biard and Ohman, 2020).
Following our measurements of elemental composition on individual Rhizaria,
it is very likely that previous global C biomass assessments based on in situ
imaging (Biard et al., 2016; Drago et al., 2022) need to be revised. Indeed, all
giant Phaeodaria (> 600 um) sampled by this method have a C density much
lower (ranging from 0.6 + 0.2 ug C mm~3 for Aulosphaeridae to 52.9 + 13.1 ug
C mm ™3 for Castanellidae; Table 2.1) than the conversion factor used previously
(80 g C mm™3). Nevertheless, it is important to note that small Rhizaria (< 600
pum), currently not reliably sampled by in situ imaging, are mostly much more
C-dense, but their regional and global biomass and contribution to fluxes remain
poorly constrained. For example, Radiolaria Polycystinea (including Nassellaria,

Spumellaria, and Collodaria) are abundant in the first 100 m of the global tropical
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and subtropical ocean (Boltovskoy, 2017) and, to our knowledge, their biomass
has never been accurately assessed.

When computing biomass over a large spatial scale, choosing whether to use
taxon-specific conversion factors or allometric relationships is not trivial. Errors
in biomass estimations at the individual scale will propagate and be responsible
for under or over estimations at the global scale. Using allometry can introduce
variability especially for taxa deviating from the regression line; however, identi-
fication to the genus, species, or family level is not always possible as it relies on
skeletal details that are generally not visible with in situ imaging instruments. Al-
lometry thus provides a way to infer the biomass of a related organism. Moreover,
allometric relationships are a straightforward way to compute the bulk biomass
of a population. In the future, the availability of taxon-specific conversion factors
as well as allometric relationships for C, N, and biogenic Si will allow us to refine
regional or global mass estimations with greater accuracy.

From biomass estimations, the next step is to assess the magnitude of ex-
port to the deep ocean. In addition to their mass, fluxes of particles are mainly
determined by their sinking speed and their abundance. Although the last pa-
rameter is not in the scope of this study, constraining the elemental composition
of an organism allows an initial estimate of its excess density with respect to the
surrounding water (Baines et al., 2010) and thus its theoretical sinking speed deter-
mined from Stokes’ law. Our computed excess densities for the Aulosphaeridae,
Coelodendridae, and Phlebarachnium sp. are consistent with a previous estimated
value for Aulosphaeridae (0.72 ug C mm~3; Stukel et al., 2018). Still, the other
taxa displayed an excess density 1-3 orders of magnitude higher (Table 2.2). This
variability between taxa is reflected in their estimated theoretical sinking speeds,
which span three orders of magnitude. These results are expected, as the silica
skeleton, which is the main ballast of the cell, shows large structural variations
among taxa. Phaeodaria have a porous skeleton, whereas Radiolaria have a dense
skeleton (Nakamura et al., 2018a). This could explain why Spumellaria (Radiolaria)
have a theoretical sinking speed one order of magnitude higher than specimens
of Protocystis sp. (Phaeodaria), of comparable size. It would take 5 d for one
spumellarian cell to sink from the upper mesopelagic to more than 5000 m depth,
whereas it would take about 16 d for Protocystis sp. The same order of magnitude
difference is observed between the radiolarian Oroscena sp. and the phaeodarian
families Coelodendridae and Aulosphaeridae. However, the phaeodarian families

Castanellidae, Tuscaroridae and Medusettidae, known to be more silica-dense
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(Biard et al., 2018), have a theoretical sinking speed ranging from~800 to 2000
m d~!. Together with the radiolarian Spumellaria and Oroscena sp., their very
high sinking speeds, coupled with their high elemental content, indicate that
these taxa could be efficient exporters of organic matter and biogenic Si to the
deep ocean upon their death. Even though Phaeodaria show higher dissolution
rates than Radiolaria (Erez et al., 1982), they would quickly transit to great depths
where loss caused by dissolution is lower than in surface waters because of colder
temperatures and higher nutrient concentrations. Furthermore, their heavy skele-
ton likely prevents the organic matter of the cell from being remineralized along
the way. In contrast, the other phaeodarian taxa and the nassellarian Phlebarach-
nium sp. have a much lower theoretical sinking speed. Therefore, because of
their fragile nature, the delicate skeletons of Aulosphaeridae, Aulacanthidae,
and Coelodendridae probably entirely dissolve on descent and never reach the
seafloor. We can thus hypothesize that not all Rhizaria contribute equally to
vertical export. Further investigation combining abundance data and dissolution
rates should bring to light the relative contribution of each. Overall, the sinking
rates we have calculated for Spumellaria, Castanellidae, and Protocystis sp. are
one order of magnitude higher than those measured experimentally by Takahashi
and Honjo, 1983). Nevertheless, the values that they calculated from Stokes’ law
conformed to ours. For most taxa, they noted that the ratios of measured sinking
speeds to theoretical sinking speeds were below 1, with great variations among
taxa. Therefore, it is likely that our data are maximal values. Indeed, Stokes’ law
assumes that particles are perfect spheres and the morphology of planktonic
Rhizaria can deviate significantly from this shape. The presence of skeletal or-
namentation such as spicules or spines increases the drag of the cell, slowing
it down. Moreover, Stokes’ law predicts that the sinking speed of a sphere is
proportional to the square of its radius, but it has been shown for diatoms that

this exponent in fact varies between 1 and 2 (Miklasz and Denny, 2010).

Si uptake rates and turnover times

Si uptake rate ps; was only weakly positively correlated with size and not with
silicic acid concentration. Specific Si uptake rate Vg; showed a weak but signifi-
cant negative correlation with size, a pattern consistent with observed allometric
scaling of nutrient uptake for phytoplankton (Edwards et al., 2012). Still, the
weakness of the correlation indicates that other parameters may influence uptake

rates. The significant, but also weak, correlation with silicic acid concentrations
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suggests that environmental conditions influence Vg;. However, care should be
taken as dissolved Si concentrations were daily averages over large depth ranges.
Our measured specific uptake rates Vg; were low (0.0007-0.06 d~!) compared to
those measured on small Rhizaria (Llopis-Monferrer et al., 2020) and diatoms
(summarized in Claquin et al., 2006). It seems paradoxical that these silica-rich
organisms take up dissolved Si at such a slow rate. Nonetheless, many Rhizaria
live below the epipelagic layer, where diatoms are absent and where competition
for silicic acid is expected to be limited. This may explain why Phlebarachnium
sp., which competes with diatoms in the surface layer, have the highest Vg;. To
date, very little is known about Si uptake dynamics of rhizarians, nor about cell
lifespan. Laboratory studies on a few radiolarian species have shown no evidence
of enhanced skeletal growth with higher silicate concentrations (Sugiyama and
Anderson, 1997). It is possible that there are phases in the life cycle where the
consumption of Si is more important than at other times. Our measurements are
first estimates that will be refined once we succeed in cultivating these cells over
a longer period of time, with cells that reproduce. Until now, we have only kept
them alive for 1-2 weeks and reproduction has never been observed.

Rhizaria are known to have SIT-L Si transporters (Marron et al., 2016), but the
number of uptake sites as well as their affinity with dissolved Si are unknown.
There is evidence that uptake affinity in phytoplankton does not scale linearly
with cell size (Lindemann et al., 2016). Thus, it is not because Rhizaria are larger
that their affinity with dissolved Si is higher. In addition, the number of nutrient
uptake sites and their specific affinity are expected to decrease with cell size
(Fiksen et al., 2013). If this is also true for Si, it could partially account for the
negative correlation between cellular volume and specific uptake rate. This could
also help explain why larger individuals take up Si at a slower rate comparatively
to their size. Further investigation of uptake processes at the cellular level as well
as uptake kinetics, either through modeling or experimental observations, should
shed light on the observed values. Such refinements should ultimately enhance
understanding of their consequences at a population scale.

From our data, estimated turnover times ¢ extended between 10 and > 1000 d.
These values are higher than for phytoplanktonic organisms, which usually range
from a few hours to a few days (Flynn et al., 2018). This result is to be expected
since these organisms are much larger and are thus expected to have a slower
growth rate. Skeletal composition should follow the same pattern, so the organism

can keep its equilibrium Si : C ratio. Many of our observed values are nevertheless
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much higher than expected. For a protist, a turnover time longer than 100 d
seems unrealistic. Net sampling could have damaged some cells, although we
took care during the sampling process. Moreover, some of the organisms were
sampled in the mesopelagic layer, which could have altered their physiological
state during recovery. However, collection depth ranges using net tows were too
broad to investigate a potential effect of sampling depth (Supporting Information
Table S2.8). Our results also question the way we calculated turnover rates, which
assumes constant growth and binary fission. However, production of swarmers
has been observed in both Phaeodaria and Radiolaria (Nakamura and Suzuki,
2015; Yuasa and Takahashi, 2016). In fact, V5; might not be constant over time:
swarmers or juvenile cells could silicify at high rates when producing the skeleton,
but then silicification could be reduced at a minimal rate once the skeleton is
formed. On the other hand, if the Si transporters in planktonic Rhizaria take up
a constant amount of dissolved Si per unit of time, regardless of the life stage
of the individual, this would then imply that Vg; decreases as the cell grows.
Therefore, differences with literature data (Llopis-Monferrer et al., 2020) may be
the result of differences in cell growth stage, as well as environmental differences.
The evolution of Vg; with time has not yet been investigated. Doing so would
require culturing Rhizaria, which has barely been successful so far, with a few
in vivo experiments maintaining Radiolaria for up to 23 d (Anderson et al., 1989).
Overall, these results highlight the strategy of low mass, low growth rate of these
organisms. Further analysis of their Si and C uptake rates will provide insight

into the life cycle of these organisms, as well as about their ecology.

Insights into the ecology of planktonic Rhizaria

By scaling elemental composition to individual size over several orders of magni-
tude, empirical allometric relationships provide clues to underlying processes
that govern the ecology of planktonic Rhizaria. The scaling exponents of the
C to V and N to V relationships are much lower than one, meaning that ele-
mental content does not increase in proportion to cell volume. Moreover, the
C-to-volume exponent is significantly lower than for smaller protists, implying a
low C strategy for this planktonic group, as previously suggested (Menden-Deuer
and Lessard, 2000; Stukel et al., 2018). This difference could be explained by
several factors. Rhizaria can be either heterotrophic or mixotrophic and many
taxa feed on sinking marine snow or are diffusion feeders (Gowing, 1986). Their

large size, from 100 pm to several mm, is responsible for an increased gap between
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nutrient delivery, depending on the cross-section area of the organism (Jackson,
1993), and food demand, related to its volume. However, since most of the organic
matter is located within the central part of the cell, increasing the radius allows a
wider intercepting cross-section and a higher potential clearance rate for these
non-swimming organisms, whereas this enlarged body is compensated by a low
C density. In addition, it has been suggested that cells with little organic matter
are less attractive and more difficult for predators to grasp (Kigrboe, 2013), in
addition to their large size making them less accessible to small grazers. Only
a few predators have been reported for Radiolaria (summarized in Biard, 2022a)
and even less for Phaeodaria, which are usually larger organisms than Radiolaria.
As proposed by Stukel et al. (2018), another advantage of this low C strategy is
the maintenance of neutral buoyancy. This would allow them to stay at their
optimal depth range, which can be restricted for some Phaeodaria because of
abiotic factors as well as the presence of food (Biard and Ohman, 2020). Low C
density could counteract the presence of a silica skeleton, which increases the
overall density of the cell. This could be an explanation of the high molar Si: C
ratios, in comparison with diatoms, that we observed for most taxa. Therefore, in
addition to the presence of spicules and other skeletal elements, as well as the
porous skeleton in Phaeodaria, a lower organic matter density diminishes the
sinking speed, while the inflated volume increases the drag of the organism.
Even though the C-to-volume regression equation provides a general trend,
it does not fully explain the variations among data, drawing attention to taxon-
specific characteristics (Fig. 2.3). This result contrasts with the lower scatter of C
content data along the regression line for diatoms and other protists (Menden-
Deuer and Lessard, 2000). These differences are not surprising, since the taxa
considered in the present study encompass various depth ranges, from the surface
to the mesopelagic (Biard and Ohman, 2020), two nutrition modes (mixotrophy
and strict heterotrophy) and colonial and solitary individuals. Thus, several taxa
are systematically lower or higher than the regression line (e.g., Aulosphaeridae,
Castanellidae), accounting for their taxon-specific particularities. Notably, several
points belonging to the family Aulosphaeridae are outside the 95% prediction
interval. These results are also reflected in the C and N densities spanning four
orders of magnitude. Symbiont-bearing taxa (Collodaria, Phlebarachnium sp.) are
among the least C and N dense. In particular, the photosymbiotic nassellarian
Phlebarachnium sp. showed C and N densities two orders of magnitude lower than

other Nassellaria. One hypothesis is that these taxa need to maintain neutral
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buoyancy to stay in surface waters and allow their symbionts to photosynthesize,
which could also be facilitated by the presence of the gelatinous matrix along the
presence of large lipid vacuoles in Collodaria (Anderson, 1983). Conversely, deep
living populations must generally adapt to a food-depleted environment, as well
as colder temperature, which could lead to lower metabolic rates. Therefore, we
can hypothesize that not only size, but also morphology and trophic strategy have
consequences for cell composition and stoichiometry, and that the relative effect

of each variable needs to be further examined.

2.1.6 Conclusion

From direct measurements of C and N content and literature data, we provided
allometric relationships linking C and N composition to size for a broad variety
of Rhizaria ranging from 100 um to several mm in size, completing the allometric
relationship relating biogenic Si content to volume. These simple equations that
focus on size rather than species identity are powerful tools to be implemented
in models. The combination of the three allometries is of key interest to improve
estimates of rhizarian biomass, which have been poorly constrained in the past
because of the lack of reliable conversion factors. In contrast, we have measured
Si uptake rates and found that they are weakly correlated with size, likely because
of the influence of other physiological processes and environmental variables
that need to be further explored. From elemental data, we estimated the sinking
speed of Rhizaria and showed that they can be fast exporters of organic matter
and biogenic Si to the bottom of the ocean. Overall, our study highlights the
low-C and slow-growth strategy of these large protists. These results will improve
future assessments of the biomass of planktonic Rhizaria as well as refinement of

understanding of their physiology and ecology.
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2.1.7 Supporting Information

Sampling details

Table S2.1: Sampling nets used during the CCE-LTER P2107 cruise.

Date Latitude Longitude Gear Depth range (m)
14/07/2021 33.8064 -120.4189 MOCNESS 400-600
17/07/2021 36.2005 -123.036 DeepNet 700-1000
17/07/2021 36.5122  -122.273 DeepNet 300-500
18/07/2021 36.5196  -122.2968 MOCNESS 400-600
21/07/2021 35.7467 -121.6759 RingNet 0-400
23/07/2021 36.1346  -122.102 BongoNet  0-500
24/07/2021 36.1927 -122.4567 RingNet 0-500
27/07/2021 36.0881 -122.3225 MOCNESS 300-600
28/07/2021 36.316 -122.7499 MOCNESS 350-450
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Image analysis

Table S2.2: Assigned shapes for rhizarian taxa.

Group Taxon Shape
Spumellaria cylinder
Phlebarachnium sp. prolate ellipsoid

Radiolaria  Oroscena sp. prolate ellipsoid
Cytocladus sp. sphere
solitary Collodaria sphere
Aulacanthidae sphere
Aulosphaeridae sphere
Castanellidae sphere

. Tuscaroridae rolate ellipsoid

Phaeodaria Coelodendridae Sphere ’

Medusettidae sphere or sum of spheres for colonies

Protocystis sp. (type 1)
Protocystis sp. (type 2)

prolate ellipsoid
sphere

(a) Sample of Castanellidae

(b) Sample of Coelodendridae

Figure S2.1: Light microscopy photographs of Rhizaria specimens to describe the method-

ology for cell measurements

For non spherical objects, the Equivalent Spherical Diameter (ESD) was computed

from the volume V as:

ESDz(

Silica data from literature

V3
Zx = 2
4:><>><

™
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Table S2.3: Biogenic silica content data available from literature
Type Mean nmol Si pug Si Area® Reference
cell vol. cell™? cell =1
(mm)

Aulacanthidae CCE 0.1 12.46 0.83 CCE Biardetal, 2018
Aulacanthidae CCE 0.13 13.85 0.93 CCE Biardetal., 2018
Aulacanthidae CCE 0.08 7.48 0.5 CCE Biardetal, 2018
Aulacanthidae CCE 0.07 7.21 0.48 CCE Biard et al., 2018
Aulacanthidae CCE 0.14 52.5 3.52 CCE  Biard etal., 2018
Aulacanthidae CCE 0.1 11.67 0.78 CCE Biardetal, 2018
Aulacanthidae CCE 0.07 6.01 0.4 CCE Biardetal, 2018
Aulacanthidae CCE 0.15 12.06 0.81 CCE Biard etal, 2018
Aulacanthidae CCE 0.14 11.19 0.75 CCE Biardetal, 2018
Aulacanthidae CCE 0.11 7.76 0.52 CCE  Biard et al., 2018
Aulacanthidae CCE 0.11 24.76 1.66 CCE Biardetal, 2018
Aulacanthidae CCE 0.21 22.62 1.52 CCE Biardetal, 2018
Theoperidae 0.2 8.61 0.58 CCE Biard etal., 2018
Theoperidae 0.14 5.47 0.37 CCE Biard et al, 2018
Castanellidae 0.17 242.62 16.26 CCE Biard et al., 2018
Castanellidae 0.16 225.83 15.13 CCE  Biard et al., 2018
Castanellidae 0.17 219.21 14.69 CCE Biardetal, 2018
Castanellidae 0.16 248.29 16.64 CCE Biardetal, 2018
Castanellidae 0.14 234.75 15.73 CCE Biardetal., 2018
Aulosphaeridae 7.27 235.87 15.8 CCE Biard et al, 2018
Aulosphaeridae 7.36 278.41 18.65 CCE Biard et al., 2018
Aulosphaeridae 5.39 158.75 10.64 CCE Biard et al., 2018
Aulosphaeridae 6.25 215.92 14.47 CCE Biard etal., 2018
Aulosphaeridae 5.59 160.8 10.77 CCE Biard etal., 2018
Aulosphaeridae 10.74 127.6 8.55 CCE Biard et al, 2018
Aulosphaeridae 6.7 247.16 16.56 CCE Biard et al., 2018
Aulosphaeridae 8.2 286.7 19.21 CCE Biard et al., 2018
Aulosphaeridae 2.25 93.74 6.28 CCE  Biard etal., 2018
Aulosphaeridae 5.62 220.31 14.76 CCE Biard etal., 2018
Aulosphaeridae 7.83 98.34 6.59 CCE Biard et al., 2018
Aulosphaeridae 1.45 55.1 3.69 CCE Biard et al, 2018
Medusettidae 26.45 648.02 43.42 CCE  Biard et al., 2018
Aulosphaeridae 5.54 107.27 7.19 CCE Biard et al., 2018
Coelodendridae 5.6 265.72 17.8 CCE Biardetal, 2018
Aulosphaeridae 5.7 109.09 7.31 CCE Biard etal., 2018
Aulosphaeridae 4.86 109.09 7.31 CCE Biard et al, 2018
Aulosphaeridae 1.53 75.69 5.07 CCE Biard et al., 2018
Aulosphaeridae 1.56 67.61 4.53 CCE Biard et al., 2018
Aulosphaeridae 4.02 77.85 5.22 CCE  Biard etal., 2018
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Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulosphaeridae
Aulacanthidae CCE
Aulacanthidae CCE
Aulacanthidae CCE
Aulacanthidae CCE
Aulacanthidae CCE
Aulacanthidae CCE
Aulacanthidae CCE
Coelodendridae
Coelodendridae
Coelodendridae
Coelodendridae
Coelodendridae
Castanellidae
Aulosphaeridae
Castanellidae
Castanellidae
Aulosphaeridae
Castanellidae
Collodaria
Collodaria
Collodaria
Collodaria
Collodaria
Collodaria
Nassellaria
Nassellaria
Nassellaria
Spumellaria
Spumellaria
Spumellaria

Spumellaria

Aulacanthidae Med.
Aulacanthidae Med.
Aulacanthidae Med.
Aulacanthidae Med.

5.4
9.67
6.72
1.41
1.61
2.42
0.94
5.45
0.24
0.3
0.11
0.13
0.13
0.14
0.09
0.21
0.15
0.15
0.15
0.18
0.05
1.74
0.1
0.07
0.72
0.05
0.0042
0.0023
0.0006
0.0024
0.0012
0.0013
0.0003
0.0003
0.0003
0.0031
0.0037
0.0006
0.0004
0.2730
0.3830
0.1453
0.4943

115.49
326.86
265.72
81.18
130.5
91.59
68.57
257.99
39.95
65.52
52.53
41.05
41.75
27.73
52.37
39.95
39.13
31.6
31.48
54.64
190.2
354.3
243.3
175.6
137.3
173.6
1.65
1.04
0.37
0.81
0.96
2.63
2.15
3.23
1.08
12.64
9.27
0.81
1.62
42.97
23.33
24.62
35.51

7.74
21.9
17.8
5.44
8.74
6.14
4.59
17.29
2.68
4.39
3.52
2.75
2.8
1.86
3.51
2.68
2.62
2.12
2.11
3.66
12.74
23.74
16.3
11.77
9.2
11.63
0.11
0.07
0.02
0.05
0.06
0.18
0.14
0.22
0.07
0.85
0.62
0.05
0.11
2.88
1.56
1.65
2.38

CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
CCE
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med
Med

Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Biard et al., 2018
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
Llopis-Monferrer et al., 2020
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Aulacanthidae Med. 0.3103 16.62 1.11 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.5738 29.93 2.01 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.4928 16.59 1.11 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.4604 16.83 1.13 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.1724 59.63 3.99 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.1724 16.33 1.09 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.1724 22.29 1.49 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.1724 9.39 0.63 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.4100 25.22 1.69 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.3115 24.64 1.65 Med  Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.3115 21.68 1.45 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.3115 31.58 2.12 Med Llopis-Monferrer et al., 2020
Aulacanthidae Med. 0.3115 26.45 1.77 Med Llopis-Monferrer et al., 2020
Protocystis Med. 0.0072 9.04 0.61 Med Llopis-Monferrer et al., 2020
Protocystis Med. 0.0007 1.59 0.11 Med Llopis-Monferrer et al., 2020
Protocystis Med. 0.0002 2.03 0.14 Med Llopis-Monferrer et al., 2020
Protocystis Med. 0.0005 1.06 0.07 Med Llopis-Monferrer et al., 2020
Protocystis Med. 0.0005 1.73 0.12 Med Llopis-Monferrer et al., 2020

* CCE stands for California Current Ecosystem and Med for Mediterranean Sea.

Excess densities and sinking speeds

The excess density (ug mm™—3) of an organism is given by:

Ocell = Pcell — Psw (27)

with pep the density of the cell and pg,, the density of seawater. For these
calculations, we assumed that density of seawater was 1027.5 kg m™® in the
Mediterranean Sea (salinity = 37, temperature = 15°C) and 1025.2 kg m~3 in the
California Current (salinity = 34, temperature = 15°C).

According to Baines et al. (2010) and Stukel et al. (2018), we computed the cell

densities as follows:

Mcell
cell =— 2.8
Peell Vo (2.8)
V. the cellular volume (mm?) was expressed as:
‘/cell = V:ekel + ‘/om + Vw (29)

Vien was directly measured on photos. Vi and V,,,, were deduced from the
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elemental mass and the assumed excess densities of 2.15 g ml~! for biogenic silica

and 1.05 g ml~! for organic matter, i.e.:

QbS’i
— b 2.1
Vikel = 5955 103 (2.10
Qo+ Qn
_ _wCTLN 2.11
Vom = 105X 10-3 2.1)

with Qpsi, Qc and Q the bSi, C and N contents in pug cell™!, respectively.
M.,y the cellular mass (g) was expressed as:

Mcell = Mskel + Mom + Mw (212)
with Mskel - QbSi) Mom = QC + QN and Mw = Psw X Vw'

The theoretical sinking speeds Uy, (in m s~!) were computed from Stokes’ Law
(Stokes, 1851) as:

ig(pcell - psw)ESD2
18 Hsw

Uy, = (2.13)

with g = 9.81 m s? the gravitational acceleration and i, = 0.001 Pa s the

assumed dynamic viscosity of the fluid.
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Elemental content-to-volume relationships: residual analysis
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Figure S2.2: Residual analysis for the model 1 least-squares regression of

logio-transformed Q¢ (ug C cell™!) to V' (mm?) for Rhizaria specimens including solitary
cells and colonies.
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Figure S2.3: Residual analysis for the model 1 least-squares regression of
log1p-transformed Qy (ug N cell™!) to V for Rhizaria specimens including solitary cells
and colonies.



79 2.1. Elemental content allometries and silicon uptake rates

Comparison of models for Phaeodaria and Radiolaria
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Figure S2.4: Model 1 least-squares regression of logyg-transformed Q¢ (ug C cell™!) to V'
(mm?) for Radiolaria and Phaeodaria considered separately. Grey area represents the 95%
confidence level intervals for predictions. Above density plots show the repartition of
data per group. Data are compiled from Mansour et al. (2021) and this study.

100.0

group
Phaeodaria

,_‘

o

o
|

Radiolaria

2 Reference

® Mansour et al., 2021
A This study

Nitrogen content (ug N Cell'l)
o =
= o
| I

0001 0010 0100 1.000 10.000 100.000 1,000.000
Cell volume (mm3)

Figure S2.5: Model 1 least-squares regression of logig-transformed Qy (ug N cell ™) to
V (mm?3) for Radiolaria and Phaeodaria considered separately. Grey area represents the
95% confidence level intervals for predictions. Above density plots show the repartition
of data per group. Data are compiled from Mansour et al. (2021) and this study.
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Table S2.4: Equations from models 1 ordinary least-squares regression of logjo-
transformed Q¢ or Qn (ug C cell ™! or ug N cell™!) to V (mm?) for Radiolaria and Phaeo-
daria considered separately. Data are compiled from Mansour et al. (2021) and this study.

Group Equation R*

Radiolaria C  log;q Qc = [1.06 £ 0.03] + [0.45 £ 0.02] x log;, V' 0.866
Phaeodaria C log;, Q¢ = [0.79 £ 0.05] + [0.35 £ 0.03] x log,, V' 0.435
Radiolaria N log,, @~ = [0.24 £ 0.03 0.48 £ 0.02] x log,, V' 0.869
Phaeodaria N log;, @~ = [0.01 £0.05 0.38 £ 0.04] x log,, V' 0.482

+
+
+
+

Molar C:N ratios

Group

Aulacanthidae
— H Aulosphaeridae
»_?:}ﬁ f>_(;: Castanellidae
5, 1 Challengeridae
107 . 76 Coelodendridae
Collodaria (col.)
ﬁfﬂ- 64 Collodaria (sol.)
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Spumellaria
Tuscaroridae
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Figure $2.6: Mean carbon content (umol C cell~!) as a function of mean nitrogen content
(umol N cell™!) for various Rhizaria taxa. Values are for each group the molar ratio of the
mean carbon content to the mean nitrogen content. Error bars show mean + standard
error. Data are compiled from Mansour et al. (2021) and this study.

Biogenic silica content to volume allometry

The previous allometry was given by (Llopis-Monferrer et al., 2020):

loglo(QbSi) = —4.05+0.52 x 10g10(V)

with Qg in pg Si cell™* and V in pm?.
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Figure S2.7: New model 1 least-squares regression of logp-transformed silica content
(ug Si cell™1) to cell volume (um?) for siliceous Rhizaria. Data are compiled from Llopis-
Monferrer et al. (2020) and this study.



Table S$2.5: Summary of carbon and biogenic silica contents. Si:C ratio are calculated as the ratio of the median silica content to the median
carbon content. Data are compiled from Biard et al. (2018), Llopis-Monferrer et al. (2020), Mansour et al. (2021) and this study.

Median Ran 1 Median R 1

Group Taxon Area®* n¢  nmol C 8¢ 1‘1_1‘1‘110 npsi nmol Si anse n?}o Si:C
1 C cell 1 Si cell
cell cell

Aulacanthidae CCE 24 84 54-3114 32 26 6-1479 0.31
Aulacanthidae Med 27 208 78-500 17 24 9-59 0.12
Aulosphaeridae CCE 10 182 118-316 34 129 44-595 0.71
Phacodaria Castanellidae CCE 35 640 112-1086 19 225 118-248 0.35
Coelodendridae CCE 13 970 73-2337 10 60 31-819 0.06
Medusettidae CCE 3 1504 1277-3179 1 648 648-648 0.43
Challegenridae (Protocystis sp.) ~ CCE 11 50 22-106 13 17 6-39 0.34
Tuscaroridae CCE 7 2367 2093-6596 7 656 164-1331 0.28
Nassellaria (Phlebarachnium sp.)  CCE 19 589 343-730 10 4 1-7 0.01
Radiolaria Orodaria (Oroscena sp.) CCE 5 4029 292-7507 2 654 71-1238 0.16
Spumellaria CCE 2 126 89-164 1 61 61-61 0.48

* CCE stands for California Current Ecosystem and Med for Mediterranean Sea.
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Silicon uptake rates pg;

Table S2.6: Summary data of biogenic Si contents (Qps;), Si uptake rates (pg;) and Si specific uptake rates (Vg;) from this study.

T : T -
Group Taxon o ESDM e s melSToes BEOLE gy
Aulacanthidae 4 832 + 558 142.52 + 259.73 0.46 = 0.70 0.0077 £ 0.0079
Phacodaria Aulosphaeridae 6 1948 + 736 193.37 + 204.47 0.62 £0.54 0.0056 £ 0.0074
Castanellidae 3 655 + 43 232.95 £+ 7.33 0.17 = 0.11 0.0007 £ 0.0005
Challegenridae 1 353 36.95 0.07 0.0020
(Protocystis sp.)
Collodaria 1 7209 2024.30 4.31 0.0021
Radiolaria Nassellaria 10 346 + 99 4.35 + 2.35 0.31 +0.25 0.0647 + 0.0350
(Phlebarachnium sp.)
Orodaria (Oroscena sp.) 1 1678 1238.69 0.81 0.0007

! Values are expressed as mean =+ standard error. 2 Equivalent Spherical Diameter.
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Table S2.7: Daily averaged silicic acid concentration measured from sample collected
with Niskin bottles.

Date (GMT) Silicic acid conc. (umol L=!)  Minimum depth (m) Maximum depth (m)

18/07/2021 14.96400 5.495 80.958
24/07/2021 20.88050 3.738 522.860
25/07/2021 20.13625 4.832 519.776
29/07/2021 21.78250 5.015 518.891
30/07/2021 17.63312 4.737 519.135
03/08/2021 12.05937 4721 522.432
04/08/2021 11.84625 5.311 519.642
06/08/2021 12.29625 5.488 520.188

10/08/2021 17.55813 5.392 204.520




Table S2.8: Detailed data and metadata of biogenic Si contents (Qys;), Si uptake rates (ps;) and Si specific uptake rates (Vg;) from this study.

psi (nmol Qbsi
Latitude Longitude  Gear Date Depth Taxon nt ESD VOlu?e Sicell™!  (nmolSi Vg (d7Y)
range (m) (um) (um?) a1 cell )

DeepNet 18/07/2021 1000-50  Aulosphaeridae 2 1606 2187105107 0.92 0.045 0.0205
36.3241 -122.7686  RingNet 24/07/2021 500-0 Aulacanthidae 14 561 98737338 0.22 0.012 0.0192
36.3241 -122.7686  RingNet 24/07/2021 500-0 Aulacanthidae 1 1671 2443025342 1.50 0.532 0.0028
36.3241 -122.7686  RingNet 24/07/2021 500-0 Castanellidae 4 643 141379762 0.30 0.228 0.0013
36.3241 -122.7686  RingNet  24/07/2021 500 -0 Aulosphaeridae 4 1121 780518746 0.58 0.128 0.0045
36.3241 -122.7686  RingNet 24/07/2021 500 -0 Aulosphaeridae 1 3215 17399004222 1.54 0.596 0.0026
36.1676  -122.4665 Mocness 25/07/2021 600 - 400  Protocystis sp. 5 353 23088581 0.07 0.037 0.0020
36.6044  -123.4352 Bongo 29/07/2021  300-0 Aulacanthidae 15 554 93152137 0.07 0.012 0.0063
36.6044  -123.4352 Bongo 29/07/2021  300-0 Aulacanthidae 18 546 90229089 0.04 0.015 0.0025
36.6044  -123.4352 Bongo 29/07/2021  300-0 Aulosphaeridae 3 1490 1737189540 0.23 0.061 0.0038
36.6044  -123.4352 Bongo 29/07/2021  300-0 Castanellidae 5 620 139534319 0.12 0.230 0.0005
36.6044  -123.4352 Bongo 29/07/2021  300-0 Orodaria 1 1678 2474195264 0.81 1.239 0.0007
36.705 -123.0394  RingNet 30/07/2021 300-0 Aulosphaeridae 13 2014 4939335975 0.10 0.137 0.0007
36.705 -123.0394  RingNet 30/07/2021 300-0 Castanellidae 9 704 187127543 0.10 0.241 0.0004
347136  -130.5414 RingNet 03/08/2021 50-0 Nassellaria 25 144 1669750 0.24 0.002 0.1185
347136  -130.5414 RingNet 03/08/2021 50-0 Nassellaria 25 293 13655738 0.25 0.004 0.0613
347136 -130.5414 RingNet 03/08/2021  300-0 Nassellaria 25 428 42002596 0.46 0.008 0.0580
347136 -130.5414 RingNet 03/08/2021 300-0 Nassellaria 25 412 38251196 0.51 0.007 0.0744
34.6385 -130.5178  RingNet 04/08/2021 50-0 Nassellaria 25 282 12748444 0.07 0.001 0.0505
34.6385 -130.5178 RingNet 04/08/2021 50-0 Nassellaria 30 316 17736047 0.06 0.002 0.0297
34.6385 -130.5178  RingNet 04/08/2021  300-0 Nassellaria 25 446 48186747 0.63 0.006 0.1004
34.6385 -130.5178 RingNet 04/08/2021 300-0 Nassellaria 25 484 61693415 0.70 0.006 0.1075
345029  -130.4235 RingNet 06/08/2021  300-0 Nassellaria 20 344 21931830 0.10 0.004 0.0256
34.5029 -130.4235 RingNet 06/08/2021 300-0 Nassellaria 20 317 17296937 0.05 0.003 0.0212
35.2885 -121.3928  SalpNet  10/08/2021 350 -0 Collodaria 1 7209 1.96166E+11 4.31 2.024 0.0021
35.2885 -121.3928  SalpNet  10/08/2021  350-0 Aulosphaeridae 6 2248 6015315528 0.32 0.193 0.0017

! Number of specimens per sample. 2 Equivalent Spherical Diameter.
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CHAPTER 3

Planktonic Rhizaria in global biogeochemical cycles

"When asked “why study plankton?” We might invoke carbon flux,
climate change, etc. If the answer seems inadequate to explain a
devotion to plankton, do not hesitate to say that the organisms of the
plankton are gorgeous, “art forms of the drifting world”. It is not

difficult to provide evidence."

J. R. Dolan, Beauty of the plankton: from the first issue of Haeckel’s Art

Forms of Nature
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3.1 A global census of the significance of giant mesopelagic
protists to the biogeochemical cycles of carbon

and silicon

Laget, M., L. Drago, T. Panaiotis, R. Kiko, L. Stemmann, A. Rogge, N. Llopis-
Monferrer, A. Leynaert, J.-O. Irisson, and T. Biard

3.1.1 Abstract

In the world ocean, constant downward export of material from the surface to
depths shapes element cycling. Below the epipelagic layer, the mesopelagic layer
is a transition zone whose biota affects the fate of exported material - whether
organic or mineral - and its long-term storage in the deep ocean. Quantifying the
role of mesopelagic organisms is therefore crucial to understand biogeochemical
cycles. Thriving in both layers, Rhizaria are biomineralizing protists, mixotrophs
or flux-feeders, often reaching gigantic sizes. Recently, in situ imaging showed
their contribution to the ocean carbon stock, but left their contribution to element
cycling unquantified. Here, we compile a dataset of >4,000 Underwater Vision
Profiler 5 profiles, incorporating appr. 168,000 Rhizaria images from all oceanic
regions, and apply machine learning models to predict their global organic carbon
and biogenic silica (biogenic Si) biomasses in the uppermost 1,000 m. We reveal
that these giant protists, dominated by flux-feeding Phaeodaria, represent carbon
and bSi biomasses more than twice as important in the mesopelagic than in
the epipelagic layer. Globally, we estimate the carbon demand of mesopelagic
Phaeodaria to be 0.46 Pg C y~!, representing 3.8 to 9.2% of gravitational carbon
export. Furthermore, we find that these silicifying protists co-dominate the
silicon cycle, along with diatoms and sponges, by constituting a unique source
of biogenic Si production and stock in the mesopelagic layer, where no other
silicifiers are present. Our study is the first global census that highlights the
importance of these elusive organisms for ocean biogeochemistry.

3.1.2 Main

Life in the surface ocean produces biogenic material that is constantly exported

to depth, fueling deep-sea ecosystems with numerous nutrients and minerals. In
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particular, exported particulate organic carbon (POC) is the basis of the biological
carbon pump (BCP), a key process in regulating atmospheric CO5 levels (Kwon
et al., 2009). This export results from various pathways, including transport
by gravitational settling of particles, vertically migrant organisms and lateral
transport (Boyd et al., 2019). Just below the epipelagic layer, the mesopelagic layer,
whose upper limit is defined as the depth horizon where light becomes insufficient
for photosynthesis, receives a rain of organic material punctuated by episodic
inputs from the surface ocean (Robinson et al., 2010). This mesopelagic realm
is a vast transition zone where ecological interactions determine the fate and
amount of material that will ultimately reach the deep ocean. Because of inherent
sampling constraints, our knowledge of stocks and processes is scarcer in the
deep than in the upper ocean, leaving severe uncertainties in the response of the
BCP to global changes (Henson et al., 2022). Settling particles are sources of food
for heterotrophic organisms, ranging from bacteria to metazoans with diverse
feeding modes, all inhabiting the peculiar mesopelagic environment. Overall,
these organisms will respire roughly 90% of POC exported from surface waters
through consumption and degradation before it reaches 1,000 m (Robinson et al.,
2010). Therefore, conducting a census of the mesopelagic biota and quantifying
its contribution to biogeochemical cycling in regard to its trophic role is essential
to understand the fate of sinking material and the magnitude of ocean carbon
sequestration (Robinson et al., 2010; Martin et al., 2020). Most previous studies
on mesopelagic biota focused on metazoan taxa such as copepods, euphausiids
or fishes, which are more easily accessible using nets or active acoustics (Irigoien
et al., 2014: Steinberg et al., 2008b). In contrast, the role and contribution of
fragile unicellular zooplankton such as Rhizaria, known to be abundant in this
layer (Nakamura and Suzuki, 2015; Suzuki and Not, 2015; Stemmann et al., 2008),
have been overlooked.

Rhizaria are a 515-Ma ancient eukaryotic lineage (Suzuki and Oba, 2015),
among which planktonic taxa have evolved to populate modern oceans from the
surface to the abyss (Nakamura and Suzuki, 2015; Suzuki and Not, 2015; Biard and
Ohman, 2020) and from equatorial to polar waters (Nakamura and Suzuki, 2015;
Suzuki and Not, 2015; Stemmann et al., 2008). These ubiquitous protists cover
a wide size range spanning from a few ym to several mm, with some of them
being able to form colonies of up to one meter (Biard, 2022b). Because they are
at the upper end of the protist size spectrum, they are often referred to as giant

protists. In the current classification, planktonic Rhizaria include Phaeodaria,
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Radiolaria and Foraminifera (Biard, 2022b). Phaeodaria and Radiolaria (including
the polycystine orders Spumellaria, Nassellaria, Orodaria and Collodaria) mostly
biomineralize siliceous skeletons, although many Collodaria are naked (Naka-
mura and Suzuki, 2015; Suzuki and Not, 2015). Additionally, these organisms
possess various trophic modes while inhabiting different ecological niches. Many
Radiolaria and Foraminifera are mixotrophs, harboring photosynthetic algal en-
dosymbionts which sustain energetic requirements of the host cell (Decelle et al.,
2015). These mixotrophic Rhizaria thus contribute to atmospheric CO, uptake
and can thrive in the surface layer of oligotrophic oceans, where organic food
resources are scarce (Suzuki and Not, 2015). Phaeodaria, on the other hand, are
strictly heterotrophic and mostly found below the epipelagic, where they pas-
sively feed upon sinking aggregates (Gowing, 1986; Gowing, 1989). Despite such
opposed trophic modes, all large planktonic Rhizaria adapted their lifestyle to
food-depleted environments through a low cellular carbon density, particularly
compared to other non-autotrophic protists (Laget et al., 2023). Contrastingly,
siliceous Rhizaria are the most silicified pelagic organisms known to date (Biard
et al., 2018). As they are abundant from the epipelagic down to the bathypelagic
ocean, they contribute to silicon uptake where no other planktonic organism takes
up dissolved silica (dissolved Si) (Llopis-Monferrer et al., 2020). Moreover, their
silicate skeletons act as ballasting minerals and increase the settling velocity of
incorporated and attached POC towards the deep ocean. However, because tradi-
tional sampling techniques damage their most fragile representatives, especially
larger ones, Rhizaria have often been neglected in biogeochemical studies (Biard
et al., 2016). Still, during the last decade, considerable progress in quantifying the
abundance of these fragile zooplanktonic organisms could be achieved thanks
to the fast development of in situ imaging tools. This revealed their substantial
contribution to elemental stocks (Biard et al., 2016; Drago et al., 2022) and fluxes
(Biard et al., 2018) as well as their role as gatekeepers of the BCP (Stukel et al.,
2018; Stukel et al., 2019). Nevertheless, an assessment of both their carbon and
silica biomasses using accurate size-to-volume allometric relationships, as well
as their carbon demand and biogenic silica (biogenic Si) production, has never
been conducted globally. This leaves the full extent of their contribution and

importance in biogeochemical cycles unclear and unquantified.
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Sampling planktonic Rhizaria and modeling their distribution

Here we present a global dataset with unprecedented information regarding
Rhizaria distribution and abundance collected in situ throughout all oceans be-
tween 2008 and 2021. The dataset consists of 4,252 vertical profiles acquired with
the Underwater Vision Profiler 5 (UVPS5; Picheral et al., 2010) down to 1,000 m
depth (Fig. 3.1, Supplementary Table S3.1). The UVPS5 records an image of each
encountered organism larger than 0.6 mm, enabling size measurement and iden-
tification at coarse taxonomic level. With Equivalent Spherical Diameters (ESD)
ranging from 0.6 mm to 20 mm (therefore excluding smaller Rhizaria; Fig. Ext.
3.1), the 167,551 validated Rhizaria images cover 18 taxonomic categories (Biard
and Ohman, 2020) included in Acantharia, Collodaria, Foraminifera, Phaeodaria
and other Rhizaria (Fig. 3.2, Table Ext. 3.1). We apply the most recent allometric
volume-to-element content relationships (Llopis-Monferrer et al., 2020; Laget
et al., 2023) to obtain carbon content of all Rhizaria groups, as well as the sil-
ica content for Phaeodaria only (as UVP5 images do not allow distinguishing
silicified collodarians from naked ones). Besides their contribution to element
stocks, we further investigate their role in biogeochemical processes by estimat-
ing Phaeodaria carbon demand (Stukel et al., 2018) and biogenic Si production
(Llopis-Monferrer et al., 2020). Associating each of the 167,551 Rhizaria images
with a set of environmental values, we quantify these processes on a global 1° x

1° grid by using boosted regression trees (see Methods section 3.1.3).

Global distribution of planktonic Rhizaria from the epipelagic to the mesopelagic

Our models predict the global carbon biomass of large Rhizaria (>0.6 mm) within
the upper 1,000 m to be 0.012 Pg C (Table Ext. 3.2) and 0.007 Pg C within the top
500 m, obtained by integrating biomass within the epipelagic layer and the top 300
m of the mesopelagic layer. This is about one to two orders of magnitude lower
than prior estimates (0.204 Pg C and 0.061 Pg C in the top 500 m; Biard et al., 2016;
Drago et al., 2022). In contrast to these studies, our estimates rely on dedicated
volume-to-elemental content allometric relationships established from carbon
and volume measurements on living specimens (Laget et al., 2023), which showed
lower carbon densities of large Rhizaria and the inadequacy of previous conversion
factors. Based on total mesozooplankton biomass estimates (Drago et al., 2022), we
now assess the contribution of large Rhizaria to total mesozooplankton biomass

in the top 500 m to be 1.7%. Although we revise downward their contribution to
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Figure 3.1: Spatial and temporal coverage of the 4,252 vertical in situ profiles. (a) Geo-
graphic location of Underwater Vision Profiler 5 profiles used in this study. Left and
top histograms show the latitudinal and longitudinal distribution of profiles along 3°
bins. (b) Seasonal distribution of sampling points according to latitude. Squares are
colored proportionally to the sampling effort. Details about sampling are summarized in
Supplementary Table S3.1.

biomass, the statement that these low carbon density organisms could contribute
globally to 31% of mesozooplankton abundance (Biard et al., 2016) still holds
true. Moreover, given their gigantic sizes (for protists), their contribution to
zooplankton biovolume is substantial (Biard et al., 2016; Biard and Ohman, 2020),
acknowledging their importance in pelagic food webs.

All taxa considered, large Rhizaria are distributed worldwide in both the
epipelagic and the mesopelagic layers (Fig. 3.3a, 3.3b, 3.3c). In particular, by
extending our spatial coverage polewards, we now reveal the prevalence of these
organisms at high latitudes, where their biomass was previously shown to be
lower (Stemmann et al., 2008; Biard et al., 2016; Brandao et al., 2021). Most
importantly, the worldwide carbon concentration of large Rhizaria is of the same
order of magnitude between the epipelagic and the mesopelagic layer (Fig 3.3a,
3.3b), highlighting their important role also in the global deep ocean. Integrated
biomass values are similar between layers around 20° N and S, but get consistently
higher in the mesopelagic near the equator and above 30° N and S (Fig. 3.3¢).
The two peaks at 50°N and 60° S follow recent biomass pattern delineations in
subpolar regions and around the equator (Brandao et al., 2021; Drago et al., 2022),
likely due to the presence of fronts at these high latitudes. Nonetheless, these



Chapter 3. Planktonic Rhizaria in global biogeochemical cycles 94

a)
Acantharia
Acantharia (like)
Collodaria (sol. B)
Collodaria (sol. G)
Collodaria (col.)
Orodaria spp. D
Cytocladus D
G Foraminifera D
§
N
=
o Unknownsp. | —<{—— (Jmm
Castanellidae e D D D
Aulacanthidae | —<—m—sx—+———— el
Cannosphaeridae ——— (N
Aulosphaeridae ——T——— L EE
Circoporidae = D D D
Coelodendridae — D D D :
Medusettidae D D D XIX:
Tuscaroridae D D D
Rhizaria(like) ‘ — T -
1,000 3,000 10,000
Size (um) i
. . d
b) XIV. i
2mm y xiii, -
— P
- \ A
viii. < T .
. XVI.
- IX.
- Xii. : '
. L ‘ i- r
Vil v . i
i
. XVIII.
fi‘ VI.
L] v X
i XVil.
= . L L]

| i iv g *-
L . P ><i.' *

Figure 3.2: Overview of sampled rhizarian specimens. (a) Equivalent spherical diam-
eter distribution, counts and characteristics of each taxon considered. Characteristic
mixotrophic, flux feeding and silicifying lifestyles are indicated on the right hand side
(dark gray indicates a proven attribute, light gray an evident attribute for at least parts of
the species within this taxon, and white its proven absence). (b) Examples for analyzed
Rhizaria taxa (all images are on the same scale): i. Rhizaria (like), ii. Acantharia, iii. Acan-
tharia (like), iv. Castanellidae, v. Collodaria (sol. G, solitary globule), vi. Collodaria (sol.B,
solitary black), vii. Acantharia, viii. Coelodendridae, ix. Medusettidae, x. Aulosphaeridae,
xi. Aulacanthidae, xii. Cannosphaeridae, xiii. Circoporidae, xiv. Coelodendridae, xv.
Cytocladus spp., xvi. Orodaria, xvii. Coelodendridae, xvii. Collodaria (col., colonial), xix.
Foraminifera, and xx. Tuscaroridae.
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Figure 3.3: Predicted global organic carbon biomass in planktonic Rhizaria, their impact
on carbon flux attenuation and their carbon demand. (a) and (b) Maps of the predicted
average 1° x 1° carbon concentration in the epipelagic (0-200 m; a) and mesopelagic
layer (200-1,000 m; b). (c) Integrated carbon biomass as a function of latitude for both
layers. Regression curves were derived using Generalized Additive Models. Note the
logarithmic scaling for carbon biomass. (d) Total carbon biomass for Rhizaria groups
in both layers. Only groups whose model’s R? calculated by random cross-validation is
>0.05 are shown (see also Table Ext. 3.2). (e) Global and regional contribution of large
mesopelagic Phaeodaria to gravitational carbon flux attenuation, based on their annual
carbon demand and the respective carbon export (i.e., transport out of the euphotic zone)
as reported elsewhere (Laws et al., 2000; Dunne et al., 2007; Nowicki et al., 2022). Error
bars show the range of estimated values. (f) Global and regional integrated daily carbon
demand of large mesopelagic Phaeodaria. Dots show mean values, bars show mean +
standard deviation as presented in Table Ext. 3.4.
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global patterns hide taxon-driven differences.

Contrasting spatial patterns between mixotrophic and heterotrophic Rhizaria

Given their different trophic modes and life styles, we observe distinct patterns
between mixotrophic and heterotrophic Rhizaria groups (Fig. 3.3d, Fig. Ext. 3.2).
Globally, Collodaria, Acantharia, and, to a lower extent, Foraminifera, make up
most of the Rhizaria biomass in the epipelagic layer of inter-tropical regions (45°N-
S), particularly within subtropical oligotrophic gyres (Fig. Ext. 3.3). This pattern is
expected given the mixotrophic nature of these radiolarian orders (Decelle et al.,
2015; Biard et al., 2016; Biard, 2022a). Through nutrient retention, mixotrophs can
enhance primary production (Decelle et al., 2015), besides shortcutting energy
pathways to higher trophic levels (Decelle et al., 2015; Biard et al., 2016). As
these environments are expected to expand as a consequence of global changes
(Polovina et al., 2008), the importance of these protists in ecosystem functioning
is likely to increase in warmer and more oligotrophic oceans. More investigations
about their role in CO5 uptake and carbon export is yet needed to provide more
detailed predictions about their role in future oceans.

In contrast to mixotrophic taxa, Phaeodaria dominate Rhizaria biomasses in
the mesopelagic layer (Fig. 3.3d, Fig. Ext. 3.2). Unlike Radiolaria which prey upon
various organisms ranging from bacteria to small Metazoa (Biard, 2022a), these
non-motile organisms are floating in particle-rich zones, where they intercept
aggregates by extending cytoplasmic strands (i.e, pseudopodia; Nakamura and
Suzuki, 2015). Often thought to be restricted to deep waters (Nakamura and Suzuki,
2015), our observations reveal important epipelagic biomasses of Phaeodaria in
several high latitude areas, which is in agreement with previous observations in
the Southern Ocean (Morley and Stepien, 1984; Gonzalez, 1992; Llopis Monferrer
et al., 2021), in particular the Weddell Sea (Gonzalez, 1992), the North Pacific
(Steinberg et al., 2008a; Biard et al., 2016), but also the Sea of Japan (Nakamura et
al., 2013). Globally, their total carbon biomass is 10-fold higher in the mesopelagic
than in the epipelagic zone (Fig 3.3d, Table Ext. 3.2), with an overall contribution of
81% to total Rhizaria biomass. In particular, we show the prevalence of Phaeodaria
in deep waters and in cold high latitude areas can be explained by their adaptation
to cold water environments due to their gigantic size and low cellular carbon
density. Despite their important abundance and biovolume (Biard et al., 2016)
in many regions and depths, a result of their low carbon density is that their

average contribution to total mesozooplankton carbon biomass is low (0.9% in
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the top 500 m). However, it is also highly variable in different ocean regions: their
proportion on the total C biomass ranges from 2.7-13.7% between 150 and 1,000
m in the North Pacific (Steinberg et al., 2008a) up to 22.3% between 250 and 3,000
m in the Sea of Japan (Nakamura et al., 2013). This is consistent with observed
patterns in detritivore organisms which dominate zooplankton abundance while
contributing less to biomass in the mesopelagic zone (Steinberg et al., 2008a).
Despite their low cellular carbon content (Laget et al., 2023), large Phaeodaria
can aggregate and carry detrital particles, which increases the amount of POC
per organism as well as its settling velocity substantially while sinking out of
the mesopelagic layer upon death (Ikenoue et al., 2019). Since these abundant
mesopelagic organisms are flux-feeders (Gowing, 1986; Gowing, 1989), we further
investigate their metabolic requirements and potential impact on carbon fluxes

in the mesopelagic layer.

Contribution of mesopelagic Phaeodaria to global carbon-flux attenuation

Globally, we estimate an annual carbon demand of 0.46 Pg C y~! by mesopelagic
Phaeodaria alone (Table Ext. 3.3). Scaled to recent global gravitational POC export
estimates, ranging from 5 to 12 Pg C y~! (see Nowicki et al., 2022, and references
therein), they would intercept between 3.8 and 9.2% of the gravitational POC flux
exported out of the euphotic zone (Fig 3.3e). By modulating their turnover times
over the full span of observed values (Stukel et al., 2018; see Methods section
3.1.3), the global flux attenuation by Phaeodaria could range from 2.8-6.7% to 8.9-
21.4%. Such attenuation, driven by simple unicellular organisms, has never been
taken into account in previous assessments of carbon flux attenuation, which was
thought to be restricted to copepods, small protists, bacteria and fishes (Steinberg
et al., 2008b; Robinson et al., 2010; Irigoien et al., 2014). Integrating this number
into the global carbon budget is therefore necessary to refine biogeochemical
models and to improve predictions of the future ocean state.

Maximum potential Phaeodaria-driven attenuation is found in the South-
ern Ocean, where it ranges between 11.2 and 23.4% of the gravitational POC
export (0.62-1.3 Pg C y~!; Laws et al., 2000; Dunne et al., 2007). In contrast, it
approximates 3.8 to 6.7% in equatorial and upwelling areas (Dunne et al., 2007;
Nowicki et al., 2022; Fig. 3.3e), where large Phaeodaria are also abundant. These
observations align with previous findings showing more important zooplankton
carbon demands in high latitudes and productive areas (Steinberg et al., 2008b).
Their daily integrated carbon demand averages 3.9 + 3.4 mg C m~2 d~! worldwide
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(Fig. 3.3f, Table Ext. 3.4), with highest values in the subarctic Pacific (13.0 £+ 6.5
mg C m~2 d%; Fig. 3.3f, Table Ext. 3.4). In subtropical gyres, where they are
least abundant, they could account for 18.9% of the total zooplankton carbon
demand (3.4 + 3.1 mg C m 2 d~! from 17.9 mg C m~2 d~! reported for the North
Pacific Subtropical Gyre; Hannides et al., 2015). Contrastingly, in the subarctic
Pacific where their demand is maximum, their contribution to total zooplankton
demand (133.1 mg C m~2 d~*; Steinberg et al., 2008b) drops to 9.7%, as metazoan
zooplankton may outcompete them for food.

As Phaeodaria are known to consume sinking particles, rather than suspended
ones (Gowing, 1986; Gowing, 1989), they can exert a substantial influence on
rapidly sinking particles, which are expected to be preferentially transferred to
the deep ocean due to their high sinking speed. In the California Current, the
Phaeodaria family Aulosphaeridae alone can be responsible for on average 10% of
total flux attenuation at their depth of maximum abundance (Stukel et al., 2019),
located in the upper mesopelagic zone where food is the most abundant. Still,
as substantial amounts of Phaeodaria feed in the lower epipelagic, above 200
m (Stukel et al., 2019; Biard and Ohman, 2020; Fig. Ext. 3.4), our estimates are
likely conservative as we only estimated Phaeodaria carbon demand between 200
and 1,000 m. Ingested material is used for Phaeodaria growth but is ultimately
processed into mini-pellets, ejected in the water column and thought to play
an important role in carbon export (Gowing and Silver, 1985). Indeed, mini-
pellet abundance can be almost 5 orders of magnitude higher than that of krill
fecal pellets in the Weddell Sea (Gonzalez, 1992). Therefore, the nature of the
exported material - either fecal pellets or aggregated bodies (Stemmann and Boss,
2012; Tkenoue et al., 2019) - and the associated differences in sinking velocities
and carbon contents as well as the resulting effects on global export must be
further explored. As Phaeodaria aggregates can be observed with in situ imaging
(Stemmann and Boss, 2012), this tool can be used to estimate phaeoarian-mediated
fluxes. Their silicified skeleton is likely increasing sinking velocities of dead
individuals and aggregates into which such are incorporated; thus, we further
investigated the role of Phaeodaria in the silicon cycle and potential impacts for

the carbon cycle.

Global biogenic silica stocks and production mediated by Phaeodaria

Globally, our models predict that Phaeodaria account for 4.25 Tg of biogenic
Si standing stocks in the upper 1,000 m of the oceans, among which 0.34 Tg
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are in the epipelagic and 3.91 Tg in the mesopelagic layer (Fig. 3.4, Table Ext.
3.3). The mean integrated value for the epipelagic layer is 1.1 + 3.3 mg Si m 2
(range 0-204.4 mg Si m~2; Fig. 3.4¢c), which is in the range of values measured on
small Rhizaria not within the size spectrum of the UVPS5 (Llopis-Monferrer et al.,
2020). The whole population of Rhizaria would thereby account for 7 to 18% of
the total integrated biogenic Si pool in the epipelagic layer (Tréguer and De La
Rocha, 2013) while most of the remaining stock is being attributed to diatoms
(Tréguer et al., 2021). In the mesopelagic layer, the mean integrated value is 11.6
+ 12.1 mg Si m~? (range 0-378.3 mg Si m~?; Fig. 3.4¢) and would account for
approximately 0-15% of the total biogenic Si integrated pool, based on average
estimates from the other studies (Leynaert et al., 2001; Krause et al., 2009). We
further quantify the role of Phaeodaria in the silicon cycle by estimating total
biogenic Si production (or silicon uptake). Average global annual biogenic Si
production by Phaodaria is 0.70 Tg Siy~! (range 0.22 - 2.33) in the epipelagic and
3.95 Tg Siy~! (range 1.25 - 13.1) in the mesopelagic zone (Table Ext. 3.3) while
daily integrated production rates averaged 0.005 4+ 0.016 mg Si m~2 d! in the
epipelagic and 0.030 £ 0.031 in the mesopelagic layer. In the Southern Ocean, the
mean production rate within the top 200 meters (0.006 & 0.004 m~2 d!) is about
three orders of magnitude lower compared to previous estimates that included
small Rhizaria only (Llopis Monferrer et al., 2021). Although biomasses and
production rates in the epipelagic layer are seemingly low compared to diatoms
(Tréguer et al., 2021), the overwhelming majority of Phaeodaria is located in the
mesopelagic zone (Fig. 3.4). Our results provide the first positive biogenic Si
production rates within this layer, as previous attempts to quantify mesopelagic
biogenic Si production (Tréguer et al., 2021) did not use sufficient sample volumes
to capture Phaeodaria specimens. While this production was suspected (Biard
et al., 2018), most recent estimates (Tréguer et al., 2021) only focused on diatom-
and sponge-mediated bulk biogenic Si production in the sunlit epipelagic and
benthic environments, leaving a gap regarding the deep ocean. Therefore, the
role of Phaeodaria in mediating silica through production, export and dissolution
is unique and has never been quantified nor considered to this extent previously
(Tréguer et al., 2021), leaving the fate of deeply produced biogenic Si unknown.
Due to the porous nature of Phaeodaria skeletons (Nakamura and Suzuki,
2015), the skeleton of epipelagic populations dissolves in the upper part of the
ocean (Erez et al., 1982). As a result, dissolved Si is spread throughout the water

column, with the potential to resurface through physical mixing, and export to
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Figure 3.4: Predicted biogenic silica (biogenic Si) biomass of planktonic Rhizaria. (a) and
(b) Maps of the predicted average 1° x 1° biogenic Si concentration in the epipelagic
(0-200 m; a) and mesopelagic layer (200-1,000 m; b). (c) Integrated biogenic Si biomass as
a function of latitude for both layers. Regression curves were derived using Generalized
Additive Models. Note the logarithmic scaling for biogenic Si biomass. (d) Total biogenic
Si biomass for Phaeodaria families in both layers. Only groups whose model’s R? calcu-
lated by random cross-validation is >0.05 are shown.

the deep ocean is minimal. In contrast, as mesopelagic Phaeodaria biogenic
Si production occurs at depths, we can expect that their carcasses reach great
depths before undergoing total dissolution, exporting and spreading biogenic
Si more efficiently to the deep ocean. Furthermore, as Phaeodaria accumulate
siliceous material within their phaeodium, with quantities often reaching the
same magnitude as their skeletal structure, it likely enhances the sinking velocity
of both the cell and the materials - organic and mineral - it carries (Gowing and
Coale, 1989). Still, it is likely that the fragile skeleton of large Phaeodaria is not
preserved as fossils but instead dissolves before it can reach the seafloor. The
contribution of deep-living Phaeodaria to fluxes, along with the susceptibility of
their skeleton to dissolution, has been hypothesized to be an important factor of
silica recycling in the North Pacific (Bernstein et al., 1990).
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Altogether, our results suggest that mesopelagic Phaeodaria are important
recyclers and producers of biogenic Si, besides organic matter, particularly in
the deep ocean. Diatoms have been considered to be the main driver of the
silicon cycle globally since the Mesozoic era, when they took over the control
from Rhizaria and marine sponges (Conley et al., 2017). Our results therefore
provide not only elements to suggest that Rhizaria, diatoms and sponges still co-
dominate the silicon cycle globally, but they also provide crucial elements for the
future changing oceans. Indeed, substantial changes in silica export are expected
worldwide because of global warming, which are likely to lead to a subsequent
decline in diatom populations (Taucher et al., 2022). Given the present results, we
further explore the consequences of such changes for Rhizaria populations and

their impact on biogeochemical cycles.

Implications for future ocean biogeochemistry

Rhizaria have populated the global ocean since 515 Ma according to fossil records
and survived all major extinctions (Suzuki and Oba, 2015). Because of climate
change, significant impacts on all oceanic regions are expected, such as seawater
warming from the surface to the deep, increased stratification or decreased nutri-
ent supply to the surface (Kwiatkowski et al., 2020). On the one hand, in future
more oligotrophic oceans (Polovina et al., 2008), we can expect mixotrophic popu-
lations, representing the vast majority of the Rhizaria biomass in oligotrophic
gyres and more generally widespread at low and mid latitudes (Fig. Ext. 3.3),
to remain stable or to expand their habitat range globally. Indeed, these organ-
isms, creating microenvironments of enhanced primary production to meet their
carbon needs (Caron et al., 1995), will likely not be impacted by changes in this
parameter in surrounding waters and may be favored by elevated temperatures
(Fig. Ext. 3.5). Consequently, their importance on food webs may increase in
the future. On the other hand, the fate of Phaeodaria is less certain. Since they
are generalist feeders and influenced by surface chlorophyll a concentrations
(Fig. Ext. 3.5), they may not be impacted by changes in upper phytoplankton
community composition. Rising temperatures could lead to shorter turnover
times, increasing the total carbon demand of the community. Nevertheless, the
response of export flux to global changes is highly uncertain: fluxes may increase
at high latitudes, whereas a decrease is expected in equatorial and upwelling
areas (Henson et al., 2022). Consequently, we can expect antarctic or subarctic

Phaeodaria populations to remain stable, or even become more important. In
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contrast, upwelling and equatorial populations could decline following a reduced
food supply. These organisms primarily inhabit the deep ocean (Fig. 3.4d), where
silica concentrations exceed their requirements and where they are its exclusive
users (Tréguer et al., 2021). We can therefore expect them to remain unaffected
by changes in the silicon cycle and likely increase their control, leading to more
biogenic Si dissolution and recycling at depth. Altogether, their ubiquity as well
as the variety of their trophic modes makes Rhizaria persistent key organisms
also in the future oceans, however, their impact on element turnover is likely to
change, calling the need for future refinements in the quantification of their role

in biogeochemical cycles.

Conclusion

Our study provides the first comprehensive assessment of the role of giant protists
in the biogeochemical cycles of carbon and silicon, offering a new perspective
on their significance for ocean ecology. We found that despite their relatively
low biomass compared to metazoan zooplankton biomass, these protists play an
important role in attenuating carbon fluxes worldwide. Mesopelagic Phaeodaria
could attenuate ~9% of the global gravitational carbon flux worldwide, dimin-
ishing the transfer efficiency through the mesopelagic layer. Furthermore, they
are the sole drivers of biogenic silica production in this layer, and likely through-
out the deep ocean, co-dominating the silicon cycle with diatoms and sponges
worldwide. These organisms serve as essential recyclers of POC and biogenic Si,
particularly in the Southern Ocean, but much remains unknown about the mecha-
nisms by which these groups take up and metabolize organic matter and nutrients.
Additionally, the abundance of Rhizaria increases as their size reduces (Stem-
mann and Boss, 2012). As we only considered Rhizaria whose size is >600 um, our
estimations should be regarded as conservative. The mesopelagic zone exhibits
significant vertical heterogeneity, leading to variations in biological processes
and organism physiology as depth changes. It is noteworthy that mesopelagic
food webs do not solely depend on sinking particles. Instead, they encompass
multiple pathways, including transport of organic matter by vertical migrants and
lateral transport (Boyd et al., 2019), and intricate ecological interactions within the
microbial, protistan and metazoan communities. While we expect little impact of
climate change on overall Rhizaria populations, uncertainties remain regarding
the evolution of biogeochemical processes in the mesopelagic zone and the role

of Rhizaria in them.
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3.1.3 Methods
Global Underwater Vision Profiler 5 dataset

We used a global UVP5 dataset compiled from 64 oceanographic cruises covering
a 13-year period (2008-2021; Supplementary Table S3.1), which took place across
all oceans and across a large range of oceanic structures (Fig. 3.1a). Among
all profiles collected, 4,252 covered the first 200 m and 1,959 the first 1,000 m
(Supplementary Table S3.1). Sampling occurred throughout the year, except at
high latitudes where access is limited to boreal or austral summers (Fig. 3.1b).

The UVPS5 images a water volume of ~1 L every 5 to 20 cm of the water
column during the descent part of a vertical profile. The onboard computer
measures all particles larger than ~0.1 mm, but stores vignettes for particles >0.6
mm only (Picheral et al., 2010). Upon recovery, vertical profiles are processed to
extract images, which are associated with a set of metadata and morphological
measurements.

Rhizaria images were classified by supervised machine learning algorithms
and validated by taxonomy experts on the EcoTaxa web application (Picheral
et al., 2017). In total, 167,551 Rhizaria images were validated, and classified into
18 subgroups belonging to Acantharia, Collodaria, Foraminifera, Phaeodaria
and unidentified Rhizaria, following the latest classification for in situ Rhizaria
images (Biard and Ohman, 2020; Fig. 3.2, Table Ext. 3.1). Phaeodaria were
represented by the two abundant families Aulacanthidae and Aulosphaeridae, and
by the less abundant families Cannosphaeridae, Castanellidae, Coelodendridae,
Tuscaroridae, plus an additional category 'Phaeodaria_unknown’. At the lower
range of the detection threshold of the UVP5, Acantharia, distinguished by
their symmetric spines surrounded by a black center (Biard et al., 2016), were
divided into Acantharea and ‘Acantharea_like’. Collodaria were further classified
into colonial specimens, solitary black and solitary globule (Biard et al., 2016).
The radiolarian order Orodaria was split between the genus Cytocladus and other
Orodaria. Foraminifera and other Rhizaria were all classified as such. Our Rhizaria
specimens covered a size spectrum ranging from 0.6 mm to 20 mm, the smallest
specimens belonging to Acantharea and the largest to colonial Collodaria (Fig.
3.2).



Chapter 3. Planktonic Rhizaria in global biogeochemical cycles 104

Individual biomass, carbon demand and biogenic silica production estimates

For each individual, volume was determined by first computing the Equivalent
Spherical Diameter (ESD) from the area extracted by ZooProcess and then cal-
culating the volume of the associated sphere. Volumes were also calculated by
fitting a prolate ellipse to the object using the major and minor axes length, to
ensure that it would not lead to significant differences, which we did not observe
(Fig. Ext. 3.6). Therefore, the sphere method was chosen to estimate volume for
all considered taxa.

A volume-to-carbon allometric relationship (Laget et al., 2023) was applied to

individual volumes V' to obtain individual carbon contents Q¢ (in ug C cell™):

QC — 100.958 X V0.455

For siliceous Phaeodaria, biogenic Si contents Qyg; (in g Si cell ™) were given
by the following volume-to-biogenic Si allometric relationship (Llopis-Monferrer
et al., 2020):

QbSi — 10—4.05 % V0.52

Individual carbon demand (C'D) for mesopelagic Phaeodaria flux-feeders was
calculated from individual carbon content Q¢ following the equation (Stukel et al.,
2018):

__ Qo
GGEXTT

with GGE the gross growth efficiency and 77 the turnover time (in d). Assum-

CD

ing that turnover times are temperature-dependent with a Q)19 of 2 (i.e., increasing
the temperature by 10°C divides the turnover time by 2), we used a reference
turnover time 7 of 10.9 d at a temperature of 10°C from the literature (Stukel et al.,
2018) for all Phaeodaria taxa considered. We also considered minimal (7 = 4.7 d)
and maximal (7 = 15 d) reference turnover times. Each mesopelagic Phaeodaria
specimen was assigned a temperature value coming from the World Ocean Atlas
(Locarnini et al., 2018) according to its depth, location and month of sampling.
The reference turnover time was adjusted to the local temperature using the
formula (Biard et al., 2016):
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with 7, = 10°C and T, the experienced temperature. As Phaeodaria living
in the mesopelagic need to minimize their energy expenditures, we assumed
GGE =04 for all considered taxon (Stukel et al., 2018).

To propose a range of biogenic Si production (ps;, in ug Si cell™* d71), we
considered the minimum, maximum and median from literature values (0.17, 0.54
and 1.78 nmol Si cell™! d~!; Llopis-Monferrer et al., 2020) and applied a Q¢ of 2
as described above for all specimens:

Tr'ef7T0b5 -1
Psiy = Psi X <2 10 >

with T,.; and Ty as described above.

Environmental data

Temperature, salinity, oxygen and nutrient concentrations (i.e., silicate, phosphate
and nitrate) data were extracted from the World Ocean Atlas database (Locarnini
et al., 2018; Zweng et al., 2019; Garcia et al., 2019a; Garcia et al., 2019b). These
data were delineated on a 1° x 1° horizontal grid over a 0-800 m depth range (as
silicate, phosphate and nitrate data were not available deeper) with a monthly
temporal resolution covering the years 2008 to 2019. They were averaged through-
out both layer’s temporal coverage and depth range. Monthly averaged surface
chlorophyll-a data, extracted from the Copernicus database, and bathymetric
data, extracted from the NOAA database (Amante and Eakins, 2009), were used
for the corresponding time period. These datasets were standardized to a grid
resolution of 1°. UVP5 data were matched to environmental data on the global
1° x 1° grid according to their coordinates. Profiles that could not be matched
to the environmental grid were matched to the nearest cell, if any. Individual
biomass, demand and production values matched to the same cell were averaged

for each layer (Drago et al., 2022).

Predicting and extrapolating global distribution

To model the relationship between environmental variables and Rhizaria distri-
butions, and ultimately predict global Rhizaria biomass distributions, we used
boosted regression trees (BRTs), following a methodology developed recently
(Drago et al., 2022). Briefly, BRTs function as classical regression trees linking
a response (i.e., biomass, carbon demand and biogenic Si production) to predic-

tors (i.e., environmental variables) by performing recursive binary splits (Breiman,
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2017). Boosting allows the combination of successive short regression trees, which
are adjusted to improve performance on observations poorly modeled by existing
trees (Elith et al., 2008). They do not produce a single relationship, but instead
combine relatively simple successive tree models and are thus well adapted to fit
complex, nonlinear relationships between sparse species datasets and their envi-
ronment, yet being robust against overfitting (Elith et al., 2008). We implemented
BRTs using the R software version 4.0.3 (Team, 2020) and the xgboost package
version 1.2.0.1 (Chen et al., 2020).

To account for spatial correlation between data points, BRTs’ performance
were tested using random and spatial cross-validation procedures to improve
independence between the training and test sets (Hijmans, 2012). For the spatial
cross-validation, data were split into 5 spatial folds according to geographical
distances using the R package blockCV (Valavi et al., 2018). Each set consisting of
4 spatial folds was used to train the model, while the remaining fold was used for
testing, repeated 20 times. We calibrated BRTs by trying various combinations
of hyperparameters, including the learning rate per tree, the maximum depth
of a tree, the minimum number of elements per leaf and the number of trees, to
minimize predictive deviation from the test set (error reduction) and avoid overfit-
ting (complexity minimization) (Elith* et al., 2006; Drago et al., 2022). To evaluate
the models, we calculated the two-sided Pearson correlation coefficient and its
associated p-value between the observed biomass and the predicted biomass. The
predicted biomass was obtained as the average prediction across all repetitions
for each test spatial fold. For each layer, we applied models to environmental
predictors for all cells of the 1° x 1° world grid to obtain maps of predicted
biomass concentrations. Univariate partial dependence plots were represented to
show the effect of each variable on biomass prediction, computed as the average
marginal effect of the variable in the model resamples. Predicted values were
integrated for each layer (in ug m~2) by multiplying the mean concentration (in ug
m~3) for this layer by its thickness (in m). To derive global values, integrated values
were multiplied by the area of each grid cell, as described in the literature (Drago
et al., 2022). Regional values were obtained by partitioning world predictions
using Longhurst’s provinces (Longhurst, 2010). To estimate the percentage of flux
attenuation, we used carbon export (i.e., out of the euphotic zone layer) values
from the literature (Laws et al., 2000; Dunne et al., 2007; Nowicki et al., 2022;
Clements et al., 2023) and computed the ratios of Phaeodaria carbon demand to

carbon export globally and for each oceanic region.
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Extended Data and Supporting information

See section 3.1.4 and 3.1.5 of this chapter.

Author Contribution Statement

TB and ML conceptualized, conceived and developed the work with input from
RK, AL, LS, AR, and J-OI; RK, AR, LS, and TB contributed to data acquisition; TB
manually validated all rhizarian images; ML modified the models developed by
LD, TP and J-OI; ML and TB contributed substantially to the data analysis with
assistance from J-OI; ML and TB created all figures; ML drafted the manuscript
and all authors contributed substantially to its improvement; All authors approved

the final submitted manuscript.

Data availability statement

Inputs and outputs for all models are available in the Zenodo repository
https://doi.org/10.5281/zen0d0.8284902. Environmental data from World Ocean
Atlas are available at ncei.noaa.gov/products/world-ocean-atlas. Surface chloro-

phyll a data are available at the Copernicus database.

Code availability statement

All scripts used for results presented in this paper are available in the Zenodo
repository https://doi.org/10.5281/zenod0.8284902.

Acknowledgments

We thank cruise leaders and participants who helped in the creation of the UVP5
dataset. We are grateful for the ship time provided by the respective institutions
and programs. We acknowledge all the scientific programs (in particular the
grant NASA OBB #80NSSC17K0568 for the EXPORTS program and NASA OBB
#NNX15AE67G for the NAAMES program, AWI_PS99_00 AWI_PS124_13, ME-
TEOR/MERIAN core program & EU H2020 Project AtlantOS) involved in data
acquisition. We are grateful to people who sorted images and contributed to
build this dataset. We thank Michael Stukel for his advice regarding turnover
time calculations and Frédéric Le Moigne for his comments on the manuscript.
This work was funded by the French “Agence Nationale de la Recherche” project


https://doi.org/10.5281/zenodo.8284902
https://www.ncei.noaa.gov/products/world-ocean-atlas
https://data.marine.copernicus.eu/product/OCEANCOLOUR_GLO_CHL_L4_REP_OBSERVATIONS_009_082/
https://doi.org/10.5281/zenodo.8284902

Chapter 3. Planktonic Rhizaria in global biogeochemical cycles 108

RhiCycle (ANR-19-CE01-0006). RK acknowledges support via a Make Our Planet
Great Again grant from the French National Research Agency (ANR) within the
Programme d’Investissements d’Avenir #ANR-19-MPGA-0012 and funding from
the Heisenberg Programme of the German Science Foundation #KI 1387/5-1. LS
was supported by the CNRS/Sorbonne University Chair VISION to initiate the
global observation. AR was funded by the PACES II (Polar Regions and Coasts
in a Changing Earth System) program of the Helmholtz Association, the Federal
Ministry of Education and Research of Germany (BMBF) through the projects
‘Changing Arctic Transpolar System’ (CATS, grant number 03F0776E) and CATS-
Synthesis (grant number 03F0831D), as well as the INSPIRES programme of the
Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research (AWI).

3.1.4 Extended Data

10 .—’-’-‘M,‘-
"
’ \
—~
@
i
£ \.
T 10t K
E N
c by
3 ~
~ )
[} .
g 10 ~.
3 - ",
c L4
3 - -
LI “
o 10
& -
g -
.
S
Z 10
ey
-~

10° 10°5 10*
Equivalent spherical diameter (um)

Figure Ext. 3.1: Normalized abundance size spectrum of all planktonic Rhizaria specimens
considered in this study.
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Table Ext. 3.1: Characteristics of Rhizaria taxa considered in this study.
Group Taxon Test nature Count Median ESD (um)
Aulacanthidae silicified 45,772 1,479
Aulosphaeridae silicified 50,728 1,799
Cannosphaeridae silicified 2,330 1,568
Castanellidae silicified 3,459 1,357
Phaeodaria Circoporidae silicified 586 2,009
Coelodendridae silicified 7,042 2,010
Medusettidae silicified 642 2,880
Phaeodaria_unknown silicified 10,165 1,355
Tuscaroridae silicified 109 5,586
Acantharia Acantharea strontium 17,123 1,276
Acantharea_like strontium 887 1,364
Foraminifera Foraminifera calcite 4,718 2,052
Collodaria_colonial naked 3,330 3,108
Collodaria Collodaria_solitaryblack naked 7,909 1,880
Collodaria_solitaryglobule naked 2,935 2,521
Orodaria Orodaria_other silicified 44 3,535
Cytocladus silicified 16 7,097
Rhizaria_other Rhizaria_like unknown 9,756 1,481
Total 167,551

Table Ext. 3.2: Results of the carbon models for each Rhizaria taxon as well as for all large
Rhizaria together. Stars () indicate significant R? obtained with Pearson’s correlation

tests (p-value <0.05).

Mean

R? R? . d Total
Layer Taxon (random  (spatial bi;r:lzfi:s C biomass

Cv) cv) n?) & (Tg C)

Acantharia 15.3* 5.0* 1.11 £ 1.90 0.48

Collodaria 34.6" 6.1* 3.52 4+ 3.31 1.50

Epipelagic Foramini.fera 47.8* 1.5% 0.50 = 0.83 0.23
Orodaria - 0.0 0.00 £ 0.00 0.00

Phaeodaria 36.9% 0.1 2.15 £ 6.61 0.66
Rhizaria_other  52.6* 0.2 0.50 + 0.91 0.20

Acantharia 42.9* <0.1 0.29 4+ 0.49 0.10

Collodaria 30.5* <0.1 1.28 4+ 1.41 0.46

Mesopelagic Foraminifera 30.4* 1.6" 0.80 £ 1.15 0.34
Orodaria 0.9 0.0 0.02 £ 0.17 0.01
Phaeodaria 33.3" 74" 21.61 £+ 22.67 7.28
Rhizaria_other  36.7* 9.4* 1.34 +2.04 0.42

Epipelagic  All Rhizaria 47.3" 0.1 8.84 + 10.16 3.50
Mesopelagic All Rhizaria 48.6* 5.4* 26.31 + 25.98 8.93
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Figure Ext. 3.2: Integrated carbon biomass as a function of latitude for the epipelagic
and mesopelagic layers for main Rhizaria groups. Regression curves were derived using
Generalized Additive Models. Only groups whose model’s R? calculated by random
cross-validation is >0.05 are shown.
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Figure Ext. 3.3: Maps of the predicted average 1° x 1° carbon concentration in the
epipelagic layer (0-200 m) and in the mesopelagic layer (200-1,000 m) for Acantharia and
Collodaria.

Table Ext. 3.3: Results of the models for biogenic silica (bSi) biomass and production as
well as carbon (C) demand for all Phaeodaria. Stars (*) indicate significant R? obtained
with Pearson’s correlation tests (p-value <0.05) using random and spatial cross-validation
(CV).

R? (random  R? (spatial

Layer Measure cv) cv) Total value
Epipelagic bSi biomass 33.3" 0.12 0.33 Tg Si
bSi production 34.0* 0.02 0.70 Tg Siy~!
C demand 38.2" 10.7* 046 PgCy!
Mesopelagic bSi biomass 32.3" 9.5" 3.91 Tg Si

bSi production 40.6* 7.4* 3.96 Tg Siy !
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Table Ext. 3.4: Global and regional carbon demand of large mesopelagic Phaeodaria.

Total C demand  Mean integrated demand
Area

(PgCy ! (mg Cm—2d~}
World 0.46 39+ 34
Arctic 0.003 1.2+£0.2
Subarctic Atlantic 0.006 204+1.2
Subarctic Pacific 0.037 13.0 £ 6.5
North Atlantic 0.026 29425
North Pacific 0.055 40447
Tropical and upwelling Atlantic 0.030 6.1 +34
Tropical and upwelling Pacific 0.073 41+33
South Atlantic 0.015 22+1.7
South Pacific 0.035 24+ 21
Indian Ocean 0.040 26+ 14

Southern Ocean 0.145 524+19




113 3.1. Global census of the significance of Rhizaria to biogeochemical cycles

Acantharea Acantharea_like Aulacanthidae Aulosphaeridae Cannosphaeridae

:

Castanellidae Circoporidae Coelodendridae Collodaria_colonial Collodaria_solitaryblack

a
)
R

Rhizaria_like
T T T T T T T T T T T T
0.000 0.005 0.010 0.0150.000 0.005 0.010 0.0150.000 0.005 0.010 0.015

Density

—-250 1

=500 A

=750

-

—1000 A

—250

-500 1

=750 4

I

=

o

=]

o o
1 1

Collodaria_solitaryglobule Cytocladus Foraminifera Medusettidae Orodaria_other

Depth (m)

—-250 1

=500

=750 4

i

—1000 1

.000 0.005 0.010 0.0150.000 0.005 0.010 0.015

Phaeodaria_unknown Tuscaroridae

04

-250 4

-500 1

=750 4

——

Figure Ext. 3.4: Distribution of sampled Rhizaria specimens according to depth, for each
taxon considered.
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Figure Ext. 3.5: (Caption next page.)
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Figure Ext. 3.5: (Previous page.) Order of importance of the 10 most important variables
in the models for the epipelagic (0-200 m) and mesopelagic (200-1,000 m) layers for main
Rhizaria groups (left). Partial dependence plots of the mean chlorophyll a concentration
and mean temperature are shown on the right.
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Figure Ext. 3.6: Volume distributions for each Rhizaria taxa considered when using the
ellipse (blue) or sphere (green) method. Boxes’ bottom and top boundaries represent
the 25th and 75th percentiles. Lower whiskers stretch from the 25th percentile to the
minimum value within 1.5 times the 25th percentile’s inter-quartile range (IQR). Upper
whiskers extend from the 75th percentile to the maximum value within 1.5 times the 75th
percentile’s IQR.

3.1.5 Supplementary Information

Supplementary table S1

Table S3.1: Cruise information, number of profiles in each layer and presence/absence in
previous studies (Biard et al., 2016; Drago et al., 2022).

. . Profiles  Profiles Biard Drago
Sampling cruise . . .
Year Chief scientists Regions 0-200 200 - etal. etal.
name
m 1000 m (2016) (2022)
BOUM 2008 T. Moutin Mediterranean Sea 159 29 Yes Yes
CCELTER M. Landry California Upwelling 74 11 Yes Yes

OPEREX Z.. Kolber Northern Pacific 73 7 - Yes
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MALI 2009 M. Babin Arctic 106 12 Yes Yes
Tara Oceans Tara Ocean Cons. Mediterranean Sea 35 12 Yes Yes
LOHAFEX V. Smetacek Southern Atlantic 56 24 Yes Yes
Indian Ocean,
Tara Oceans 2010 Tara Ocean Cons. X 158 51 Yes Yes
Southern Atlantic
CCELTER 2011 M. Landry California Upwelling 56 2 - Yes
Tara Oceans Tara Ocean Cons. Pacific Ocean 218 58 Yes Yes
KEOPS 11 B. Queguiner Southern Ocean 12 - Yes Yes
CCELTER 2012 M. Landry California Upwelling 60 2 - Yes
Tara Oceans Tara Ocean Cons. Northern Atlantic 103 34 Yes Yes
MSM22 P. Brandt Equatorial Atlantic 106 80 Yes Yes
MSM23 M. Visbeck 64 64 Yes Yes
AN1304 2013 M-H. Forget Arctic 12 - - Yes
Tara Oceans Tara Ocean Cons. 116 21 Yes Yes
DEWEX P. Testor, P. Conan Mediterranean Sea 13 12 - Yes
MOOSE-GE MOOSE Network . 4 - - Yes
M92 S. Sommer Peru Upwelling 16 5 - Yes
M93 G. Lavik . 84 31 - Yes
M96 J. Karstensen Equatorial Atlantic 77 56 Yes Yes
M97 T. Tanhua 168 110 - -
AN1405 2014 M-H. Forget Arctic 27 1 - Yes
MSM40 J. Karstensen . 5 5 - Yes
CCELTER M. Landry California Upwelling 57 - Yes
M107 S. Sommer Canary Upwelling 45 12 - Yes
MOOSE-GE MOOSE Network Mediterranean Sea 4 4 - Yes
L. Mortier, N. Ait
SOMBA Ameur, V. 7 6 - Yes
Taillandier
M108 R. Lampitt Northern Atlantic 11 3 - Yes
SARGASSO P. Munk 82 - - Yes
M105 T. Tanhua Equatorial Atlantic 6 4 - Yes
PS88b J. Hahn . 39 39 - Yes
M106 P. Brandt Southern Atlantic 107 98 - Yes
GREENEDGE . .
2015 M. Babin Arctic 29 - - Yes
IceCamp
M120 M. Dengler Benguela Upwelling 1 - - -
M121 M. Frank . 60 29 - Yes
DY032 F. Carlotti Mediterranean Sea 15 14 - Yes
MOOSE-GE MOOSE Network 5 4 - Yes
F. Marin, S. .
CASSIOPEE Eastern Pacific 13 11 - Yes
Cravatte
OUTPACE T. Moutin, 8. 188 18 - Yes
Bonnet
P16N J. Cross Pacific Ocean 186 177 - Yes
M116 M. Visbeck Equatorial Atlantic 82 81 - Yes
M119 P. Brandt 49 47 - -
GREENEDGE 2016 M. Babin Arctic 161 43 - Yes
PS99 A.Rogge, A. Waite 19 15 - -
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CCELTER M. Landry California Upwelling 52 3 - Yes

M131 P. Brandt Benguela Upwelling 18 5 - -

L. Karp-Boss, E. .
AMES I Northern Atlantic 42 14 - Yes
Boss

M130 M. Dengler Equatorial Atlantic 111 95 - -
CCELTER 2017 M. Ohman California Upwelling 72 3 - Yes
FLUXES I J. Aristegui Canary Upwelling 66 37 - Yes

FLUXES II J. Aristegui . 49 47 - -
M135 T. Tanhua Peru Upwelling 133 108 - Yes
M138 H. Bange . 32 - - Yes
MSM60 A. Rogge, A. Waite Southern Atlantic 123 118 - Yes

ARCTIC 2018 A. Rogge Arctic 107 58 - -
IPS M. Babin 7 4 - Yes

L. Karp-Boss, E. .
EXPORTS Northern Pacific 75 35 - -
Boss

EXPORTS A. McDonnell 107 105 - -

SR1812 A. Macdonald Southern Ocean 131 12 - -
CCELTER 2019 M. Ohman California Upwelling 31 28 - Yes

CurtinUni IIOE D. Antoine Indian Ocean 51 26 - -

A. Rogge, M.
PS124 2021 Southern Ocean 77 22 - -
Holtappels
Total 4,252 1,959

3.2 Discussion

This section summarizes and discusses chapters 2 and 3.1.

3.2.1 Summary and discussion of key findings

Planktonic Rhizaria, large protists with a unique physiology

The results presented herein showed that most Rhizaria have a low carbon den-

sity, as evidenced through direct measurements of carbon content in live cells

(chapter 2). With the exception of smallest taxa (<300 xum), planktonic Rhizaria

have significantly lower carbon content relative to their size compared to other

protists (Menden-Deuer and Lessard, 2000), aligning with prior estimates on a

single Phaeodaria family (Stukel et al., 2018). As previously assumed, this low

carbon density may be an adaptation to their large size (Stukel et al., 2018). Indeed,

while their size and trophic role is comparable to that of metazoan zooplankton,

these organisms are non-motile and do not actively hunt (Biard, 2022b). By having
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a low cellular carbon density, they can thereby minimize their carbon require-
ments, while their large size increases their feeding efficiency, in particular in
low-food environments. Likewise, we can hypothesize that the presence of a
skeleton or a colonial form (for naked Collodaria, for which cells are embedded
in a gelatinous matrix) is a means of maintaining their gelatinous structure. This
lifestyle allows them to grow in multiple oceanic conditions, and particularly in

low-food environments (Fig. 3.3).

Mixotrophic Rhizaria and the carbon cycle

Large mixotrophic Rhizaria (i.e., Acantharia, Collodaria and Foraminifera) are
globally abundant, particularly at low and mid latitudes. Their distribution spans
both productive and oligotrophic areas in both the epipelagic and mesopelagic
layers (Fig. Ext. 3.2, Ext. 3.3). This widespread distribution was previously re-
ported using different methodologies, through high-throughput sequencing of
gene markers (Vargas et al., 2015) and a compilation of field data (Leles et al.,
2017). Although the extent to which mixotrophic Rhizaria utilize phototrophy or
heterotrophy remains unclear (Suzuki and Not, 2015; Biard, 2022a), these organ-
isms use both photosymbiosis and consumption of other planktonic organisms
to meet their carbon needs. They create microenvironments of concentrated
primary production (Caron et al., 1995), enabled both because of the high density
of photosymbionts within the host cytoplasm and the increased volume of the
photosynthetic apparatus of the microalgae (Stoecker et al., 2017; Decelle et al.,
2021).

Consequently, mixotrophic Rhizaria thrive particularly in the surface layer
of oligotrophic waters characterized by low temperature variability (Fig. Ext.
3.3), as already reported by global (Dennett et al., 2002; Biard et al., 2016; Leles
et al., 2017; Faure et al., 2019) and local studies (e.g., they contribute on average to
20-25% of total zooplankton abundance in the Indian Ocean; Davies et al., 2022).
In chapter 2, although the abundance of the Nassellaria genus Phlebarachnium
sp. (Fig. 2.2) collected in the California Current Ecosystem was not quantified,
this taxon was prominent in net samples obtained from offshore locations (Fig.
2.1) while being absent in more productive coastal waters. Mixotrophic Rhizaria
are non-constitutive mixotrophs, i.e., they acquire their phototrophic capacity
by ingesting microalgae (Mitra et al., 2016). Among this type of mixotrophs,
Rhizaria, as endosymbiotic specialists (i.e., they ingest a specific microalgae for

phototrophy; Mitra et al., 2016), display distinct spatial patterns compared to
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generalists (e.g., mixotrophic oligotrich ciliates) and plastidic specialists (e.g.,
Mesodinium sp.). Indeed, the contribution of the latter groups to the mixotrophic
community increases towards more productive system (Leles et al., 2017). The
ability of rhizarians to host numerous symbionts may explain the prevalence of
such large cells in oligotrophic environments (Faure et al., 2019).

The significance of mixotrophic Rhizaria in pelagic food webs is more related
to their biovolume and their overall abundance rather than to their biomass. In-
deed, while their contribution to total primary production is only a few percent
(Biard et al., 2016; Caron et al., 1995), their contribution in the large plankton size
classes, directly available to mid-trophic levels, increases drastically (Caron et al.,
1995; Stoecker et al., 2017). Mixotrophic Rhizaria are major grazers of picoplank-
ton, dominating primary production in oligotrophic environments (Platt et al.,
1983) and not available to most crustacean zooplankton. By shortcutting trophic
webs, they play a crucial role in shaping the trophic structure of subtropical
oligotrophic ecosystems (Decelle et al., 2015; Mitra et al., 2016). Despite both
groups being widespread in the epipelagic layer (0-200 m), Collodaria were pre-
dominantly found in oligotrophic areas, while Acantharia were more associated
with productive regions like upwelling zones (Fig. Ext. 3.3), as previously reported
(Decelle et al., 2013; Faure et al., 2019). These differences can be explained by
distinct life strategies.

The predominance of Acantharia in more productive areas can be attributed
to the presence of non-mixotrophic, cyst-forming species. Indeed, cysts formed
by these Acantharia can sink to bathypelagic depths, where they release 2-3
pum swarmers (Hollande et al., 1965; Decelle et al., 2012). Subsequently, juvenile
Acantharia ascend to the surface and can be observed throughout the water
column (Mars Brisbin et al., 2020). Cyst sinking events are thought to be triggered
by high productivity associated to phytoplankton blooms. Cysts rapidly sink to
the deep ocean so that juveniles can feed on the large amount of organic matter
sinking from the surface (Martin et al., 2010). Cyst-forming Acantharian have
been reported across a range of latitudes, with certain clades likely being endemic
to deep waters (Decelle et al., 2013), accounting for the widespread distribution of
Acantharia in both the epipelagic and mesopelagic layers (Fig. Ext. 3.3). However,
in high latitudes, cyst-forming species may dominate, and important peak fluxes
of acantharian cysts have been observed in the Icelandic Basin (Martin et al., 2010),
in the North Pacific (Mars Brisbin et al., 2020) and in the Southern Ocean during
austral summer (Spindler and Beyer, 1990). In these regions, they can constitute a
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significant proportion to total carbon fluxes. This aligns with the observed decline
of the proportion of mixotrophic rhizarians at high latitudes (Biard et al., 2016).
However, we cannot distinguish mixotrophic from heterotrophic Acantharia in
UVPS5 images, their respective distributions could thereby not be resolved in
chapter 3.1.

In contrast, Collodaria can take advantage of their colonial form to accumulate
larger amounts of food and nutrients within their gelatinous extracellular matrix.
While Collodaria do not form cysts (Suzuki and Not, 2015), some clades may still
be endemic to the mesopelagic. Colonial Collodaria belonging to the family
Collophidiidae have been reported at significant depths (e.g., Trégouboff, 1956),
and their presence is also supported by DNA sequences (Not et al., 2007; Pernice
etal., 2015). Biard (2015) suggested that these colonial Collodaria occupy a distinct
ecological niche, possibly lacking symbionts. Interestingly, our models reveal
a significant presence of Collodaria in the mesopelagic layer of the Southern
Ocean, while their occurrence in the epipelagic layer remains relatively low (Fig.
Ext. 3.3). This indicates that these organisms are likely exclusive inhabitants of
the deep sea. Collodaria can serve as important prey for bathylagid fishes (Clarke
et al., 2020), potentially playing a significant role in deep food webs.

Heterotrophic rhizarians, gatekeepers of particle flux worldwide

In chapter 3.1, we showed that >600 xm Phaeodaria, despite representing a low
proportion of the total zooplankton carbon biomass, can account for 3.8 to 9.2% of
gravitational carbon export (i.e., its transport out of the euphotic zone) attenuation
through flux-feeding. This is about the same order of magnitude as local estimates
in the California Current Ecosystem (Stukel et al., 2019). Large Phaeodaria mostly
inhabit the upper mesopelagic zone, where sinking particles are abundant (Stukel
et al., 2019; Biard and Ohman, 2020; Fig. Ext. 3.4). Contrasting with other
zooplankton taxa, they consume fast-sinking particles rather than suspended
ones (Gowing, 1986; Gowing, 1989; Stukel et al., 2019), thereby ingesting the
particles most likely to transfer carbon to the deep ocean (De La Rocha and
Passow, 2007). However, considering their vertical distribution patterns (Fig.
Ext. 3.4), their activity also occurs in the lower epipelagic regions, which was
not included in our demand calculations. For example, Aulosphaeridae have
peak abundances between 100 and 200 m in the California Current Ecosystem
(Zasko and Rusanov, 2005; Biard et al., 2018). Similarly, the family Castanellidae

shows highest abundance between 50 and 100 m in the Eastern Pacific (Zasko
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and Rusanov, 2005). Therefore, they may contribute substantially to primary
production recycling in the epipelagic layer.

We showed that large Phaeodaria are mainly distributed in regions of high
primary productivity, such as high latitudes and upwelling zones where they can
feed upon fast-sinking articles (chapter 3.1). Indeed, oligotrophic regions are
primarily characterized by small and non-biomineral-forming phytoplankton
(e.g., Goericke et al., 2000; Guidi et al., 2016) and gravitational export primarily
comprises small and slow-sinking particles (e.g., Richardson and Jackson, 2007).
Moreover, the reduced seasonality observed in these regions means that there are
no significant spring or summer pulses of export (Lampitt and Antia, 1997; Cavan
et al., 2019). In upwelling areas, Phaeodaria are favored by oxygen minimum
zones compared to other zooplankton taxa (Hoving et al., 2020). This is likely due
to reduced metabolic rates or alternative undefined metabolism (e.g., nitrogen
respiration has been observed among benthic Foraminifera and the rhizarian
genus Gromia; Pina-Ochoa et al., 2010). Unexpectedly, we found that the impact of
large flux-feeding Phaeodaria is particularly pronounced in the Southern Ocean,
although previous studies reported a decline in their abundance, given the lack
of data in this region (Biard et al., 2016). More investigation about their seasonal
patterns and relationships with bloom events in this region is needed to refine
our results. Preliminary observations from year-long UVP6 mooring data from
the seasonally ice covered central Weddell Sea at 250 m showed a constant phaeo-
darian pool over the year (Andreas Rogge pers. comm.). Together with small
Phaeodaria and Polycystinea, which were not included in our models, they could
play a significant role in attenuation processes.

Although Phaeodaria are known to consume food sinking from the surface,
limited information exists about their interaction with it. Small phaeodarians
were observed to collect food by stretching a protoplasmic web composed of
fine pseudopods and by repeatedly expanding and retracting pseudopodium-like
tentacles to bring it to the cell (Nakamura et al., 2018b; Dolan and Coppola, 2023).
However, this protoplasmic web surrounding the cell is more likely related to
prey capture (Dolan and Coppola, 2023) and has not been observed among all
Phaeodaria. The precise mechanisms by which large phaeodarians capture and
ingest their food are not yet fully understood. Even less is known about how they
do process ingested matter. Food is digested within digestive vacuoles, and waste
is stored in the phaeodium, but the efficiency of energy transfer is still unknown

(Nakamura and Suzuki, 2015). Furthermore, in chapter 3.1, we focused solely on
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the carbon demand of large Phaeodaria, but not on their respiration, as recom-
mended by Legendre and Rivkin (2008). Thus, including these values in carbon
budgets should be done with caution, as ingested carbon can be recycled within
mesopelagic food webs multiple times. However, respiration rates of Phaeodaria
are unknown yet, and there is limited information regarding predation upon
them. To gain a better understanding of their contribution to flux attenuation,
an assessment of the carbon they actually respire is needed. Ultimately, some
phaeodarians can contribute to carbon fluxes by evacuating waste through the
production of mini-pellets (Gowing and Silver, 1985).

Important fluxes of phaeodarian mini-pellets have been reported at various
locations (Gowing and Silver, 1985; Gowing, 1986; Riemann, 1989; Gonzalez, 1992;
Lampitt et al., 2009). Particularly, these mini-pellets can make up the majority of
carbon fluxes by small particles (Durkin et al., 2021; Leblanc et al., 2021). However,
our understanding of their specific impact on carbon fluxes remains limited,
and the lability of these mini-pellets, which influences their remineralization
rate, remains largely unexplored. As phaeodarians are detritivores, their mini-
pellets might show greater resistance to remineralization (Cavan et al., 2019).
Little attenuation with depth has been observed (Durkin et al., 2021), although
this could vary locally depending on their food sources. The relative impact of
mini-pellets fluxes, along with phaeodarian bodies and aggregated material, in
comparison with what they can remineralize needs to be addressed to shed light

on the role of Phaeodaria in both modern and future oceans.

Siliceous Rhizaria in the silicon cycle

In chapter 3.1, we quantified for the first time the global mesopelagic biogenic
Si production rates of large Phaeodaria. We showed that biogenic Si is actively
produced in the mesopelagic layer, a zone previously considered to lack biogenic
Si production (Tréguer et al., 2021), and not limited solely to the surface waters
dominated by diatoms and the seafloor dominated by sponges. Siliceous Rhizaria
are the most silicified pelagic organims and exhibit important productivity at cell
level (Llopis-Monferrer et al., 2020). Living in the mesopelagic layer, they could
enhance the transport of silica to greater depths, particularly when incorporated
into organic aggregates (Ikenoue et al., 2019). However, we can suggest a diverging
role between silica-dense rhizarians, including radiolarians and phaeodarians
from the family Castanellidae (Biard et al., 2018), and most phaeodarians that

possess delicate and fragile skeletons. Radiolarian skeletons are abundant in ma-
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rine sediments, contributing to the formation of oozes, especially in the southern
ocean (Dutkiewicz et al., 2015). Radiolarian oozes participate in silica burial flux,
removing silica from the marine silica cycle together with sponges and diatoms
(Maldonado et al., 2019). In contrast, Phaeodaria are rarely found in sediments
(Takahashi et al., 1983), which means they are not buried. This can be attributed
to their porous skeleton, which is more susceptible to dissolution. Consequently,
phaeodarians contribute instead to silica recycling throughout the water column
down to the seafloor, enhancing the continuous circulation of silica. This role
may diverge between high-latitude and low-latitude populations. Indeed, silica is
often limiting in low-latitude waters, whereas the Southern Ocean exhibits the
highest silica concentrations of the world ocean, although the effects of environ-
mental conditions on rhizarian silicification process remains poorly understood.
However, because of increased stratification and decreased silica supply during
the Cenozoic era, low-latitude radiolarians experienced a decreasing silicifica-
tion and skeleton weight (Lazarus et al., 2009). With the expected increase in
water column stratification in future oceans, we can anticipate that rhizarian

populations will be affected by it.

Planktonic Rhizaria in changing oceans

Chapter 3.1 briefly discussed the possible evolution of the distribution of plank-
tonic Rhizaria with global climate-induced changes. Among these changes, sea
surface warming, ocean acidification, increased stratification, and reduced nutri-
ent supply to the upper ocean will favor certain taxa over others, impacting the
structure of zooplankton communities (Richardson, 2008). Three responses of
zooplankton to ocean warming have been identified (summarized in Ratnarajah
et al., 2023): shifts in geographical ranges (typically polewards; e.g., Beaugrand
et al., 2002), in phenological timing (Edwards and Richardson, 2004; Mackas et al.,
2012) and towards smaller sizes (Daufresne et al., 2009). While the responses of
major zooplanktonic groups, such as crustaceans, have been explored, research
on Rhizaria remains relatively limited.

In chapter 3.1, we hypothesized that mixotrophic species may maintain a
stable habitat range or even expand their geographic range, as observed for some
Foraminifera (Langer et al., 2013). Indeed, Collodaria appear to be favored by
increased temperatures (Fig. Ext. 3.3), although there may be a temperature
threshold above which their symbiont respiration stops (Villar et al., 2018). More

generally, mixotrophy could be advantageous under conditions of increased strat-
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ification or temperature and diminished resources (Stoecker et al., 2017). In
particular, oligotrophic-dwelling Collodaria could benefit from these changes
and potentially increase in abundance. However, since mixotrophic taxa are con-
fined to the surface ocean, their distribution may shift polewards to align with
their optimal water temperature, and not towards depths. Since the pre-industrial
stage, planktonic Foraminifera assemblages have been observed to shift polewards
because of warming (Jonkers et al., 2019). Nevertheless, the rate of this possible
expansion is unknown, as observed shifts in plankton ranges do not always follow
the rate of isotherm movement (Chivers et al., 2017). In addition, the evolution
of the habitat ranges of heterotrophic Rhizaria (non-mixotrophic Radiolaria and
Phaeodaria) remains uncertain. In chapter 3.1 we proposed the hypothesis that
the abundance of these organisms could decrease in equatorial waters but in-
crease in the Southern Ocean. However, high-latitude regions are at risk of severe
impacts from global warming, with projected sea surface temperature increases
up to 10°C in the Southern Ocean within the next 300 years (Moore et al., 2018).
Cold-adapted species face a greater risk of extinction due to their limited possi-
bility to migrate and to track disappearing cold habitats (Trubovitz et al., 2020).
Moreover, these organisms are unlikely to adapt to such rapid environmental
changes. Phaeodaria from lower latitudes might replace the current high-latitude
species. In contrast, cold-adapted phaeodarians might migrate deeper, although
this would imply reduced food availability. Yet, they could still benefit from
the projected increase in carbon export at higher latitudes (Henson et al., 2022).
We can expect the extinction of a significant number of cold-adapted species
in the next several hundred years with unknown consequences for ecosystem
functioning (Trubovitz et al., 2020). In warmer waters, while some species may
migrate polewards, increased stratification and decreased primary productivity
may be responsible for declines in heterotrophic rhizarian populations. Indeed,
declines in phaeodarian fluxes have already been observed during El Nino events,
characterized by warmer waters and reduced nutrient supplies (Takahashi, 1997;
Biard et al., 2018). Unlike mobile species that can adapt their spatial distribution
to a certain degree, the limited mobility of Rhizaria makes them more vulnerable
to environmental changes (Ratnarajah et al., 2023).

Instead of undergoing shifts in geographical ranges, rhizarian species may
show phenological responses to global changes, adjusting their seasonal timing
of maximal abundance. However, our models only presented predictions based on

yearly averaged environmental variables and biomass values, and UVP data are yet
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too scarce to infer seasonal patterns (see section 3.1.3). Our current understanding
of temporality of planktonic Rhizaria remains limited. Seasonal cycling has been
observed in high latitudes for small phaeodarians, such as in the Bering Sea
(Tkenoue et al., 2012), as well as in the equatorial eastern Atlantic (Boltovskoy et al.,
1993) and the eastern North Pacific (Takahashi, 1987). Seasonality varies among
radiolarian species (see Suzuki and Not (2015) and references therein). In high
latitudes, many species show no seasonal patterns despite marked seasonal cycles
in environmental variables, instead being influenced by large-scale climate indices
such as the Arctic Oscillation (Ikenoue et al., 2012). High-latitude rhizarians may
be influenced by the availability of food. Consequently, they may respond to
changes in prey phenological shifts, but responses to feeding opportunities vary
among taxa (Takahashi, 1997).

A shift in size represents another response to climate warming (Daufresne
et al., 2009). Potential changes in size for planktonic Rhizaria may result from
various environmental factors, such as changes in water temperature, food and
nutrient availability or prey size. Warmer waters can indeed affect the metabolic
rates of Rhizaria, while reduced nutrient supply can limit their availability for
these organisms. Such conditions could therefore lead to a shift in the size
distribution of Rhizaria populations, favoring either smaller individuals, while
the overall community composition remains unchanged, or smaller-sized taxa.
This shift in size distribution could have implications for feeding interactions, in
particular regarding the capture rate of prey or sinking particles. If smaller-sized
Rhizaria become more dominant, it could result in an increased abundance of
smaller consumers, potentially impacting higher trophic levels. Furthermore, as
shown for copepods (Beaugrand et al., 2010), a shift towards small Rhizaria could
increase the residence time of both their bodies and mini-pellets in the upper
water column, diminishing their ability to export carbon to depths. However, such
a shift towards smaller sizes has not been observed with increased stratification
at low-latitudes during the Cenozoic era (Lazarus et al., 2009). The intricacies of
factors make it difficult to predict the response of modern rhizarian populations.
Furthermore, a shift towards larger species has been observed for copepods in the
Southern Ocean (Takahashi and Hosie, 2020). If antarctic phaeodarians migrate
deeper as suggested above, their size could increase as well (gigantism of the
deep; McClain et al., 2006). For accurate predictions on the evolution of Rhizaria
in response to global changes, further research is needed to better understand

rhizarian ecology and their responses to environmental fluctuations.
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3.2.2 Perspectives
Investigating local and temporal variability

While imaging techniques have significantly advanced our understanding of the
role of rhizarians in ocean biogeochemistry (e.g., Biard et al., 2016; Stukel et al.,
2018; Chapter 3.1), much is still to be done to improve model predictions. To
do so, conducting smaller-scale studies in key areas is needed to refine spatial
patterns and validate model predictions against observations. Such studies are
yet limited to a few locations (e.g., the California Current Ecosystem; Biard et al.,
2018; Stukel et al., 2018). Furthermore, investigating the temporal variability
through long-term monitoring (e.g., by using UVP6 mounted on long-term moor-
ings) will provide insights into the role of rhizarians in pelagic ecosystems and
their responses to environmental changes, besides enabling to track changes in
environmental conditions. Indeed, radiolarians have already proven to be valuable
proxies for paleo-environmental reconstruction (De Wever et al., 2002). Refining
the relationship between rhizarian communities and environmental variables
will allow to improve the accuracy of both past and contemporary models and
to more effectively assess their response to climate change. In addition, while
some areas are well-sampled, others still lack good coverage with the UVP, such
as the Southern Ocean and the Indian Ocean. I participated in a cruise in the
latter, for which one of the purposes was to add data from this area to the global
dataset. However, the loss of the CTD rosette with the UVP5 attached prevented

data collection.

Quantifying the role of rhizarians in fluxes

A few studies showed a correlation between carbon export and the presence
of Collodaria (Guidi et al., 2016; Gutierrez-Rodriguez et al., 2018), although the
nature of this relationship remains unclear. Only a limited number of studies
quantified the role of Rhizaria in silica and carbon fluxes (e.g., Biard et al., 2018;
Tkenoue et al., 2019). Utilizing species distribution models, as undertaken in
chapter 3.1, could enable the estimation of global carbon and silica fluxes, similar
to recent work carried out by Knecht et al. (2023) for calcifiers (pteropods and
foraminifera). However, this approach requires the refinement of parameters
such as turnover times, sinking speeds, and growth rates. Additionally, our un-
derstanding of the role of their minipellets remains limited. To address this gap,

it is crucial to investigate the composition and sinking speed of mini-pellets
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across different geographic locations and determine the amount of carbon they
can transfer through the mesopelagic layer. Still, studying the production of
mini-pellets by Phaeodaria is challenged by the difficulty to culture and maintain
rhizarians alive. They need to be collected in situ and could subsequently be
linked to phaeodarian abundance to estimate pellet production. Studies investi-
gating the contribution to fluxes have predominantly focused on a few specific
taxa, highlighting the need to encompass the entire rhizarian community in flux

assessments.

Including the whole rhizarian community

Model results presented in chapter 3.1 solely focused on Rhizaria larger than
600 pum. However, Rhizaria encompass numerous taxa smaller than 600 ym. To
study these smaller taxa, alternative imaging devices like the ZooScan (Gorsky
et al., 2010) and the FlowCAM can be used (Llopis Monferrer et al., 2022). Still,
none of these tools provide in situ acquisition, therefore relying on net collec-
tion, which may potentially damage the delicate cells. Complementary imaging
tools are necessary to accurately model the distribution of small rhizarians. Ad-
ditionally, a paired approach involving DNA-metabarcoding and imaging tools
can be employed to further enhance our understanding of the composition and
distribution of the rhizarian community (Mars Brisbin et al., 2020; Llopis Mon-
ferrer et al., 2022). However, although small rhizarians are much more abundant
than large ones, their contribution to elemental stocks can decrease significantly
(Llopis Monferrer et al., 2022). Still, by likely having smaller turnover times, their
contribution to element cycling may become more important and needs to be

further investigated.
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CHAPTER 4

In situ sinking speed of marine particles

"When I think of the floor of the deep sea, [...] I see always the steady,
unremitting, downward drift of materials from above, flake upon flake,
layer upon layer - a drift that has continued for hundreds of millions of
years, that will go on as long as there are seas and continents.

For the sediments are the materials of the most stupendous snowfall

the earth has ever seen."

R. Carson, The Sea Around Us
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4.1 VisuTrap: a new method to measure in situ sink-
ing velocity of marine particles from high through-

put imaging data

Laget, M., M. Picheral, C. Catalano, L. Guidi, and T. Biard

This work is under review in Limnology and Oceanography: Methods.

4.1.1 Abstract

Particles sinking from the surface to the deep ocean play a key role in the biological
carbon pump, whose efficiency depends on particle concentrations and sinking
velocities. Over the last decade, in situ imaging has enabled critical advances in
the quantification of vertical carbon fluxes. Yet, in situ velocity measurements
are scarce and often inferred only from the bulk population of particles. Here,
we introduce the VisuTrap, a new tool to measure in situ velocities of large
marine particles. It consists of an Underwater Vision Profiler 6 (UVP6) camera
inserted in a cylindro-conical sediment trap that isolates a volume of water.
Continuous high frequency (1.3 Hz) image acquisition during 2-5-day quasi-
Lagrangian deployments enables reconstruction of particle tracks and estimation
of their in situ velocities. We detail the configuration and special UVP6 settings
for this application, as well as the image processing and track analysis pipeline.
Then, we present results from 2-day quasi-Lagrangian experiments at 2 sites
in the Mediterranean Sea to illustrate the VisuTrap’s use as a new approach to
understand the dynamical behavior of marine particles in situ. Given the extensive
UVP datasets available worldwide, the VisuTrap, by providing in situ velocity

data, offers the possibility to refine carbon flux estimates at a global scale.

4.1.2 Introduction

Through the biological carbon pump (BCP), the ocean regulates atmospheric CO,
concentrations (Volk and Hoffert, 1985). It exports about 5-20 Gt C each year out
of the surface ocean (Laws et al., 2000; Dunne et al., 2005; Henson et al., 2011),
of which about 0.2-0.5 Gt C is sequestered from the atmosphere for millennia
(Guidi et al., 2015). The BCP includes several pathways of downward carbon
transport, such as the gravitational settling of particles, mostly via fecal pellets and
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marine snow aggregates, the advection and diffusion of dissolved and particulate
organic carbon (POC) and the active transport by vertically-migrating organisms
(Steinberg et al., 2000; Omand et al., 2015; Stukel et al., 2023). Among these,
gravitational sinking has a crucial role in carbon export (Boyd et al., 2019; Nowicki
et al., 2022; Stukel et al., 2023) and is associated with a longer remineralization
length scale (Stukel et al., 2017), a process that oxidizes organic matter back into
CO?. Therefore, gravitational sinking has a higher potential to sequester carbon
at great depths. It is of the utmost importance to accurately constrain the amount
of carbon exported by this pathway, as it varies in time and space (Henson et al.,
2012).

Nondestructive in situ imaging methods are a powerful tool to size and image
marine particles and are nowadays routinely used to survey the distribution of
particles and plankton with a fine spatial and temporal coverage (e.g., Stemmann et
al., 2008). Among all imaging techniques currently available (Lombard et al., 2019),
the Underwater Vision Profiler (UVP), in its versions 5 (Picheral et al., 2010) and 6
(Picheral et al., 2022), have permitted many coherent datasets of particle standing
stocks to be acquired from intercalibrated instruments. Assuming a relationship
between size and sinking velocity, these standing stocks have been used to derive
particle size-based POC flux estimates (Guidi et al., 2008; Ramondenc et al., 2016).
Indeed, UVP cameras provide a high sampling resolution, both vertically and
horizontally. Thus, developing a methodology taking into account these data
in reliable flux assessments is necessary. However, the relationship between
size and sinking velocity assumed by UVP-based methods to infer POC fluxes
is not straightforward, and important regional differences have been observed
(Iversen and Ploug, 2010; Fender et al., 2019). Such discrepancies can be related to
differences in particle type (i.e., the proportion of marine snow aggregates versus
fecal pellets) or age, non-steady state particle distributions, and ultimately in situ
sinking behavior.

As particle sinking velocities play an overall crucial role in the amount of POC
sinking to the intermediate and deep ocean, they must be quantified adequately
in order to provide accurate biogeochemical flux estimates (De La Rocha and
Passow, 2007). By determining the exposure time of particles to the action of
metazoans and microbes, sinking velocity impacts the depth of flux attenuation
and therefore atmospheric CO2 concentrations (Kwon et al., 2009). The intricate
effects of various factors such as size, morphology (McNown and Malaika, 1950;

Engel et al., 2009) and composition, including the presence of mineral ballast
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(Armstrong et al., 2001; Klaas and Archer, 2002) or transparent exo-polymers
(Engel and Schartau, 1999), cast a shadow on the simple size-dependency of set-
tling velocities. In addition, the properties of the ambient water the particles are
sinking through also influence sinking velocities by altering the density differ-
ences with particles. Thus, as physical and biological variables (e.g., temperature,
nature of sinking material because of changes in planktonic communities) are
evolving with global warming, the settling velocity of the global pool of particles is
expected to change simultaneously, but the direction of this change is difficult to
predict (Taucher et al., 2014; Henson et al., 2022). Furthermore, particles undergo
several biological and physical processes through their sinking that reshape them,
such as consumption and fragmentation by zooplankton (Iversen and Poulsen,
2007), microbial activity (Aristegui et al., 2009) and physical aggregation (Burd
and Jackson, 2009) or disaggregation (Alldredge et al., 1990). Consequently, it
has been suggested that the bulk particle settling velocity increases with depth
(Berelson, 2001), hypothetically because smaller and less compact particles would
be remineralized preferentially, highlighting the need to accurately constrain
sinking velocities.

Stokes’ law (Stokes, 1851), giving the theoretical sinking velocity of a sphere in
a fluid at low Reynolds number, is commonly used to model the sinking velocity
of marine particles (Omand et al., 2020), as well as values derived from the particle
size distribution (Guidi et al., 2008). However, measurements of sinking velocities
range over several orders of magnitude, from a few meters to thousands of meters
per day (e.g., Turner, 2002; Trull et al., 2008), and Stokes’ law and size based-models
alone are not sufficient to explain such variability (McDonnell and Buesseler,
2010). Adequate representation of the fractal and porous nature of marine particles
can better estimate sinking velocities (Laurenceau-Cornec et al., 2020). Other
approaches have estimated velocities from sediment trap data (e.g., Trull et al,,
2008; McDonnell and Buesseler, 2010) or 219Po-219Pb profiles (Villa-Alfageme et
al., 2014), but values are representative of only that particle population. Laboratory
experiments have given insights into the sinking behavior of particles (Ploug
et al., 2010), but a discrepancy has been observed between in situ and ex situ
measurements (Williams and Giering, 2022). Indeed, attempts to measure sinking
velocities of marine particles directly in situ remain scarce (Table 4.1), preventing
comprehensive analyses of the sinking behavior of marine particles. Recently,
cameras mounted on neutrally buoyant sediment traps provided unprecedented

measures of sinking velocities in an unrestricted water column (Iversen and
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Lampitt, 2020). Yet, as sinking particles undergo the influence of horizontal
currents, which are orders of magnitude faster than vertical sinking, it is of the
utmost importance to isolate a water volume from lateral influence, in order to
understand solely the role of the vertical component. To our knowledge, only four
studies actually measured in situ sinking velocities by isolating a water volume
from lateral movements, either using settling columns (Diercks and Asper, 1997;
Asper and Smith, 2003) or ROV-mounted settling chambers (Pilskaln et al., 1998;
Nowald et al., 2009). Yet, these studies provided limited elements to fully describe

marine particles’ sinking behavior.

Table 4.1: Summary of existing methods to measure sinking velocities of marine particles.

Type of -
measure- Reference Method . Varlgbles
investigated
ments
Peterson et al. (2005); Trull et al. (2008) Indentec! rotating sphere Composition
sediment traps
Time difference of fluxes at two
Fischer and Karakas (2009) depths measured with sediment Mineral ballasting
traps
Sediment trap flux data combined
Indirect McDonnell and Buesseler (2010) with in situ imaging Size
concentration data
Villa-Alfageme et al. (2014); Villa-Alfageme Disequilibrium between ?1UPo Size
etal., 2016 and 210Pb
. Bio-Argo measurements of
Kubryakov and Stanichny (2022) backscattering of small particles
Alldredge and Gotschalk (1988); Alldredge . .
and Gotschalk (1989) Scuba dives Density
Diercks and Asper (1997); Asper and Smith Cameras mounted on settling . .
. Size, density
Direct (2003) columns

Pilskaln et al. (1998); Nowald et al. (2009)

ROV-mounted settling chambers

Size, shape

Iversen and Lampitt (2020)

Camera set on neutrally buoyant
traps

Size, aspect ratio

Nonetheless, in situ settling velocity measurements are hampered by the
difficulty of assembling a pool of unaltered particles, many of them too fragile to
be collected (Alldredge and Gotschalk, 1988). For this reason, non-destructive in
situ imaging methods appear as a powerful tool to investigate particle dynamics
throughout the water column. By processing images, these instruments give
detailed morphological data of particles, such as shape or gray level. In spite
of the growing interest in these data in ecological (Vilgrain et al., 2021) and
biogeochemical (Trudnowska et al., 2021) studies, they have seldom been used in
flux assessments.

Here we present the development and test deployments of the VisuTrap, a new
tool to measure in situ velocities. It is based on high frequency imaging (using

the UVP6) of particles settling inside a sediment trap, whose purpose is to isolate
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a water volume from lateral influence. By focusing on the vertical component of
velocity, we aim to acquire a large dataset of sinking velocities that encompasses a
wide variety of particles, while simultaneously accounting for their morphological
properties. We expect that combining these data with the already numerous UVP

particle profiles will help refine flux estimates at the global scale.

4.1.3 Material and procedures
VisuTrap setup and frame acquisition

The VisuTrap is composed of an UVP6-LP (LP for low power; Picheral et al., 2022)
camera fitted onto a 149-cm high and 50-cm wide cylindro-conical sediment
trap (Technicap, La Turbie, France; Fig. 4.1a). The upper cylindrical part of the
VisuTrap has a height of 70.6 cm and an internal diameter of 49 cm. The lower
conical section is 74.1-cm high with an internal slope of 72.15°. A metal cage
holding the UVP6 and its battery is inserted outside, at the lower end of the
cylindrical part. The camera unit of the UVP6 is joined via the connecting arm
at a fixed distance to the light unit, which illuminates a water parcel of 180 x
151 x 23 mm (about 0.6 L) inside the trap, with a pixel resolution of 73 ym. The
UVP6 is oriented side-looking (Fig. 4.1b): by doing so, the vertical component
has a height of 151 mm, instead of 23 mm for its standard application. Flipping
the UVP6 sideways allows a longer distance for particle tracking. The smallest
dimension (23 mm) of the imaged volume corresponds therefore to the depth of
field, which is highly constrained, allowing precise morphological measurements.
Particles sinking into the trap are ultimately collected in a bottle (of 250 ml
capacity) attached at its bottom, either filled with or free of brine. To measure the
inclination of the sediment trap, DST TILT tiltmeters (StarODDI) are added on
the metal cage, programmed via the dedicated software SeaStar to regularly (e.g.,
every second or every minute) record the x, y and z positions of the sediment trap
(Supporting Information Fig. S4.1). This permits determination of its angle and
roll (Supporting Information Fig. S4.2) and further corrects the track’s vertical
angle. In addition, each recorded frame is associated with a pressure measurement
(0.1% full scale accuracy, 0.01 db resolution). To maintain the trap upright, three 9-
kg lead rings are added at the bottom of the trap, whose weight is compensated by
three blocks of LD2000 syntactic foam (density 420 kg m~3) around the cylindrical
part (Fig. 4.1a). The total air-weight of the trap and camera system is 47 kg and
its water-weight is 7 kg.
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Figure 4.1: The VisuTrap setup. (a) Overview of the different elements of the VisuTrap,
with the UVP6-LP camera set in the center inside a metal cage. (b) UVP6 field of view
position and characteristics: a sinking particle passing through the field of view (red
rectangle) is either recorded at high frequency (for tracking purpose) or at low frequency
(only the particle vignette is saved).

To allow particle tracking using the UVP6, a new mode of frame acquisition
was developed to record entire raw UVP6 frames without the standard segmenta-
tion into vignettes during frame acquisition (Picheral et al., 2022). This allows
recording frames at a slightly higher frequency (1.3 Hz) than the standard UVPé6-
LP version. To store such voluminous and numerous raw frames, the UVP6
is equipped with a 1-TB microSD memory card. For long deployments (>48 h),
the UVP6 is set to TIME mode (i.e., it checks for programming every 30 min
and starts acquisition according to a set of parameters; Picheral et al., 2022) so
that it switches every 30 minutes between two acquisition modes (Fig 4.1b): a
high-frequency mode (1.3 Hz, i.e., 1 frame every 0.7 second), keeping in memory
the entire raw frames; and a low-frequency mode (0.2 Hz, i.e., 1 frame every 5
seconds) keeping only vignettes of detected particles (Fig. 4.1b) and measuring
particle sizes. The high-frequency mode is used to acquire tracks of particles
sinking in the trap, whereas the low-frequency mode is used to measure their

concentration and obtain morphometric measurements on the recorded vignettes.
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By alternating between them, the UVP6 can record frames continuously for about
96 hours, being ultimately limited by memory storage. Longer deployments can
still be achieved by reducing the time devoted to particle tracking, subject to the
battery limits.

Hydrodynamism The primary purpose of the sediment trap is to contain a
volume of water, but as oceans are dynamic with inherent tri-dimensional flows,
the VisuTrap is likely to be affected by ambient motions. Therefore, ambient flows
are addressed in two ways. (i) We expect horizontal currents to diverge around
the trap; however, it is crucial to enhance the instrument’s vertical orientation in
the water column, independently of the drift tether (which is not totally vertical),
in order to ensure that horizontal flows will not enter the trap (Gardner, 1985;
Supporting Information Fig. S4.2). Thus, vertical orientation of the VisuTrap is
ensured by the attachment of the lower bridle 1 m above the bottom of the system
(the overall length of the system including bridles is 2.5 m) and the presence of
three 3-kg lead rings added at the bottom of the trap, whose weight is compensated
by three syntactic foam blocks (Fig. 4.1a). From two example deployments, whose
sediment trap was unballasted in the first case and unballasted in the second
case, we noticed a clear improvement in the angle and roll (averages of 15° for
unballasted and 3° for the ballasted) of the sediment trap when we added the
weights (Supporting Information Fig. S4.3). In addition, the aluminum cage
holding the UVP6 serves as a tailplane and helps stabilize the trap with respect
to horizontal motions. (ii) Two honeycomb meshes, 9.5-mm high with an aspect
ratio of 5.26, are added at the top of the trap and just above the imaged volume
(Fig. 4.1a; Supporting Information Fig. S4.4), to break currents and prevent larger
organisms from entering the trap. To increase the aspect ratio of the sediment
trap from 1.2 to 2.4, a 30-cm long and 25-cm diameter PVC tube is set between
the two honeycomb meshes, centered on the imaged volume (Fig 4.1a; Supporting

Information Fig. S4.4).

Deployment

The VisuTrap has been designed to be deployed on a drifting line during quasi-
Lagrangian experiments (i.e., where the same water parcel is followed and its
biogeochemical and ecological properties are sampled), typically lasting 2 to 5
days. As they provide estimation of in situ sinking velocities, VisuTrap can be

deployed, for example, alongside VERTEX-style Particle Interceptor Traps (PIT;
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Knauer et al., 1979), a few meters above or below the PIT array for coincident
flux measurements. Once the setup is fully mounted and ready to deploy, the
procedure consists of the following steps: 1) the collecting bottle (filled or free of
brine) is attached at the bottom of the trap and the UVP6 is plugged to its battery,
automatically starting the TIME acquisition procedure; 2) the top and bottom
shackles are attached to the line. Upon recovery, the collecting bottle is removed

from the bottom and can be used for further analyzes or frozen at -20°C.

Image processing

Briefly, reconstructing particle tracks consists of two main steps: 1) particle detec-
tion, i.e., obtaining the particle position on the raw frame and its morphometric
properties such as size or gray level, a proxy of the object’s ability to reflect UVP6
red light, possibly linked to its density; and 2) particle linking, which aims to
connect particles in successive frames according to their respective positions
and morphometric similarities (Fig. 4.2). Such tracking is achieved using purpose-
built Python modules available upon publication, with detailed procedural steps

described below.
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Figure 4.2: Overview of the image processing workflow for VisuTrap images. Frames
recorded at high frequency are processed following two consecutive steps: particle detec-
tion and particle tracking (only for vignettes >600 um), both generating information about
particle morphometry and the corresponding tracks and velocities. Vignettes recorded at
low frequency provide size spectra for particles >100 um and particle morphometry for
larger objects (>600 pm). Both vignettes and tracks are manually validated and categorized
before enabling further statistical analyses.
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Processing of the vignettes Sequences of particle data and vignettes acquired
at low-frequency are first processed using the UVPapp and then imported to
EcoPart and Ecotaxa (Picheral et al., 2017), respectively, as routinely done with
standard UVP6 operations (Picheral et al., 2022).

Particle detection To detect the position of particles, monochrome frames
were first converted into binary frames by applying a threshold depending on
the calibration of each UVP6 (Picheral et al., 2022). Then, particle contours were
extracted on each frame using the scikit-image Python module (Walt et al.,
2014). For each particle, the area inside the contour was converted from px? to
pum? using the calibration constants Aa and Exp as described in (Picheral et al.,
2022). The Equivalent Spherical Diameter (ESD) was determined from the area as

ESD — 4 X area
V T

All particles whose size is >100 ym are used to measure particle size distri-

follows:

butions. Only particles whose size is >500 ym are used for the tracking step, as
smaller particles lack sufficient details to be visually identified and compared.
For each of these particles, a set of morphological descriptors (e.g., lengths of
the major and minor axes, mean gray level of all its pixels, etc.) are automatically

computed.

Particle tracking Asthe UVP6 records a large number of frames (typically from
80,000 to 170,000 frames for 40-to-85-hour long deployments), manual tracking of
particles would be too time-consuming and therefore requires automation. With
the development and decreasing cost of cameras, numerous particle tracking
algorithms have been proposed for various applications (Meijering et al., 2012),
but generally serve one specific purpose and are not adapted to the present set of
frames. Indeed, the linking step is often based on a nearest neighbor association
(Meijering et al., 2012), but as marine snow is composed of sets of heterogeneous
particles having different velocities, this approach not suitable. Therefore, for
the purpose of tracking marine particles from in situ imaging data, we developed
a simple algorithm based on position and size criteria. Briefly, tracking consists
of the following steps. For a frame at a given time ¢, we have a set of ongoing

tracks and unassigned particles. For each track and particle at ¢, the matching
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potential with each particle in the subsequent frame at ¢ + 1 is assessed (Fig. 4.3);
if a particle at t + 1 matches a track or a particle, it is linked to it; this process is

repeated along the entire time series.
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Figure 4.3: Overview of the tracking process. After an initial detection of particles (tp),
the matching potential of candidate particles located inside the circular search area (25
x particle’s ESD) at ¢; is evaluated. Successive searches are then repeated by looking at
potential matching particles at within 4= 100° of the track’s direction (¢;) until there is no
more match possible (¢¢).

The matching potential is evaluated as follows: (i) A search area is delimited
relative to the position of the particle. If the particle begins a new track, a search

circle is defined around it, whose radius is 25 times the ESD of the particle. In
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any other cases, the search area is delineated from the angle of the last step
+ 100°. Then, (ii) among all the particles inside the search area, the particle
whose ESD is the closest to the mean ESD of the particles on the track is sought,
provided it does not exceed or fall below this value by more than 20%. To provide
the most reliable estimates of velocities, only tracks whose length is >3 (i.e., the
particle is present on at least 4 consecutive frames) are recorded. Finally, only
tracks whose mean ESD is >600 pm are retained, smaller sizes not allowing visual

discrimination of the particle nature (i.e., living or not-living).

Velocity measurements Once tracks are extracted, both their absolute and
vertical velocities (i.e., relative to the vertical axis only) are computed (in m d™1).
Absolute velocity is determined from the successive positions of the particle and
the difference between the elapsed time at its final and initial positions. Vertical
velocity is calculated by first correcting the mean angle, relative to the vertical axis,
of the track according to the inclination of the trap (see section ‘VisuTrap setup
and frame acquisition’ above). Tracks are classified in 3 categories depending
on the motion’s orientation: descending, ascending and mixed tracks (hereafter
referred to as suspended). To distinguish the vertical orientation of particles,
the vertical velocity U is converted into —U for ascending tracks. Finally, the
sinuosity index (i.e., the ratio between the track total length and the length of
the beginning-end segment) and the standard deviation of the step angle, are

computed as metrics of track straightness.

Data quality control

Manual checking of the tracks and data availability To visualize each particle
track, a figure displaying the position of each successive position of the particle,
as well as its corresponding vignettes at each time step, is generated and uploaded
to EcoTaxa (Fig. 4.4). This step allows a manual sorting of tracks, in order to

remove false tracks as well as swimming organism tracks from the dataset.

Influence of trap speed on velocity measurements To rule out any potential
effect of sediment trap vertical oscillations and to discard potential sequences
affected by trap motions, correlations between track vertical velocities and Visu-
Trap vertical oscillation speed, their trajectories are tested before (i.e., 30 seconds
before the occurrence of the track) and during (i.e., instant velocity) a tracking

episode. A moving average (window size = 3 measurements) is performed on
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Figure 4.4: Examples of the three different types of particle tracks: (a) Sinking particle;
(b) ascending particle; (c) suspended particle. The left panel shows the position of the
particle in the UVP6 field of view at each timestep and indicates the initial and final
positions. Thumbnails on the right represent the particle as it appears on frames at each
timestep.

UVP6 pressure sensor data recorded alongside frames to limit the effects of sen-
sor accuracy on depth measurements. VisuTrap vertical speed is then calculated

as the depth difference divided by the time difference between two timesteps.
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Data analysis procedure

All  analyses described in this section were performed with
R version 4.22 (R Core Team, 2022) and are available at
https://github.com/MnnLgt/visutrap_2022_moose_ge. The package tidyverse
(Wickham et al., 2019) was used for data handling and graphical representation.

The Normalized Abundance Size Spectrum (NASS; i.e., the particle abundance
per size class, which is similar to the Normalized Biomass Size Spectrum; Platt
and Denman, 1977) was used to assess the size spectrum sampled by the UVP6-LP
set on the VisuTrap, as well as to compare size spectra between deployments. To
do so, mean particle abundance (in # m™3) for the duration of the deployment
was estimated for logyg size classes between 100 um and 2 mm (based on the
Equivalent Spherical Diameter or ESD) and divided by the width of the class to
normalize the spectrum using the nbssr package (https://github.com/jiho/nbssr).

To link particle velocities to particle morphology, morphological properties
were first summarized into a morphological space. For that purpose, size, gray
level, shape and structure of tracked particles were each described by 3 to 5
morphological variables (Supporting Information Table S4.1). A Yeo-Johnson
transformation was applied to reduce skewness of their distribution (Yeo and
Johnson, 2000). In an approach similar to Trudnowska et al. (2021), these variables
were used to build a Principal Component Analysis (PCA) ordination, hereafter
referred to as morphospace, using the package FactoMineR (Lé et al., 2008). This
morphospace allowed us to summarize morphological information into new uncor-
related variables and to distinguish main sources of variability between particles.
By that means, each particle was defined by its coordinates in the morphospace.
Randomly selected particle vignettes were outlined in the morphospace using
the R package morphr (https://github.com/jiho/morphr). This allowed a synthetic,
visual interpretation of the Principal Components (PC). According to the Kaiser-
Guttman criterion (Cattell, 1966), only PCs whose associated eigenvalue was
greater than the mean eigenvalue were considered significant. Mean individ-
ual coordinates on each significant PC according to track types (i.e., sinking,
suspended and ascending) were compared with one-way ANOVA and pairwise
comparisons were made with Tukey’s HSD test. Correlations between vertical
velocities and particle coordinates on each significant PC were tested using Pear-
son’s correlation test. A Holm-Bonferroni correction (Holm, 1979) was applied to

p-values to take into account multiple comparisons.


https://github.com/MnnLgt/visutrap_2022_moose_ge
https://github.com/jiho/nbssr
https://github.com/jiho/morphr
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4.1.4 Assessment

The following section presents example results from the MOOSE-GE 2022 cruise,
which took place in the Western Basin of the Mediterranean Sea, in September
2022 aboard the N/O Pourquoi Pas ? (Coppola et al., 2019; Testor et al., 2022). This
area is characterized by summer oligotrophy: at this time of the year, thermal
stratification is strong and the surface layer is nutrient depleted, leading to low
primary production. VisuTraps were set on a drifting line for two Lagrangian
cycles of ca. 45 hours each. Drifting lines were deployed around LION (42.04° N
4.68° E) and DYFAMED (43.41° N 7.89° E) mooring sites (Supporting Information
Fig. 54.5).

The LION mooring is located in an open-ocean deep convection zone, char-
acterized by active winter vertical mixing that allows ventilation of deep Western
Mediterranean waters (Houpert et al., 2016). The DYFAMED mooring is located
in the central zone of the Ligurian Sea, where a density front at the core of the
Liguro-Provencal current prevents coastal inputs (Andersen and Prieur, 2000).
VisuTraps were deployed at 500 m from 8-10 September 2022 at LION and at 200
m and 500 m from 12-14 September 2022 at DYFAMED. A UVPS5 camera (Picheral
et al., 2010) was mounted onto the CTD rosette to quantify vertical concentrations
of particles and zooplankton. The UVP5 illuminates a water volume of about 1 L
and then detects and records counts of all objects (i.e., all types of particles and

organisms) larger than 100 ym.

Frame recording

For each deployment, the UVP6 mounted inside the VisuTraps covered the entire
cycle duration. Over the course of a cycle, the UVP6 recorded ca. 80,000 frames
(Table 4.2). The number of recorded vignettes, with the low-frequency mode, was

highly variable and depended on environmental conditions.

Table 4.2: Recovered data from three example deployments of the VisuTrap during the
MOOSE-GE 2022 cruise and track counts of living and non-living objects.

. - Number of Number of . # living # false and
Lagrangian cycle  Acquisition . . # non-living objects and .
- Depth duration frames (high- vignettes (low- objects dubious livin dubious
p frequency) frequency) ] objects & detections
Cycle 1-500 m 46 h 81,396 573 201 80 19
Cycle 2 - 200 m 44 h 77,545 148 51 29 1

Cycle 2 - 500 m 44 h 77,437 135 31 42
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Size spectrum imaged by the VisuTrap

NASS were used to compare, for each deployment, the size spectrum sampled by
the UVP6-LP set inside the VisuTrap and the size spectrum sampled by the UVP5
in open waters. For UVP5 vertical profiles, only data whose depth was within 10
m of the mean depth of VisuTrap deployment were used. For all deployments,
slopes and intercepts of log;o-transformed NASS differed between instruments
(ANOVA: p-value <0.001 in every case). Undersampling largely increased for
particles whose ESD was >300 pm (Supporting Information Fig. $4.6).

Two complementary deployments were made in February and April 2023 at
the DYFAMED site. A few meters above the VisuTrap, another UVP6-LP camera
was deployed to size and image particles in open waters, i.e., not constrained by
the sediment trap. For both deployments, slopes of log;o-transformed NASS did
not differ between UVP6 (ANOVA: p-value = 0.21 for February and p-value = 0.29
for April; Supporting Information Fig. S4.7). Thus, differences observed with
the size spectra imaged by the UVP5 is likely due to differences in instrument

configuration.

Track features

During deployments, the average oscillation (Supporting Information Fig. $4.8),
defined as the depth difference between two timesteps, was 0.7 + 0.6 cm. The
maximum depth amplitude for the duration of a sequence (i.e., the minimum
depth subtracted from the maximum depth of the sequence) averaged 32 + 10 cm,
with a maximum amplitude of 66 cm and a minimum amplitude of 18 cm. Despite
these oscillations, track vertical velocities did not show any correlation with
VisuTrap speed for all deployments. The absence of significant correlations was
recorded for both the instant VisuTrap speed (i.e., during the course of the track)
and the mean speed 30 s before the track occurrence (Supporting Information
Table S4.2, Supporting Information Fig. S4.9).

For the three deployments, a total of 283 tracks of nonliving objects (with
sizes ranging from 600 to 2,200 um ESD) were recorded (Table 4.2; Fig. 4.5a). The
mean length of a track, defined as the number of frames on which the particle
appears, was 8.2 + 6.2 and the maximum length 47 (i.e., corresponding to a mean
duration observation of 6.3 4+ 4.8 s, and a maximum of 32.9 s). In addition to
sinking particles, we also recorded tracks of ascending or seemingly suspended
particles (Fig. 4.5b, 4.5¢), going in all directions of the recorded field of view
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(Fig. 4.5¢). Ascending and suspended tracks represented a substantial, yet highly
variable, proportion of the total number of tracks (Fig. 4.5a, 4.5b, 4.5¢). In addition,
we observed tracks of living organisms (Table 4.2), such as Rhizaria or Copepoda,

which were not included in the subsequent morphological analyses.
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Figure 4.5: Overview of track features. (a) Particle size (Equivalent Spherical Diameter,
ESD, in um) as a function of vertical velocity (in m d~!). Distributions of ESD and
vertical velocities for each track type, are shown on the right and on top, respectively.
(b) Proportion of track types according to deployment. (c) Track mean angle (i.e., overall
direction, in °) versus absolute vertical velocity (in m d—1).

Morphospace of tracked particles

The first three PCs of the morphospace were considered significant and explained
90.9% of the total morphological variability between particles (Fig. 4.6). As they
summarize morphological descriptors, projection of individual particles onto
the planes defined by these principal components eased their interpretation.
PC1, explaining 47.9% of total variability, separated dark and compact particles
from fluffy and light gray particles. Variables which contributed the most to
this axis were associated to shape (e.g., circularity), complexity (e.g., solidity) and
gray level (e.g., median of gray values) (Fig. 4.6, Supporting Information Table
S4.1, Supporting Information Fig. S4.10). Thus, this PC could be summarized
as “particle density and complexity”, a negative value on this axis indicating a
low density fluffy particle and vice versa. PC2 explained 26.8% of morphological

variability. It discriminated size, with large particles on the half upper plan and
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small particles on its lower half and was mainly influenced by size descriptors
(area, convex area and main axes length; Fig. 4.6, Supporting Information Table
S4.1, Supporting Information Fig. S4.10). PC3 explained 16.1% of variability and
was related to the shape of particles, separating long and elongated particles (PC3

>0) from rounder particles (PC3 <0).
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Figure 4.6: Morphospace of particles that were successfully tracked. Vignettes of ran-
domly selected individuals are shown according to their coordinates in the plane defined
by (a) PC1 and PC2; (b) PC2 and PC3. The package morphr was used for these represen-
tations. Correlations between PC and original variables (Supporting Information Table
S4.1) are presented for (c) PC1 and PC2; (d) PC2 and PC3. The quality of representation
for variables on the factorial plane is given by the length of arrows. Points represent the
position of individual particles in the plane and are colored according to track type (i.e.,
sinking, ascending or suspended). Confidence ellipses for the centers of the categorical
variable ‘track type’ are displayed with a threshold of 0.5.
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Distribution of PCs according to track type

We observed slight differences in PC values between track types (Fig. 4.6¢, 4.6d,
4.7), which were tested with one-way ANOVA and Tukey’s HSD tests. Distribution
of PC1 values, summarizing particle density, showed differences between sinking
and ascending tracks (Tukey’s HSD test: p-value = 0.001), these values being
higher (thus indicating a higher density) for sinking tracks. Size, summarized by
PC2, differed between suspended and sinking particles with sinking particles
being larger on average than suspended ones (Tukey’s HSD test: p-value = 0.002).
Roundness, defined by PC3, was significantly lower (higher values of PC3) for
sinking particles than for ascending ones (Tukey’s HSD test: p-value = 0.016).
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Figure 4.7: Distribution of individual scores of significant principal components accord-
ing to track type: (a) PC1, interpreted as particle density; (b) PC2, summarizing particle
size; (c) PC3, defined as particle roundness.

4.1.5 Discussion and recommendations for future directions
In situ imaging for direct particle velocity measurements

For the first time, we use the latest 6th generation of UVP to directly record
in situ sinking velocities of a large spectrum of marine particles, a key variable
for flux estimates (Guidi et al., 2008). The different generations of UVP through
its worldwide commercialization have provided a powerful tool for studying the
ecology and biogeochemistry of the ocean, allowing for studies of particle flux
at various scales (e.g., Guidi et al., 2015; Ramondenc et al., 2016) without provid-
ing direct measures of sinking speeds. Thanks to its low-power consumption,
allowing it to be mounted on autonomous platforms such as sediment traps, the
VisuTrap-UVP6 provides a new tool to measure in situ sinking velocities. As

with some other imaging methods, it is non-invasive and thus allows unaltered
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particles and small planktonic organisms to be sampled, whose sinking towards
the deep ocean is of paramount importance for the functioning of the BCP. The
experimental design, based on quasi-Lagrangian deployment of two-to-five-days
duration, makes use of the full potential of the UVP6 to investigate the dynamics
of particles at high temporal resolution in a specific water mass.

A key feature of the VisuTrap is the narrow depth field (2.3 cm) of the side-
looking UVP6. Indeed, a large depth of field induces more uncertainties in both
size and velocity measurements: a particle close to the camera will appear larger
and will seemingly move faster than the same particle located at the back (Iversen
and Lampitt, 2020). Moreover, accurate size and feature measurements are of
paramount importance for further flux estimates (Giering et al., 2020; Bisson
et al., 2022). Such accuracy was not achieved in previous methods, because of the
camera’s large depth of field (ca. 10 cm; Pilskaln et al., 1998; Iversen and Lampitt,
2020). Accurate tracking of biological particles is a longstanding research area, but
the numerous programs developed for this application were not adapted to record
the heterogeneous speeds of marine particles. For our purpose, we developed
Python modules to be used with UVP6 data, which can be integrated in a global
work environment in the future. Overall, we were able to record tracks of particles
for up to more than 40 frames, allowing accurate estimates of velocities relative
to the vertical axis of the sediment trap.

For 134 h of deployment, a total of 283 tracks were recorded, a limited number
that should be linked to oligotrophic conditions encountered during the MOOSE-
GE cruise and the overall low number of vignettes recorded (Table 4.2). The size
spectrum of tracked particles covered the size spectrum of the vignettes recorded
by the UVP6 (600 ym - 2 mm). As an imaging-based method is necessarily limited
by the optical resolution of the camera, a combination of cameras of various optical
resolutions is required to cover the entire size spectrum of marine particles. In
addition, size quantification, on which the tracking process relies, is limited by the
2D shape and the orientation of particles, which can ultimately lead to a mismatch
and to the occlusion of a track if a particle is rotating from frame to frame. For
our deployments, which occurred in relatively low-particle environments, manual
sorting of tracks was not time-consuming. Still, in different environments, large
numbers of tracks can be detected and we expect progress in machine learning
applications (Irisson et al., 2022) to help identify particles and to reconstruct

tracks in the future.
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Towards a new methodology for carbon flux assessment?

The new tool VisuTrap will enable us to improve understanding of sinking marine
particles by recording their in situ behavior and sinking velocities, and provides
a new toolbox for studying the BCP. By taking advantage of the working environ-
ment developed around a set of numerous intercalibrated cameras, VisuTrap data
can be incorporated in analyses with other data coming from UVPs in the future.
As this instrument provides both velocity and morphometric measurements, we
expect further efforts to decipher the variability in the velocity data, as well as to
explore links between sinking velocities on the one hand, and particle concen-
tration, morphology and size on the other. Indeed, size alone is not sufficient
enough for accurate flux estimates (McDonnell and Buesseler, 2010). Instead,
marine particles are distributed along a multidimensional continuum of shape,
gray level, size and structure, which partly influence observed velocities. Summa-
rizing such morphological information using dimensionality reduction methods
(e.g., PCA,; Vilgrain et al., 2021; Trudnowska et al., 2021) for further analyses is
becoming more and more common. To take into account these multiple factors
and their potential interactions, future work should take advantage of machine
learning tools to implement particle vignette to velocity models.

The increasing number of particle vignettes collected by the UVP6 and their
associated morphological descriptors are highly valuable information that have
been underused for flux assessments. Integrating these data into new models
is likely to increase the accuracy of actual flux calculations. Nevertheless, a
crucial parameter is the carbon content of marine particles. Although there
potentially is a link between pixel gray values of a particle (i.e., its ability to
reflect UVP6 red light) and its density, no relationship has yet been established.
The morphospace allowed us to distinguish particles with seemingly different
densities, but a way to estimate particle composition from the vignettes alone is
still lacking. Classifying tracks into various detrital types to apply size to carbon
content conversion factors could in part solve this issue; however, it is still unclear
how particle age, mineral ballasting or the presence of transparent exo-polymers,
usually influencing the density of a particle with respect to the surrounding
water, will affect morphological appearance. Although tackling such issues is
challenging, imaging technologies continue to open new avenues for broadening

our understanding of the biological carbon pump.
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Supporting information

See section 4.1.6 of this chapter.
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4.1.6 Supporting Information

Supporting Information Fig. S1

Figure S4.1: Tiltmeter for VisuTrap deployment. (a) Positions recorded by the tiltmeter.
(b) Example of tiltmeter inserted in its box attached to the metal cage of the VisuTrap.

Supporting Information Fig. S2

Angle Roll

Figure S4.2: Position of the VisuTrap according to several angle and roll values. A larger
angle and/or roll leads to more horizontal flow entering the trap.
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Supporting Information Fig. S3
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Figure S4.3: Time series of the depth, angle and roll of the VisuTrap deployed during
the lagrangian cycles 1 (unballasted) and 2 (ballasted) of the BLOOFINZ cruise (Eastern
Indian Ocean, February 2022). Grey ribbons indicate night periods.

Supporting Information Fig. S4

Figure S4.4: View inside the VisuTrap once the top honeycomb mesh is removed. The
bottom honeycomb mesh stands above the UVP6 field of view. The PVC tube joins the
two honeycomb meshes and reduces the trap aspect ratio.
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Supporting Information Fig. S5
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Figure S4.5: Drifting line track at LION and DYFAMED sites during the MOOSE-GE
2022 cruise in the Mediterranean Sea. Bathymetric data come from the ETOPO 2022
database hosted on the NOAA website and queried with the marmap R package (Pante
and Simon-Bouhet, 2013).

Supporting Information Fig. S6
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Supporting Information Fig. S7
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Figure S4.7: Normalized Abundance Size Spectra of particles sampled by the UVP6
inserted in the VisuTrap and by the UVP6 sampling a few meters above the VisuTrap in
open waters, for two deployments in February and April 2023 at DYFAMED.

Supporting Information Fig. S8
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Supporting Information Fig. S9
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Figure S4.9: Track vertical velocities versus VisuTrap vertical oscillation speed (a) before
(i.e., 30 seconds before the occurrence of the track) and (b) during their course (i.e., instant
velocity), for each deployment.
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Figure S4.10: Contribution of the initial morphological variables to the three significant
axes of the PCA performed on tracked particles. Contribution of variables to (a) PC1, (b)
PC2, (c) PC3. Red lines show the mean contribution.
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Supplementary table S1

Table S4.1: Particle morphological descriptors computed by scikit-image regionprops
function and used to perform PCA.

Type Parameter Description
Area Number of pixels of the object
Number of pixels of the smallest convex polygon that
. Convex area .
Size encloses the object
Perimeter Perimeter of the object
Major axis length Lepgth of the major axis of the ellipse fitted on the
object
Minor axis length Lepgth of the minor axis of the ellipse fitted on the
object
Mean grey Mean grey level value
Median grey Median grey level value
Color Std grey Standard deviation of grey level values
Skew grey Skewness of the histogram of grey level values
Range grey Maximum grey level value — minimum grey level value
. . 1 indicates a perfect circle, decreases as object moves
Circularity .
away from a circle
Shape . . . : . .
Elongation Major axis length to minor axis length ratio
Ratio of pixels of the object to pixels in the total object
Extent .
bounding box
Perim/Major Perimeter to major axis length ratio
Complexity Solidity Ratio of object area to convex hull area
Fractal Fractal dimension of the object as defined in Maggi
dimension and Winterwerp (2004) and Many et al. (2019)

Supplementary table S2

Table S4.2: p-value of correlation tests between track speeds on one hand, and averaged
trap speed during the track and from 30 s to the beginning of the trap.

Mean trap speed
Deployment during the course

Mean trap speed
30 s before the

of the track track
C1-500m 0.93 0.51
C2-200m 0.23 0.75
C2-500m 0.54 0.90
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4.2 In situ imaging sheds light on particle sinking
speeds in the North Atlantic

Laget, M., M. Picheral, C. Catalano, L. Guidi, and T. Biard. In preparation.

4.2.1 Introduction

The biological carbon pump (BCP) is a crucial process in the global carbon cy-
cle, exerting far-reaching impacts on atmospheric CO; levels and on the Earth’s
climate system (Sarmiento and Toggweiler, 1984; Kwon et al., 2009). This pro-
cess involves the biological production of organic material in the surface ocean
through photosynthesis and its subsequent downward transport to depths, result-
ing in atmospheric CO, trapping in oceanic waters (Volk and Hoffert, 1985). As
organic particles are transported towards the deep ocean, they undergo diverse
transformations through interactions with organisms, whether associated with
particles or existing freely in the water, ultimately leading to the remineralization
of most organic carbon back into CO;. Only a minor fraction (1-3%; Lampitt
et al., 2010) of carbon is eventually sequestered from the atmosphere for long time
periods. Although sequestered carbon can be found throughout the water column
as refractory material (Legendre and Le Fevre, 1992), most of it is stored at depths
>1000 m (Primeau, 2005; Lampitt et al., 2008a; Passow and Carlson, 2012). Among
the mechanisms leading to downward transport, gravitational sinking of particles
play a key role in carbon export and sequestration (Stukel et al., 2017; Boyd et al.,
2019; Stukel et al., 2023).

Gravitational flux declines exponentially with increasing depth (Martin et al.,
1987), with most of this decline occurring within the mesopelagic layer (Aristegui
et al., 2005; Robinson et al., 2010). However, the transfer efficiency, defined as
the fraction of organic carbon exiting the mesopelagic layer, is highly variable
spatially (Buesseler et al., 2007; Henson et al., 2012; Guidi et al., 2015). Indeed, it
depends on the nature of sinking material and the remineralization processes
it is exposed to. The faster a particle sinks, the more likely it is to reach great
depths before its carbon is completely respired (De La Rocha and Passow, 2007).
This feature results from its individual characteristics and from the properties of
the surrounding seawater.

Marine particle pools encompass individual dead cells or carcasses, aggregates,



159 4.2, Insitu imaging sheds light on particle sinking speeds in the North Atlantic

fecal pellets, or a mixture of these, spanning a size spectrum from a few microme-
ters to several millimeters (Alldredge and Silver, 1988; Stemmann and Boss, 2012).
A particle can be composed of various organic (e.g., lipids, carbohydrates) and
mineral elements (e.g., calcium carbonate, biogenic silica), thereby influencing its
morphological properties such as its structure, shape and density. Consequently,
marine particles exhibit high morphological diversity, being shaped by the nature
of material produced in the surface layer and its inhabitants. Interestingly, these
various types of particles have been shown to have different contributions to
carbon export (Durkin et al., 2021; Trudnowska et al., 2021). Furthermore, these
morphological variations have been linked to a broad range of sinking speeds,
ranging from 2 m d~! to 2700 m d~! (e.g., Alldredge and Gotschalk, 1988; Turner,
2002; Iversen and Lampitt, 2020). To analyze this continuous, multi-dimensional
spectrum of properties and their distribution within a particle pool, alongside
their sinking speeds, a comprehensive set of measurements that can effectively
quantify them is needed.

In situ optical devices have yielded extensive data on particle size distribu-
tion, concentration and biovolume (Stemmann and Boss, 2012). Among the range
of optical instruments available (summarized in Lombard et al., 2019), the Un-
derwater Vision Profiler (UVP; Picheral et al., 2010; Picheral et al., 2022) are
in situ camera counting and sizing particles above 100 um, while also record-
ing individual images of particles larger than 600 ym. By doing so, it provides
numerous quantitative measurements of size, shape, gray level, and structural
properties (e.g., fractal dimension) of large particles. In its latest version featuring
a reduced size, the UVP6 can be integrated onto autonomous platforms (e.g.,
floats, mooring, etc.), allowing greater flexibility (Picheral et al., 2022). While in
situ imaging systems can offer an increasing number of detailed morphological
data of encountered particles, their application in biogeochemical studies are
still limited (Trudnowska et al., 2021). Moreover, no investigation of relationships
between morphological variables and sinking speeds using the UVP6 has been
conducted so far.

Here, we use the VisuTrap (chapter 4.1), a sediment trap equipped with an
UVP6, to record the sinking velocity of marine particles along their morpholog-
ical properties. Unlike the standard UVP6 solely recording particle images, it
here records the complete imaged volume, enabling the measurement of marine
particle sinking velocity while simultaneously recording their morphological

characteristics. Our objective is to characterize the morphological structure of
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the particle pool and its sinking behavior following a summer bloom in the North
Atlantic. Seasonal phytoplankton blooms, followed by large pulses of organic
matter, are a key element for carbon export in this region, whose magnitude is
further enhanced by the presence of oceanic fronts (Allen et al., 2005). Studying
the characteristics and the fate of this intense pulse of primary production is
necessary for our understanding of the biological carbon pump in this region. We
hypothesize that sinking speeds are influenced by particle morphology, environ-
mental conditions, and ecosystem state and we aim to explore the relationships

between them.

4.2.2 Material and methods
Cruise design and sampling strategy

Data were collected around the Porcupine Abyssal Plain Sustained Observatory
(PAP-SO; 49° N, 16.5° W; Fig. 4.8) in the northeast Atlantic during the APERO
cruise which took place from June, 6th to July, 18th 2023 onboard the N/O Pourquoi
Pas ?. The sampling strategy was based on quasi-Lagrangian experiments (referred
to as ‘cycles’) lasting 3 to 5 days each. During each cycle, a targeted water parcel
was extensively sampled, with a 1 km surface-tethered drifting line following
the water mass. A total of five cycles were performed (Fig. 4.8), covering various
oceanic conditions. While cycle 1 sampled an anticyclonic eddy, cycles 2, 3
and 5 sampled a cyclonic eddy, but with contrasted productivity (Supplementary
Information Table S4.3). Cycle 2 exhibited the highest productivity of the cruise
overall. Cycle 5 sampled within the same eddy as cycle 2, but with reduced
productivity as it occurred 3 weeks later. Finally, cycle 4 occurred at a front

between two cyclonic (cycle 2) and anticyclonic eddies.

Environmental data

A CTD (Sea Bird Scientific 911+) mounted on a rosette was used to perform vertical
profiles of hydrographic parameters during each cycle, including conductivity,
temperature, pressure, fluorescence and oxygen concentration. A UVP6-HF
(Picheral et al., 2022) was mounted on the rosette to simultaneously perform

vertical profiles of >100 pm particle abundance.
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Figure 4.8: Drifting line tracks during the APERO cruise around the Porcupine Abyssal
Plain Sustained Observatory (PAP-SO). Bathymetric data come from the ETOPO 2022
database hosted on the NOAA website and queried with the marmap R package (Pante
and Simon-Bouhet, 2013).

VisuTrap deployment, image recording and image processing

Four VisuTrap (chapter 4.1) were deployed on the drifting line. One VisuTrap was
deployed at 100 m and another at 200 m, while two were deployed side by side
at 500 m. VisuTrap were deployed at 100 m only during cycles 2 and 4. Briefly,
the VisuTrap comprises a UVP6-LP camera (Picheral et al., 2022) inserted within
a cylindro-conical sediment trap (chapter 4.1). The UVP6 camera is oriented
sideward, allowing for successive recordings of the same sinking particle every
0.7 s (i.e., 1.3 Hz frequency). The UVP6 alternated between two modes: recording
full frames without segmentation during acquisition to subsequently conduct
particle tracking, and its regular mode to obtain particle size distribution and
concentration. Starmon (Star Oddi) were used to record the angle and roll of
sediment traps at each depth, and thus correct track angle and speed along the
vertical axis. All vignettes recorded during the low-frequency steps were pro-
cessed using the UVPapp software. For high-frequency acquisition of raw images,
particle tracking was performed based on particle size similarity and relative
positions as previously described (chapter 4.1). Particle data were imported into
the EcoPart application, while both vignettes and particle tracks were imported

into the EcoTaxa application (Picheral et al., 2017) for classification and removal
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of false tracks as well as tracks of living organisms.

Data analysis

All analyses were performed using the R software version 4.2.2 (R Core Team,
2022) and the packages tidyverse (Wickham et al., 2019) and plyr (Wickham,
2011) for data manipulation.

CTD data were handled and cleaned using the packages oce (Kelley and
Richards, 2023) and castr (https://github.com/jiho/castr). Normalized abundance
size spectra (NASS) on UVP6 mounted on the CTD rosette were computed using
the nbssr package (https://github.com/jiho/nbssr).

Following the approach by Trudnowska et al. (2021), we conducted a Principal
Component Analysis (PCA) using a set of 16 morphological variables associated to
size, shape, grey level, and complexity, with 3 to 5 variables within each category
(Supporting Information Table S4.4). After a Yeo-Johnson transformation (Yeo and
Johnson, 2000), this PCA was applied to the 117,690 particle vignette data (i.e., after
having removed zooplankton) recorded for all depths during all cycles. The aim
was to establish a morphospace and project the data into a reduced-dimensional
space to investigate morphological diversity. Principal Components (PCs) were
considered significant if their eigenvalue was superior to the average eigenvalue
(>1; Kaiser-Guttman criterion; Cattell, 1966). The morphospace was built and
plotted using the morphr package (https://github.com/jiho/morphr). Subsequently,
a k-means clustering was performed on the particle coordinates on the significant
PCs - to retain most of the variance while reducing data dimension - to define
particle morphotypes.

To ensure that trap movements had no impact on sinking speeds of particles,
we tested for correlations between particle speeds and VisuTrap vertical oscil-
lations both during and before the track occurrence. To reduce uncertainty of
sinking speed measurements, we removed tracks for which particles appeared
in less than 6 subsequent images. Additionally, tracks displaying a sinuosity
index (defined as the ratio between the track total length and the length of the
beginning-end segment) at the tail end of its distribution were removed from the
analysis. Each track was then associated with a set of environmental values, using
the nearest CTD measurement in terms of both time and depth.

Particles forming a track were projected onto the morphospace, and subse-
quently, each track was assigned a morphotype using k-means algorithm. To

evaluate differences in sinking speeds across morphotypes, we conducted an anal-
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ysis of variance (ANOVA) followed by Tukey post-hoc tests on logjo-transformed
data, considering each cycle and depth together and then separately.

Environmental variables, including oxygen, temperature, seawater potential
density, salinity, large particle abundance and chlorophyll a (Chl a), were inte-
grated into a new PCA using the FactoMineR package (Lé et al., 2008) after a
Yeo-Johnson transformation to meet the normality assumption. Sinking speeds
were projected as a supplementary quantitative variable to help visualize cor-
relations with PCs. We computed Pearson’s correlation coefficients to test the
relationship between sinking speeds and significant PCs.

Then, we used Boosted Regression Trees (BRTs) to evaluate our capacity to
predict sinking speeds from morphological and environmental predictors. Briefly,
BRTs model the relationship between a response variable (sinking speed) and
predictors (morphological and environmental variables) by successively combin-
ing short regression trees to enhance predictive performance. They offer several
advantages, including their ability to handle a large number of categorical or
continuous variables, the capability to select relevant explanatory variables, the
absence of assumptions regarding the nature of the relationship between pre-
dictors and the response variable, and the incorporation of interactions among
predictors (Elith* et al., 2006). Thus, they are a suitable choice since the relation-
ships between predictors and sinking speeds, as well as their interactions, remain
unknown. BRTSs’ statistics R? was calculated as the squared Pearson’s correlation
coefficient between observed and predicted values.

Lastly, we estimated particle flux for each morphotype at each depth and for
each cycle. To do so, particle abundance for each morphotype (in # m~3) was
converted to carbon concentration (in mg C m~3) using equations described in
Durkin et al. (2021) (see Supporting Information Table S4.4 for details). Then,
we multiplied carbon concentration for a given deployment (obtained with the
standard UVP6 acquisition mode) by the morphotype’s median sinking speed for

the same deployment.

+ Inthe future, this will be compared to fluxes estimated from BRTs developed
above and from the method from (Guidi et al., 2008).
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4.2.3 Results

Environmental conditions

Cycle 2 (C2), occurring in a cyclonic eddy, was the most productive cycle sampled
(1.34 pg Chl a L~! averaged at the DCM; Supporting Information Fig. S4.11a),
followed by the anticyclonic eddy C1 (1.21 Chl a ug L™!; Supporting Information
Fig. S4.11a). Average Chl a concentration at the DCM was the lowest during
cycle 5(0.25 ug L=1), which took place in the same eddy that C2 but about 20 days
later. C3 was characterized by low Chl a concentrations and cycle 4 by high Chl a
concentrations. Particle abundance, measured by the UVP6-HF mounted on the
CTD rosette, reached the cruise maximum during C2 near the DCM (300-450 #
L~!; Supporting Information Fig. S4.11b). C5 showed high particle concentrations
at the surface (250-400 # L~1), which sharply declined with depth (Supporting
Information Fig. S4.11b). Although C1 displayed high Chl a concentrations, it
exhibited low particle concentrations (130-200 # L~!), but with a smooth decline
with depth. During C3 and C4, maximum particle concentration was the highest
at the surface but quickly decreased with depth (Supporting Information Fig.
S4.11b). C2 had the highest proportion of large particles, decreasing with depth
(NASS slope -0.9 at 100 m, -1.2 at 200 m and -2.0 at 500 m). Slopes were higher at
all depths and similar for C3, C4 and C5.

Particle morphological properties

To investigate morphological diversity, a PCA was performed on vignettes data
acquired with the VisuTrap’s UVP6 in their standard acquisition mode, to sum-
marize the 16 morphological variables (Supporting Information Table S4.4) into a
few easily interpretable variables. The first four PCs were significant based on the
Kaiser-Guttman criterion, accounting for 89.7% of the total variance within the
dataset. PC1 alone captured 44.9% of the total variance and segregated particles
based on their size (Fig. 4.9a), with larger particles on the right hand side of
the plane (i.e., PC1>0) and smaller particles on the left hand side (i.e., PC1<0).
Hence, this PCs was mostly driven by size-related variables such as perimeter
and convex area (Supporting Information Fig. S4.12). PC2, explaining 25.4% of
the total variance, opposed darker and more compact particles (i.e., PC2>0) to
lighter and more loosely structured ones (i.e., PC2<0; Fig. 4.9a). It was mostly
influenced by grey-related variables (e.g., skewgrey, mediangrey; Supporting In-

formation Table S4.4) and minor axis length (Supporting Information Fig. S4.12).
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PC3 accounted for 12.4% of the variance and was primarily driven by elongation,
the ratio of the perimeter length to the major axis length, along with grey vari-
ables (e.g., cvgrey, mediangrey; Supporting Information Table S4.4, Fig. S4.12). It
separated elongated and dark particles from rounder and lighter ones (Fig. 4.9a).
PC4, mostly influenced by the kurtosis of grey pixels (Supporting Information Fig.
S4.12), explained 7.0% of the variance and opposed particles with an homogeneous
structure (i.e., PC4<0) to those with a more heterogeneous structure (i.e., PC4>0;
Fig. 4.9a).

Based on the k-means clustering algorithm performed on the coordinates of
particles along the first four axes of the PCA, we defined four morphological
morphotypes (Fig. 4.9b), named following Trudnowska et al. (2021). Particle
aspects and morphological metrics are displayed in Supporting Information Fig.
S4.13. Morphotype 1 “Fluffy”, consisted of fluffy, i.e., loose medium-sized particles
(mean ESD = 1,000 ym, mean circularity = 0.71). Morphotype 2 “Flakes” included
small flake-type particles with a homogeneous structure and a round shape (mean
ESD = 695 pum, mean solidity = 0.89, mean circularity = 0.85). Morphotype 3
“Elongated” comprised elongated particles (mean ESD =756 um, mean elongation
= 2.31, mean circularity = 0.47). Morphotype 4 “Agglomerated” comprised large,
heterogeneous and loose agglomerated structures (mean ESD = 1,562 um, mean
elongation = 1.95, mean solidity = 0.76, mean circularity = 0.40).

C2, with the highest particle abundance overall (Supporting Information Fig.
S4.11), was dominated by flakes and elongated particles at 100 m and by flakes at
200 and 500 m (Fig. 4.9¢). C1, characterized by low particle abundances, showed a
high proportion of flake particles at 200 m, which decreased at 500 m (Fig. 4.9d).
In contrast, for all other cycles, the proportion of flake particles increased with
depth. The proportion of agglomerated particles was low during C1, C2 and C3
but was consistently higher during C4 (frontal zone) and C5 (Fig. 4.9d), the latter
occurring in the same eddy as C2 but 20 days later, likely characterizing older

particles.

« To refine these observations, data from the UVP6 mounted on the CTD
rosette will be used 1) to check if there is any bias leading to an over- or
undercollection of certain morphotypes - as it was shown previously that
particle size spectra slopes were the same 2) to refine changes in particle

morphology with depth.
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Figure 4.9: (Previous page.) Description of particle morphology and distribution, recorded
with the VisuTrap, among cycles. (a) Principal Component Analysis of the 16 morpho-
logical descriptors of particles. The four significant principal components (PCs) are
represented with PC1 and PC2 on the left and PC3 and PC4 on the right with the per-
centage of variance explained by each PC between parentheses. Colored arrows show
correlations between descriptors and each PC, with each color representing a type of
morphological descriptors. Randomly chosen example images are displayed according to
their coordinates on each plane using the morphr package. Morphological descriptors are
described in (Supporting Information Table S4.4). (b) Randomly chosen example images
for each morphological cluster (morphotype) determined from the k-means algorithm.
Morphotypes were named after Trudnowska et al. (2021). (c) Mean particle abundance
for each morphotype, cycle and depth as determined from vignette data. (d) Distribution
of morphotypes, for each cycle and depth. LP, MP and HP stand for low, medium and
high particle abundance respectively. LC and HC stand for low and high chlorophyll a
concentration.

Particle sinking speeds

From an initial dataset of 22,150 sinking tracks with a particle appearing in at
least 4 images, and after removing false tracks, tracks associated with living
organisms, sequences with high VisuTrap oscillations, and sinuous tracks, we
acquired a total of 8,942 individual measurements of particle sinking speeds
with particles appearing in a minimum of 6 images (i.e, >5 s; Table 4.3). For all
sequences considered, no correlation with trap vertical speed nor acceleration was
observed (Kendall’s 7 correlation test: p-value <0.05). The majority of tracks (7,225)
were recorded during C2, which showed the highest particle abundance. Particle
ESD ranged from 570 um to 6,625 um (averaging 924 + 434 um). Sinking speeds
ranged between 4 and 1,104 m d~! (averaging 301 4+ 165 m d~!). We observed
significant differences in sinking speeds between sampled depths for C2, C3 and
C4 (Supporting Information Fig. S4.14).
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Table 4.3: Number of tracks recorded and particle characteristics for each cycle at each
depth. Particle Equivalent Spherical Diameter (ESD) and sinking speed are expressed
in mean + sd. LP, MP and HP stand for low, medium and high particle abundance
respectively. LC and HC stand for low and high chlorophyll a concentration.

Cycle Depth n Particle ESD (um) Particle sinking speed

(md—1
200 41 711 & 110 405 + 173
C1(HC-LP) 500 12 698 4 64 317 4+ 167
100 4,036 885 + 285 259 + 129
C2 (HC-HP) 200 1,962 888 + 324 324 + 178
500 1,227 812 + 273 295 + 148
200 68 1,168 + 707 313 £+ 174
C3 (LC-LP) 500 42 928 + 590 523 + 232
100 187 1,282 £ 914 308 + 167
C4 (HC-MP) 200 289 1,197 + 771 408 + 220
500 428 1,111 + 694 356 + 182
200 386 1,165 + 704 395 + 206
C5 (LC-HP) 500 264 1,085 =+ 804 390 + 198
Total 8,942

Relationships between particle sinking speeds, morphology and environmen-

tal variables

Sinking speeds showed significant correlations (Kendall’s 7 correlation test, p-
value <0.05) with all morphological variables considered, except with extent and
Perim/Major. However, these correlations were very weak (absolute 7 value <0.1).

We then assigned a morphotype to each particle forming a track and compared
the distribution of sinking speeds among morphotypes. All cycles and depths
considered together, we did not observe significant differences between elongated,
fluffy and flake-like particles (one-way ANOVA and Tukey post-hoc tests: p-value
>0.05). Only agglomerates, characterized by a large size and a heterogeneous
structure, showed on average higher sinking speeds with all other morphotypes
at 100 during C2 (one-way ANOVA and Tukey post-hoc tests: p-value <0.0001;
Supporting Information Fig. S4.15). Then, we looked at the correlation between
particle area and sinking speed for each morphotype separately. We observed a
weak positive correlation with particle area for the agglomerated morphotype
only (Kendall’s 7 = 0.10, p-value <0.0001).

Aswe recorded a limited number of tracks as well as low particle concentration
for C1 and C3, the following analyses are focused on C2, C4 and C5. Multiple
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significant differences in sinking speed distributions were observed for the same
morphotype across cycles (Fig. 4.10). On average, at 200 and 500 m, particle
sinking speeds were almost always lower for all morphotypes during C2 (cyclonic
eddy with high Chl a and high particle abundance) than during C4 (frontal zone
with high Chl a and medium particle concentrations) and C5 (cyclonic eddy with
decreased Chl a concentration but high particle abundance). At 100 m, only
elongated particles and flakes had a higher speed during C4 than C2.
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Figure 4.10: Differences in sinking speed distribution within particle morphotypes
according to cycle and depth. MP and HP stand for medium and high particle abundance
respectively. LC and HC stand for low and high chlorophyll a concentration. The boxes’
bottom and top boundaries represent the 25th and 75th percentiles respectively. Lower
and upper whiskers stretch from the 25th and 75th percentile to the minimum and
maximum value within 1.5 times the percentile’s inter-quartile range (IQR). Numbers
show the number of tracks for each boxplot. An analysis of variance followed by Tukey
post-hoc tests identified differences in sinking speeds between some morphotypes (*:
p-value <0.5).

Subsequently, we performed a PCA on environmental variables associated
with each tracked particle, and projected its sinking speed onto the resulting PCA
space (Fig. 4.11). PC1 was related to depth, with tracks recorded at 500 m on the
right hand side of the plane (PC1<0) and tracks recorded at 100 on the left hand
side (PC1>0). This PC was mostly driven by seawater density (sigmaTheta), oxygen
and temperature (Fig. 4.11a). PC2was mostly driven by salinity, particle abundance
(LPM) and to a lower extent temperature and Chl a concentration. It separated
tracks occurring at low or medium particle concentration (PC2<0; especially
during cycles 3, 4 and 5) to those occurring at high particle concentration (PC2>0;
Fig. 4.11b). Sinking speed showed a weak but significant negative correlation with
PC1 (Pearson correlation coefficient: -0.13, p-value <0.0001) and PC2 (Pearson
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correlation coefficient: -0.14, p-value <0.0001), and therefore a positive correlation

with depth and with cycles 3, 4 and 5.

« To complement these analyses, additional variables will be added, such
as pigment and community composition data. Such variables will give
knowledge about particle composition (e.g., presence of ballasting minerals,

formation of specific compounds...) that defines particle density.
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Figure 4.11: Principal Component Analysis of six environmental variables. The two
significant principal components (PCs) are represented with the percentage of variance
explained by each PC between parentheses. Black arrows show the correlations between
original variables and each PC. Blue arrows show the correlations between sinking speeds
and each PC. Confidence ellipses for the barycenters of the categorical variable ‘track
type’ are displayed with a threshold of 0.9. Points represent the position of individual
particles in the factorial plane and are colored according to (a) track depth (b) track cycle.

To assess our ability to predict particle sinking speeds using morphological
and environmental variables, we developed BRTs to identify the most significant
predictors which can explain and predict this variability. To do so, morpholog-
ical variables showing a significant correlation with sinking speed were used
(see above). We also included the six environmental variables used for the PCA
plus exact trap depth. We constructed BRTs including particles recorded at all
depths (R? = 10.6%, p-value <0.0001; Supporting Information Fig. S4.16). Vari-
ables that explained most of the variability were depth (26.7%), oxygen (10.5%),
particle abundance (9.0%) and Chl a concentration (8.8%). When considering only
morphological variables, R? was not significant (p-value >0.05).

To remove the effect of depth, we performed BRTs on tracks recorded at each
depth separately. At 100 m (R? = 7.63%, p-value <0.0001), variables that explained

Cycle

cyclel
cycle2
cycle3
cycle4

cycle5
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most of the variability were Chl a concentration (11.7%), median grey level of each
particle (11.5%), seawater density (10.8%) and particle abundance (10.1%). At 200 m
(R? = 5.33%, p-value = 0.0001), variability was mostly driven by particle abundance
(12.5%), oxygen concentration (11.2%) and fractal dimension (7.1%). At 500 m (R? =
13.6%, p-value <0.0001), oxygen concentration (20.0%) primarily drove variability,
followed by seawater density (8.4%).

Particle flux

Using median sinking speed for each morphotype measured above, we estimated
carbon flux for each morphotype, cycle and depth using carbon-to-volume rela-
tionships described in Supporting Information Table S4.5. Total carbon flux was
highest during C2 (145 + 84 mg C m~2 d~! at 200 m) and lowest during C1 (2 £+ 1
mg C m~2d~! at 200 m). It was highest at 200 m during C4 (132 + 83 mg C m™2
d™!) and C5 (130 + 66 mg C m 2 d~!). Estimated carbon flux of agglomerated
particles sharply decreased between 200 m and 500 m, but this decline was less
pronounced during C5 (Fig. 4.12). Carbon flux of fluffy particles decreased little
with depth except for C2. Carbon flux of flakes was highest at 200 m during C2
and C4 and decreased slightly at between 200 and 500 m. Carbon flux of elongated
particles decreased with depth for C2 and C4, but increased between 200 and 500
during C5.
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Figure 4.12: Carbon flux for each morphotype and depth, for cycles 2, 4 and 5 from
VisuTrap data. Fluxes were calculated as the median sinking speed times carbon con-
centration at each depth. MP and HP stand for medium and high particle abundance
respectively. LC and HC stand for low and high chlorophyll a concentration. Error
bars are calculated as median carbon flux + median absolute deviation times carbon
concentration for each morphotype at each depth.
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4.2.4 Discussion
The sinking speed and flux of marine particles in the North Atlantic

Using in situ cameras mounted onto sediment traps and deployed along a drifting
line, we successfully measured the sinking speed of 8,942 marine particles (size
0.6-6.6 mm) under diverse oceanic conditions during a summer phytoplankton
bloom. We observed an extensive range of sinking speeds, spanning from a few
meters per day to >1,000 m d!, with a significant fraction settling between 200
and 350 m d~'. This range is consistent with observations obtained using various
methodology, including in situ measurements (e.g., Alldredge and Gotschalk,
1988; Peterson et al., 2005; Trull et al., 2008; Iversen and Lampitt, 2020). In
particular, these ranges of velocity have been observed during a bloom period
in the Mediterranean Sea (Peterson et al., 2005) and at the same location (Villa-
Alfageme et al., 2014; Villa-Alfageme et al., 2016). However, lower sinking speeds
have also been estimated during a bloom period, for example in the subpolar North
Atlantic (76 m d~'; Briggs et al., 2011), in Arctic waters (38 m d~!; Trudnowska
et al., 2021), but estimated for the bulk particle population. Such variations may
be attributed to the nature of the ecosystem or to methodological differences in
the proportion of fast- and slow-sinking particles recorded.

As the cyclonic eddy C2 evolved to a less productive C5, we noticed an increase
in speeds at 200 m: 324 # 178 and 395 4 206 m d~! respectively. A dramatic
increase in average sinking speeds was previously reported in a one-week interval
at PAP (Villa-Alfageme et al., 2016). This shift was hypothetically attributed to the
formation of large and fast-sinking diatom aggregates during the bloom period.
While the number of particles was higher during C2, a shift in morphology from
flakes to elongated and agglomerated particles occurred as this cyclonic eddy
evolved toward C5. Despite the diversity of particles within this morphotype,
its dominance could potentially be attributed to an influx of fast-sinking fecal
pellets because of an increased zooplankton feeding activity following the bloom.
Additionally, larger particles and a higher proportion of agglomerated particles
characterized this post-bloom period.

Carbon fluxes of agglomerated particles dominated during C4 and C5 com-
pared to C2, which is easily explained by an increased particle size during C4
and C5. Flakes-mediated fluxes decreased little with depth, likely because these
particles are more refractory and less degraded than other morphotypes. Total

POC flux (including fast and slow sinking particles) at the base of the mixed layer
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at PAP using the Marine Snow Catcher was estimated to be 146 4+ 26 mg C m 2
d~! (Riley et al., 2012), which is close to fluxes estimated at 200 m during C2, C4
and C5. Using radioisotopes, POC flux was estimated to be 64 mg C m=2d~! at
100 m (Thomalla et al., 2008), which is close to measurements at 100 m during
C4 (130 £ 59 mg C m 2 d '), and 207 mg C m~2 d~! at 100 m (Lampitt et al.,
2008b). Thus, our POC flux estimates fall within the range measured from various
techniques, except during C1 and C3 where POC fluxes were exceptionally low
given oceanic conditions. In addition to the sinking speed measurements, we
were also able to measure various particle morphological characteristics, enabling

us to explore the relationships between these data and sinking speeds.

+ Estimated fluxes will be compared to fluxes measured from sediment traps.
To investigate the type of particle and the presence of fecal pellets within
each morphotype, more investigation of particle types and zooplankton
community for each cycle will be done using data from the UVP6-HF.

Factors influencing sinking speeds

Our findings suggest a weak impact of particle morphology on sinking speeds
overall. Indeed, only agglomerated particles showed distinct sinking speed dis-
tributions compared to other morphotypes. However, it is important to note
that morphotypes defined on UVP images in fact encompass a broad diversity
of particles. For example, the elongated morphotype comprises particles such
as fecal pellets, but can also include diatom-chains or phytoplankton colonies
(Trudnowska et al., 2021) which can explain the broad range of measured sinking
speeds. Our undertaken approach, using a PCA to resume numerous morphologi-
cal variables into a few interpretable variables (Trudnowska et al., 2021), offers
an alternative to the time-consuming manual categorization of particles into
predefined groups (e.g., Durkin et al., 2021). However, our dataset encompasses
particles of varying composition and age. As such, we observed little effect of
particle size, even among the same morphotype, which aligns with previous ob-
servations (Nowald et al., 2009; Iversen and Lampitt, 2020). The effect of particle
shape was not apparent through correlation analyses, which was already observed
in prior studies (Laurenceau-Cornec et al., 2015; Iversen and Lampitt, 2020). We
also observed little effect of particles’ grey level. Although no direct relation-
ship exists, grey level values can be seen as a proxy for particle density - darker

appearances implying denser and more compact structures. Excess density, re-



Chapter 4. In situ sinking speed of marine particles 174

sulting from particle composition and compactness, can substantially increase
sinking velocities (Ploug et al., 2008). However, such an effect was weakly captured
from UVP images. Laurenceau-Cornec et al. (2015) demonstrated that chemi-
cal composition and phytoplankton cell characteristics predominantly account
for variations in sinking velocities, yet these parameters necessitate additional
measurements beyond those provided by the UVP. While the UVP provides 2D
shape measurements of size, shape and structure, it lacks the ability to provide
insight into a particle’s composition, internal structure, and 3D shape - which can
substantially differ among particles of similar 2D appearances. This is especially
true for large particles, but the smaller a particle appears, the less morphological
details it will have. Additionally, although the ballast effect may increase the
density of a particle and thus its sinking speed (e.g., Iversen and Ploug, 2010),
the UVP cannot distinguish the presence of ballasting minerals. Other factors
like aggregation processes and particle stickiness can exert influence on sinking
speeds by modifying their structure and density, but are difficult to measure.
Aggregation processes depend on phytoplankton cell stickiness or their ability to
produce compounds such as transparent exopolymers, which are species-specific
(Crocker and Passow, 1995) and depends on cell physiology and the availability of
nutrients (Kigrboe et al., 1990), emphasizing the need to include data relative to
phytoplankton communities in analyses.

The factor explaining most of sinking speed variations was the depth at which
particles were recorded. The observed negative correlations with Chl a and oxy-
gen concentrations may in fact result from the observed positive correlation with
depth. Such increase in particle speed with depth was observed between in the
upper 500 m at PAP (Villa-Alfageme et al., 2016), but also off California (Pilskaln
et al., 1998), and at substantially greater depths (from 100-2,200 to 2,200-3,500
m) in the Equatorial Pacific and the Arabian Sea (Berelson, 2001). However, this
trend was not observed across all cycles and is not always reported (Nowald et al.,
2009). During C2 and C4, the highest average speeds were recorded at 200 m
rather than at 500 m. This contrasts with a consistent increase in sinking speeds
with depth across the North Atlantic throughout the year (Villa-Alfageme et al.,
2016). Decrease in particle size with depth was observed but not for all cycles.
Therefore, such relationship should be taken with caution and additional factors
may be responsible for the observed increase with depth, such as repackaging,
disaggregation or a loss of low-density, slow-sinking particles (Nowald et al.,

2009). Indeed, the proportion of flakes, which are likely to be more compact,
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increased with depth for all cycles except C1. As a particle sinks, water going
through could modify its structure and compact it (Guidi et al., 2008), but this
effect would depend on the original structure of the particle as it forms. Further-
more, we can hypothesize that oxygen levels, influencing metabolic activity of
particles, might be responsible for the production of compounds impacting a
particle density. Temperature and salinity effects, two parameters that determine
seawater viscosity, were weak. A strong effect of temperature was previously
shown (Bach et al., 2012), but the range of temperatures considered (extending
over 9°C) was larger than ours (temperatures ranged between 7°C and 12.5°C). In
addition to decreasing seawater viscosity, an increase in temperature can fasten
the remineralization process of the lighter organic fraction within particles. As a
result, only fast-sinking particles may reach the mesopelagic zone (Villa-Alfageme
et al., 2016). Therefore, peaks in sinking speeds observed at 200 m during C2 and
C4 could be attributed to the formation of fast-sinking aggregates in the upper
mesopelagic zone, which could be fragmented at greater depths. In contrast, the
increase in sinking speeds between 200 and 500 m during C3 could indicate a
higher degree of remineralization (Berelson, 2001).

To refine our explanations of sinking speeds, additional variables are needed.
Surface communities, which exert an influence on aggregate composition and
structure, influence initial particle sinking speeds exiting the euphotic zone and
clear differences were observed between PAP (temperate ecosystem) and BATS
(oligotrophic ecosystem) (Villa-Alfageme et al., 2016). Berelson (2001) noted that
particle sinking speed is negatively correlated with surface primary production,
which may be related to dominant phytoplankton taxa. They further observed a
steeper percent organic carbon decrease associated with more important changes
in sinking speeds with depth. Indeed, zooplankton grazing and microbial activi-
ties, associated with the loss of slow-sinking particles and the organic fraction
in larger particles. This underscores the importance of linking our results to
phytoplankton communities, particularly in terms of how they relate to particle
properties and the ability to form fast-sinking aggregates. Such data will shed
light on the observed sinking speeds and will help flux estimates from UVP data.

In situ imaging and flux estimates

Compared to classical flux measurement methods, the UVP presents numerous
advantages. It provides measurements at the level of individual particles, encom-

passing a broad size range (0.1 - 2.6 mm for size measurements; Lombard et al.,
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2019. UVP profiles are characterized by enhanced temporal and spatial resolution
than sediment traps and radiochemical tracers. The UVPS5 has notably been used
to infer particle fluxes based on particle size distribution, assuming that sinking
speeds can be estimated through a power law that depends on particle size (Guidi
et al., 2008). However, achieving this estimation requires fine tuning of power-law
exponents using sediment trap or thorium data, given that substantial variations
have been observed across different oceanic regions (Iversen et al., 2010; Fender
et al., 2019). In addition, as shown in this study and previously (Laurenceau-
Cornec et al., 2015; Iversen and Lampitt, 2020), the relationship between size and
sinking speed is not straightforward and accurate estimations are needed for flux
estimates using the UVP. Here, we used a modified version of the UVP6 to derive
particle flux not only of the bulk population, but for diverse morphotypes across
various environmental conditions. While we show that sinking speeds cannot
yet be well predicted from UVP images, improving such an approach is neces-
sary. Indeed, particle diversity must be considered in flux estimates to improve
assessment of their respective contribution, but trade-offs have to be found to
avoid overly time-consuming approaches. Statistical methods have helped to in-
vestigate their diversity (Trudnowska et al., 2021); however, particle classification
needs to be improved. Classifying particles into broad categories (e.g., aggregates,
long fecal pellets, short fecal pellets), for which particles can be expected to be of
similar composition, and then performing morphological analyses may uncover
relationships between sinking speeds and morphology. Lastly, although this task
is challenging, linking particle images to composition or a range of densities will

be required in the future to improve flux estimates using in situ imaging.
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4.2.5 Supporting Information

Supplementary tables

Table S4.3: Type of water mass sampled during each cycle.

Cycle Type of water mass
C1 anticyclonic eddy
C2 cyclonic eddy
C3 cyclonic eddy
C4 front
C5 cyclonic eddy

Table S4.4: Particle morphological descriptors used to perform PCA.

Parameter (variable

Type name) Description
Area (area) Number of pixels of the object
Number of pixels of the smallest convex polygon that en-
. Convex area (convarea) .
Size closes the object
Perimeter (perim) Perimeter of the object
Ma].or axis length Length of the major axis of the ellipse fitted on the object
(major)
MI.I‘IOI' axis length Length of the minor axis of the ellipse fitted on the object
(minor)
Med}an grey Median grey level values
(mediangrey)
Color Cogfﬁment of Ratio of the standard deviation to the mean grey level values
variation grey (cvgrey)
Integral grey (intgrey) Sum of all grey level values
Skewness grey Skewness of the histogram of grey level values
(skewgrey)
Kurtosis grey (kurtgrey) — Kurtosis of the histogram of grey level values
. o 1indicates a perfect circle, decreases as object moves away
Circularity (circ) from a circle
Shape Elongation (elongation) =~ Major axis length to minor axis length ratio
Ratio of pixels of the object to pixels in the total object
Extent (extent) bounding box
Perl.m/Mg]or Perimeter to major axis length ratio
Complexit (perimmajor)
prexity Solidity (solidity) Ratio of object area to convex hull area

Fractal dimension

(fractal)

Fractal dimension of the object as defined in Maggi and
Winterwerp (2004) and Many et al. (2019)
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Table S4.5: Equations used to convert particle volume V' to carbon content Q¢. Equations
come from Durkin et al. (2021).

Morphotype Equation
Agglomerated Qc =0.179 x VU3
Elongated Qc =0.179 x V083
Flakes Qc =0.1792 x V08
Fluffy Qc =0.1"9 x V08
Supplementary figures
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Figure S4.11: Vertical profiles of (a) chlorophyll a concentration and (b) particle abundance
using the UVP6-HF. Smoothing was derived using Generalized Additive Models for each
cycle.
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to each of the four significant axes of the Principal Component Analysis conducted on
particle vignettes. Red lines show the mean contribution of all variables.
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Figure S4.13: Example values and particle aspect for a few morphological variables
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(yellow), complexity (blue).
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for each boxplot. An analysis of variance followed by Tukey post-hoc tests identified
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Figure S4.16: Observed versus predicted sinking speeds (m d~!) from boosted regression
trees.

4.3 Discussion

4.3.1 Methodological considerations

This chapter was focused on measuring particle sinking speeds in situ, with the
aim of untangling factors that influence this parameter, crucial for understanding
carbon transfer to the deep ocean. We took advantage of the UVP6 versatility,
which can be mounted on various platforms (Picheral et al., 2022). However,
during the development of the VisuTrap, we had to face several challenges and

additional developments are still needed.

Development of the VisuTrap

A common issue of sediment traps is hydrodynamic bias, wherein the movement
of water affects particle collection efficiency, in particular in the upper ocean.
Several studies have shown the impact of trap geometry, current velocity, sedi-
ment trap tilt, and the design of baffles on particle collection and flux estimates
(Gardner, 1980; Gardner, 1985; Honjo et al., 1992). Thus, ensuring the verticality
and the stability of the sediment trap line was a key aspect to consider. To improve
VisuTrap stability, we added weights at its bottom (Fig. 4.1), reducing its angle
and roll values (Fig. S4.3), so that lateral currents diverge around it rather than

enter it. In addition, the honeycomb mesh on the top of the trap is expected to
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minimize hydrodynamics inside. As keeping minimal hydrodynamics is crucial
for accurate speed measurements, we investigated the effect of two trap interior
designs on particle size spectra and speeds. The VisuTrap was initially designed
with a single honeycomb mesh on top and no internal PVC tube. The design
described in section 4.1 was chosen after comparing two designs in order to mini-
mize hydrodynamics inside the trap. The design of the VisuTrap was constrained
by the shape of the camera: the opening needed to be wide enough to center
the image volume within the trap and to circumvent wall effects. However, this
large aperture led to a low height:width aspect ratio (3:1). Reducing this aspect
ratio is known to increase the turbulence inside sediment traps and to decrease
collection efficiency when lateral currents are strong (Hargrave and Burns, 1979).
To investigate this effect, we deployed two VisuTraps side by side to ensure iden-
tical flow conditions. One VisuTrap featured two honeycomb meshes (height: 9.5
mm, aspect ratio 5.26) connected by a PVC tube, as described in section 4.1. The
other VisuTrap had a single mesh on its top and lacked an internal PVC tube. As
a result, the height:width aspect ratio decreased from 2.4 to 1.2 in the absence
of the PVC tube. We observed that the presence of two honeycomb meshes in-
creased track straightness. The final VisuTrap design slightly undertraps large
particles, although this was not always observed as previously shown in section
4.1, but collect more particles in total than the single-meshed design. Trapping
efficiency in sediment traps is influenced by their height:width ratio, with lower
ratios corresponding to reduced efficiency (Gardner, 1980). Deeply penetrating
baffles can result in an overtrapping of particles <63 ym (Gardner, 1980), but this
size fraction is not within the size range covered by the UVP6. Particle tracks
were longer (i.e., a particle appeared on more images) on average with the final
design, staying longer in the field of view of the UVP6, likely because of less
hydrodynamics inside the VisuTrap. An advantage of the VisuTrap is that particle
concentration and size spectrum can be compared with other UVP deployments,
in particular with the UVP6 mounted on the CTD rosette. By integrating the
UVP6 on a sediment trap, we are now able to capture images of particle sinking
inside the trap, and thus to measure and quantify various properties aside their

speed.

Image analysis

The UVP6 records morphological properties of particles, but it is important to

mention that these measurements can vary significantly for a single particle. The
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2D shape or structure of a particle may change as they rotate during their sinking,
resulting in a range of morphological values along their track. While we calculate
an average morphological value, depending on how the particle is recorded, this
value may reflect a peculiar particle position. For example, although we took care
to remove these tracks, we observed particles displaying a lighter appearance in
the initial or final frames of its track, coinciding with their entry or exit from the
field of view. This is especially true for large particles. Regarding small particles
(<1 mm), morphological data are likely to be less accurate. Additionally, grey level
values may vary depending on whether the particle is located in front of or in the
back of the field of view. To further refine morphological variability, morpho-
logical properties measured by the UVP should be compared to morphological
measurements performed by other tools (e.g., Durkin et al., 2021) at the same
location. This could help to shed light on the evolution of particle morphology
and speed with depth.

Additionally, the UVP6 mounted on the VisuTrap acquires images from the
side, unlike when it is mounted on a CTD rosette. Thus, it allows to determine
the orientation of particles and organisms relative to the vertical plane. Although
this aspect was not explored in this chapter, particle sinking dynamics could
be further explored. Recent studies with optical system that acquires images
from the side have investigated preferential cell orientation of Collodaria and
Phaeodaria (Panaiotis et al., unpubl.) and Foraminifera (Gaskell et al., 2019). This
could provide insights into the dynamics of marine particles’ movement through
the water column and their interaction with the surrounding environment.

While retaining full images is memory-consuming and can limit deployment
duration, especially on fixed platforms for long-term deployments, processing
images in real-time to extract particle vignettes and positions can reduce acqui-
sition frequency, particularly when dealing with images containing numerous
particles. This approach may be feasible in low particle density environments.
Therefore, it is essential for data management and storage protocols to account
for the large number of images generated and deployments on long-term mooring

would require adaptation.

4.3.2 Particle behavior

In our results, although they were not considered in chapter 4.2, we observed a

significant number of suspended and ascending particles. This was unexpected,
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as it is generally assumed that particles entering a sediment trap sink. While
we could expect some particles to be resuspended due to hydrodynamics, it is
noteworthy that particles were observed ascending or suspended for over 30
seconds, suggesting that they remained within the UVP6 field of view (about 2 cm
thick) and likely experienced minimal hydrodynamic forces. In fact, both biotic
and abiotic processes continuously influence particle dynamics, and particles can
shift between different types of movement (Baumas and Bizic, 2023). However,
these pools of particles, and in particular the ascending one, have received little at-
tention previously. They can be attributed to the suspension of strongly degraded
particles stopping their descent (Baumas and Bizic, 2023). Indeed, zooplankton
can transform large sinking particles into small, non-sinking particles (e.g., Briggs
et al., 2020), and a significant number of swimmers were observed in VisuTrap
data. Additionally, microbial degradation can alter fractal dimension (Guidi et al.,
2008), and physical shear can erode the surface of a particle (see Baumas and Bizic,
2023, and references therein). Such transformations are likely to not be detected

through image analysis and may result in little variation in particle properties.

4.3.3 Perspectives
UVP6 embedded on a float

During the APERO cruise, another UVP6 was mounted on a Twilight Zone Ex-
plorer float (Fig. 4.13). This design has the advantage to reduce sediment trap
hydrodynamics bias, but the absence of the sediment trap may induce strong
effects of lateral currents. The float aimed to stop at 100, 200, and 500 m. At
the beginning of each cycle, the float descended to the programmed depth to
remain there for a predefined period of time, then descended to the next depth.
However, a buoyancy adjustment issue occurred, and the float could not stabilize
at its target depth, continuously descending or ascending (Fig. 4.14a). Firmware
bugs prevented real-time updates of pressure data, and accurate pressure mea-
surements were only recorded every minute (Fig. 4.14b). To fully exploit this data,

it will be necessary to decouple particle speed from float speed.

Temporal aspect

An aspect that was not addressed in this thesis are small-scale temporal variations.

By recording at a relatively high temporal resolution (although not the highest
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Figure 4.13: Deployment of the Twilight Zone Explorer float during the APERO cruise.
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Figure 4.14: Float depth variations. (a) Float depth when the UVP6 is recording images
for cycles 1 and 2. (b) Float depth during cycle 2, during its stop at 1,000 m. Depths are
smoothed using a moving average with a window size of 3.

for in-situ imaging devices), we may be able to capture small-scale events (e.g.,
large pulse events) at discrete depths. For example, particle abundance and total
biovolume decreased during cycle 2 of the APERO cruise at 200 m (Fig. 4.15).
Such information would be useful to identify potential drivers of such events (e.g.,

rhizarians, Lampitt et al., 2009) and to investigate conditions of their occurrence.

Estimating carbon fluxes from in situ imaging

As stated previously, refining sinking speed calculations in flux estimates using
in-situ imaging devices is necessary. To achieve this, two approaches can be con-
sidered using VisuTrap data. We can calculate an average sinking speed for each
cluster, or predict the sinking speed of a particle using various morphological and

environmental predictors. However, little differences were observed in sinking
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Figure 4.15: Hourly variation in (a) particle abundance and (b) total particle biovolume
during cycle 2 (from Jun. 16th to Jun. 19th 2023, characterized by high chlorophyll a
concentration and high particle abundance, Fig. S4.11) at 200 m of the APERO cruise
which took place in the North Atlantic.

speeds among particle morphotypes, and predictions based on morphological and
environmental variables were not accurate. In my view, the particle classification
process need to be refined in the future. Given the extensive datasets collected,
an automated approach using PCA and statistical clustering has the advantage
to be more efficient. Still, morphotypes contain heterogeneous particles. A hy-
brid approach involving classification in pre-defined particle categories (such
as done by Durkin et al., 2021) would give additional information regarding the
characteristics of morphotypes. If [ were to do it again, I would take a different
approach by manually classifying particle tracks into broad categories (e.g., fibers,
fecal pellets). Then, I would conduct morphological analyses and investigate the
relationship with sinking speed for each particle category. For example, fecal
pellets composition can vary depending on the taxa involved and the type of food
they consume (Atkinson et al., 2012). The relationship between these variations
and the morphological differences captured in images is likely to differ from that
observed for phytoplankton aggregates. To go further, UVP6 vertical profiles
can be used to determine attenuation profiles of each particle category, as clear
differences between them has been observed. By comparing these profiles with

sinking speeds, we could gain insights into alteration processes occurring for
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each particle category. In addition, changes in particle morphology distribution
with depth could provide further insights into particle transformations. Finally,
these data need to be compared with flux measurements to ensure their reliability.
Although we lack a carbon conversion factor based on morphological properties
for UVP images, flux values from sediment traps can be used to calibrate imaging
observations and convert particle flux to POC flux. Overall, developing further
imaging-based approaches is crucial as they can resolve higher spatial and tempo-
ral variability. In the future, datasets from long-term research programs such as
CCE-LTER, which has already permitted to collect a substantial amount of UVP
data covering various conditions but whose morphological data have seldom been
used, will be of great interest to investigate variations over different time scales

and to relate images to environmental conditions and community composition.

Additional datasets

Additional datasets were collected in various locations, including the Pacific
Ocean during the CCE-LTER P2107 cruise, the Eastern Indian Ocean as part of
the BLOOFINZ cruise, and at DYFAMED in the Mediterranean Sea through a
short monthly time series. Although results from these datasets are not presented
in this dissertation, data from contrasting ecosystems and different plankton
communities may shed further light on particle flux and particle morphological

properties.



Chapter 4. In situ sinking speed of marine particles 188




CHAPTER b

Conclusion
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,—(Summary of the thesis}

The main results of the thesis are the following:

+ In chapter 2, I established an allometric relationship linking
planktonic Rhizaria cell volume to carbon and nitrogen content,
encompassing numerous taxa and a broad size range (200 ym - 9
mm). This provided experimental evidence that Rhizaria have a
low carbon density, likely related to their ecological niches.
Contrastingly, no relationship between size and biogenic Si
production rates was found.

+ In chapter 3, I conducted a global census of the carbon and
biogenic Si biomass of Rhizaria on the one hand, and assessed
the global carbon demand and biogenic Si production rates of
Phaeodaria on the other hand. I particularly showed that
mesopelagic Phaeodaria could intercept 3.8 to 9.2% of
gravitational export globally, and 11.2 and 23.4% in the Southern
Ocean. Such values may help to refine carbon and silica global
budgets in the future.

+ In chapter 4, I introduced a novel method for in situ
measurement of marine particle sinking speeds using the UVP6,
a recent, widely-used camera. I investigated links between
particle morphological properties, sinking speeds and
environmental conditions, and showed that variations in sinking
speeds were more related to environmental conditions than to
particle morphology. This can be explained by the fact that
environmental conditions influence community structure and
thus particle composition. While it was not directly related to
Rhizaria, the work undertaken in this chapter advocates for
including particle characteristics, beyond size, in flux estimates.

Concluding remarks

The overarching approach that guided the work presented in this thesis can be
summarized as follows: "'What insights can we gain about the functioning of
oceanic biogeochemical cycles from particle-scale observations?’. To this end,
most of the work presented in this thesis relied on the analysis of extensive in situ
imaging datasets, which provide detailed information about individual particles
and planktonic organisms in the ocean. While the cost of imaging tools has

decreased, they have become more effective and collect an increasing volume of
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data, offering valuable insights into ocean biogeochemistry. These instruments
can be associated with the numerous oceanographic sensors available, either
ship-deployed or mounted on autonomous platforms, bringing a large amount
of contextual data with an increased spatial and temporal coverage. However,
numerous challenges are yet to be overcome in the future to constrain the bio-
logical gravitational pump. While we commonly assess two ends of a spectrum,
i.e., we provide measurements from a given location and timestamp, and use
large-scale models, gaps remain regarding what is in between, yet various spatial
and temporal scales may be relevant for different processes. Observations remain
heterogeneously distributed and relatively scarce on the scale of oceans. Thus,
numerical and modeling tools become necessary to extract and scale up meaning-
ful patterns from such datasets. Understanding their structure is essential, and
while questions can emerge through data mining, it is also important to formulate
informed hypotheses through collaborative efforts involving researchers from
diverse backgrounds, all while keeping experimental and fieldwork aspects in
perspective. In addition, to make the most of such datasets, it becomes crucial to
enhance data management protocols and develop a set of best practices to ensure
reproducibility of results and to allow data and code sharing. Addressing these
challenges is essential for advancing our knowledge of ocean biogeochemistry

and its evolution with global changes.
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Introduction et objectifs

L’océan mondial joue un réle crucial dans la régulation du climat et la produc-
tion d’oxygene, ayant absordé 90 % de la chaleur gagnée par la Terre depuis les
années 1970 (Cheng et al., 2017) ainsi qu'une partie du dioxyde de carbone (CO5)
atmosphérique relaché par les activités humaines (Friedlingstein et al., 2022). La
zone pélagique (Fig. 1.1), constituant la plus grande partie du volume océanique,
est définie par de forts gradients de lumiere, de température et de pression. Le
plancton, composé d’une grande diversité d’'organismes dérivant avec les courants
marins, est omniprésent dans ces écosystemes. Il contribue au cycle du carbone
d’une part par la photosynthese dans la zone épipélagique (couche dans laquelle
99 % de la lumiere du soleil est absorbée) a 'origine de la production de matiere
organique, et d’autre part par la consommation, le recyclage, et le transfert vers
les niveaux trophiques supérieurs de cette matiere organique. En particulier, la
pompe biologique de carbone transporte la matiere organique de la surface a
l'océan profond, influencant les niveaux de CO, atmosphérique (Volk and Hoffert,
1985; Kwon et al., 2009; Turner, 2015; Fig. 1.3). L’action biologique des commu-
nautés de surface et profondes détermine la nature des particules qui participent
a cet export (Buesseler et al., 2007; Steinberg et al., 2008b). Notamment, la vitesse
de sédimentation des particules affecte les flux de carbone vers 'océan profond
et sa capacité a séquestrer le CO, (De La Rocha and Passow, 2007). Parmi les
organismes planctoniques, les protistes hétérotrophes et mixotrophes, tels que
les Rhizaria, jouent un réle dans ces processus (e.g., Biard et al., 2016), mais qui
reste encore relativement peu étudié.

Les Rhizaria sont des organismes eucaryotes unicellulaires classés dans le
supergroupe SAR (Stramenopila, Alveolata, Rhizaria; Keeling and Burki, 2019).
Cette these porte sur deux taxon de Rhizaria planctoniques : les Radiolaria et
les Phaeodaria. Les Radiolaria possede un squelette minéral composé de sulfate
de strontium ou de silice biogene, tandis que les Phaeodaria possedent tous un
squelette de silice biogene de structure poreuse (Suzuki and Not, 2015; Nakamura
and Suzuki, 2015). Ces organismes présentent des structures et des caractéris-
tiques écologiques variées. Les Rhizaria couvrent un large spectre de tailles (de
quelques dizaines de ym jusqu’a plusieurs mm) et occupent différentes niches
écologiques, étant particulierement présents en milieu oligotrophe. Beaucoup de
Radiolaria sont mixotrophes, abritant des symbiotes algaux photosynthétiques et

étant en méme temps capables de capturer des proies ou des particules (Suzuki
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and Not, 2015). Cependant, les Phaeodaria sont strictement hétérotrophes et sont
détritivores, se nourrissant du flux de particules qui sédimentent (Gowing, 1986;
Gowing, 1989). Leur distribution est influencée par des facteurs tels que la dis-
ponibilité de la nourriture, la température et la stratification de la colonne d’eau
(Biard and Ohman, 2020). Ils contribuent aux flux verticaux de carbone et de silice
(e.g., Biard et al., 2016; Tkenoue et al., 2019), en plus de permettre 'agrégation et le
transport de particules (Ikenoue et al., 2019). Cependant, leur abondance et leur
biomasse ont longtemps été sous-estimées en raison de leurs structures fragiles
et, de ce fait, de la difficulté a les échantillonner. Les récents développements
en imagerie in situ, méthode non destructive pour ces organismes, ont mis en
lumiere leur contribution aux stocks de carbone (Biard et al., 2016), mais aussi
aux flux de silice (Biard et al., 2018) et a I'atténuation des flux de carbone (Stukel
et al., 2019). Néanmoins, les estimations de biomasse manquent d’un facteur de
conversion volume :carbone adéquat et les études portant sur la contribution des
Rhizaria aux processus biogéochimiques restent limitées.

Pour échantillonner les Rhizaria, les filets a plancton permettent de collecter
des spécimens, mais ne permettent pas une estimation précise de 'abondance de
ces organismes fragiles qui sont souvent abimés par ces instruments. Les outils
d’imagerie in situ tels que 'Underwater Vision Profiler (UVP; Picheral et al.,
2010; Picheral et al., 2022), permettent d’enregistrer une image de l'organisme, des
mesures de sa taille, ainsi qu’'un ensemble de métadonnées telle que la position
géographique et la profondeur d’échantillonnage. De ce fait, ils permettent des
estimations plus fines de 'abondance des organismes planctoniques, notamment
des plus fragiles comme les Rhizaria. Afin de mieux quantifier le role de ces der-
niers dans les cycles biogéochimiques, il est nécessaire d’estimer des parametres
biogéochimiques tels que leur concentration, leur masse carbonée et siliceuse
pour les organismes silicifiants, leur demande en carbone et leur vitesse de sédi-
mentation. En particulier, la vitesse de sédimentation des particules marines est
cruciale pour comprendre les flux verticaux, mais ce parametre est souvent estimé
a partir de la taille seule de la particule, omettant le role d’autres parametres
morphologiques tels que la structure ou la forme, ou est mesuré en laboratoire.
Ainsi, afin de mieux définir le r6le des Rhizaria dans les cycles biogéochimiques,

les objectifs de la these sont les suivants :

1. Mesurer le contenu en carbone et la production de silice biogene de divers

taxons de Rhizaria;
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2. Réévaluer la biomasse mondiale en carbone et en silice biogene des Rhiza-
ria, ainsi qu’estimer leur demande en carbone et leur production de silice

biogene;

3. Développer une méthodologie pour mesurer les vitesses de sédimentation
a partir de 'imagerie in situ et étudier les liens avec la morphologie des

particules.

Composition cellulaire et taux d’absorption du sili-

cium des Rhizaria

Afin d’estimer la biomasse du plancton a grande échelle, il est nécessaire de
connaitre leurs contenus élémentaires a I’échelle de 'organisme. Les relations
d’allométrie relient les traits morphologiques des organismes, tels que leur taille,
a leurs traits fonctionnels sur plusieurs ordres de grandeur et sont utilisées pour
presque toutes les formes de vie (Brown et al., 2002). Des relations allométriques
reliant les teneurs individuelles en carbone (Q¢) et en azote ()x) au volume
cellulaire ont été développées pour les diatomées et divers protistes. Cependant,
elles sont susceptibles de surestimer la composition élémentaire de protistes tels
que les Rhizaria (Menden-Deuer and Lessard, 2000). Ces dernieres années, des
études ont montré 'importance des Rhizaria dans les cycles biogéochimiques
océaniques.

Ce super-groupe eucaryote, qui comprend les Radiolaria et les Phaeodaria,
représente une part importante de la biomasse zooplanctonique et contribue
a Pexport de carbone et de silice biogene (e.g., Biard et al., 2016; Guidi et al.,
2016; Biard et al., 2018). Pourtant, les estimations précises de leur biomasse sont
entravées par une faible connaissance de leur composition élémentaire, ce qui
contraste avec les relations allométriques carbone/volume bien établies pour les
protistes plus petits. Les objectifs de cette étude sont d’étudier les liens entre
la taille des organismes d’une part, et leur contenu élémentaire ainsi que leur
production de silice d’autre part. L’écologie des Rhizaria est ensuite discutée de
ces résultats.

Pour cela, nous avons collecté des spécimens de Rhizaria en 2019 dans la
rade de Villefranche-sur-mer et lors de la campagne P2107 dans le courant de

Californie dans des conditions environnementales variées (eutrophe-oligotrophe).
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Ceux-ci ont été collectés a 'aide de filets a plancton de la surface jusque dans la
zone mésopélagique. Ces spécimens ont €té isolés sous microscope et plusieurs
individus appartenant au méme taxon (selon la classification de Suzuki and Not
(2015) pour les Radiolaria et de Nakamura and Suzuki (2015) pour les Phaeodaria)
ont été regroupés ensemble. En parallele, chaque spécimen a été photographié
et assigné a une forme géométrique simple afin d’obtenir une estimation de son
volume. Les groupes d’individus ont été filtrés et les filtres analysés a I'aide d’'un
analyseur C/N pour le contenu élémentaire. L’analyse de la production de silice
a été faite a I'aide du radioisotope *2Si (voir Llopis-Monferrer et al. (2020) et
références associées). Les données obtenues ont ensuite été combinées avec des
données de la littérature (Mansour et al., 2021).

Pour analyser le lien entre la taille d’'une part, et les contenus élémentaires
et la production de silice biogene d’autre part, des régressions linéaires sur les
données transformées en log;o ont été effectuées. Les contenus en carbone Q¢
(ug C mm~3) et en azote Qy (ug N mm~3) peuvent étre prédits a partir du volume

V (mm?) a partir des relations suivantes :

Qc = 9.078 x V0455

Qn = 1.435 x V0477

Dans les deux cas, R? est supérieur a 0.75, ce qui indique que le volume
explique une large part de la variabilité du contenu €lémentaire (Fig. 2.3). La
pente de Pallométrie liant V et Q¢ (0.455) est significativement inférieure (test
t de Student : p-value <0.0001) a celle établie précédemment pour un ensemble
de protistes (0.939; Menden-Deuer and Lessard, 2000). Ces résultats indiquent
que les Rhizaria, particulierement les plus gros, ont une faible teneur en carbone
et que la relation établie pour d’autres protistes peut surestimer )¢ de plusieurs
ordres de grandeur.

Toutefois, nous observons que les densités en carbone (ug C mm~3) des diffé-
rents taxons considérés varient sur quatre ordres de grandeur. Cela a plusieurs
implications concernant leur stratégie écologique. Tout d’abord, nous observons
que les taxons vivant dans un environnement pauvre en nourriture sont les moins
denses en carbone. Les taxons photosymbiotiques (Collodaria et Phlebarachnium
sp.), retrouvés en surface principalement dans les gyres oligotrophes, ont une

faible densité en carbone. Cela peut leur permettre d’augmenter la taille de leur
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matrice gélatineuse ectoplasmique et ainsi d’abriter plus de symbiontes. Les
taxons vivant dans la zone mésopélagique (majoritairement des Phaeodaria) ont
également une faible densité en carbone. Ceux-ci dépendent du flux de neige
marine provenant de la surface pour se nourrir. Des lors, une maniere d’augmenter
leur taux d’interception est d’augmenter leur taille. Ainsi, une faible densité en
carbone pourrait compenser pour cette augmentation de taille et permettre a ces
organismes de vivre dans la zone mésopélagique pauvre en nourriture. Un autre
avantage de cette faible densité en carbone est que cela rend I'organisme moins
nutritif et donc potentiellement moins attractif pour ses prédateurs (Kigrboe,
2013), bien que peu soit encore connu sur la pression de prédation exercée sur les
Rhizaria (voir Biard, 2022a). Enfin, comme suggéré par Stukel et al. (2018), cette
faible densité en carbone peut également compenser le poids du squelette et
permettre a 'organisme de maintenir une flottabilité neutre. En effet, certains
taxons occupent des niches écologiques limitées dans la colonne d’eau (Biard
and Ohman, 2020) et cela pourrait leur permettre de rester dans leur optimum
écologique.

A partir des mesures de contenu en carbone, azote et silice, nous avons estimé
les vitesses de sédimentation théoriques a partir de la loi de Stokes (Stokes, 1851).
Une grande variabilité existe entre les différents taxons et on peut distinguer
deux groupes : un groupe a vitesse de sédimentation élevée (>1000 m j~!) et un
groupe a vitesse de sédimentation faible a modérée (30-200 m j~!). On observe
notamment que les taxons Orodaria et Spumellaria (Radiolaria) ont une vitesse
de sédimentation bien plus élevée que les Phaeodaria de taille équivalente, qui
peut s’expliquer par la différence dans la structure du squelette, plus poreux
chez les Phaeodaria. Toutefois, on observe que certaines familles de Phaeodaria
qui sont plus denses en silice (e.g., Castanellidae) ont également une vitesse de
sédimentation importante. Ainsi, ces taxons pourraient exporter efficacement le
carbone organique et la silice vers 'océan profond a leur mort. De lautre c6té, les
squelettes les plus délicats de certaines familles de Phaeodaria se dissoudront
probablement entierement lors de leur sédimentation et n’atteindront jamais le
fond de l'océan.

A Tinverse de Q¢ et Q, la production de silice n’est liée que faiblement a
la taille. Un lien faible avec la concentration en acide silicique est également
observé. Ainsi, on peut faire I’hypothese que plusieurs parametres, a la fois propres
a la cellule et environnementaux, influencent cette production. Nos valeurs de

production de silice sont plus faibles que celles de la littérature (Llopis-Monferrer



199 Résumé de la these en francais

et al., 2020). Toutefois, la dynamique de la production de silice par les Rhizaria, de
méme que leur cycle de vie, est encore inconnue. S’ils possedent les transporteurs
du silicium SIT-L (Marron et al., 2016), leur nombre ainsi que l'affinité de ceux-ci
avec la silice dissoute reste inconnue.

Cette étude apporte des outils simples, facilement implémentables dans des
modeles écologiques ou biogéochimiques, pour estimer la biomasse des Rhizaria
planctonique a partir de leur taille. Ainsi, les équations obtenues peuvent par
exemple étre appliquées sur des données d’imagerie automatisée qui permettent

d’obtenir la taille des organismes a partir des images.

Rhizaria et cycles biogéochimiques a échelle globale

Les Rhizaria planctoniques sont abondants dans la zone mésopélagique, située
juste sous la zone épipélagique (Stukel et al., 2018; Biard and Ohman, 2020). La
zone mésopélagique, ou zone crépusculaire, est une zone de transition entre
I'océan de surface et 'océan profond et joue un role crucial dans le transfert
de matiere, tant organique que minérale, vers les profondeurs. Notamment, les
organismes mésopélagiques consomment pres de 90 % de la matiere organique
exportée de I'océan de surface (Robinson et al., 2010). Néanmoins, ceux-ci restent
bien moins étudiés que ceux de la zone épipélagique - du fait de difficultés d’acces
et d’en rapporter des organismes intacts. Evaluer la biomasse des organismes qui
s’y trouvent ainsi que les processus dans lequels ils sont impliqués est cependant
essentiel pour affiner les budgets biogéochimiques.

Nous avons ici utilisé un jeu de données global collecté in situ entre 2008 et
2021, contenant des informations sans précédent sur la distribution et I'abon-
dance des Rhizaria. Il se compose de 4 252 profils verticaux acquis avec 'UVP5
(Picheral et al., 2010) jusqu’a une profondeur de 1 000 m (Fig. 3.1, Table S3.1).
L’UVP5 enregistre une image de chaque organisme rencontré de plus de 0,6 mm,
permettant une mesure de la taille et une identification a un niveau taxonomique
allant de Pordre au genre. Avec des diametres sphériques équivalents allant de
0,6 mm a 20 mm (excluant donc les Rhizaires plus petits; Fig. Ext. 3.1), les 167
551 images de Rhizaires manuellement identifiées et validées via la plateforme
EcoTaxa (Picheral et al., 2017) couvrent 18 catégories taxonomiques (dont les
criteres d’identification sont définis dans Biard and Ohman, 2020) incluses dans
les Acantharia, les Collodaria, les Foraminifera, les Phaeodaria et autres Rhizaria

(Figure 3.2, Table Ext. 3.1). Nous appliquons la relation d’allométrie développée
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précédemment (Laget et al., 2023), afin de déterminer le contenu en carbone a par-
tir de la taille des organismes. Nous utilisons également une relation d’allométrie
pour estimer le contenu en silice des Phaeodaria (Llopis-Monferrer et al., 2020).
En plus de leur contribution aux stocks d’éléments, nous étudions également
leur r6le dans les processus biogéochimiques en estimant la demande en carbone
des Phaeodaria mésopélagique (d’apres la formule de Stukel et al., 2018) et la
production de silice biogene (Llopis-Monferrer et al., 2020). En associant chacune
des 167 551 images de Rhizaria a un ensemble de valeurs environnementales,
nous quantifions ces processus sur une grille mondiale de 1° x 1° en utilisant des
arbres de régression boostés. Enfin, nous comparons les demandes en carbone a
des valeurs d’export (i.e., de transport hors de la zone épipélagique) provenant de
la littérature (Laws et al., 2000; Dunne et al., 2007; Nowicki et al., 2022).

Nous montrons que la biomasse en carbone mondiale des Rhizaria >0,6 mm
dans les 1 000 premiers metres est inférieure aux estimations précédentes (Biard
et al., 2016; Drago et al., 2022), mais leur contribution a I'abondance du méso-
zooplancton reste substantielle (31 %; Biard et al., 2016). La distribution des
Rhizaria varient entre les groupes mixotrophes et hétérotrophes. Les mixotrophes
(Acantharia, Collodaria, Foraminifera) dominent dans la couche épipélagique, en
particulier dans les régions intertropicales et les gyres subtropicaux oligotrophes.
En revanche, les Phaeodaria sont plus abondants dans la zone mésopélagique,
ou ils jouent un role crucial dans l'atténuation du flux de carbone, interceptant
potentiellement 3,8 2 9,2 % du flux de carbone gravitationnel exporté de la zone
épipélagique. Ce role est particulierement marqué dans 'océan Austral ou ils
pourraient intercepter de 11,2 a 23,4 % du carbone exporté de la couche épipéla-
gique. Ces résultats mettent en lumiere le role inattendu de ces protistes dans
latténuation des flux de carbone et 'importance de les considérer dans les budgets
de carbone globaux. De plus, nous montrons que les Phaeodaria sont les uniques
producteurs et recycleurs de silice biogene dans la zone mésopélagique. De ce
fait, ils co-dominent le cycle du silicium avec les diatomées et les éponges. Ainsi,
les Rhizaria pourraient jouer un role important dans les écosystemes océaniques
futurs, notamment dans le contexte du changement climatique en cours.

En effet, les impacts du changement climatique sur les régions océaniques, no-
tamment le réchauffement, la stratification et les changements dans les quantités
de nutriments, sont connus (Kwiatkowski et al., 2020). Dans les océans oligo-
trophes, on peut s’attendre a ce que les communautés de Rhizaria mixotrophes

restent stables ou s’étendent en raison de leur capacité a créer des microenviron-
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nements favorisant une production primaire élevée, ce qui pourrait accroitre leur
importance dans les réseaux trophiques. Les communautés de Phaeodaria dans les
régions antarctiques et subarctiques pourraient rester stables, voire croitre, tandis
que celles des zones d’upwelling pourraient décliner en raison d’'une diminution
des flux de carbone, donc de leur source de nourriture. Ainsi, leur impact sur le
cycle des éléments pourrait évoluer, d’ou la nécessité d’études approfondies sur

leur role dans les cycles biogéochimiques.

Vitesses de sédimentation des particules marines me-

surées in situ

Les particules qui sédimentent de la surface jusqu’aux profondeurs océaniques
par l'action gravitationnelle jouent un role clé dans la pompe biologique du car-
bone, 'efficacité de cette derniere dépendant des concentrations en particules et
de leur vitesse de chute (De La Rocha and Passow, 2007). Cependant, quantifier
avec précision la vitesse de sédimentation des particules est difficile en raison de
la nature tres hétérogene des particules marines (e.g., agrégats de neige marine,
pelotes fécales, carcasses d’organismes...) et de leur diversité de taille, de compo-
sition et de structure (Alldredge and Silver, 1988; Turner, 2002). Les mesures in
situ de la vitesse sont rares et souvent déduites uniquement de la population de
particules étudiée (e.g., Trull et al., 2008; Villa-Alfageme et al., 2014). Ces dernieres
années, 'imagerie in situ a permis des avancées critiques dans la quantification
des flux verticaux de carbone, a 'aide de 'UVP (Guidi et al., 2008). Toutefois, les
estimations actuelles des vitesses de chute et de flux de particules a partir de cet
outil se basent uniquement sur la taille de ces dernieres et ne prennent pas en
compte leur diversité morphologique. Pourtant, leur caractere non destructif et
leur capacité a échantillonner avec une meilleure couverture spatiale et tempo-
relle que les outils actuels de mesure de flux (e.g., pieges a sédiments) offrent des
opportunités pour mesurer les flux de particules avec une plus haute résolution.
Nous introduisons ainsi le VisuTrap, un nouvel outil pour mesurer les vitesses in
situ des grandes particules marines.

Le VisuTrap consiste en une caméra UVP6 (Picheral et al., 2022) insérée dans
un piege a sédiments cylindro-conique qui emprisonne un volume d’eau. L’acqui-
sition continue d’images a haute fréquence (1,3 Hz) pendant des déploiements

quasi-lagrangiens de 2 a 5 jours sur une ligne dérivante permet la reconstruction
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des trajectoires des particules et estimation de leurs vitesses in situ. Pour cela,
les séries d’images sont analysées a 'aide de modules de tracking spécialement
développés pour cette application. Dans un premier temps, les particules sont
détectées sur les images a 'aide d’'une segmentation par seuil. Ensuite, la mor-
phologie et la position des particules se trouvant sur des images successives sont
comparées afin de lier ensemble les particules ayant la plus grande probabilité
d’étre les mémes. Une fois les trajectoires des particules obtenues, leur vitesse de
sédimentation est calculée. Cet outil permet donc d’obtenir a la fois des données
morphologiques sur les particules (taille, niveau de gris, forme et structure) et leur
vitesse de sédimentation. Compte tenu des vastes ensembles de données UVP
disponibles dans le monde entier, le VisuTrap, en fournissant des données de
vitesse in situ, offre la possibilité d’affiner les estimations des flux de carbone a
I'échelle mondiale.

Ensuite, le VisuTrap a été déployé lors de la campagne APERO ayant eu lieu
dans 'Atlantique Nord en 2023 pendant le bloom estival. Il a été ainsi déployé sur
la ligne dérivante a 3 profondeurs (100, 200 et 500 m) lors de cinqg cycles lagran-
giens couvrant des conditions océanographiques vari€es (eddy cyclonique, eddy
anticyclonique, front). Les données acquises ont permis de collecter un jeu de
données sans précédent de 8 942 trajectoires de particules qui sédimentent, in-
cluant leur vitesse de sédimentation et leurs caractéristiques morphologiques. En
étudiant le lien entre ces vitesses de sédimentation, les caractéristiques morpho-
logiques et les conditions environnementales, nous montrons un lien significatif
mais faible avec la morphologie. En revanche, nous observons que les vitesses
de sédimentation augmentent avec la profondeur des déploiements. De futures
comparaisons avec d’autres systemes de mesure de vitesses utilisés pendant la
campagne permettront de mettre en lumiere les observations avec les condi-
tions océaniques et la structure des communautés planctoniques de surface et

profondes.

Conclusion

L'objectif de cette these était d’étudier le role des Rhizaria planctoniques, des
protistes ubiquistes, dans les cycles biogéochimiques du carbone et du silicium.

Les principaux résultats de la these sont les suivants :

+ Dans le chapitre 2, J’ai établi une relation allométrique reliant le volume
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cellulaire des Rhizaria planctoniques a la teneur en carbone et en azote,
englobant de nombreux taxons et couvrant une large gamme de tailles
(200 mum - 9 mm). Cela a permis de prouver expérimentalement que les
Rhizaria ont une faible densité de carbone, probablement liée a leurs niches
écologiques. En revanche, aucune relation n’a été établie entre la taille et

les taux de production de silice biogene.

Le chapitre chapitre 3 a permis un recensement mondial de la biomasse en
carbone des Rhizaria planctoniques en général, ainsi que de la biomasse en
silice biogene des Phaeodaria. Nous avons également évalué la demande
globale en carbone des Phaeodaria mésopélagiques et leurs taux de produc-
tion de silice biogene. Nous avons notamment montré que les Phaeodaria
mésopélagiques pourraient intercepter de 3,8 2 9,2 % du flux de carbone
gravitationnel a ’échelle mondiale, et en particulier de 11,2 2 23,4 % dans
I'océan Austral. Ces valeurs ont pour objectifs de contribuer a affiner les

budgets globaux de carbone et de silice pour de futures études.

Dans le chapitre chapitre 4, j’ai introduit une nouvelle méthode de me-
sure in situ des vitesses de sédimentation des particules marines a l'aide
de 'UVP6. J’ai étudié les liens entre les propriétés morphologiques des
particules, les vitesses de sédimentation et les conditions environnemen-
tales, et jai montré que les variations des vitesses de sédimentation étaient
davantage liées aux conditions environnementales qu'a la morphologie des
particules. Cela peut s’expliquer par le fait que les conditions environne-
mentales influencent la structure de la communauté et donc la composition
des particules. Bien qu’ils ne soient pas directement lié€s aux Rhizaria, les
travaux entrepris dans ce chapitre plaident en faveur de 'inclusion des
caractéristiques des particules, au-dela de la taille, dans les estimations de

flux.

L’approche générale de cette these peut étre résumée comme suit : "Quelles

informations pouvons-nous obtenir sur le fonctionnement des cycles biogéochi-

miques océaniques a partir d’observations a I’échelle des particules?". A cette

fin, la majeure partie du travail présenté ici s’est appuyée sur 'analyse de grands

jeux de données d’imagerie in situ, offrant des mesures détaillées au niveau de

la particule individuelle et permettant d’explorer la diversité morphologique a

la fois parmi les organismes planctoniques et les particules. Ces instruments,
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tout en devenant plus efficaces et collectant une quantité accrue de données,
fournissent des informations précieuses sur la biogéochimie océanique. Cepen-
dant, de nombreux défis restent a relever a I'avenir pour mieux comprendre la
pompe gravitationnelle biologique. Alors que nous €tudions généralement les
deux extrémités d’un spectre, c’est-a-dire que nous fournissons des mesures ponc-
tuelles et utilisons des modeles a grande échelle, des lacunes subsistent pour
diverses échelles spatiales et temporelles. Les observations demeurent hétéro-
genes et relativement rares a échelle des océans. Ainsi, des outils numériques et
de modélisation deviennent nécessaires pour extraire des signaux a partir de ces
ensembles de données. Comprendre la structure de ces derniers est essentiel, et
bien que des questions puissent émerger grace au data mining, il est important de
formuler des hypotheses éclairées grace a des efforts collaboratifs impliquant des
chercheurs de divers horizons, tout en gardant a 'esprit les aspects expérimentaux
et de terrain. De plus, pour tirer le meilleur parti de ces données, il devient crucial
d’améliorer les protocoles de gestion des données et de développer un ensemble
de meilleures pratiques pour garantir la reproductibilité des résultats et permettre
le partage des données et du code. S’attaquer a ces défis est essentiel pour faire

progresser notre connaissance de la biogéochimie océanique et de ses évolutions.
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Résumé

Les océans épipélagique et mésopélagique jouent un role clé dans la production, le recy-
clage et le transfert de la matiere organique et minérale vers 'océan profond. Les Rhizaria
(comprenant les Radiolaria et les Phaeodaria) sont des protistes planctoniques qu’on re-
trouve dans ces couches de 'océan mondial. Ils peuvent étre mixotrophes ou hétérotrophes,
et certains d’entre eux forment des squelettes de silice. De plus, ces organismes peuvent
agréger du matériel détritiques autour d’eux, formant ainsi des particules sédimentant
rapidement. L’échantillonnage de ces organismes fragiles est difficile par le biais de mé-
thodes traditionnelles comme les filets a plancton, mais les avancées en imagerie in situ
ont amélioré les estimations de leur abondance et de leur role dans les flux élémentaires.
Cependant, en raison du manque de mesures au niveau cellulaire, notre compréhension
de leur biomasse mondiale en carbone et de leur role dans les processus biogéochimiques
reste limitée. Pour combler ces lacunes, le contenu en carbone de divers taxons de Rhizaria
a été mesuré, couvrant un large spectre de tailles, et une relation allométrique a été établie,
révélant une densité de carbone globalement faible par rapport aux protistes plus petits.
A laide de boosted regression trees et d’'un ensemble de données global collecté a I'aide de
I'Underwater Vision Profiler (UVP) 5, comprenant plus de 167 000 images de Rhizaria
enregistrées dans le monde entier, la biomasse mondiale en carbone des Rhizaria >600 ;m
a été ré-estimée a 1,7 % de la biomasse totale du mésozooplancton dans les 500 premiers
m de la colonne d’eau. Cette biomasse s’est révélée étre dix fois plus élevée dans la zone
mésopélagique que dans la zone épipélagique. Ensuite, il a €té estimé que les Phaeodaria
mésopélagiques, se nourrissant du flux de particules, peuvent intercepter de 3,8 2 9,2
% du flux de carbone particulaire exporté de la zone euphotique. Dans 'océan Austral,
ou leur abondance était précédemment considérée faible, ce taux d’interception est de
11,2-23,4 %. De plus, les taux de production de silice biogénique (bSi) des Phaeodaria ont
€té estimés, constituant la premiere quantification de la production de bSi dans la zone
mésopélagique. En tant que seuls producteurs de bSi dans cette zone, ils jouent un role
significatif dans son recyclage, co-dominant le cycle du silicium aux cotés des diatomées et
des éponges. Enfin, une nouvelle méthodologie pour mesurer la vitesse de sédimentation
des particules marines a I'aide de 'UVP6 monté sur un piege a sédiments a été introduite.
Apres la collecte d’environ 9 000 valeurs de vitesse de sédimentation dans ’Atlantique
Nord, aucune relation forte n’a été trouvée entre les mesures morphologiques fournies
par 'UVP6 et celles-ci. Au lieu de cela, il a été observé que les vitesses de sédimentation
augmentent avec la profondeur et sont influencées par les conditions environnementales.
Ces résultats mettent en évidence 'importance de prendre en compte la composition des
communautés phytoplanctoniques et zooplanctoniques, pour estimer la vitesse et affiner

les estimations de flux qui utilisent I'imagerie in situ.

Mots-clés Rhizaria, cycle du carbone, cycle du silicium, imagerie in situ, biomasse,

vitesse de sédimentation







Abstract

The epipelagic and mesopelagic oceans play a key role in the production, recycling,
and transfer of both organic and mineral matter to the deep ocean. Rhizaria (including
Radiolaria and Phaeodaria) are planktonic protists thriving in these layers throughout the
world ocean. They can display either mixotrophic or heterotrophic feeding behavior, and
some of them form silica skeletons. Furthermore, these organisms can aggregate detrital
material around them, forming fast-sinking particles. Sampling these fragile organisms is
challenging, but advances in in situ imaging techniques have improved estimates of their
abundance and roles in element fluxes. Still, due to a lack of measurements at the cellular
level, our understanding of their global carbon biomass and their roles in biogeochemical
processes remains limited. To fill this gap, the carbon content of diverse rhizarian taxa was
measured, covering a broad size spectrum, and an allometric relationship was established,
revealing an overall low carbon density compared to smaller protists. Using boosted
regression trees and a global Underwater Vision Profiler (UVP) 5 dataset, including
>167,000 rhizarian images recorded all over the world ocean, global carbon biomass of
>600-pm Rhizaria was reestimated to be 1.7% of the total mesozooplankton biomass
within the upper 500 m of the water column. This biomass was found to be 10-fold
higher in the mesopelagic than in the epipelagic layer. Subsequently, mesopelagic flux-
feeder Phaeodaria were estimated to intercept 3.8-9.2% of the gravitational POC flux
exported out of the euphotic zone. In the Southern Ocean, where their abundance was
previously shown to be low, this interception rate can reach as high as 11.2-23.4%. In
addition, biogenic silica (bSi) production rates of Phaeodaria were estimated, being the
first quantification of bSi production in the mesopelagic layer. As the sole bSi producers
in this layer, they play a significant role in its recycling, co-dominating the silicon cycle
along with diatoms and sponges. Lastly, a new methodology to measure the sinking speed
of marine particles using the UVP6 mounted on a sediment trap was introduced. After
collecting approx. 9,000 measurements of particle sinking speeds in the North Atlantic,
no strong relationships were found between morphological measurements provided by
the UVP6 and sinking speeds. Instead, it was observed that sinking speeds increased
with depth and were influenced by environmental conditions. These results highlight the
importance of considering community composition, including both phytoplankton and

zooplankton, for speed estimation and to refine flux estimates using in situ imaging.

Keywords Rhizaria, carbon cycle, silicon cycle, in situ imaging, biomass, sinking speed
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