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Résumé

Influence de 'ombrage expérimental in situ sur la biologie de Posidonia

oceanica (L.) Delile

Posidonia oceanica est une espéce ingénieur de magnoliophyte marine endémique de la mer
Méditerranée. Elle forme des herbiers monospécifiques denses, de la surface & 40-45 m de pro-
fondeur. Cet écosystéme est trés productif, fournissant un grand nombre de services écosys-
témiques. Cependant, les herbiers a P. oceanica sont menacés par diverses causes environnemen-
tales et anthropiques. Parmi elles, la réduction de lumiére est un probléme majeur qui devrait
s’aggraver dans le futur, particuliérement a cause de ’eutrophisation et des sédiments remis en
suspension. Ce travail vise & comprendre comment P. oceanica répond & un stress d’ombrage
faible & moyen pendant sa période principale de production primaire, du printemps a 1’été.

Des écrans de différentes tailles de maillage (ombrages approximatifs de 15, 30 et 60% en com-
paraison au controle) ont été installés au-dessus d’un herbier a P. oceanica en bon état écologique,
a 15 m de profondeur en Corse. L’expérience s’est déroulée entre avril et aotit 2018. Les pigments
(chlorophylles et xanthophylles) ont été dosés dans les feuilles par HPLC. L’activité photosynthé-
tique a été mesurée in situ par Diving-PAM (courbes rapides, courbes photosynhtése/irradiance
et rendement quantique). La biométrie des faisceaux et la production primaires ont été évaluées
par dissection des pousses. Enfin, les concentrations en sucres solubles et amidon ont été dosés
par spectrophotométrie dans les rhizomes.

Les résultats montrent une capacité remarquable de P. oceanica & maintenir sa teneur en pig-
ments ainsi qu’a adapter son activité photosynthétique de maniére dynamique a ’ombrage. Cepen-
dant, une adaptation durable de ’appareil photosynthétique n’est pas observée. L’accumulation
de glucides dans les rhizomes au cours du temps est impactée négativement par 'ombrage. Malgré
cela, aucun effet sur la croissance de la plante n’est détecté.

La grande résistance des pousses de P. oceanica dans un herbier en bon état de conservation
a un stress d’ombrage de cinq mois est souligné. En outre, les conséquences potentielles pour
la survie de la plante en envisageant un ombrage a plus long terme, au vu de son impact sur
I’accumulation de glucides, est discuté. Ces résultats sont comparés a d’autres études in situ
et a des travaux réalisés le long du gradient bathymétrique, en insistant sur la différenciation
génétique et 'adaptation des pousses de P. oceanica & une profondeur donnée (c’est a dire & un

environnement lumineux donné) qui en découle.



Abstract

Influence of experimental in situ shading on

Posidonia oceanica (L.) Delile biology

Posidonia oceanica is a keystone seagrass species indigenous to the Mediterranean Sea. It
forms dense monospecific meadows from the surface to depths of 40-45 m. The meadows are
highly productive and provide many valuable goods and services. However, P. oceanica mead-
ows are threatened by several environmental and anthropogenic stressors. Among these, light
deprivation is a major problem that is expected to worsen in the future, particularly because
of eutrophication and sediment resuspension. This work aims to understand how P. oceanica
responds to environmentally relevant shading during its spring to summer important period of
primary productivity.

Screens of different transparency (nominal reduction of 15, 30 and 60% compared to control)
were deployed on a healthy meadow at a depth of 15 m, in Corsica. The experiment took place
between April and August 2018. Pigments content (chlorophylls and xanthophylls) in leaves was
analyzed with HPLC; photosynthetic activity (rapid light curves, photosynthesis/irradiance curves
and quantum yield) was monitored with a Diving-PAM; biometry and primary production were
estimated after dissection of shoots; starch and soluble carbohydrates content in rhizomes was
investigated by spectrophotometry.

Results show a remarkable capacity of P. oceanica to maintain its pigment content, as well as
to adapt dynamically its photosynthetic activity to the light reduction. However, an adaptation
over the experiment period of the photosynthetic apparatus is not observed. Carbohydrates accu-
mulation in rhizomes over time is negatively impacted by shading treatments, resulting in a lower
content at the end of summer. In spite of that, light deprivation does not reduce shoots growth.

The high resistance of healthy P. oceanica shoots to a five months experimental in situ light
deprivation stress is underlined. Furthermore, the potential consequences for the plant survival
under a longer shading period, in light of the decrease in reserve carbohydrates content, is discussed
as well. These results are compared to bathymetric studies and other in situ shading experiments,
emphasizing the genetic differentiation along the depth gradient and the resulting adaptation of

P. oceanica shoots to a given depth, i.e., to a given light environment.
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Introduction

1.1 Seagrass meadows

Seagrass beds are major coastal ecosystems found worldwide. They are usually made up of a
monospecific — sometimes a few species — community of seagrass (Tussenbroek et al. (2006)).
Seagrass is a polyphyletic group of angiosperm species that belong to 4 families: Cymodoceaceae,
Hydrocharitaceae, Posidoniaceae and Zosteraceae (Jayathilake and Costello (2018)), all classified in
Alismatales (The Angiosperm Phylogeny Group (2016)). As these plants are restricted to shallow
waters (because they need light and anchorage), they account for a small percentage of ocean’s
surface. On the basis of a model, the total surface of seagrass has been estimated to be about
1.6 million km? (Jayathilake and Costello (2018)). However, this value is probably overestimated
because of some missing data (e.g. substrate nature). Mediterranean Sea is home to 6 indigenous
seagrass species (Posidonia oceanica, Cymodocea nodosa, Zostera marina, Zostera noltii, Ruppia
cirrhosa and Ruppia maritima), of which P. oceanica is by far the most abundant (Boudouresque
et al. (2009)).

1.2 Posidonia oceanica

1.2.1 P. oceanica meadows description

Posidonia oceanica (L.) Delile — whose vernacular name is "Neptune grass" — is a seagrass endemic
to the Mediterranean Sea (Guiry and Guiry (2019)). First classified in Posidoniaceae family, the
latest update of the Angiosperm Phylogeny Group (APG IV) suggests the inclusion of this family
within Jundcaginaceae, along with other plant families with similar ecology (e.g. Zosteraceae and
Cymodoceaceae) (The Angiosperm Phylogeny Group (2016)). The genus Posidonia includes 9
species, of which 8 are native to southern Australia, P. oceanica being completely isolated from
its sisters species (Gobert et al. (2006)).
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P. oceanica is found in monospecific beds. The species is estimated to cover about 1.2 million
ha (less than 0.5% of Mediterranean Sea surface) (Telesca et al. (2015)). As shown on figure 1.1,
current available data reveals that P. oceanica is found along most of the northern Mediterranean
coastline and absent in the eastern-most region. The species does not grow near the main rivers
mouths because of sediments and fresh water (it can not tolerate salinities under 33 ppt) (Gobert
et al. (2006) and Telesca et al. (2015)). The plant has a subtidal distribution because it does not
tolerante dessication; it can grow between the surface and about 40-45 meters depth (Gobert et al.
(2006) and Procaccini et al. (2017)).

The EU Habitat Directive considers P. oceanica meadows as a priority habitat (Personnic et al.
(2014)).
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Figure 1.1: Distribution of P. oceanica in 2015.
Regions with an apparent absence of P. oceanica have to be considered carefully, since it could be the result

of a lack of investigation and cartography (e.g. Africa coastline). From Telesca et al. (2015).

Morphology P. oceanica can be divided into two main parts: leaves and the roots-rhizomes
system. There is no true shoot since leaves are directly fixed on the rhizomes (sessile leaves), but
‘shoot’ is often used in the literature to describe a bundle of leaves and the rhizome tip on which

the leaves are anchored (Personnic et al. (2014)). Leaves are linear. Three leaf development stages
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are described by Giraud (1979): adult, intermediates and juveniles leaves. Adult leaves are made
up of two distinct sections. The tough basal region, a few centimeters long, is the sheath (also
called "sheathed petiole" or "scales"). The main part of the leaf is the lamina (or "leaf blade").
The boundary between these two structures is called the ligula (Giraud (1979)). Juvenile and
intermediates leaves, however, do not have a petiole. Juveniles leaves are distinguishable from
intermediates ones by their length (<5 cm). For each shoot, each new leaf grows between the two
previous ones, resulting in an alternate leaf layout with the youngest leaf at the center of the shoot.
The meristem is located at the leaf’s basal region (acropetal growth) (Boudouresque et al. (2012)).
Leaves have a long lifespan, up to 7-12 months (Gobert et al. (2006)). The important longevity
allows the plant to limit leaf renewal, and therefore limit nutrients requirements (S. Gobert et al.
(2002)). Unlike dead leaf blades that break away from shoots (whose fate is detailed in section
1.2.2), leaf sheaths persist on rhizomes for many years. Rhizomes, on which roots are anchored,
grow either horizontally (called plagiotropic rhizomes) or vertically (orthotropic rhizomes). In
the empty spaces between them, the sediment accumulates through time. Therefore, the deepest
and oldest roots-rhizomes die, buried in the sediment. They are protected from decay and can
remain untouched for a long time. That is why P. oceanica meadows are considered as carbon
sinks (see section 1.2.2). All roots and rhizomes (live and dead) with old sheaths are called 'matte’
(Boudouresque et al. (2009) and Giraud (1979)). Given the persistence of the matte, analysis of
annual cyclic variations in size of dead leaf sheaths and rhizomes (lepidochronology, Pergent et al.
(1989)) is used to assess past environmental conditions to which the plant has been exposed (e.g.
Pergent et al. (1997a) and Tomasello et al. (2016)).

Phenology Old leaves necrose and decay regularly (Gobert et al. (2006)), with a peak in the
end of summer (Pergent and Pergent-Martini (1991)). New juvenile leaves grow continuously
throughout the seasons with a peak in autumn (Pergent and Pergent-Martini (1991) and Buia
et al. (1992)). About 6-9 leaves are produced every year on each shoot (Personnic et al. (2014)).
Orthotropic rhizomes grow at a maximal rate of 7 cm per year. Its longevity is important; the
plant can be many tens years old (Gobert et al. (2006)). Both growth rate and biomass are

maximal in early summer (figure 1.2, Alcoverro et al. (2001)).
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Figure 1.2: Shoot biomass (left y-axis) and growth rate (right y-axis) of a meadow at 5 m depth,
near Medes Islands (western Mediterranean Sea).

From Alcoverro et al. (2001).

Reproduction Reproduction occurs mainly by asexual clonal propagation. Sexual reproduction
(hermaphroditic flowers on a cymose inflorescence, protandry (Ackerman (2006))), despite its
important role in adaptation and dispersal, is scarce and rarely abundant. Flowers appear in the
autumn, a little earlier near the surface compared to more important depths, when photoperiod
decreases and water temperature drops (Buia and Mazzella (1991)). Reproduction events are
thought to be dependent on many life-history, environmental and genetic factors (Ruiz et al.
(2017)). Pseudoviviparity (development of asexual plantlets in flowers) has been observed once in
north-west Mediterranean Sea; it is supposed to contribute to short-distance dispersal (Ballesteros
et al. (2005)).

Epiphytes Epiphytes are an important component of P. oceanica meadows ecology, accounting
for 660 species! on leaves and/or on rhizomes (Piazzi et al. (2016)), whose biomass can reach 30%
of total canopy biomass (Lepoint et al. (1999)). Since leaves lifetime is long, many organisms can
grow on their surface before leaves decay (Alcoverro et al. (1997)). Macrophytes (brown algae
and red algae, of which mostly species in Corallinaceae family), animals (Bryozoa and Hydrozoa)

and bacteria (e.g. cyanobacteria) are the main taxons found among P. oceanica epiphytes (Casola

LAll the species are not found in the entire Mediterranean Sea, there are some geographical gradients (Piazzi
et al. (2016)).
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et al. (1987) and Jacquemart and Demoulin (2006)). They can be classified into two main groups:
epifauna (sessile animals) and epiflora (algae). Macroalgae are by far the dominant group over
animals. However, the epiflora/epifauna ratio varies between meadows (Piazzi et al. (2016)).

Among epiflora, two layers — encrusting and upright — are described (Mazzella et al. (1989)).
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Figure 1.3: Accumulation of epiphytes on P. oceanica leaves with increasing leaf age. From Cebrian
et al. (1999).

Epiphyte distribution, biomass and taxonomic composition is far to be homogeneous on leaves
and through the meadow. An epiphytes gradient is observed across the leaf blade, from the basal
region to the apex (Casola et al. (1987), Cebrian et al. (1999), and Personnic et al. (2014)).
Epiphyte biomass increases towards the leaf apex. The dominant taxon changes through time.
Indeed, brown algae grow fast, being dominant over red algae, and reach their maximal size at
leaves half-lifespan. Afterwards, encusting red algae keep growing, resulting in a shift in dominance
toward red algae when leaves are old. Furthermore, old leaves carry more epiphytes than young
leaves. The accumulation of epiphytes on leaves through the year follows a sigmoid curve (figure
1.3). The plateau is explained by an equilibrium between epiphytes growh and herbivory (Cebrian
et al. (1999)). The maximal biomass is observed in June, whereas the minimal one occurs in
December (Lepoint et al. (1999)).



CHAPTER 1. INTRODUCTION 6

Total epiphytes biomass Epifauna biomass
[T
E B - " E
= W= = B Y
= = 5 - /
‘. T’
% 15— 7] % g = A
s g =
s B g s R
= = ] A
-‘:: 1/ = ‘J"’
o oy T = i
Ll | | | | | | | |
Dec Feb  Apr  Jun Dec Feb  Apr  Jun
Time Time
Epiflora biomass Ratio epiphytes/leaf dry weight
f = e
E " = .
E: w |
$ 81 N : 81
@ o | = =
= = 5 :
2 F Fry =] 1"”'
- = 4 = B l.f""
B | | | i | | |
Dec Feb  Apr  Jun Dec Feb  Apr  Jun
Time Time

Figure 1.4: Variation in P. oceanica epiphytes biomass between december 1993 and june 1994 in
the meadow next to STARESO (Corsica).

Drawn with data from Lepoint et al. (1999).

Epiphytes composition and abundance on leaves is changing through seasons (figure 1.4). Both
epifauna and epiflora biomass increase through spring and summer. The ratio between epiphytes
and leaves biomass also rises (Lepoint et al. (1999)). P. oceanica leaves epiphytes are an important
source of food for herbivores. That is the main reason for grazers to eat leaves tips (where epiphytes
biomass is maximal), since leaves themselves are not much palatable (Alcoverro et al. (1997)).

The epiphyte layer is not without consequences on P. oceanica. Physical contact (the anchorage
in plant tissues differs between species) and shading can affect the plant fitness. On one hand,

physical contact causes oxidative stress. On the other hand, shading decreases photosynthesis
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and thus primary productivity, but also reduces photodamage and reactive oxygen species (ROS)

production that result from an excess of light (Costa et al. (2015)).

Depth gradient Since P. oceanica grows between the surface and 45m depth, it is exposed
to strongly different environmental conditions. Indeed, several environmental parameters change
along the depth gradient, of which the most important is light quantity and quality (considerations
about light are detailed in section 1.3). This results in gradual changes in several measurements
with depth, like foliar index (total leaf surface per ground surface area), leaf size and biomass,
epiphytes biomass, shoot density and estimation of herbivory (A coefficient), as shown on figure

1.5 (Gobert (2002)). Epiphyte taxonomic composition also varies with depth.
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Figure 1.5: P. oceanica morphological parameters along the depth gradient

DW: dry weight. Data collected in Revellata bay (Corsica) in june 1993. From Gobert (2002).

1.2.2 Ecology

P. oceanica, as well as many other seagrass species, is an engineer species that is the main element
of an rich climax ecosystem (Boudouresque et al. (2009)). It requires a stable substrate enriched
in organic matter, conditions that can be provided by colonization of some pioneer plant and algae

species like Caulerpa prolifera, Cymodocea nodosa or Zostera sp. (Gobert et al. (2006)).
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Figure 1.6: Model of a P. oceanica ecosystem
POM: Particulate Organic Matter; DOC; Dissolved Organic Carbon; MPO: Multicellular Photosynthetic
Organisms; BAFHS: Bacteria, Archaea, Fungi and Heterotrophic Stramenophiles. Blue numbers show the
four main fates of P. oceanica leaves: (1) Consumption by herbivores; (2) in situ decomposition; (3)
Exportation outside the meadow; (4) Long-term storage in the matte. From Personnic et al. (2014).

Several ecosystems are associated with P. oceanica. The living meadows is the central one
and the most diversified. Besides that, dead matte and accumulation of exported biomass can be

considered as other ecosystems.

The living meadow With the aim of developing a biotic indice that would provide some in-
sight into P. oceanica ecosystem health, it has been divided into many functional compartments
(Personnic et al. (2014), figure 1.6). The central component of their model is living P. ocean-
ica, itself divided into 4 sub-compartments: roots and rhizomes system (matte), leaves, and their
associated epifauna (filter- and suspension-feeders on rhizomes, belonging to Bryozoa, Hydrozoa,
Porifera, Annelida, Tunicata, Gastropoda and Bivalva) and epiflora (figure 1.6, in green). Primary
production of P. oceanica has four main fates: three for leaf and rhizomes that necrose and break
apart (litter detritus) and one for living leaves (Pergent et al. (1997b)). Necrosed biomass is either

exported outside the meadow (see next paragraph), eaten by pelagic or benthic detritivores (e.g.
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Holoturia), or recycled in situ by unicellular and multicellular decomposers (BAFHS, benthic and
pelagic microbial loops) (see figure 1.6 caption). Furthermore, fresh leaves and/or their epiphytes
are directly grazed by very few herbivorous species, themselves eaten by primary and secondary
(even more) predatory animals (Teleostea, Asteroidea, Cephalopoda, Aves), sometimes leaving the
ecosystem. An amount of this biomass can come back in the meadow through excrements. Some
organic matter is relased in the water column as dissolved organic matter (DOC) or particular
organic matter (POM) that is consumed by filter- and suspension- feeder organisms like plankton
or P. oceanica epiphytes (Personnic et al. (2014)). The relative amount of these four ways does
dependent on hydrodynamic forces and therefore on depth. Extrapolation of local data leads to
an estimation of 1.2 million tons of exported carbon and 1.1 million tons of recycled carbon each
year (Pergent et al. (1997b)). Exported carbon is estimated to account for about 6-50% of the net

primary production of P. oceanica (Personnic et al. (2014)).

Other ecosystems Leaves that continuously die are torn away from rhizomes and exported, in
part, to unvegetated areas (e.g. sand patches) where they accumulate with other dead biomass
(e.g. macroalgae). Such accumulations shelter microorganisms (bacteria, fungi, diatoms) and in-
vertebrates that contribute to organic matter decomposition and are thus considered as — despite
temporary — real ecosystems. In these litter accumulations, invertebrates are dominated by cope-
podes and nematodes, those accounting for more than 50% of total individuals (Mascart et al.
(2015)). Many other organisms are found to a lesser extent. The relative amount of individuals
of different taxons varies throughout the year, which makes sense since P. oceanica dead leaves
production is not constant (Pergent et al. (1997b)). Biomass can be exported to deep waters,
where it provides energy for food webs (C. F. Boudouresque et al. (2016))

When shoots die — resulting from a natural disaster (e.g. strong currents or waves) or from
anthropogenic pressure —, the matte becomes unprotected and is colonized by many organisms.
The species diversity of motile macroinvertebrates even seems to be higher in a dead matte en-
vironment compared to a living meadow’s matte. The additional species are mainly detritivores.
The different species composition could also be explained by differences in light intensity at the
surface of the matte. However, this ecosystem goes toward degradation because of the lack of
photosynthetic primary production (Borg et al. (2006)). Moreover, recolonization of a bare matte
by P. oceanica is often impossible, because of (1) changes in sediment chemistry that takes place
in the matte without shoots (Abadie et al. (2016)) and (2) prior recolonization by competitive

species like the alien invasive species Caulerpa cylindracea (Kiparissis et al. (2011)).

1.2.3 Ecosystem services and regression of P. oceanica meadows

Ecosystem services are defined as the aspects of ecosystems utilized (actively or passively) to produce

human well-being (Fisher et al. (2009)). Nordlund et al. (2016) have summarized several services
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provided by seagrass, including the use in agriculture and as food source, the production of valuable
chemicals, water purification, use for biomonitoring and diverse other cultural/society benefits
(tourism, recreation, spirituality). Vassallo et al. (2013) hightlighted four main ecosystem services
provided by P. oceanica meadows: nursery, coastline protection, primary production and carbon
sequestration. As a nursery for fishes, they contribute to fish stocks. The large leaves catch
sediments and break waves, resulting in shoreline protection. Moreover, dead leaves accumulate
on beaches and play also a role of protection (Campagne et al. (2015)). P. oceanica and its
photosynthetic epiphytes provide fresh biomass through photosynthesis, as well as releasing oxygen
in the water column. They also underline the highly efficient carbon sequestration in the matte.

Some authors estimate the value of this ecosystem to be about 170€ m=2 year~!, mainly
because of sediment trapping (Vassallo et al. (2013)). This value must be considered carefully,
since several methods are used to assess ecosystemic services value. For example, Campagne et al.
(2015) have rather estimated that a P. oceanica meadow is worth between 0.0284€ and 0.0514€
m~2 year~!, much less than Vassallo et al. (2013).

Despite providing those valuables ecosystem services, P. oceanica meadows are threatened
by anthropogenic pressure. Excess nutrients and organic matter inputs can decrease the plant’s
fitness, especially because of light attenuation caused by phytoplankton blooms that result from
eutrophication (see section 1.4). Coastal erosion, mechanical impacts (e.g. destruction of meadows
with anchoring and trawling) and climate change (figure 1.7, Marba et al. (2014)). Some meadows
are currently extending, but many are quickly shrinking, the net area at the scale of the whole
Mediterranean Sea decreases. Changes (often regressions) in shallow and deep depth limits are
often observed (Marba et al. (2014)).
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1.3 Photosynthesis and primary production
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Figure 1.8: Overview of the oxygenic photosysnthesis electron transport chain
Water is oxidized at the oxygen-evolving complex (O.E.C). Chl a in PSll is then oxidized with light energy
(hv). The electrons go through the cytochrome bgf complex before a second chl a oxidation in PSI. After
several intermediates, NADP* is reduced. Blue H* are steps involved in the proton gradient. Adapted from

Blankenship and Prince (1985).

1.3.1 The basics of photosynthesis

Photosynthesis takes place in thylakoids, within chloroplasts. It is divided into two main steps:

light reactions and carbon reaction.

Light reactions First, photons are absorbed by photosystems, that are complexes of proteins
and pigments located in the thylakoid membrane of chloroplasts. Two different photosystems
— with roughly the same structure but differing in wavelength absorption spectra — working in
series are found in plants. Photosystem II (PSII) is the site of water oxidation and the maximal
absorption of its reaction center (two chlorophyll molecules) is at 680 nm (red). On the other
hand, photosystem I (PSI) reaction center absorbs light with a maximum at 700 nm (far-red)
and works after PSII in electron transfer. Cytochrome bgf complex is another important complex
that carries the electrons between PSII and PSI (figure 1.8). A photosystem is made up of a

reaction center — in which chlorophyll oxidation takes place — surrounded by a light-harvesting
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complex (or antenna complex) — which consists of many pigments that bring light energy to
the reaction center (two chl a molecules), associated with proteins —. In higher plants, light-
harvesting complexes (LHC) contain between 200 and 300 chlorophylls (chl a and chl b) associated
to each reaction center (LHCII for PSII and LHCI for PSI) besides other pigments, like lutein
that contributes to excitation energy transfer, or other xanthophylls involved in non-photochemical
quenching (see paragraph Xanthophyll cycles) and proteins that can bind these pigments. The
pigments are not arranged randomly. The maximum absorption wavelength of pigments close
to the reaction center is higher (excitation energy is thus lower) than the one of pigments that
are more distant from the RC. Close to the RC are found chl a and carotenoids whereas the
periphery is made up of chlorophylls a and b (Demmig-Adams and Adams (1996)). Therefore,

energy transfer is thermodynamically favorable toward the reaction center and not backwards.

4

fluorescence
102* 5
photochemistry (qP)

3
02 heat (NPQ)

Figure 1.9: Fates of the energy released by excited chlorophyll molecules
From Muller (2001).

When a chlorophyll molecule is excited by a photon, some electrons switch to a higer energy
level (single-state, 'Chl*). When they come back to the ground state, the energy is released,
following four feasible fates (Ralph and Gademann (2005), Taiz et al. (2015), and Muller (2001)).
First, fluorescence can be emitted (figure 1.9 (1)). Otherwise, the energy could be transferred to an
adjacent molecule by FRET (Forster resonance energy transfer). Photochemistry can be triggered
in the reaction center if the energy reaches it through resonance transfer between many pigments.
It is called photochemical quenching (qP) (figure 1.9 (2)). Another fate is heat dissipation,
mainly through the xanthophyll cycle (non-photochemical quenching, NPQ) (figure 1.9 (3)).
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Finally, excited chlorophyll can shift to another excited state (triplet-state, 3Chl*) that is a strong
reactant that produces singlet oxygen (102), a higly reactive ROS (1.9 (4)). Non-photochemical
quenching will be detailed in section 1.3.2. If an excited electron leaves a chlorophyll, it is replaced
with another coming from a neighbouring pigment (or from water at the beginning of the process,
in PSII) (Taiz et al. (2015)).

After PSII, electrons are carried through the electron transport chain (ETC). They are first
loaded on membrane-bound plastoquinones that are intermediates before the cytochrome bgf com-
plex. Then, electrons are transported to PSI by plastocyanin, a soluble protein. In PSI, NADP+ is
reduced to NADPH with electrons that come originally from water oxidization. The ETC electron
carriers have increasing redox potentials through the chain. This model is called Z-scheme’, in
reference to the shape of the variations in redox potential (figure 1.8). Besides carrying electrons,
some ETC intermediates also transport protons through the thylakoid membrane, from the stroma
to the lumen (figure 1.8). The resulting proton gradient is used by ATP synthases as a source of
energy to phosphorylate ADP. NADPH and ATP pools are the source of energy for the carbon

reaction of photosynthesis.

The reductive pentose phosphate cycle The first step of carbon reactions is the reductive
pentose phosphate cycle (RPPC). NADPH and ATP, synthetized at the end of the light reactions,
are used to reduce CO; to carbohydrates. In seagrass, COy mainly comes from HCOj3 dissolved
in water (Beer et al. (2014)). First, COs is fixed on a ribulose-1,5-bisphosphate (RBP) molecule.
This reaction is catalyzed by the enzyme ribulose-1,5-bisphosphate carboxylase-oxygenase (Ru-
BisCO). Throughout the RPPC, many intermediate metabolites are involved, consuming ATP
and NADPH. For each 3 CO, molecule that enters the cycle, a triose phosphate leaves the cycle.
Meanwhile, metabolites that remain in the cycle are recycled to RBP through many steps (Taiz
et al. (2015)). Unlike all photosynthesis steps that occur in chloroplasts, synthesis of diverse car-
bohydrates using trioses phosphate (synthetized in RPPC) takes place in various compartments.

Statch is synthesized in chloroplasts, whereas sucrose is produced in the cytosol (Taiz et al. (2015)).

1.3.2 Regulation of photosynthesis

A fine regulation of photosynthesis is required since light conditions under which plants develop
are not constant. They have to cope with changing irradiance through seasons. Furthermore,
light intensity variations occur at a much smaller scale. It can suddenly decrease or increase
because of a quick and short change in local conditions (e.g., a cloud shading the sun, leaves
shaded by other leaves because of their movement). Furthermore, tides and waves are short-term
fluctuations specific to the marine environment. Some seagrass species are intertidal, thus daily
exposed to direct light and light attenuated by water (that is not true for P. oceanica, which is

strictly subtidal, Beer et al. (2014)). Therefore, seagrass need to be able to quickly cope with
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such stochastic and rapid light fluctuations (through photoacclimation) (Ralph et al. (2002)).
Besides light quantity, its quality also matters for plants. Along the depth gradient, a change
in light spectrum is observed, with a decrease in red photons (strongly absorbed by water) and
an increase in blue photons proportion (Beer et al. (2014)). Moreover, light intensity decreases
quickly with depth.

Photosynthesis, as a master metabolic pathway, shows an important long- and short-term
plasticity. When light irradiance is under saturation, energy is mostly dissipated through pho-
tochemical quenching (photochemistry). However, when light intensity exceeds saturation, the
excessive energy must be dissipated. Fast changes include photoinhibition, that is the decrease
in photosynthesis efficiency through decrease of chlorophyll quantum yield and increase in non-
photochemical quenching (heat dissipation) in PSII. These mechanisms protect the photosynthetic
apparatus from damage induced by high light irradiances (Ralph (1999)). In contrast, the long-
term plasticity relies on the regulation of pigments contents, which is a slow acclimatization process

in response to permanent changes in light irradiance (Ralph et al. (2002)).

Non-photochemical quenching When a plant is exposed to a light intensity higher than what
can be used by the carbon reaction, excess energy must be dissipated, otherwise it could damage
some structure. It is mainly dissipated through the xanthophyll cycles that converts the excess
energy into heat. Two xanthophyll cycles have been described in vascular plants so far (figure 1.10,
Jahns and Holzwarth (2011) and Garcia-Plazaola et al. (2007)). They both dissipate excessive light
energy in PSII through de-epoxidation of xanthophylls. The VAZ cycle involves 3 xanthophylls
that target excited singlet chlorophyll (Chl*) deactivation. The other one involves lutein, which
desactivates excited triplet chlorophyll (3Chl*).

The VAZ xanthophyll cycle This xanthophyll cycle is the main way of non-photochemical
quenching in vascular plants. It is made up of three xanthophyll carotenoids (violaxanthin,
antheraxanthin and zeaxanthin) that target excited singlet chlorophyll (*Chl*) deactivation. Un-
der high irradiance, violaxanthin can be converted to zeaxanthin by two steps of de-epoxidation,
with antheraxanthin as an intermediate metabolite (figure 1.10). These reactions are catalyzed by
violaxanthin de-epoxidase (Demmig-Adams and Adams (1996) and Taiz et al. (2015)). Conversely,
antheraxanthin is converted back to violaxanthin by epoxidations under low irradiance conditions,
by zeaxanthin epoxidase. The conversions need ascorbate as a cofactor and protons are consumed
for the conversion from violaxanthin to zeaxanthin (Taiz et al. (2015)). Low lumen pH is the
consequence of a high electron transport activity and thus high light absorption. Thereby, the
xanthophyll cycle is regulated by the protein PsbS (that interact with some LHCII proteins), it-
self regulated by protons as a function of light irradiance. This prevents light to be dissipated in
low-light conditions (Demmig-Adams and Adams (1996) and Jahns and Holzwarth (2011)). The

cycle is regulated through changes in (1) total VAZ xanthophylls concentration and (2) conversion
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rates, regulated by lumen pH (which is an indicator of the ETC activity) and ascorbate among
other factors (Eskling and Akerlund (1998)).
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Figure 1.10: An overview of lutein (blue) and VAZ (red) xanthophyll cycles.
Adapted from Garcia-Plazaola et al. (2007).

The lutein cycle In the same way of the VAZ cycle, epoxidized lutein is associated with low
ligh, whereas the carotenoid is de-epoxidized with high irradiance (Jahns and Holzwarth (2011)).
Interconversion is probably catalyzed by the same enzymes as those of the VAZ cycle (violaxanthin
de-epoxidase and zeaxanthin epoxidase). This carotenoid is probably able to play a role in NPQ
(quenching of 'Chl*) (Garcia-Plazaola et al. (2007)). Contrary to the VAZ cycle, it is not found
in all plant species (Esteban et al. (2009)).

1.3.3 Analysis of photosynthesis by fluorimetry

Since chl a fluorescence is inversely proportional to photochemistry, its analysis by fluorimetry
provides some valuable information (Silva et al. (2009)). It is a powerful and non destructive
method used to assess the photosynthetic apparatus state (White and Critchley (1999), Schreiber
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(2004), and Ralph and Gademann (2005)). Chl a fluorescence is emitted mainly by PSII (Muller
(2001)). The technique is based on the measurement of fluorescence intensity induced by exposition
of the plant sample (a leaf usually, at least a photosynthetic organ) to light. This can be carried
out on samples adapted to dark or adapted to light. Measurements obtained on these two kinds
of samples are to be interpreted in a different way because the photosynthesis apparatus gets
acclimated to light intensity.

Fluorimetry enables to obtain instantaneous measurements of photosynthesis quantum yield
(maximal yield for dark-adapted tissues or effective yield for light-adapted tissues), to realize P /I
curves (Photosynthesis-Irradiance curves) and RLC (Rapid Light Curves) to estimate several
parameters of photochemical and non-photochemical quenching. This method is convenient and
easy for in situ measurements, in contrast to oxygen-based measurement approaches that have
been used for a long time (Silva et al. (2009)).

Quantum yield Among many parameters unraveled by fluorimetry, chlorophyll quantum yield
of PSII (®pgry or Y(II)) is of great interest?. It is the fraction of absorbed light that is re-emitted
as fluorescence (see figure 1.9 and section 1.3.1). That is a good proxy for the proportion of open
PSII reaction centers (Ralph et al. (2002)).
Chlorophyll quantum yield can be quickly measured by exposing the photosynthetic tissue to
a short sequence of light flashs. First, a very weak light (~ 0.1 pmol photons m=2.s7!) illuminates
a dark-adapted sample. This is used to measure the minimal chlorophyll fluorescence intensity Fy,
without inducing photosynthesis (light intensity is too weak) (Ralph and Gademann (2005) and
Schreiber (2004)). In this situation, all photosystems are oxidized and therefore fully available for
electrons transport. Then, a short saturating pulse (~ 10* pmol photons m=2.s7!) closes all photo-
systems (they switch to reduced state). The resulting fluorescence intensity F,, is maximal; total
fluorescence is quenched only by non-photochemical quenching because photochemical quenching
is prevented by PSII closure (Ralph and Gademann (2005) and Schreiber (2004)). Figure 1.11
shows the variation of chlorophyll fluorescence intensity in a measurement of chlorophyll quantum
yield. The difference between maximal fluorescence (F,,) and minimal fluorescence (F) of samples
adapted to darkness is written F,. The ratio F,/F,, is the maximal quantum yield, calculated
with equation 1.1. FoE
: m — 10
Mazx yield = T
The effective quantum yield of samples adapted to light is given by equation 1.2 (Ralph and
Gademann (2005)).

(1.1)

F' - F
E,

Y(II) = (1.2)

2Tt is also possible to measure a quantum yield for all light reactions steps (Beer et al. (2014)), but it will not
be described in this work.
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Figure 1.11: Variation in chlorophyll fluorescence during a measurement of chlorophyll quantum
yield.

ML : weak modulating light; SP: saturating pulse; AL : actinic light; FR : far red light; Fq : fluorescence
minima (DA); F,,, : fluorescence maxima (DA); F' : fluorescence minima (LA); F,,," : fluorescence maxima
(LA). From Mishra (2018).

Quantum yield in seagrass Photosynthesis acclimatization in response to varying light irra-
diances has been investigated in some seagrass species, like Zostera marina. Ralph et al. (2002)
revealed the dynamics of fluorescence parameters and of the VAZ xanthophll cycle in this species
(figure 1.12). NPQ and maximal quantum yield are proportional and inversely proportional to
irradiance, respectively (A-B). Moreover, light induces the conversion of violaxanthin to antherax-
anthin and zeaxanthin (C-D). Experimental transfer from high light to low light and the opposite
show the same patterns fluorescence parameters and xanthophyll pigments in relation to light

(Ralph et al. (2002)).
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Figure 1.12: Variations in chla a fluorescence parameters and VAZ xanthophylls concentration in Z.
marina.

(A) Irradiance (umol photons m=2.s7); (B) Chl a fluorescence parameters; (C) VAZ concentration; (D)
Relative VAZ concentration (EPS=(Z+0.5A)/(V+A+Z)). From Ralph et al. (2002).

P /I curves and RLC

Besides the one-time measurement of chlorophyll quantum yield, analysis of its evolution while the
photosynthetic tissue is exposed to increasing light intensities interspersed with saturating pulses
gives additional information on the photosynthetic apparatus. Two kinds of curves are used that
differ by the time interval length between each saturating pulse. In the case of P/I curves, the
time interval is long (typically several minutes). This allows acclimatization of the photosynthetic
apparatus before each new saturating pulse. Their interpretation allows to assess the plant ability
to perform photosynthesis on a broad range of light intensities (Ralph and Gademann (2005)). On
the other side, saturating pulses frequency is high (a few seconds between each pulse) for RLCs.
As a consequence, the plant does not have enough time to become acclimated to the increasing
light intensity before the next saturating pulse. Thus, these curves rather give information about
photosynthetic apparatus ability to cope with rapid light intensity fluctuations (Ralph and Gade-
mann (2005)). However, the interval length must be long enough so that each saturating pulse
has no impact on the next fluorescence measurement (Ralph and Gademann (2005)). Figure 1.13
illustrates the evolution of chlorophyll fluorescence intensity through a RLC and figure 1.14 shows
an example of RLC.
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Figure 1.13: Example of a RLC on a light-adapted leaf.
LL : low-intensity light; SF: saturating flah (pulse); AL : actinic light; F,," : maximal fluorescence
(light-adapted). Values written at the base of each fluorescence intensity peak are increasing actinic light

intensities. Frequency of saturating pulses is 0.1 Hz. From White and Critchley (1999).
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Figure 1.14: Example of a RLC on a P. oceanica leaf in the 15% shading treatement of the experiment
of this master thesis, on 6 April 2018.
On the x-axis, PAR values; on the y-axis, electron transfer rate. «, |, and ETR,,, parameters are drawn for

two regression models (REG1 and REG2).

After recording of the values of Y(II) on the defined PAR scale (photosynthetically active
radiation, that is the light intensity only for wavelengths used in photosynthesis; also called PPFD
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(photosynthetic photon flux density)), the electron transfer rate (ETR) is estimated on the basis
of Y(IT) and PAR, with equation 1.3. AF is the absorption fraction, that is the fraction of photons
absorbed by the leaf. It varies among species (White and Critchley (1999)) and is sometimes
difficult to assess. In the latter case, the relative ETR (rETR) is calculated with equation 1.3
from which AF and 0.5 are removed (Ralph and Gademann (2005) and Beer et al. (2014)). 0.5
assumes that 2 photons are required for each electron (Ralph (1999)).

ETR=Y(II) » PAR * 0.5 » AF (1.3)

RLC and P/I curves can be modelled using non-linear regression. Two models have been
described, initially on phytoplankton. A first one assumes the existence of photoinhibition (i.e.
decreasing of chlorophyll quantum yield at high irradiances) (REG1, described by Platt et al.
(1980)) whereas another does not rely on this assumption (REG2, Jassby and Platt (1976)).
Then, several parameters are calculated on the basis of the RLC regression curves.

« is the curve initial slope, which corresponds to the relation between photosynthesis efficiency
(whose proxy is ETR) and PAR, when light is still the limiting factor for photosynthesis. ETR,,
is the maximal electron transfer rate reached, before its decrease due to photoinhibition. I; (also
called Ej) is the minimal saturating light intensity, which matches with light intensity value at
the intersection between ETR = a and ETR = ETR,,, * PAR.

RLCs are particularly adapted to investigate seagrass photosynthesis, since these species are
exposed to important and rapid light variations, as explained earlier. These curves can reveal
how fast they can cope with light variations (Ralph and Gademann (2005)). For example, RLCs
has been used to investigate Z. marina photosynthesis from dawn to dusk (Ralph et al. (2002)).
ETRm is not maximal when light irradiance reachs its maximal value, but rather with intermediate
irradiance values (figure 1.15). That illustrates light-saturation of photosystems and therefore non-

photochemical quenching.
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Figure 1.15: RLCs on Z. marina leaves throughout the day.
From Ralph et al. (2002).

1.3.4 Products of photosynthesis and primary production

Allocation of carbohydrates In low-light conditions (to which P. oceanica is usually exposed),
the carbon balance between inputs from photosynthesis and outputs through respiration has to
be tightly regulated. Moreover, allocation to the various plant organs must be optimal with
the available carbohydrates (Burke et al. (1996)). As underlined by Alcoverro et al. (2001), the
understanding of carbohydrates allocation is crucial to have a grasp of seasonal plant dynamics and
response to various environmental factors. P. oceanica is furthermore a plant whose the majority
of biomass is underground and therefore not photosynthetic; the carbon balance of this biomass
is always negative. It has been shown that carbon allocation is the highest in rhizomes (Alcoverro
et al. (2001)).

Maximal nonstructural carbohydrates values in all organs are found through summer, whereas

the minimal values are in spring.

Primary productivity of P. oceanica Several approaches are used to study primary produc-
tivity in seagrass (either the seagrass only or the whole meadow ecosystem). Lepidochronology,
as mentioned earlier, is a powerful tool that provide some valuable information on the seagrass
past growth dynamics (Pergent et al. (1989)). Otherwise, primary production can be estimated
by marking the leaf at the base and measuring, after a certain time of growth, the distance be-
tween the mark and the new base (that is possible since leaf growth is acropetal) (Zieman (1974)).
Quantification of the net community production on the basis of Oy production is used for the
whole ecosystem, therefore including macro- and microalgae, photosynthetic epiphytes and phy-

toplankton besides P. oceanica (used e.g. in Champenois and Borges (2012) and Champenois and
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Borges (2018)). Regarding P. oceanica only, the gain in carbon (by photosynthesis) is close to
zero through winter (global carbon balance being negative) and is maximal in summer (Alcoverro
et al. (2001)).

A survey of 10 years of the meadow primary productivity at 10 m in Revellata Bay (Corsica)
was carried out by Champenois and Borges (2018). They show that the meadow is a net producer
of biomass (net primary productivity is 23 + 23 mol Oy m=2.y~!) and its gross primary productivity
is 87.7 + 18.4 mol Oy m=2.y~1. They observed an important variability between years, essentially
explained by solar radiation. Duarte et al. (2010) reviewed primary productivity data of several
seagrass species. The mean of all species is about 80 mol Oy m=2.y~!, even if the mean for
temperate species only is lower (about 60 mol Oy m=2.y~1).

Seagrass beds are estimated to contribute to about 1-10% of net primary production in oceans,
with a productivity of 394-449 g carbon m=2.yr~! (Duarte (2017)). Assuming the total P. oceanica
surface of 1.2 million ha estimated by Telesca et al. (2015), the species would produce between 4.7
and 5.4 million tons of biomass each year.

Given the accumulation of organic matter in the matte, the meadow ecosystem is a carbon
sink. The stored carbon originates from photosynthetic tissues production as well as organic
carbon particles trapped from the water column by leaves (Kennedy et al. (2010)). It is estimated
to account for about 15-30% of the net primary production of this species (Personnic et al. (2014),

see section 1.3.4).

1.4 Light attenuation on P. oceanica

Decrease of light intensity is one of the main threats to which P. oceanica is exposed. This
seagrass is particularly sensitive to eutrophication since its meadows are low nutrients high chloro-
phyll ecosystems (the Mediterranean Sea is overall oligotrophic) (S. Gobert et al. (2002)). It
means that the plant is adapted to grow in a water poor in nutrients and, despite that, yield-
ing a high biomass. However, eutrophication causes phytoplankton blooms (whose frequency has
steadily increased for more than 25 years) and a more important epiphytes load, both factors that
decrease light availablity for the plant’s photosynthesis (Alcoverro et al. (2001)). The Mediter-
ranean Sea is today subjected to eutrophication that results from industrial waste, sewage and
agriculture runoff (Karydis and Kitsiou (2012)). As mentioned earlier, light seems to be an impor-
tant factor for P. oceanica primary production (Champenois and Borges (2018)). Growth rate and
epiphytes biomass have been observed to decrease in shading experiments (e.g. Ruiz and Romero
(2001)). A decrease in light intensity could cause a shift in seagrass meadows from autotrophic to
heterotrophic ecosystems because the primary productivity would not be enough to balance the
respiration rate (Gacia et al. (2012) and Alcoverro et al. (2001)).

Two kinds of surveys from which conclusions about the effect of light on P. oceanica can be
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Reference Depth Ky % I, above screens Shading % I, below screens
Ruiz and Romero (2001) 9.5m  0.11 m™! 35 70% 10.40
40% 16.7
99% 1
Serrano et al. (2011) 5 m / / 90% 10
80% 20
98% 1.14
88% 6.87
81% 10.87
. o 79% 12.02
Gacia et al. (2012) 6m 0.093 m 57 69% 17.74
24% 43.50
18% 46.93
8% 52.66
60% 8.93
This work 15m 0.10 m! 22 30% 15.62
15% 18.97

Table 1.1: Review of shading levels used in three P. oceanica light deprivation experiments. K, :
light attenuation coefficient; I;: Surface irradiance. Values in bold are similar to the shading levels
tested in this work. K; for STARESO was assumed to be 0.1.

draw have been performed so far. Either the meadow is experimentally shaded in situ at a given

depth, or parameters are studied along the bathymetric gradient.

1.4.1 In situ shading experiments

Other experiments that has aimed to shade P. oceanica meadows were not performed at the same
depth (see data in table 1.1). Our experimental shading was installed deeper than the shading that
has been tested so far (5 m, 6 m , 9.5 m), at 15 m (usually the reference depth for ecophysiological
studies, Personnic et al. (2014)). Aquatic plants display depth-related adaptations, especially
towards light and temperature (Genot et al. (1994)). Therefore, different physiological and primary
production responses are expected for similar shading provided at different depths.

Two hypotheses can be formulated regarding light adaptation.

1. Deep-growing shoots are strongly adapted to low light conditions. Then, a decrease in light
intensity would be less harmful than for plants adapted to high light conditions.

2. Deep-growing plant are, although better adapted to low light than shallow-growing plants,
close to the compensating irradiance, thus more sensitive to light deprivation. This leads
to a second question. Regarding comparaison of shading experiments conducted at different
depths, is it more relevant to consider shading (1) as the relative decrease in light intensity

for a given depth or (2) as the absolute irradiance to which plant are exposed? In the first
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case, a 40% shading at 5 m is considered to be similar to a 40% shading at 15 m, even tough
the incident irradiance is much higher at 5 m. In the latter, a 40% shading at 5 m will be
considered similar to a much lower shading at 15 m, given the strong exponential decrease

in light intensity with depth especially at shallow depths.

Comparison of our results with these three studies conducted at different depths could be infor-
mative. Table 1.1 lists the shading levels used in the three experiments, expressed as % of surface

irradiance. These results are discussed in the discussion sections.

1.4.2 Bathymetric studies

Some research has been conducted on several seagrass species along the bathymetric gradient
(e.g., Via et al. (1998), Silva and Santos (2003), Collier et al. (2008), and Dattolo et al. (2013)).
Results showed variations in shoot density and biomass, photosynthetic surface, pigments content,
epiphytes cover, photosynthesis and variation in many genes expression. Light intensity is the
main driver of this gradient. Via et al. (1998) describes three kinds of gradients that affect light

availability in water, particularly for benthic organisms.

1. Light is absorbed by water; its intensity decreases exponentially with depth (Beer et al.
(2014)).

2. Light spectrum changes because some wavelengths are more absorbed by water than others.
High wavelengths photons are the most absorbed by water, their availability is thus strongly
reduced in increasing depths. Light quality is associated with variations in antenna pigment
content (Via et al. (1998) and Croce and Amerongen (2014)).

3. Besides the water absorption-related decrease in light intensity, variations in shoot density
along the gradient modulate autoshading of shoots (i.e. leaves shaded by other leaves) (Via
et al. (1998)).

Furthermore, other parameters than light shape the depth gradient.

1. Temperature, that is a key parameter for respiration and photosynthesis rates (Champenois
and Borges (2012)), decreases with depth.

2. Waves cause more disturbances in shallow meadows, promoting dead organic matter ex-
portation and therefore decreasing the respiration rate (as a consequence of organic matte
decay) in the meadow (Mateo and Romero (1997)) The absence of storms in autumn/winter
period has been linked to a decrease in primary production as a consequence of organic
matter accumulation that shades the meadows-associated primary producers and promotes

respiration (Champenois and Borges (2012)).
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3. Shoots show some local genetic adaptation along the depth gradient (Procaccini et al. (2017)
and Jahnke et al. (2018))

The experiment conducted for this work is free of these confounding factors since all light treat-
ments were applied at the same depth (15 m).

There is seemingly a lack of information about P. oceanica (and other seagrass) response to low
shading. Duration of the experiment is variable between papers, with several month for Ruiz and
Romero (2001) and Serrano et al. (2011) whereas Gacia et al. (2012) carried out the experiment
on three weeks. To my knowledge, among the feasible combinations between shading intensity

and experiment duration, low shading on a long period of time has not been investigated yet.

1.5 Objectives of this work

This study was conducted in the framework of a hypothetical future global decrease of light
intensity in the Mediterranean Sea (Boudouresque et al. (2009)). It aims at understanding how P.
oceanica responds to low to moderate light deprivation over its seasonal growth cycle. The response
to shading treatment was monitored through the analysis of several biomarkers: pigments content,
photosynthetic activity, carbohydrates, shoot biometry and primary production are analyzed. To
reach this objective, nine square meters of healthy P. oceanica meadow in Corsica were shaded
with screens at several shading levels (0%, 15%, 30% and 60%) between April and August 2018

over the almost overall growing cycle of the plant.



Materials and methods

2.1 Experimental site

The experiment was carried out in the Posidonia oceanica meadow that spreads next to STARESO
(Station de Recherches Sous-Marines et Océanographiques) oceanography station located at the
north-west of Corsica, at the end of Revellata Cape, in the Gulf of Calvi (42.5804°N, 8.72407°E)
(Fig. 2.1).

This Posidonia meadow is described as dense — 400-430 shoots m~=2 at 10 m depth (Richir et al.
(2013) and Champenois and Borges (2018)) — and productive. Waters in th Gulf of Calvi are clear
and oligotrophic water (S. Gobert et al. (2002)). The marine environment of the Gulf of Calvi is

considered as in a good state of conservation (Gobert et al. (2009)).

[T waped imiss
Bathyrfitry (every 5 meters)
Terestrial part (SHOM Histolit V2)

Habitats legend
EUNIS Habitats Classification Punta Spano

Soft sedimerits bottom
- Mediterraneati communities of infralittoral algae .

Figure 2.1: Localization of STARESO.
From Openstreetmap (left) and Gobert et al. talk, 2015 (right)
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2.2 Study area

The meadow was shaded with white plastic screens (n = 1 by treatment). Three squares by 3x3
m were cut in polyethylene screens of different transparency (Alphatex by multimailles, ConsoRex
white, SupraTex white and EdiTis white). About 85%, 70% et 40% of incident light crosses the
screens, respectively. They were deployed at 15 m depth, maintained at 2 m above the sediment
with eight vertical metal poles and four horizontal ones (fig. 2.2). A non-shaded portion of meadow
was used as control. The 15 m depth is assumed to be representative of the whole depth gradient
of P. oceanica habitat, and is considered as the optimal depth for growing for this species in the
north-west Mediterranean Sea (Personnic et al. (2014)).

Weekly to fortnightly, the screens were cleaned of the epiphytes (handly brushed) that rapidly
grew on it, in order to keep the shading level at a constant value. Plastic nets were replaced twice

by new ones.

2.3 Experimental design and field work

The experiment was carried out between April 2018 and August 2018. Measurements and sam-
plings were carried out monthly, once or three times on 10 days, depending on the parameter.
Samples were taken back at STARSEOQ, transported in black plastic bags and stored at -20°C.
Biochemical and biometry analyses were further conducted in Belgium, at the University of Liege
(Chemical Oceanography Unit and Bioenergetics lab) and the University of Louvain-la-Neuve
(Research Group in Plant Physiology). Biochemical (except carbohydrates) and photosynthetic

activity analyses were performed on the middle section of the 3¢ intermediate leaf. Biometry

Figure 2.2: Screen used to shade the meadow
©J. Richir
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analyses were performed on the whole shoots.

2.4 Environmental parameters

PAR was recorded contiuously (every minute) during the experiment, with a miniPAR logger
(PME, Inc.) for photosynthetic active radiation at the control treatment. Light under experimen-
tal shading treatments was recorded with Odyssey loggers (Odyssey Submersible Photosynthetic
Active Radiation Logger, Dataflow Systems Ltd) every 10’ and calibrated against the miniPAR
logger. HOBO loggers (HOBO Pendant Temperature/Light Data Logger, Onset Computer Cor-
poration) recorded continuously (every 10°) the temperature and light intensity (Lux) under each
screen and at the control. Only the temperature and light data corresponding to the 11:00 - 14:00
time window, i.e., corresponding to around midday photosynthetic activity measurements, were
considered and averaged. Loggers were located at the center of the nine m? shaded area, fixed just

above the meadow canopy on vertical metal poles.

2.5 Laboratory and in situ analyses

2.5.1 Pigments

About 50 mg of fresh leaves was cut into small pieces into capped tubes. After addition of an
iron ball, the tubes were frozen in liquid nitrogen and ground in a mixer mill (MM 400, Retsch
GmbH) at 25 Hz for 5 minutes. 1.5 mL of 100% acetone was then added to ground samples.
After homogenisation, the iron balls were removed from capped tubes. The tubes were put on
a shaker for 45 minutes for pigment extraction. After centrifugation (17,000 g, 5 minutes), the
supernatant was removed and stored at -28°C. Grinding and extraction were performed a second
time, but with small-sized glass balls in 1.5 mL 100% acetone. After centrifugation, the second
supernatant was pooled with the first one. The extract was stored at -80°C until HPLC analysis.
All previous steps were performed either on ice or in a cold room and always in light conditions
as low as possible to prevent pigment degradation. Pigments were analyzed by high performance
liquid chromatography (HPLC). The reverse-phase HPLC used for the pigment analysis is made
up of a Waters pump 600E, an autosampler Waters 717, a Waters 2996 photodiode array detector
and a Waters fluorescence detector (Waters Corporation, The Netherlands). The column used is
Nova Pack C18 HPLC. Three solvants were sequentially used: methanol 80% /ammonium acetate
20 %, acetonitrile 90 % /water 10 % and then ethyl acetate. 10 pL of 100% acetone extract
were injected. Retention time and absorbance spectrum were analyzed for peaks identification.
Concentration of pigments were determined from previous calibration curves of reference samples.
Chlorophylls @ and b, lutein, pf-carotene, zeaxanthin, antheraxanthin and violaxanthin were

quantified. Concentrations are expressed as mg.kg~! fresh weight.
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2.5.2 Photosynthesis

Photosynthetic activity measurements were performed, either in situ in the meadow for Y(II),
F,/F,, and RLC or on samples brought back to the station facilities for PI curves. The Diving-
PAM II (Heinz Walz GmbH, Germany) was used for all photosynthetic activity measurements.
At dawn (05h00 - 06h00), F,/F,, of overnight dark-adapted leaves samples was measured in situ
(n = 6) and these leaves were cut close to the base with cisors and taken back in the laboratory
for P/I curves (n = 3). The time interval of each light step (between 0 and 400-800 pmol photons
m~2.s7!, before photoinhibition) was set to 3 minutes. Around midday, Y(II) (n = 3) of light-
adapted leaves was measured in situ (also on the middle section of the third leaf), as well as
rapid light curves (n = 3). The time interval of each light step (between 0 and 400-500 pmol
photons m=2.s7! before photoinhibition) was set to 30 seconds. The measurements of Y (II) and
RLC were performed on leaves in their natural position in the water column, i.e., at the vertical.
The leaves used for P/I curves and RLC were frozen (-20°C) for further pigment analysis. The
measurements of photosynthetic activity were replicated 3 times for each treatment each month.

Three parameters are derived from RLC and PI curves, plotted as ETR against irradiance («,

ETR,, and I).

2.5.3 Carbohydrates

About 100-150 mg of fresh growing rhizome tip (n = 6) was cut into small pieces and ground in
capped tubes with an ceramic ball in a mixer mill (MM 400, Retsch GmbH) at 30 Hz for 4 minutes
(30 Hz, 8 x 30” with freezing in liquid nitrogen between each 30” run). Soluble carbohydrates were
extracted successively in 10, 5 and 5 mL 80% ethanol, respectively, at room temperature for 15’.
Each extract was centrifugated (6654 g, 10’) and the three supernatants were pooled. The pellet
was stored at -20°C for starch extraction. 200 pL of 5% w/v phenol and 1 mL of 95% sulphuric
acid were added to 200 pL of extract. These reactants transform soluble carbohydrates into yellow-
orange furan derivatives that are stable with phenol (Nielsen (2010) and DuBois et al. (1956)). The
solutions were homogenized, left at room temperature for 10°, then homogenized again. Coloration
developed for 30°. Total soluble sugars concentration was quantified spectrophotometrically (UV-
1800, Shimadzu Corporation) at 490 nm, on the basis of a calibration curve of D(+)-glucose -
1H50 (0-150 mg.L-!, fig. 6.2). Each sample was read three times; the mean of these values was
kept. Starch in pellets was hydrolyzed with 8 mL 1M HCI for 2 hours in a 95°C shaking water
bath and homogenized every 20 minutes out of the water bath. Extracts were cooled in room
temperature water, then neutralized with NaOH (10, 1 and 0.1M) in a 25 mL becher using a
pH-meter. Neutralized extracted volume was adjusted to 25 mL with deinonized water, then
centrifugated (6654 g, 10’). 10 mL of supernatant were removed and stored in the fridge at 4°C.

Starch was measured as soluble carbohydrates through spectrophotometry on the basis of the same
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protocol as for soluble carbohydrates.

2.5.4 Biometry

Once a month, P. oceanica shoots were sampled in each treatment (twice in April, at tg and 7 days
later; n=6/10). Samples were analyzed for biometry according to the method of Giraud (1979).
For each shoot, leaves were detached from the rhizome, separated and counted, then sorted from
the oldest (outside the shoot) to the youngest (inside the shoot). The developmental stage of each
leaf was identified (juvenile if <50 mm length, intermediate if >50 mm without a marked base,
adult if >50 mm with a distinct petiole). For each leaf, total length, width and petiole length, if

present, was measured. Total leaf surface was estimated with equation 2.1.
Sur face = mean(width) =y length; (2.1)

The A coefficient was calculated as the frequency of torn or grazed apexes. Epiphytes were removed
on both sides with a razor blade (Dauby and Poulicek (1995)). Shoot samples for biometry has
been marked for primary production measurements. Each month, a hole was pierced through
all leaves, a few milimeters above the ligula (Zieman (1974)); these shoots were identified with
capped tubes used as floats. When leaves were sorted during dissection, the distance between the
original hole location (estimated fot the oldest leave, that did not grow) and the new hole location
for growing leaf tissue was measured. Growing distances, i.e., new tissue produced, correspond
to the net primary production of shoot leaves during the past month. These monthly primary
production segments of all leaves were pooled for each shoot. Dissected tissues, i.e, epiphytes,
primary production leaf segments and remaining leaf tissue, were transferred to suitable pre-
weighted glass or plastic vials. They were dried at 60°C for at least 48 hours and weighted again
for dry weight determination. Presence of dead matte was checked at the end of the experiment

(August 2018) and in spring (May) and winter (December) of year 2019.

2.6 Statistical analyses

Relationships between response variables: pigments, photosynthetic activity, biometry and carbo-
hydrates were explored using Spearman’s rank correlation coefficient (Pearson (2001) and Schober
et al. (2018)). The interpretation of the meaning of the Spearman’s rank correlation coefficients
was from Fowler and Cohen (1990). Relationships between response variables and potential ex-
planatory variables time and treatment where analysed using median linear regression (quantile
regression, Cade and Noon (2003)) and restricted cubic spline regression (Gauthier et al. (2019)).
Predictions from models of response variables over time are plotted on graphs with their 95%

confidence interval. Model selection is based on the knowledge of P. oceanica ecophysiological
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cycle, fitting of response variable predictions and comparaisons of model AIC values.

Quantile (including median) regression presents several advantages for environmental data:
it is robust to outliers; avoids parametric distribution assumptions; estimates rates of change
in all parts of the response variable distribution and is invariant to monotonic transformations
(Koenker and Bassett (1978); Cade and Noon (2003)). Cubic spline is essentially a piecewise
cubic polynomial. Cubic polynomials have been found to have nice properties with good ability
to fit sharply curving shapes. Cubic spline is made to be smooth at the join points, called knots.
A restricted cubic spline has the additional property that the curve is linear before the first knot
and after the last knot. The number of knots used in the spline is determined by the user, but in
practice five or fewer knots are sufficient (Gauthier et al. (2019) and Harrel (2015)). In the present
study, we used 3-4 knots either as free parameters, either fixed a priori on the basis of the natural
annual cycle of parameters (with the help of others works on the ecophysiology of P. oceanica
conducted over more than 1 year if available or use of the control treatment of this experiment).

P. oceanica third leaves collected for pigment analysis were sampled either at dawn, during
F,/F,, measurements, either at midday, during Y (II) and RLC measurements. Student’s t-test or
Wilcoxon signed-rank test (depending on normality and homoscedasticity) conclude that difference
between light- and dark-adapted samples strongly depend on time and shading level. The difference
in pigments content is particularly marked in June. Because most (72%) tests were non-significant,
pigment concentrations could be grouped by date and treatment regardless of the time of day.

Finally, two grouping methods permitting the information synthesis contained in all response
variables were performed: principal component analysis (PCA) and ascendant hierarchical clas-
sification (cluster analysis). Samples were clustered using Ward’s method (Euclidean distance
between objects as measure of similarity) (Zar (2010)).

The significance level alpha was set to 1% to reduce Type I error.

The statistical analyses was performed in RStudio version 1.2.5019 (RStudio Team 2016), using
R’s base functions and functions of packages ‘quantreg’ (Koenker) and ‘rlm’ (Harell)

Values are presented as mean + standard deviation, replicates number is precised in figure

captions. All variables are plotted in superposition to PAR.



Results

3.1 Environmental parameters

Overall, there is a steady temperature increase between April and August of about 0.10°C day~!.
Maximal temperature was reached on 9" and 10" August, with 28.4°C in all treatments. Minimal
temperature was recorded on 5 and 6 May, with 13.8-13.9° in all light conditions. There is no
difference in temperature throughout the studied period between treatments (fig. 3.1); the mean
over the experiment period is 20.9°C.

Light intensity (in lx, fig. 3.1) and photosynthetically active radiation (pmol photons m=2.s7!,
fig. 3.1) both follow a concave curve, with maxima of 13376 1x on 30" June (control), 12170 Ix on
265! July (shading 15%), 8295 Ix on 17 June (shading 30%), 554 Ix on 175t June (shading 60%)
for HOBO records. Maximal values for PAR are 505 pmol photons m=2.s7! on 305! June (control),
444 pmol photons m=2.s7! on 18% June (15% shading), 303 pmol photons m=2.s7! on 185 June
(30% shading), 239 pmol photons m=2.s7! on 18 June (60% shading).

Mean light intensity over the season was calculated; values are reported in table 3.1. It turns out
that, relative to control, theoretical 60% shading treatment is 54-56% (PAR and Ix respectively)
shading, 30% shading is 43-40% and 15% shading is 31-14% shading. The 31% average shading for
15% shading treatment was corrected using calibration of 30% and 60% shading loggers (see fig.
3.1 and table 3.1). A shading of 14% was estimated, close to the expected 15% shading. Despite
these small differences between the theoretical and measured light intensity, the shading levels will

be considered further as nominal shading factors 15%, 30% and 60%.
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Temperature and illuminance

Temperature [°C]

Photosynthetically active radiation

400

PAR [umol photons m-2 s-1]

Shading — control — 15% shading
level

30% shading

60% shading

Figure 3.1: Environmental parameters.
(Top) Temperature and light intensity [Ix] recorded by HOBO loggers; (Bottom) Photosynthetically active
radiation (PAR) recording by Odyssey loggers (except a PME logger for control treatment) (pmol photons

m~2.s71). Recorded data for the 15% treatment are in dotted lines, recalibration of the logger with the other

ones is in solid lines. Each daily point is the mean over the 11h00-14h00 period.

20000

15000

10000,

[xn] @oueUIWNY|

5000

Light intensity (Ix,

PAR (pmol photons

cd.sr.m=2?) m-2.s71)
Treat. Mean Shad. % Mean Shad. %
Control 2850 0% 117 0%
Shading 15% 2457 14% 99 (31%) 15%
Shading 30% 1699 40% 66 44%
Shading 60% 1252 56% 52 55%

Table 3.1: Expected and observed shading levels.

Light intensity and PAR values are means over the experiment. They are expressed as raw data and

34

percentage of control treatment. The PAR shading percentage in 15% shading (31%) was corrected using
calibration of the Odyssey loggers used in the other treatments.
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3.2 Pigments

All pigment concentrations decrease throughout the experiment period, except for antheraxanthin,
for which the amount of null concentrations (50-60% of measurements in every treatments) makes
data difficult to understand (fig. 3.2). The most abundant pigments are chlorophylls with several
thousands of mg kg, (minimum and maximum of chlorophyll @ concentrations are 1131 + 94
mg. kg, in August, 15% and 3226 + 544 mg.kggy,, in April, 30% respectively; minimum and
maximum of chlorophyll b concentrations are 548 + 52 mg kg4, in August, 15% and 1467 + 234
mg. kg, in April, 30% respectively) whereas antheraxanthin was detected at concentrations less
than 5 mg.kgyy, (between 0 mg.kgzy,, (many dates and treatments) and 3.12 + 1.73 mg kg, in
April, 30%). Zeaxanthin was never detected. Violaxanthin concentrations range between 35 + 5.4
mg.kgzy,, (July, control) and 128 + 21 mg.kg;, (April, 30%). Total VAZ concentrations are similar
to violaxanthin concentrations because zeaxanthin was not detected and antheraxanthin is more
than ten times less concentrated. Lutein concentrations are between 121 + 3 mg.kg i, (August,
15%) and 325 + 59 mg.kgzy, (April, 30%). [5-carotene concentrations range between 33.6 + 10
mg.kgry, (June, 60%) and 101 + 36 mg.kgy, (April, 15%). Difference between treatments are
rarely significant, with a few exceptions (weak difference of 60% shading for chl b and lutein, see
table 6.3). The temporal rate of decrease of the Chl a/Chl b ratio seems to differ slightly between
treatments.

There is a global trend for a higher content in pigments in leaves sampled at midday compared

to those sampled at dawn, with the exception of violaxanthin and antheraxanthin.
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3.3 Photosynthetic activity

3.3.1 Photochemical quantum yield

Figure 3.3 shows that F, /F,, is roughly constant (between 0.72 + 0.00 on 24 August, 15% shading
and 0.80 + 0.0037 on 9 April, 60% shading) throughout the growing period. Y(II), however,
follows a convex curve (fig. 3.3, p < 0.01 for time effect), with a minimum in summer (20 July,
control treatment). The curve becomes progressively flatter with increasing shading level (showing
a similarity with light intensity pattern). 30% and, to a lesser extent, 60% shading treatments
are statistically different from the others (p = 0.059 for the increasing segment, p = 0.080 for the

decreasing one). F,/F,, does not show any difference between treatments.

3.3.2 Photosynthesis-Irradiance curves

P/I curves are similar between treatments throughout the experimental period (fig. 3.3) for all
parameters. Alpha increases slowly from April to August, from 0.2 to 0.3 pmol e~ pmol photons™!,
but the slopes are not significantly different from 0 (fig. 6.5). I shows a maximal value in summer
(p = 0.082 for the first restricted cubic spline segment, p = 0.088 for the second one), which is
particularly marked for 15% and 30% shading treatments, whereas ETR,,, shows a steady increase
(but not significantly different from a slope of 0) until its maximum in July before decreasing in
August (not significant as well). I ranges between 30 and 90 pmol photons s™' m=2 and ETR,,

ranges between 10 and 35 pmol e~! s71.

3.3.3 Rapid light curves

The shading treatments seem to have slightly influenced RLC parameters (fig. 3.3), but no signif-
icantly (table 6.5). Alpha increases towards a stronger shading but is roughly constant through
time within a treatment (no significant differences, p > 0.8 for both slopes of segments predicted
by restricted cubic spline). Ij values show a maximum in June, with the exception of the strongest
shading, for which the maximum occurs earlier, in May (p < 0.001 for time effect, but no differ-
ences between treatments). ETR,, is higher under higher irradiances (p < 0.001 for time effect, no
shading effect). In comparison to P/I parameters, RLC parameters are larger. RLC alpha ranges
from 0.25 to 0.45 pmol e s~ pmol photons s™t m~2, I;, ranges from 25 to 250 pmol photons s=!
m~2, ETR,, ranges from 10 to 70 pmol e ! s71.
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3.4 Correlations within and between pigments and photo-

synthetic parameters

On one hand, pigment contents correlate strongly to each other (often > 0.9, Spearman’s rho
coefficent), for dark-adapted samples as well as for light-adapted samples (figs. 6.6, 6.7), with the
exception of antheraxanthin that shows no correlation in light-adapted samples. F,/F,,, alpha
and ETR,, do slightly correlate with lutein and chlorophylls in dark-conditions. However, only
ETR,, and I} shows a correlation with these pigments in light conditions.

The correlation circles (outputs of a principal component analysis) show that, for both light-
and dark-adapted samples, pigments are grouped together except for antheraxanthin that, more-
over, does not explain much variance (figs. 6.8, 6.9). RLC parameters are orthogonal to pigments.
I, and ETR,, are together, anti-correlated to Y(II) in light-adapted samples, whereas ETR,,,
I, and alpha are roughly toegether in dark-adapted samples, against F,/F,, that explains few

variance.
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3.5 Carbohydrates

Soluble carbohydrate concentrations in rhizomes keeps roughly constant in April until an increase
in May/June, then a sharp increase in August, except in the 15% treatment (fig. 3.4). The slope
between June an August is progressively smaller toward increasing shading (restricted cubic spleen,
p < 0.001). Concentrations range from 2 mg.gz;, to 93 mg.gz, 1. Starch steadily accumulates in
rhizomes from April to August in control and 15% shading treatments but decreases from July
in 30% and, to a lesser extent, 60% shading (restricted cubic spline, p < 0.006 and p = 0.936,
respectively). Concentrations range from 25 to 250 mg.gy;,. Interestingly, the rate of carbohy-
drates accumulation over time seems to be proportional to relative light intensity, particularly for
starch whose concentration decrease in late summer in 30% and 60% shading treatments (see fig.
3.4). Soluble carbohydrates peak in August is also lower in the two most shaded treatments, but

the accumulation throughout the experimental period keeps increasing however.

'With the exception of a negative value.
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3.6 Biometry

Globally, shoot development phenology is not influenced by shading treatments (fig. 6.3). Shoot
dry weight is minimal in June, in 30% treatment (0.82 + 0.23 mgpy ) and increases from April
to July (maximum in control treatment with 1.30 + 0.41 mgpy ) then drops in August, at least
for control and 15% shading treatments (fig. 3.5). The dry shoot biomass in the 30% shading
treatment, however, decreases in spring until it reaches a minimum in June before rising until
August. The growing pattern in the most shaded treatment seems to be similar to what is
observed in the 30% shading treatment, but the minimum is less marked. Total foliar surface
follows a similar trend, but the maximum is reached in June (337 + 58.9 cm? in control) and the
minimum in August (239 + 68.3 cm? in 60% shading) (fig. 6.4).

Primary production dry weight decreases between May and August, but not significantly (quan-
tile regression, p = 0.085). No difference between treatments are detected neither. This lack of
temporal evolution is confirmed by total shoot dry weight (p = 0.12), that also shows no differences
among shading levels.

Epiphytes biomass decreases through time from May to August, in a similar way in all treat-
ments (fig. 3.5). Maximal dry biomass relative to foliar surface is reached in May in 15% shading
(11.9 + 1.62 mgpy.m~2) and minimal value is observed in August, 30% shading (3.19 + 0.48
mgpy.m~2). The same trend is observed for total epiphytes biomass.

The longest leaf length for each shoot continuously increases throughout the growing season,
from 621 + 74 c¢cm in April, 15% shading to 1030 + 148 c¢m in August, 60% shading (fig. 3.5).
The growing pattern is similar in all treatments. Total foliar surface, however, shows a slight
concave curve in control and 60% shading (maximum of 337 + 59 cm? observed in June, control)
whereas it is roughly constant through time in 15% shading and shows a concave trend in 30%
shading (minimum in June) (fig. 3.5). Overall, the minimal foliar surface is reached in August,
60% shading (239 + 68 cm?). The total shoot surface/shoot dry weight ratio was not affected
either (fig. 3.5).

The A coefficient (percentage of damaged leaves) increases between April and July, then drops
in August (fig. 3.5). It is minimal in April, 30% shading (9.3 + 11 % of leaves whose apex is
damaged) and maximal in July, 30% shading (53 + 17 % of leaves are damaged).
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Discussion

The aim of this work was to investigate Posidonia oceanica response to a low to moderate light
deprivation.

Experimental shading without confounding factors is important to understand the effects of
sole shading. But in reality, shading will certainly not come alone. Eutrophication is probably
one of the main shading causes (Calleja et al. (2007)). Phytoplankton blooms will, on one hand,
intercept some light. On the other hand, these cell proliferations will result in an excess of organic
matter, that accumulates in the roots/rhizomes system and promotes bacterial growth, leading to
oxygen depletion.

Nevertheless, it is necessary to understand how P. oceanica responds to variations in a sole

parameter with controlled experimental approaches.

4.1 Environmental parameters

Light, in every treatment, reaches its maximum intensity in end June/early July whereas tem-
perature does not reach a plateau earlier than August (fig. 3.1) because of the inertia of water

towards temperature.

47
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Relationship between Lux and PAR

150001

100001

Illuminance (Lux)
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Shading — control === 15% 30% 60%
level

Figure 4.1: Relationship between PAR and illuminance (Ix).

The screens fixed above the meadow aimed to decrease light intensity only, without shift in
its spectrum. A method to check this is to analyze the correlation between PAR and illuminance
measurements for each treatment. If spectra are different (i.e., filtration of some wavelength in
the PAR range), slopes of PAR /illuminance relationships could be modified among treatments.

As shown on fig. 4.1, slopes are similar.

4.2 Pigments and Photosynthesis

4.2.1 Pigments

No zeaxanthin, the most efficient pigment of the VAZ xanthophyll for light dissipation (Jahns and
Holzwarth (2011)), was detected in any sample. Some peaks identified after chromatography were
close to the theoretical retention time, but absorption spectra did not match zeaxanthin spectrum
enough to be considered as this. Dattolo et al. (2014) detected very low zeaxanthin content as well
in P. oceanica, either at 5 m or at 25 m. A high irradiance treament (1200 gmol photons m=2 s71)
induced a dramatic increase in this pigment content but, surprisingly, no change in zeaxanthin
epoxidase (involved in conversion of zeaxanthin to antheraxanthin, Taiz et al. (2015)) expression
between both depths. Marin-Guirao et al. (2013) also did not detected zeaxanthin in P. oceanica
samples collected at 5-7 m in April whereas an experimental exposure to a high light irradiance
(600 pmol photons m=2 s!, namely 20% more than the maximal midday mean irradiance reached
in our control treatment) induced zeaxanthin biosynthesis. The high variability in antheraxanthin
concentration shows the highly dynamic interconversion between VAZ pigments. Casazza and
Mazzella (2002) analyzed pigment content in several seagrass species. They only detected traces

of antheraxanthin in P. oceanica. Given the absence of zeaxanthin, variations in the de-epoxidation
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ratio ((A+ Z)/(A+ Z +V)) are mainly driven by sole antheraxanthin concentration (it explains
77.3% of VAZ ratio variance (p < 0.001) whereas violaxanthin explains 0.2% of the variance, p =
0.360 (linear regression)).

The constant xanthophylls concentration (including S/-carotene and lutein, that are also in-
volved in non photochemical quenching, Telfer (2002) and Jahns and Holzwarth (2011)) among
shading treatments could suggest that non-shaded plants at 15 m already have a minimal pool of
pigments because light intensity is low, even without experimental shading. Moreover, the whole
VAZ pool is in the form of violaxanthin in our experiment. This makes sense at this depth since
it is the least efficient VAZ pigments for light dissipation (Jahns and Holzwarth (2011)).

Even if pigments in samples harvested at dawn and those harvested at midday were considered
together given the low number of significant differences among treatment/month combinations,
there is a general trend for a higher content in pigments at dawn. Leaves harvested at dawn were
kept in seawater during several hours to perform P /I curves whereas those sampled at noon were
frozen faster. A higher degradation index is thus expected in dawn samples despite efforts to avoid
this (samples transported in opaque bags then conservation in sea-temperature tanks).

In addition, a reflection about the circadian clock in plants could account for some observations.
Many physiological events in plants are regulated by an endogenousa oscillator, the circadian
clock (Taiz et al. (2015)), mainly regulated by photoperiod. It has been shown to regulate the
expression of many genes in Arabidopsis thaliana, including some involved in photosynthesis and
chlorophyll synthesis (Harmer et al. (2000)). The circadian clock is maybe modified among shading
treatments ; it is possible that the plant detects a longer night (early and late day could be
perceived as night in shaded plants). Besides, the daily variation in some genes expression driven
by the circadian clock could explain the slight difference in pigments content between dawn and
midday. For instance, Ralph et al. (2002) observed strong circadian variations in VAZ xanthophylls

concentration (and in relative concentrations between them).

4.2.2 Photosynthesis

Diving-PAM technology has been used extensively on seagrass in the past decades. All PAM
parameters recorded by the Diving-PAM (except F,/F,,) are strongly influenced by temporal
variations in light intensity, as shown by the close co-variation between PAR and RLC, PI and
Yield data on fig. 3.3. N. Bouchachi (2017, nonpublished) measured rETR,, in the same meadow,
at 10 m (fig. 4.2). Her results follow approximately the same seasonal trend. Absolute values are

similar to ours (if the same AF and 0.5 correcting factor are assumed).
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Figure 4.2: rETR,, results of N. Bouchachi (2017, nonpublished).

Ralph and Gademann (2005) performed RLC on Zostera marina leaves, either experimentally
acclimated to low irradiance (50 pmol photons m=2.s7!, lower than our most shaded treatment) or
to high irradiance (300 pmol photons m=2.s1; our control and 15% treatment reach this value in
summer, and also in spring and autumn for the control, fig. 3.1). He showed strong differences in
light curves shape between both experimental light expositions even though both plant materials

were sampled at the same depth (fig. 4.3).
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Figure 4.3: RLC performed on high light adapted (HL) and low light adapted (LL) Z. marina leaves.
From Ralph and Gademann (2005)

Our RLC results show a strong temporal variation in RLC shape (fig. 4.4). When light is weak
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(e.g., to in April), photosynthesis saturates quickly (see I, fig. 3.3), at a low rate (ETR,,, 3.3).
The seasonal trend is marked whereas a decrease in ETR,,, and I} across the shading gradient is
only slightly perceptible (more for I, showing that the plants become adapted to low-irradiance
conditions). When light is more intense, the plant adapts itself to higher irradiances: I and
ETR,, increase (fig. 3.3, p < 0.001 for temporal variations), despite a slight decrease in Y(II) (p
< 0.01) since incident irradiance exceeds photosynthetic capacities. This pattern was expected
to be observed along the shading gradient as well (as Ralph and Gademann (2005) observed on
Z. marina), but it is not the case here. It is interesting to underline a coherent relationship
between ETR,, and shading intensity, particularly in June. However, the relationship between
RLC parameters and shading is far from always consistent over the whole shading period. For
instance, PAR is lower in summer in the most shaded treatment than in April, control treatment.
However, RLC under 60% shading in summer are more similar to RLC measured the same month,
control treatment than to curves measured in April (fig. 4.4). This would suggest a part of
plasticity to new light conditions (best observed in June) that is added to a strong undisturbed
internal clock regulation.

P/I curves seasonal pattern, however, is not so strong (fig. 3.3). This suggest that P. oceanica
photosynthesis apparatus was not deeply affected by light deprivation. It only keeps the capacity
to dynamically react to light variations (as proved by RLC).

A decrease in F,/F,,, given its relation to photoinhibition, is often interpreted as a stress
symptom (Mishra (2018) and Silva et al. (2009)). The uniform F, /F,, in this experiment indicates
that P. oceanica is not significantly affected by light deprivation. (Beer et al. (2014)) makes the
distinction between two kinds of F,/F,, measurements depending on dark-adaptation duration.
If it is measured after a long period of dark (e.g., a full night as for this experiment), there is
enough time for photodamage-related degradations (e.g., destruction of D1 protein) to recover.
This is particlulary adapted for the use of this parameter as a measure of stress. Otherwise,
F,/F,, measurement can be taken after only 10-15 minutes of darkness, which is not long enough
for repair. However, photosystems can switch back to an oxidized state. The same authors
recommend to discard yield values smaller than 0.1 because they are not reliable. No value is

concerned in our data set. F,/F,, was also associated to the content in chlorophyll, the latter
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Figure 4.4: RLC performed in this work. Error bars are mean = standard deviation.
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being higher in low-light environments for an optimal light capture (hence the higher quantum
yield) (Beer et al. (2014)). Our results are consistent with this hypothesis. It is assumed that
RLCs do not reach photoinhibition because there is not enough time for that. It is however the
case for P/I curves (Ralph and Gademann (2005)). Nevertheless, light curves were performed in
such a way that it was stopped before an strong decrease in ETR,,.

G. Ghyselen (2017, nonpublished) investigated the temporal and bathymetric variations of
Y(II). He observed a low variability at both scales but a high variability among repeated measure-
ments. The latter observation is probably because Y (II) indicates the current state of PSII and
can therefore vary within seconds (Ralph et al. (2002)). Here, a clear decrease of Y(II) in summer
is observed in 15% shading and control, coinciding with maximal light intensity in summer (fig.
3.3). Indeed, the efficiency of photosystems is reduced in high light conditions because excessive
light energy is quenched (Jahns and Holzwarth (2011)). However, there is much less temporal
variability in 30% and 60% shading (fig. 3.3). This can be explained by lower light intensities,
and therefore less requirements for light dissipation through NP(Q. Moreover, the amplitude in
light variations between April and summer is lower (fig. 3.1).

Standardization of the PAM protocol is of great importance for reliability and replicability of
measurements. Indeed, a great variability in I, and ETR,, — proportionnal to leaf age — has been
observed along leaves, at a given moment (Alcoverro et al. (1998), Leonard 2012, unpublished).
Our yield measurements and light curves were always performed on the epiphyte-free middle
section of the 37 leaf. It is necessary to select leaf tissue, short-shoot location, and time of
measurement for in situ determination of the photosynthetic activity parameters (Durako (2007)).

There is often a confusion between RLC-a and maximal photochemical yield, that are inter-
preted as the same value. This is however not true (Saroussi and Beer (2007)). This experiment
confirms the absence of correlation between PI-a or RLC-a and F,,/F,,, or Y(II), respectively (figs.
6.6 and 6.7). AF (absorption factor), the correction factor for the difference between incident and
absorbed light irradiance, has been shown to change through time (Durako (2007)) and between
species (Beer et al. (1998)), being for instance correlated to chlorophyll content, that displays
strong temporal variations (fig. 3.2, Saroussi and Beer (2007)). When the AF is unknown or un-
certain, ETR can be expressed as rETR = Y(II)*PAR. It is assumed to be proportional to ETR,
but with a constant value of AF. Moreover, RLC and PI are analyzed with incident irradiance on
the x-axis. However, it would be more reliable to use absorbed irradiance, namely incident irradi-
ance corrected with AF (Beer et al. (2014)). This could provide more accurate estimates of ETR,,
and I,. Here, AF = 0.84 was used for every light curves. Ignoring these potential bias, it can
be concluded that P. oceanica adapts its photosynthetic activity to a decrease in light intensity.
Indeed, both I, and ETR,,, for RLC are lower in high shading treatments (fig. 3.3). It means that
the photosystems become more efficient at lower irradiance levels (decrease in Ij) and decreases
its activity (decrease in ETR,,).

It is difficult to predict growth on the basis of PAM measurements because net photosynthesis
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(or true photosynthesis) only is estimated with fluorescence, not gross photosynthesis (apparent
photosynthesis), because of a lack of data about respiration (Silva et al. (2009) and Beer et al.
(2014)). I. — the compensating irradiance, that is not the same as I;, discussed earlier — is often
used as an indicator of the balance between photosynthesis and respiration and is useful to assess
the long-term effects of a stress (Alcoverro et al. (1998)). Our results do not give any explicit
information about the impact of shading on respiration. A good correlation was found between
PAM-based ETR,, estimation and rates of photosynthesis estimated with Os-based light curves
(discussed in Beer et al. (1998), on the basis of unpublished data), except sometimes at high irra-
diances (maybe because of photoinhibition not detected by PAM). But O,-based P /I curves would
be biased anyway because some oxygen produced by photosynthesis is sent to the roots/rhizome
system where it reduces sulfides that are highly toxic for plants (Calleja et al. (2007)). Thus, sul-
fide concentration could be used as a proxy for oxygen production. Porewater was analyzed in this
experiment (not in the framework of this work however) and does not show any impact of shading
on sulfur concentration (fig. 6.5). Beer et al. (2014) underlines that chl a fluorescence analysis is
nevertheless suitable for investigation of photosynthetic responses to environmental parameters,
in part because it allows to investigate the response of true photosynthesis only, independently of

respiration.

4.2.3 Genetic considerations

Several approaches, including -omics technologies, have been used to investigate the variability
in gene expression along the bathymetric gradient, with a particular focus on light (Dattolo et
al. (2013), Dattolo et al. (2014), Procaccini et al. (2017), and Bruno et al. (2010)). Differential
expression and /or protein content differences were pointed out for genes involved in photosynthesis,
photoprotection, energy metabolism, respiration and protein degradation. Glycolysis and electron
transport chain genes are enhanced in high light whereas tricarboxylic acid cycle activity drops and
respiration rate increases (Dattolo et al. (2013)). Moreover, it is suggested that deep-living plants
are more exposed to oxidative stress because of more investment in basal metabolism. Analysis
of gene expression along the bathymetric gradient (5 and 20 m) revealed a strong difference in
translation and traduction in genes involved in photophysiology between both depths (Procaccini
et al. (2017)). Given the strong differences in gene expression between shallow and deep plants,
the authors suggest a genetic differentiation along the gradient. The same pattern was observed
for heat shock resistance in P. oceanica and C. nodosa (Marin-Guirao et al. (2016)). In this kind of
bathymetric gradient, results must be carefully interpreted and particularly linked to light because
of the confusing temperature factor.

The existence of locally adapted genotypes hypothesis is put forward rather than sole physio-
logical plasticity (which was also suggested for heat waves resistance, Marin-Guirao et al. (2016)).

Furthermore, population genetics approaches indicate some genetic differentiation in meadows.
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For instance, individuals from the meadow nearby STARESO, where this experiment was con-
ducted, were distinclty discriminated by depth (fig. 4.5). Others results suggest that genetic
patters are mainly the result of past historical events whereas current genetic flow is low, resulting
in low genetic adaptation potential. (Jahnke et al. (2017)). Our results were obtained on plants
with probably very similar local adaptations (screens were close to each others and at the same
depth).
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Figure 4.5: Discrimination of P. oceanica shoots by latitude and depth (Jahnke et al. (2018)).
D: shoots sampled at a deep depth; S: shoots sampled at a shallow depth.

Evidence for bathymetric-related light adaptation explains the upwards shift of the meadow
at its lower limit (in case of an overall light reduction) and at its upper limit (mainly because
of heat waves, Boudouresque et al. (2009) and Marin-Guirao et al. (2016)). Our results support
strong local adaptation of P. oceanica shoots, resulting in an inertia to changes in environmental

conditions.
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4.3 Carbohydrates and Biometry

4.3.1 Shoots mortality

At the end of the experiment, no mortality (namely dead matte) was observed, even in the most
shaded treatment. Next year (observations in May and December 2019), the observations were
the same. Shoot density is estimated to be around 330 shoots m=2 at 15 m in this meadow (J.
Richir, personnal communication). Ruiz and Romero (2001), that conducted a shading experiment
similar to this study but at 9.5 m, observed an important mortality rate under a 40% shading
(resulting irradiance similar to our 30% treatment, fig. 1.1) treatment. Nearly 30% of the shoots
were dead after 100 days of experiment and it increased up to 40% several hundreds of days after
removal of the screens. Interestingly, they were roughly in the same conditions as in this work
(healthy and wind-protected meadow, 9.5 m deep). Serrano et al. (2011) observed some mortality
only from 99% shading (at 5 m).

4.3.2 Growth

Serrano et al. (2011) observed a reduction of net leaf production in all shading treatments (80%,
90%, 99% of surface irradiance, at 5 m). But all plants, except the most shaded ones (99%),
kept an increasing leaf production throughout the shading period, reaching more than 3 mgpy
day~! in control and 80% shading (fig. 4.6). Productivity of our meadow in Corsica is higer, with

1. no increase throughout the season is observed. Ruiz and Romero

as much as 6 mgpy day -
(2001), however, observed a similar pattern to ours at 9.5 m: decrease throughout time from 6-7
mgpw day ~! in June to 1-2 mgpy, day ~! in September. This difference is probably explained by
a shallower depth in Serrano et al. (2011) and therefore a higher intrinsic productivity capacity,

nearly undisturbed by shading.
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Figure 4.6: Net leaf production in P. oceanica shaded by Serrano et al. (2011).

N. Bouchachi (2017, nonpublished) conducted a bathymetric survey in summer. Her biometry
results extrapolated to 15 m (her plants were sampled at 10 m and 20 m, not inside this interval)
are much similar to our results, with the exception of total shoot weight. Is is much higher in
her work (about 2 mgpy whereas it ranges between 1-1.5 mgpy here). It is probably explained
by the sole inter-annual variability of the meadow productivity; shoot dry weight in this meadow
ranges between 1 and 2 gpy from one year to the next (Gobert (2002)).

Another shading experiment at 5 m revealed an interaction between shading treatment and
season in P. oceanica (Serrano et al. (2011)). Light deprivation of 80% to 99% in autumn and
winter, when photosynthesis rate is low and the plants relies mainly on carbohydrates storage ac-
cumulated during the previous year, did not prevent the plant from growing normally. Conversely,
the same shading in spring and summer, when environmental conditions are optimal for growth,
had detrimental consequences for the meadow. Net leaf production was reduced (fig. Serrano et al.
(2011)). In our experiment, the meadow was shaded during the optimal period for photosynthesis
and carbohydrates storage (April-August). Enough light is necessary during this period for plants
to maintain a positive carbon balance over the whole season. On the basis of a experimental shad-
ing gradient, Gacia et al. (2012) estimated the threshold of irradiance for balanced metabolism
(net primary production > 0) of a whole P. oceanica meadow at 6 m to 248 pmol photons s™! m=2
(measured in May, at noon). This threshold is not reached in the two most shaded treatments
(see fig. 3.1), for which the mean PAR in May are 193 and 151 pmol photons m=2 s~! for 30% and
60% shading, respectively. It can be seen in carbohydrates results; starch concentration decreases
in late summer in the two most shaded treatments and soluble sugar accumulation rate decreases
with increasing shading (fig. 3.4). Extrapolation of this threshold irradiance must be interpreted
with great caution because it has been measured on plants sampled at a shallow depth. The

plants growing deeper could display local adaptation to lower light conditions resulting in another
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threshold irradiance.

The same authors did not detect any correlation between irradiance and the cell cycle dynam-
ics in the shoot apical meristem. This could explain the absence of observed changes in growth
dynamics of our plants, the plant producing its biomass as usually, regardless of ambient light
conditions and compensating the light deficit with the catabolism of storage carbohydrates. In-
vestigation of P. oceanica photoreceptors expression in response to light deprivation would be
relevant to understand to which extent the seagrass responds to light at the molecular level. Dat-
tolo et al. (nonpublished) detected some variations in gene expression across the day, including
one phytochrome and both cryptochromes.

For obvious technical reasons, only nine square meters of meadow for each treatment were ex-
perimentally shaded here. However, P. oceanica is a clonal plant; ramets are often interconnected.
Thus translocation of nutrients or other metabolites from plants exposed to full light to shaded
plants could alleviate the consequences of the experimental light reduction. Samples were taken at
the center of each screen to avoid this as much as possible. It is well known that translocation of
carbon and nutrients occurs between rhizomes and leaves (within a given ramet) as well as between
rhizomes of neighbouring ramets. Short-term experiments (a few hours) revealed a transfer of 14C
across rhizomes up to 15 cm away from the radioisotope injection site (Libes and Boudouresque
(1987)) or 5 ramets further (Marba et al. (2002)). Since this experiment was conducted at a much
larger time scale, the transfer distance could be greater. Collier et al. (2010) shaded Posidonia
sinuosa (50% light reduction with screens of about the same size as this study) and analyzed
carbon and nitrogen translocation between shoots. They showed that nitrogen, unlike carbon, is
more translocated from rhizomes to growing leaves in the shaded treatment. However, results of
the current work in Corsica show a decrease in carbohydrates in rhizomes but no morphological
or physiological modifications at the shoot level (carbohydrates concentration in leaves are not
available yet). This would suggest a translocation of carbon as well between different ramets in
P. oceanica, besides — maybe — nitrogen that will be investigated later in the framework of this
experiment. This could explain, in combination with others factors discussed further, why biomass
production was not hindered despite up to 60% shading.

Transplantation of shoots and rhizomes across the depth gradient has been performed (Genot
et al. (1994)). Before moving shoots, an increase in total chlorophyll (a + b) content was observed
with increasing depth, along the natural gradient. This content, however, did not change when
shoots were transplanted from their origin depth to another. It would suggest a low plasticity of P.
oceanica regarding pigment content regulation, as observed here. Shoots moved toward the surface
from a greater depth did not face any stress. The carbohydrates content decreases proportionally
with origin depth, but an efficient photosynthesis (necessary in low-light conditions) was enough to
compensate the low reserves in shoot transplanted to lower depths. However, the reverse movement
leads to a low survival rate and a strong carbohydrates depletion. The observations for chlorophyll

content were replicated here with in situ shading (fig. 3.2). It would suggest that P. oceanica
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physiology is, at least partially, optimized for a given depth and not able to tolerate, in the long
term, harsher environmental conditions because of low plasticity. The lack of plasticity could have
been compensated by an increase in reserve carbohydrates use. This hypothesis is strenghten by
genetic investigations, discussed earlier.

The important accumulation of carbohydrates in summer is similar to the results of Alcoverro
et al. (2001), that observed a peak in summer. Fig. 4.7 shows total nonstrucutral carbohydrates

in P. oceanica relative to dry weight, in the whole plant.
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Figure 4.7: Total nonstructural carbohydrates content in P. oceanica. From Alcoverro et al. (2001).

They estimated the carbon balance to be positive between May and August. This carbon
accumulation is necessary to compensate the negative balance observed between September and
April (Alcoverro et al. (2001)). On this period, most of the biomass is underground and strictly
net consumer of carbohydrates, but shows a low respiratory rate (Alcoverro et al. (2001)).

Interestingly, primary production dry weight decreases from April-May to August whereas light
and temperature are growing (at least until July for light). Indeed, most of P. oceanica primary
production is produced in winter and spring and not in summer (also shown by the low changes
in shoot biomass, fig. 3.5), despite conditions often considered as optimal for plant growth (Pirc
(1986)). The high photosynthetic rate in summer (fig. 3.3) produces carbohydrates reserves that
accumulate in tissues (fig. 3.4). They are necessary, not only to sustain a basal metabolism
in winter, but also to provide energy and carbon for a sustained growth in low-light and low
temperature conditions. Conversely, Os-based gross primary production estimation of meadows
indicates a maximal primary production in June/July (Champenois and Borges (2018)). However,
these values were estimated for the whole meadow ecosystem and not P. oceanica alone. A
continuous recording of O, production, as did Champenois and Borges (2018), could have provided
precious information but maybe would have require the use of closed and shaded incubation

mesocosms for reliable measurements, given the diffusion of Oy in water. Here, we estimated
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biomass and primary production for the plant and leaves-associated epiphytes only. An effect of
shading on other components of the P. oceanica meadow ecosystem, all of which contribute to
respiration and some to primary production, can not be excluded (Personnic et al. (2014)).

The absence of recorded effect of light deprivation on biometry parameters and primary pro-
duction makes sense under the following hypothesis. The plants in all shading treatments have
used their carbohydrates — soluble carbohydrates, and starch particularly — synthesized during the
previous year (in full light conditions for all treatments). These storage metabolites were used at
the beginning of the shading experiment to produce most of the biomass, as usual. Then, in sum-
mer, the accumulation of carbohydrates - that will be used next year — allowed by optimal light
and temperature conditions is reduced in the most shaded treatments. This could be detrimental
for the next year’s growth.

The A coefficent (proportion of damages apexes) decreases in August because many intact
juvenile leaves grow at this period (Pergent1991). When considering adult leaves only, leaves are
decaying and therefore often torn away or at least seriously damaged. Apex degradation does
not differ between treatments; it means that shading did not influence the presence of herbivores

animals.



Conclusion

The main goal of this experiment was to study the short to long term effect of low to moderate
experimental shading on P. oceanica physiology, morphology and production. Indeed, previous
works were either short term studies, or used very strong thus little environmentally relevant
shading treatments. Furthermore, in situ experimental shading is complementary to bathymet-
ric surveys along the natural gradient of distribution of the plant, that also provides precious
information about P. oceanica response to different environmental conditions.

We hightlighted no response of the plants regarding its pigments content (except little trends
for chl b and the chl a/chl b ratio), primary production and phenology. However, the photosyn-
thetic activity showed some dynamic responses to shading: saturation at lower irradiance, higher
efficiency and lower total activity. Regarding carbohydrate concentrations, soluble carbohydrates
and starch in rhizomes decreased over time when compared to control with increasing shading
level.

The results of this experiment show that five months is not long enough to evaluate with
certainty how P. oceanica shoots from an healthy and little disturbed meadow responds to low
to moderate shading treatments. The decrease in carbohydrates content suggests however some
harmful effects at long term for growth. This experiment should be replicated with less replicates
(i.e. only one shading treatment) to alleviate the field work but on several years. New results from
such a long study will probably refute the apparent good health plants still display over five months
of shading. Furthermore, gene expression studies (even -omics approaches) should be used to
understand the molecular mechanisms impacted by experimental in situ shading, with a particular
focus on light reduction perception (i.e., analysis of photoreceptors expression). Nevertheless, this
work underlines the strong capacity of healthy P. oceanica to resist local (nine m? surfaces) light
stress and to maintain its usual primary production and pigments content, as well as to slightly
adapt its photosynthesis for an optimal resilience. This is assumed to be possible because of a
significant use of storage carbohydrates (in rhizomes), particularly starch (and some compensation

process through translocation).

60
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This work was carried out in the context of a larger study that aims to understand other
physiological parameters as well. Organosulfur compounds DMSP and DMSO content will be
measured in leaves. Carbohydrates concentration in leaves will be assessed as well. It would also
be possible to investigate deeper the photosynthetic activity with other parameters recorded by

the Diving-PAM (quenching parameters and reflectance for instance).
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Supplemental data

6.1 Carbohydrates protocols comparaison

6.1.1 Material and Methods

Several protocols for quantification of carbohydrates concentrations were compared. Three param-
eters (extraction temperature and duration, use of activated coal or not and coloration method)

were tested in a nested design (table 6.1) on P. oceanica samples. Furthermore, efficiency of starch

hydrolysis with 1M HCI was assessed with lugol (Iy/KI).

Extraction | Coal | Coloration | n
5, room temp. | Yes Phenol 8
5’, room temp. | Yes Anthrone | 8
5, room temp. | No Phenol 8
5, room temp. | No Anthrone | 8

30’, 80°C Yes Phenol 8
307, 80°C Yes Anthrone | 8
307, 80°C No Phenol 8
30°, 80°C No Anthrone | 8

Table 6.1: Experimental nested degin for protocols comparaison

About 5 g of leaves were cut into small pieces and pooled together. For each sample, 100-150
mg of these leaf fragments were grinded (30 HZ, 4x30” runs with freezing in liquid nitrogen between
each run). Soluble carbohydrates were extracted twice in 70% ethanol (in 10 mL first, then in 6
mL), either 5" at room temperature or 30’ at 80°C, then centrifugated (8000 rpm, 10’). For half of
the samples, 30 mg of powdered activated coal was added, then shaked for 2 hours and centrifu-

gated (5000 rpm, 8’). 200 pL of each sample were colorized either with 1 mL of an anthrone/H5SO4
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method (0.5 g anthrone in 250 mL HySO4 95% and 10 mL water) or with 1 mL of a phenol /HySOy4
solution (H3S0,4 95% and 200 pL of phenol 5%). Phenol/H,SO,4 samples were homogenized, left
10’ at room temperature, homogenized again and left 30’ in the same situation. Anthrone/H5SO,4
samples were incubated 10’ in a boiling water bath (100°C) and immediately cooled in ice. Ab-
sorbance at 490 nm and 625 nm for phenol/HySO, and anthrone/H,SO, coloration, respectively,
was measured spectrophotometrically after a calibration with D-glucose.

Powder activated coal was also tested on pure D-glucose samples. D-glucose solutions were
prepared (20-40-60 ng/L, 1.5 mL) and half of them were shaked two hours with 30 mg of powered
activated coal. After centrifugation (8000 rpm, 10’), samples were colorized with phenol/H5SO4
method.

6.1.2 Results and Discussion

Activated coal should not be used to remove pigments given its strong effect on carbohydrates as
well (fig. 6.1(b)). Extraction at a higher temperature seems to increase carbohydrates extraction
efficiency (fig. 6.1(d)). However, it could be the consequence of heat-induced depolymerization of
complex carbohydrates (e.g. starch). The difference between warm and cold extraction is weak,
therefore a cold extraction will be selected. There is no difference between coloration methods
(fig. 6.1(c)), which is not surprising since each absorbance measurement is based on a calibration

prepared with the same coloration method.
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Figure 6.1: Comparaison of protocols for quantification of carbohydrates in P. oceanica.
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(a) Powdered activated coal strongly decreases glucose concentration. 200 pL of three glucose solutions (20-
40-60 mg/L) were colorized with 200 pL phenol and 1 mL H2SO4 95%; absorbance was read at 490 nm.
(b) Powdered activated coal decreases measured carbohydrate concentration at the spectrophotometer. (c)
Coloration method effect on measured carbohydrate concentration at the spectrophotometer. (d) Extraction
temperature effect on absorbance measurement. P-values are from three-factor anova tests.
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6.2 Carbohydrates
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Figure 6.2: Calibration the spectrophotometer with D-glucose.
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6.3 Biometry
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Figure 6.3: Leaf developmental stage. Adult leaves (solid lines), intermediate leaves (dashed lines)
and juvenile leaves (dotted lines).
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Total shoot surface
Figure 6.4: Total shoot surface
6.4 Porewater chemistry
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Figure 6.5: S concentration in porewater.

6.5 Statistics

Work of J. Richir.
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Figure 6.6: Correlation matrix (Spearman’s Figure 6.7: Correlation matrix (Spearman’s
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Parameter Surf/shoot DW  Epiphytes DW  Epiphytes DW /surface Max. length A coefficient
Intercept 0.2828 0.2780 0.8331 0.0001 0.0238
date.num 0.2643 0.2700 0.8159 0.0001 0.0234
date.num’ 0.0503 0.0113 0.0580 0.1762 0.2555
treat=M 0.8654 0.5447 0.9493 0.9142 0.9570
treat=G 0.5488 0.0496 0.2382 0.8230 0.6311
treat=D 0.8088 0.4450 0.5499 0.3056 0.8441
date.num * treat=M 0.8654 0.5445 0.9500 0.9115 0.9573
date.num’ * treat=M 0.7838 0.6822 0.7750 0.9549 0.8654
date.num * treat=G 0.5475 0.0494 0.2373 0.8231 0.6318
date.num’ * treat=G 0.3776 0.0615 0.2922 0.7576 0.7111
date.num * treat=D 0.8083 0.4443 0.5490 0.3054 0.8434
date.num’ * treat=D 0.7984 0.5619 0.6763 0.3214 0.7150

Table 6.2: Biometry - p-values for ols model

Parameter Chlae Chlb VAZ  Lutein [fS-carotene
Intercept 0.0000 0.0000 0.0000 0.0000 0.0000
date.num 0.0000 0.0000 0.0000 0.0000 0.0000
date.num’ 0.0062 0.0080 0.0041 0.0060 0.0001
treat=M 0.7076 0.6717 0.6226 0.7440 0.3336
treat=G 0.8466 0.9415 0.6959 0.6269 0.1313
treat=D 0.1532 0.0945 0.0214 0.3248 0.2026

date.num * treat=M  0.7078 0.6720 0.6211 0.7443 0.3334
date.num’ * treat=M 0.9760 0.9436 0.3748 0.9903 0.2293
date.num * treat=G 0.8462 0.9412 0.6971 0.6265 0.1317
date.num’ * treat=G  0.5982 0.6368 0.9466 0.4236 0.3794
date.num * treat=D  0.1536 0.0947 0.0214 0.3255 0.2029
date.num’ * treat=D  0.2504 0.1719 0.0196 0.4804 0.2509

Table 6.3: Pigments - p-values for ols models
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Parameter Soluble carbohydrates Starch
Intercept 0.5478 0.0559
date.num 0.5527 0.0550
date.num’ 0.0001 0.8286
treat=M 0.9534 0.5663
treat=G 0.2212 0.2556
treat=D 0.4435 0.6530
date.num * treat=M 0.9541 0.5658
date.num’ * treat—=M 0.3162 0.7083
date.num * treat=G 0.2207 0.2545
date.num’ * treat=G 0.0197 0.0057
date.num * treat=D 0.4438 0.6524
date.num’ * treat=D 0.5656 0.0936

Table 6.4: Carbohydrates - p-values for ols models

Parameter Y(II) RLC-ETRm RLC-Ik RLC-a« PLIETRm PLIk Pl
Intercept 0.0010 0.0001 0.0003  0.8136 0.2967 0.0824 0.0001
date.num 0.0012 0.0001 0.0003  0.8549 0.2817 0.0877  0.0000
date.num’ 0.0026 0.0000 0.0002  0.9918 0.3110 0.3380 0.0033
treat=M 0.6840 0.2176 0.1974  0.1072 0.0068 0.0049 0.2619
treat=G 0.0357 0.3662 0.4150  0.1097 0.1351 0.3858 0.8064
treat=D 0.0592 0.5083 0.4158  0.8719 0.1078 0.0345 0.1839
date.num * treat=M  0.6831 0.2180 0.1979  0.1073 0.0067 0.0049  0.2628
date.num’ * treat=M  0.6414 0.4707 0.4468  0.1562 0.0074 0.0195 0.6995
date.num * treat=G  0.0353 0.3673 0.4168  0.1104 0.1346 0.3853  0.8058
date.num’ * treat=G  0.0859 0.6376 0.7602  0.2183 0.0990 0.4008 0.5862
date.num * treat=D  0.0586 0.5059 0.4135  0.8718 0.1081 0.0346 0.1841
date.num’ * treat=D  0.0803 0.2303 0.1919  0.9894 0.1757 0.1397 0.4817

Table 6.5: Photosynthetic activity - p-values for ols model

Parameter Chl a/Chl b ratio F,/F, Shoot DW Primary production DW
Intercept 0.0000 0.0673 0.1321 0.0805
date.num 0.0000 0.3228 0.1207 0.0852
treatM 0.6481 0.0081 0.1553 0.6545
treatG 0.2435 0.0043 0.4051 0.7820
treatD 0.9605 0.5827 0.2068 0.4802
date.num:treatM 0.6494 0.0080 0.1548 0.6541
date.num:treatG 0.2433 0.0044 0.4035 0.7847
date.num:treatD 0.9566 0.5869 0.2065 0.4823

Table 6.6: p-values for quantile regression models
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Figure 6.10: Global cluster analysis including all investigated variables,

treatments.
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Figure 6.11: Principal component analyses with all investigated variables. (a) Observations (i.e.
means over monthes and treatments) are grouped by treatment; (b) Observations are grouped by
month. The two first axes are presented, that explain 52.97% of total variance.
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