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Abstract

Coral reefs are increasingly threatened by global changes that affect both accretion and
erosion processes. Among these processes, reef bioerosion is a major natural degrada-
tion process resulting from the action of various organisms on and in carbonate sub-
strates. Recently, particular attention has been given to a better understanding of the
roles played by bioeroding (or perforating) microflora, including cyanobacteria, mi-
croalgae, and fungi, in the functioning of coral reefs, especially in the carbonate bud-
get, because of their important role in the dissolution of dead carbonates in the short
term (day, month, year). Therefore, this thesis’s main objective was to study the ef-
fect of environmental factors, including long-term (decade) ocean warming and acid-
ification, on the composition, distribution, and abundance of reef microbioeroding
communities. Since long-term experiments with dead corals are not feasible, several
coral cores from two slow-growing massive coral genera (Diploastrea sp. and Porites
sp.) were collected along the Mozambique Channel, particularly in Mayotte, covering
the last decades (30 to 50 years). These massive corals are known to be natural geo-
logical archives largely colonized by microbioeroding communities that create traces
by dissolving CaCOs. To study the dynamics of microbioeroding community in the
two targeted coral genera, two innovative methods were developed: machine learning
to quickly and accurately analyze thousands of microbioeroding traces, within images
taken with a Scanning Electron Microscope (SEM) along three vertical transects paral-
lel to the main growth axis of the two coral genera, and the study of lipid biomarkers
along a coral core (only Diploastrea sp.). The machine learning method based on a

CNN model was first developed on the coral Diploastrea sp. with an accuracy of 93%,
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then adapted to Porites sp. by modifying a hyperparameter (95% accuracy). The geo-
chemical approach tried identifying specific lipid markers of the microalga Ostreobium
sp. and the coral Diploastrea sp. during the last decades. The results showed that the
abundance of microbioeroding traces is 3 to 4 times higher in the coral Diploastrea
sp. than in Porites sp and has decreased in all coral genera over the last decades. In
Diploastrea sp., the decrease is 90% over the last 54 years and is coupled with a very
important change in community composition between 1985-1986. The density (bulk)
of Diploastrea sp. has also dropped significantly over the last 5 decades. Logistic re-
gressions showed that temperature, wind speeds, and internal pH of the coral, more
or less coupled, are correlated to the abundance of microbioeroding traces. The geo-
chemical approach also highlighted the significant decrease of a lipid biomarker group,
the amides, over the last decades. Although it is difficult to attribute amides to a spe-
cific taxon or species in the coral skeleton, I hypothesize that they could potentially
reflect the presence of microbioeroding communities. To confirm or refute the ob-
served trends, there is a need to study a more significant number of coral cores, but
also in length. In addition, other factors could be studied to understand better the de-
crease in the abundance of microbioeroding communities, such as trace metals and

other carbonate system variables, and its implication in coral health and resilience.
Key-Words: Microbioreroding Assemblages - Euendoliths - Community Shift - Green

Bands - Massive Corals - Mayotte - Global Changes - Machine Learning - Organic Geo-

chemistry - Lipid Biomarkers
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Résumé

Les récifs coralliens sont de plus en plus menacés par les changements globaux qui af-
fectent a la fois les processus d’accrétion et d’érosion. Parmi ces processus, la bioéro-
sion récifale est un processus de dégradation naturelle majeur résultant de I'action de
divers organismes sur et dans les substrats carbonatés. Depuis peu, une attention par-
ticuliere est portée sur la meilleure compréhension des leurs roles joués par les mi-
croflores bioérodantes (ou perforantes) comprenant des cyanobactéries, microalgues
et fungi, dans le fonctionnement des récifs coralliens, notamment le bilan carbon-
até, du fait de leur role important dans la dissolution récifale des carbonates morts
a court terme (jour, mois, année). La présente theése avait donc pour objectif princi-
pal d’étudier I'effet de certains facteurs environnementaux, dont le réchauffement et
l'acidification des océans a long terme (décennie) sur a la fois la composition, la distri-
bution et 'abondance de communautés microperforantes récifales. Etant donné que
des expériences a long terme avec des coraux morts sont peu envisageables, plusieurs
carottes coralliennes issues de deux genres coralliens massifs (Diploastrea sp. et Porites
sp.) a croissance lente, ont été collectés le long du Canal du Mozambique et en par-
ticulier a Mayotte, permettant de couvrir les dernieres décennies (30 a 50 ans). Ces
coraux massifs sont connus pour étre de véritables bioarchives géologiques largement
colonisées par les microflores perforantes qui en dissolvant le CaCO3 créent des ga-
leries. Pour étudier la dynamique des microflores perforantes dans les deux genres
coralliens ciblés, deux méthodes innovantes ont été développées: le machine learn-
ing pour analyser rapidement et précisément des milliers d’'images de galeries mi-

croperforantes prises au Microscope Electronique & Balayage (MEB), le long de trois

13



transects verticaux parallele a ’axe principal de croissance des deux genres coralliens,
et I'étude de biomarqueurs lipidiques le long d’'une carotte corallienne (uniquement
Diploastrea sp.). La méthode du machine learning basée sur un model CNN a d’abord
été développée sur le corail Diploastrea sp. avec une précision de 93%, puis adap-
tée au Porites sp. en modifiant notamment un hyperparametre (précision de 95%).
Lapproche géochimique a consisté a tenter d’identifier des marqueurs lipidiques spé-
cifiques de la microalgue Ostreobium sp. et du corail Diploastrea sp. au cours des
derniéres décennies. Les résultats ont montré que I’abondance des galeries microper-
forantes est 3 a 4 fois plus importante dans le corail Diploastrea sp. que dans le Porites
sp. et qu’elle a diminué quelque soit le genre corallien, au cours des dernieres dé-
cennies. Chez Diploastrea sp., la diminutation est de 90% en 54 ans et est couplée
a un changement trés important dans la composition des communautés entre 1985-
1986. La densité (bulk) du Diploastrea sp. a également chuté de maniere significative
au sur les 5 dernieres décennies. Des régressions logistiques ont montré que la tem-
pérature, les vitesses de vents, le pH interne du corail, plus ou moins couplés, sont cor-
relés a’'abondance des traces microperforantes. Lapproche géochimique a également
mis en évidence la diminution importante d'un biomarqueur lipidique, les amides, au
cours des dernieres décennies. Bien qu'’il soit difficile d’attribuer les amides a un taxon
ou une espéce en particulier présente dans le squelette corallien, j’émets I'’hypothese
que potentiellement ces derniéres pourrait refléter la presence de communautés mi-
croperforantes. Pour confirmer ou infirmer les tendances observées, il est nécessaire
d’étudier un plus large nombre de carotte coraliennes ainsi qu'un longueur. En outre,
d’autres facteurs pourraient étre étudiés pour mieux comprendre la diminution de
I’abondance des communautés microperforantes tels que les métaux traces, d’autres
variables du systeme des carbonates, et son implication dans la santé et la résilience

des coraux.
Mots-Clés: Assemblage Traces Microperforantes - Euendolithes - Shift de Commu-

nautés - Bandes Vertes - Coraux Massifs - Mayotte - Changement Globaux - Machine

Learning - Géochimie Organique - Biomarqueurs Lipidiques
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1.1 Coral Reef Ecosystems

1.1.1 Ecological Importance and Major Threats

1.1.1.1 Why Are These Ecosystems so Important?

Present for more than 240 million years (Middle Triassic), scleractinians corals repre-
sent the main order of hard skeleton corals (Veron, 1996; Stanley Jr and Fautin, 2001;
Stolarski et al., 2011). Scleractinian corals, also known as reef-builders corals, are the
principal agent for the most prominent biomineral construction of the world: coral
reefs. Coral reefs represent one of the most complex, dynamic, and highly productive
ecosystems found on the planet (Odum and Odum, 1955; Connell, 1978). Coral reefs
are the equivalent of primary tropical forests for the marine ecosystem. Their distribu-
tions and structures represent an ideal location providing nurseries, spawning places,
and gathering food sources for many species, including humans. They are an essential
ecosystem resource for the subsistence of populations and society (Moberg and Folke,
1999; Woodhead et al., 2019). Corals form natural barriers that protect islands and
coastal cities against physical erosion due to the destructive forces of waves, cyclones,
and tsunamis by absorbing more than 90% of this energy (S. Wells and Ravilious, 2006).
Coral reefs also provide a large panel of ecosystemic services. More than 500 million
people rely on resources provided by coral reefs (Woodhead et al., 2019). The esti-
mated value the latter returns is around 24 billion euros each year (P-Y. Chen et al.,
2015). Coral reefs also have a significant role to play within human fisheries as they
represent around 12% of the overall fisheries around the globe and more than 90% of
the fisheries for the southeastern Asian countries (Moberg and Folke, 1999; Sinclair et
al., 2002). Reefs also represent valuable resources and significant economic incomes,
primarily due to tourism activities, but also proving sand, essential for facilities such
as road and buildings (C. R. Alliance, 2010). Coral reefs are also a significant source of
molecules used in the cosmetic and medical fields, and for example, can be used as bi-
ological models to understand better immune mechanisms (Spurgeon, 1992; Moberg
and Folke, 1999). Corals can be found in many places around the world. From cold to
temperate and tropical waters, tropical coral reefs represent the core of the coral diver-
sity of the world’s coral reef ecosystems. Tropical coral reefs thrive primarily in shallow
waters within the euphotic zone of the ocean, which comprises the first 30 to 50 meters

of the water column. Tropical reefs are mainly distributed within the regions between
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the 30° North and 30° South, where their thermal optimum is comprised between 21 to
29.5°C (Kleypas et al., 1999; Teh et al., 2013; Figure 1.1).

Figure 1.1: The geographical distribution of tropical coral reefs worldwide from 30°N to 30°S. Data are
from Burke et al., 2011.

While coral reefs represent less than 1% of the total surface of the ocean, they
gather one of the highest biodiversity found on the planet representing more than 25
to 30% of the ocean diversity (Spalding et al., 2001), considered as important biodiver-
sity hotspots (Gove et al., 2016; Wagner et al., 2020). Reef species diversity has been
estimated at 600,000 to more than 9 million species worldwide (Reaka-Kudla, 1997;
Bouchet, 2006). The world’s coral reefs are broadly categorized into six reef zones rep-
resenting 284,300 km2 of ocean area (S. M. Wells, 2008). Coral reefs are found primarily
in Southeast Asia (28% of the world’s reefs), the Pacific Ocean (25%), Australia (17%),
the Western Indian Ocean (WIO; 16%), the Atlantic Ocean (9%), and the Middle East
(5%) (Burke et al., 2011; D. Obura et al., 2017). Kitahara et al., 2016 reported 1500 liv-
ing species of scleractinian corals, divided among 31 families and approximately 240
genera. At least 845 species of corals are known to build reef frameworks in the photic
zone (Carpenter et al., 2008), with a wide diversity of coralline algae and invertebrates

also contributing to building reef structures.

1.1.1.2 AJewelin Perish

Despite their extraordinary biodiversity and many ecosystemic services, coral reefs
represent one of the world’s most endangered and vulnerable ecosystems. Coral reefs
could disappear at the end of this century (Allan et al., 2021) and are widely regarded as
one of the top conservation and science priorities globally (Klein et al., 2010; Hughes et

al., 2017). Corals are very sensitive to their environment. The main disturbances that
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can modify those environmental conditions are local and global perturbations (e.g.,

ongoing climate change).

1.1.1.2.1 Local Disturbances and Anthropogenic Impacts

A wide range of stressors describes local perturbations for coral reef ecosystems. De-
structive fishing, overfishing, coastal development of cities, dredging within reef ar-
eas, mass tourism, increased sedimentation associated with the runoff of land-based
activities, and eutrophication (enrichment of nutrient concentrations, concern phos-
phate and nitrogen) directly affect the stability and health of coral reefs (Hughes, 1994;
Edinger et al., 1998; Szmant, 2002. Coral reefs are found in oligotrophic waters, poor
in nutrients such as nitrogen and phosphate (N, P). Despite the low nutrient concen-
trations, coral reefs exhibit high gross primary productivity rates (Hatcher, 1990; Gat-
tuso et al., 1999; Leclercq et al., 2002; McLaughlin et al., 2023). Massive input of nu-
trients (especially nitrogen or phosphorus) can degrade reefs through different mech-
anisms (Dubinsky and Stambler, 1996; Szmant, 2002; Fabricius, 2005). For instance,
eutrophication is known to increase the rates of macrobioerosion and microbioero-
sion (Risk et al., 1995; Edinger et al., 2000; Holmes et al., 2000; Tribollet et al., 2002;
Tribollet and Golubic, 2005). Rates of macrobioerosion observed at the Great Barrier
Reef (GBR, Australia) were three to ten times higher at inshore eutrophic reefs than
at offshore oligotrophic reefs (Risk et al., 1995; Tribollet and Golubic, 2005). On the
other hand, Carreiro-Silva et al. (2005) showed that after adding nutrients, microbio-
erosion rates were five to ten times higher under eutrophic conditions (depending on
the grazing pressure) than under oligotrophic conditions at Belize Reef. Chazottes et
al. (2002) also showed a similar trend of amplification rates of carbonate dissolution
from the different agents (grazers, macroborers, microborers) subject to various lev-
els of eutrophication (exert primary control). Also, nutrient enrichment might be re-
sponsible for trophic changes and might increase turbidity and cause light loss, which
might affect photosynthesis rates. Finally, sedimentation might cause reduced larval
settlement and enhanced mortality (Fabricius, 2011). Nonetheless, some studies de-
scribed positive coral calcification responses to increase nutrient availability and that
nutrient-enriched corals might be less sensitive to acidification (Atkinson et al., 1995;
Langdon and Atkinson, 2005; Holcomb et al., 2010) or vice versa where dissolved in-
organic carbon (DIC) added to seawater could mitigate the detrimental effect of nu-

trient enrichment (Marubini and Thake, 1999). Chauvin et al. (2011) also suggested
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that nutrient-enriched might positively affect coral calcification in scenarios with and
without a pCO; increase. Overall, it is inappropriate to discount the detrimental ef-
fects of increased nutrient concentrations on coral reefs, reducing coral diversity and
recruitment by enhancing macro-algae settlement. Several authors (McCook, 1999;
T. McClanahan et al., 1999; Cheroske et al., 2000) have suggested that nutrient load-
ing alone is unlikely to lead directly to macro-algal overgrowth of corals. Phase shifts
from abundant coral to abundant macroalgae might appear to involve the combined
effects of eutrophication, physical disturbances, and reductions in herbivory (Wan-
ders, 1976; Russ and McCook, 1999; Vermeij et al., 2010). Enrichment of nutrients
might also lead to the apparition of invasive species such as the starfish Acanthaster
planci (Messmer et al., 2013), the main predator of corals. This organism can be re-
sponsible for destroying entire reefs, as it has affected the Great Barrier Reef (De’Ath
etal., 2012). Additionally, chemical pollution like "antifouling" paints, the discharge of
detergents within coastal areas (Sheikh et al., 2009), fertilizers and pesticides (West and
Van Woesik, 2001, sunscreens (Corinaldesi et al., 2018; Fel et al., 2019), or the increased
and massive discharge of plastic waste through rivers (Lebreton et al., 2017; Reichert
et al., 2018) wash directly to the ocean and represent important threats to corals. For
instance, marine debris and chemical product exposure can reduce corals’ prey ac-
quisition and growth rates (Mouchi et al., 2019; Nama et al., 2023). Plastic debris might
deprive corals of light and oxygen exchange, which gives pathogens and makes the reef
more vulnerable to disease (Lamb et al., 2018). Corals can also be exposed to high con-
centrations of heavy metals (e.g., Zn, Pb, Ni, Co, Cu, Mn) that can directly affect and
impact their metabolism (T.-R. Chen et al., 2010; Biscere et al., 2015; Jafarabadi et al.,
2017). Coral reefs are also subjected to tanker traffic, shipping, the petrochemical in-
dustry, coastal and urban development (Abdolahpur Monikh et al., 2013). Moreover, it
has recently been highlighted that light and noise pollution might affect coral develop-
ment and other organisms present within these ecosystems (Ayalon et al., 2019; Garrett
et al., 2020; Ferrier-Pages et al., 2021). When these local anthropogenic pressures are
combined with more global pressures (i.e., temperature increase, acidification), these

multi-stress factors accumulate and strongly threaten the future of coral ecosystems.

1.1.1.2.2 Global Changes: Focus on Ocean Acidification and Warming

Since the mid 19" century, expansion of industrialization and human demography led

to excessive consumption and utilization of fossil fuel energies (coal, petroleum, gas).
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Additionally, such consumption was also coupled with fast and intense territorial de-
velopment and massive deforestation of primary forests (second largest anthropogenic
source of carbon dioxide (CO>) to the atmosphere; Van der Werf et al., 2009; Song et al.,
2015, Allan et al., 2021). These activities have led to massive emissions of CO, into the
atmosphere over the last 150 years and therefore significantly altered the global car-
bon cycle of the Earth system (Cox et al., 2000; Dufresne et al., 2002; Friedlingstein
etal., 2003). The concentration of CO, atmospheric has drastically increased from 280
parts per million (ppm) in 1850, before the industrial revolution, to more than 410 ppm
in 2020 (Hashimoto, 2019; Dlugokencky and Tans, 2020; Friedlingstein et al., 2022). In
consequence, the global atmospheric temperature has increased by 0.8 to 1.2°C since
1850 (Allan et al., 2021). However, this increase in temperature did not only warm
the atmosphere but also significantly increased the temperature of the global ocean.
The ocean plays a central role in the Earth’s climate. On the one hand, it absorbs 93%
of the extra heat caused by the anthropogenic emissions of greenhouse gases, on the
other hand, it acts as a strong carbon sink by absorbing approximately 30% of anthro-
pogenic CO, from the atmosphere (Sarmiento and Sundquist, 1992; Hoegh-Guldberg
et al., 2014). Nevertheless, the efficiency of the ocean to absorb the excess of CO, from
the atmosphere is disrupted by the ongoing climate change (Fung et al., 2005). In trop-
ical regions, as a consequence of the global warming, coral reefs are subject to stress-
ing events called "bleaching" events (see Figure 1.2). Coral bleaching by nature de-
scribes a succinct event that coral can recover after. Survival rates of corals depend on
the intensity of the warming (e.g., Marine Heatwaves), its duration, and the influence
of other co-perturbations. Nonetheless, over the last five decades, the intensity and
severity of bleaching events have dramatically increased, leading to global bleaching
events and have led to massive coral mortality across the world’s coral reefs (Hoegh-
Guldberg, 1999; Kleypas and Langdon, 2006; Hoegh-Guldberg et al., 2014; Hughes et
al.,, 2018; Sully et al., 2019). This phenomenon involves the breakdown of the symbiosis
between the scleractinian corals and their symbiont, a dinoflagellate protist from the
genus Symbiodinium, also called "zooxanthellae" (Odum and Odum, 1955; Muscatine
and Porter, 1977; Hoegh-Guldberg, 1999). This symbiosis is very sensitive to corals’
physical and chemical environment changes. Several factors can drive the disruption
of the symbiosis and the loss of symbionts, such as short periods of high or low temper-
ature and/or light, exposure to toxins, chemical pollution, changes in pH, and salinity
(Hoegh-Guldberg et al., 2017).
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Figure 1.2: Side-by-side comparison of a coral reef before and after bleaching. Credit: Chasing Coral.

In addition to the overall warming, the stability of oceans is also threatened by
another crisis called "ocean acidification" (OA), a significant process that affects and
changes the seawater carbonate chemistry (Kleypas and Langdon, 2006; Guinotte and
Fabry, 2008; Feely et al., 2009). Predictions and scenarios displayed by the IPCC estab-
lish a pH reduction from 0.2 to 0.4 units (Allan et al., 2021) at the end of the century.
A pH change of this magnitude probably has not occurred for more than 20 million
years of Earth’s history (Feely et al., 2004). The rate of this change is cause for seri-
ous concern, as many marine organisms, particularly those that calcify, may not adapt
quickly enough to survive these changes. Guinotte and Fabry (2008) reviewed and at-
tempted to provide a general synthesis of known and/or hypothesized biological and
ecosystem responses of several taxa, particularly those that build skeletons, shells, and
tests of biogenic calcium carbonate, to increase OA. The scientific knowledge base sur-
rounding the biological effects of OA is still in its infancy, and the long-term conse-
quences of changing seawater chemistry on marine ecosystems can only be theorized.
Some studies allowed the identification of “tipping points” or “thresholds” of seawa-
ter carbonate chemistry when OA will cause net calcification rates to be less than net
dissolution rates in coral reef systems (Yates and Halley, 2006; Hoegh-Guldberg et al.,
2007). Reduction in calcification could fundamentally alter the current structure and
function of coral reef ecosystems’ growth depending on their ability to accrete faster
than erosional processes can break them down. On the other hand, few studies have

investigated the effects of OA on CaCO3 dissolution rates and how it could enhance
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bioerosion processes from different agents. For instance, Tribollet et al. (2009) experi-
mentally demonstrated increased bioerosion rates under high-CO, conditions. When
exposing dead coral blocks of Porites lobata colonized with natural euendolithic and
epilithic communities to different seawater pCO, conditions, bioerosion rate under
the high-CO2 conditions was significantly higher than in ambient conditions. Addi-
tionally, Enochs et al. (2016) deployed dead coral blocks (Porites sp.) for roughly 2 years
at two reefs in Papua New Guinea, each experiencing volcanically enriched CO; con-
centrations and showed that OA conditions were correlated with decreased calcifica-
tion and increased macroboring activities primarily by annelids. Recently, Schonberg
etal. (2017) reviewed and attempted to provide information on how erosion and its bi-
ological associated agents relate to the OA "problem". Their work summarizes defini-
tions and concepts in bioerosion research and knowledge regarding the context of OA,
providing case examples and meta-analyses. Nonetheless, the physiological responses
of bioeroders and their interactions with environmental factors are insufficiently stud-
ied. OA research and its effects on bioerosion are also in their infancy. Further inves-
tigations are needed to obtain more data for reliable general prognoses. Global trends
suggest that growing environmental changes (e.g., eutrophication, coral mortality, OA)
might elevate bioerosion in the near future. Changes harmful to calcifiers may not be
as severe for bioeroders (e.g., warming); and factors facilitating bioerosion often re-

duce calcification rates (e.g., OA).

One of the most important components of the chemical perspective of oceanography
is the carbonate system, primarily because it controls the acidity of seawater. Also, the
carbonate system of the ocean plays a key role in controlling the pressure of CO, in
the atmosphere, which helps regulate the planet’s temperature (Emerson and Hedges,
2008). Before the industrial revolution, the mean ocean’s pH was around 8.18 (Cao and
Caldeira, 2008), while today, pH has decreased to around 8.1. This reduction in the pH
system might appear insignificant, but this translates to an increase of nearly 30% of
the concentration in ions H* in the seawater surfaces, increasing seawater acidity and
modifying the whole carbonate system. Dissolved compounds that make up the car-
bonate system in the ocean occur in three principal forms: dissolved carbon dioxide
(CO; (aq)), bicarbonate ion (HCO3™), and carbonate ion (CO3%7). The dissolution of
atmospheric CO; in seawater forms carbonic acid (H,COs3), a weak acid that, at equi-

librium, releases protons (H+) and bicarbonate ions (HCO3~) but reduces the number
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of carbonate ions (CO327) available (Equation 1.1).

COz(ag) + HoO — HyCO3(ag) ~ HCOy, ) + H" < 2H" + CO5, (1.1)

This reduction in carbonate ion concentration (CO527) also leads to a reduction in
the calcium carbonate saturation state (Q), significantly impacting marine calcifiers. A
reduction in the number of carbonate ions available will make it more difficult and/or

require marine calcifying organisms to use more energy to form biogenic calcium car-

bonate (CaCOs; Figurel.3)
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Figure 1.3: Conceptual figure showing the effect of increasing CO, concentration on acid-base chemical
species present in seawater. Atmospheric CO», taken up by the ocean, combined with water to produce
carbonic acid, which releases a proton that combines with a carbonate ion, decreasing the concentra-
tion of carbonate ions, and making it unavailable to marine calcifiers such as corals. For additional

information, refer to Hoegh-Guldberg et al., 2007 showing the acidification process and its impact on
corals.

Corals are one of the most endangered ecosystems facing OA, leading to an overall
change in their physiology and growth conditions. The overall documented impacts
are the lowering of their skeletal density (soft calcareous skeleton), reduced rates of
their calcification or their vertical extension (Gattuso and Hansson, 2011; M. McCul-
loch et al.,, 2012; Gattuso et al., 2013; T. M. DeCarlo et al., 2015; D’Olivo et al., 2019).
Nonetheless, all corals have not been affected the same way by increased levels of OA
or warming with more tolerant taxa than sensitive ones (e.g., massive vs. branching

corals, Hughes et al., 2017; T. M. DeCarlo et al., 2019).
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Ocean circulation features and water masses associated result from various processes
across many spatial and temporal scales. All these processes interact together to trans-
port physical, chemical, or biological properties that create the ocean circulation struc-
tures observed on the planet and control biodiversity settlement in the different oceanic
regions. Therefore, warm-water coral reefs largely depend on the physical and chemi-
cal changes that are occurring at the ocean’s surface (Freiwald et al., 2004; Eakin et al.,
2010), which are different across the planet. Differences also translate into trajectories
regarding near and long-term projections of planetary oceans warming and OA. Over
the last 70 years, enhanced anthropogenic CO, concentrations have increased SSTs
of the Indian, Atlantic, and Pacific oceans, respectively of 0.65 °C, 0.41 °C and 0.31 °C
(Hoegh-Guldberg et al., 2014). Long-term ocean temperature records show continu-
ous, intense, and fast warming in the Indian Ocean, at about 1.2 °C from 1901-2012
(Roxy et al., 2014). These different SST changes across the disparate oceanic regions
impact coral reef ecosystems differently, showing the world’s coral heterogeneous vari-
ability and resilience facing the ongoing climate change (Hoegh-Guldberg et al., 2017).
For instance, the Indian Ocean presents unique features in many respects (e.g., bound-
ary currents) compared to the Atlantic and Pacific oceans (Schott and McCreary Jr,
2001; R. Hood et al., 2015). Unusual attributes, including large alongshore-propagating
meanders and eddies, can substantially modify surface currents, upwelling, and down-
welling circulations, mainly observed within the WIO (Lutjeharms, 2006; Fig.1 in R. R.
Hood et al., 2017; Vinayachandran et al., 2021), affecting in return primary produc-
tion rates, and the marine diversity within this area. Within the WIO, the Mozambique
Channel (MC) is a region of high biodiversity, important fisheries, and a coastal area
that supports pristine ecosystems, estuaries and mangroves, high biological diversity,
and endangered species, as well as being home to the second most biodiverse area for
coral species in the Indo-Pacific (D. Obura et al., 2022). The MC is a highly dynamic
region characterized by southward migrating mesoscale eddies most prominent in the
western half (Roberts et al., 2014; Halo et al., 2014). These eddies are formed around
the Comoros Islands (in the northern MC; Figure 1.4) due to the baroclinic instabil-
ity of the South Equatorial Current (SEC) (Backeberg and Reason, 2010; Mawren, Her-
mes, et al., 2022) or can be shed off the southwest coast of Madagascar (de Ruijter et
al., 2004) from the East Madagascar Current (EMC) as large pairs of counter-rotating
eddies. As cyclonic and anticyclonic eddies separate from the mean flow, they may

trap cool or warm waters anomalously in their center. For Instance, Mawren et al.,
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2020 investigated SST differences between cyclonic eddies and ambient waters in the
northern MC in April 2019 that were of 1 °C and slightly less for anticyclonic eddies and
are even larger SST differences in eddies associated with the southern part of the MC.
Therefore, the temperature gradient between the eddies and the surrounding water

can significantly impact the different ecosystems distributed within the MC differently.
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Figure 1.4: Figure modified from Mahwren et al. (2021) showing the details of the key ocean circula-
tions over the MC. SEMC South-East Madagascar Current, NEMC North-East Madagascar Current, SEC
South Equatorial Current, and Agulhas Current. Red and blue circles illustrate idealized anticyclonic
and cyclonic eddies, respectively. Orange shading highlights the distribution of warm-water coral reefs.
Colorbar represents the bathymetry.

1.1.2 Reefs Functioning: A Balance of Forces

Corals are the most important of several reef-building organisms compared to the oth-
ers, like crustose coralline algae, sponges, and mollusks. First, coral larvae settle on
submerged rocks or hard substrate surfaces along the edges of islands or continents to
form diverse reef structures. When corals grow and expand in cover, three major reef
structures can be observed: fringing, barrier, or atoll reefs (Friedlingstein et al., 2003).
Fringing reefs, the most common and widely distributed reefs, develop in shallow wa-
ters around islands. They project from the shore toward the sea surrounding islands
and form borders along the shoreline. Barrier reefs, as fringing ones, border shorelines
but are present at an even greater distance from the shore. Barrier reefs are isolated
by an open (often deep) lagoon and separated from their adjacent land mass. Atoll

reefs are described as circular or oval reef structures with a lagoon within their center
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(Figure 1.5). Reef platforms may emerge, and passes in the reef provide access to the
central lagoon. Barrier reefs and atolls represent one of the oldest and most spectacu-
lar biologically and productive habitats in the ocean (Figure 1.5). All three reef types:
fringing, barrier, and atoll display different environmental conditions characterized by
differences in depth, wave energy, current strength, light, temperature, different bot-
tom topography, and different suspended sediment materials that drive distinct zones

for coral settlement, algae, and other tropical species.
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Figure 1.5: The developmental sequence of coral reefs, from young fringing reefs (left) to barrier reefs
(center), and finally to atolls (right).

Reef systems are defined as a balance where different forces come along. The produc-
tion and accumulation of reef framework carbonate are controlled by the relative rates
and the interactions between ecologically, physically, and chemically driven produc-
tion and erosion processes (constructive vs. destructive forces; T. Scoffin, 1992). The
primary framework from corals, the secondary framework from calcareous encrust-
ing communities, sedimentation burial, and marine cementation represents construc-
tional forces. On the other hand, destructive processes, which remove or degrade pri-
mary (and secondary) framework carbonate, are mainly associated with the effects of
either physical (mainly storm) or biological disturbances (erosion forces). Erosion of
coral reefs is defined through three forces governed by interrelated physical, chemi-
cal, and biological processes (Tribollet and Golubic, 2011). Physical erosion includes
seismic events, storm damage, wave, and current action that can cause severe struc-
tural damage to coral reefs and export large quantities of CaCO3 sediments to deeper
water (T. P. Scoffin, 1993; Andersson and Gledhill, 2013). Abiogenic chemical erosion

is characterized by the thermodynamically driven, passive dissolution of carbonates
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through acidity or undersaturation (Q<1; e.g., Trudgill, 1976; Morse et al., 2007; Ander-
sson and Gledhill, 2013). Biological erosion or bioerosion—processes is defined through
the action of living organisms that degrade hard materials such as wood, bone, cement,
siliceous rock, and foremost different CaCO3 substrates (Neumann, 1966; Scott and
Risk, 1988; Wisshak and Tapanila, 2008; Tribollet and Golubic, 2011). Among erosion
processes, bioerosion represents the main force of reef degradation (T. Scoffin et al.,
1980; Tribollet and Golubic, 2011; Schonberg et al., 2017). Reef bioerosion affects sedi-
mentary and skeletal carbonate substrates. It plays an important role in reef sedimen-
tation and diversity maintenance (creation of habitats and food resources), is involved
in biogeochemical cycles (recycling of dissolved Ca®* and C), and thus represents an
integral part of the coral reef carbonate balance (Tribollet and Golubic, 2011). Within
bioerosion, different processes are described with chemical and mechanical erosion.
Formerly, they were named bio-corrosion, which refers to the destruction of carbon-
ates by chemical means, and bio-abrasion, which refers to the mechanical removal
of carbonates by organisms (Golubic and Schneider, 1979; Schneider and Torunski,
1983; Tribollet and Golubic, 2011; Schonberg et al., 2017). The path of bioerosion de-
pends on the type of organisms involved in the dissolution process (Andersson and
Gledhill, 2013; Schonberg et al., 2017). Overall, chemical etching or leaching dissolves
hard material (e.g., microborers) and is contrasted by mechanical fracturing, rasping,
biting, and removal of particles (e.g., grazers). Many organisms even combine both
modes (e.g., macroborers). These processes, taken in the broadest sense of the term
‘reef taphonomy’ (T. Scoffin, 1992; C. Perry and Hepburn, 2008), define the carbonate
budget of reef production or dissolution states. A carbonate budget is the sum of gross
carbonate production from corals and calcareous encrusters mainly, as well as sedi-
ment produced within or imported into the reef, minus that lost through biological,
physical, and chemical erosion, dissolution, or sediment export. Net accretion occurs
when this budget is positive with carbonate production and the extension of the coral
cover. Net erosion occurs when this budget is negative with carbonate dissolution and
reduction of the coral cover. When the budget is neutral, the reef is maintained at equi-

librium (stasis) (Figure 1.6).
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Primary CaCO;
Production (Corals)

Net Accretion = carbonate production

Stasis
(equilibrium)

Net Erosion = carbonate dissolution

Secondary CaCO; Bioerosion CaCO;
Production (coralline algae * Grazing fish and echinoids
and others calcareous encrusters) * Macroborers with sponges, bivalves, worms

* Microborers with cyanobacteria, fungi, algae

Figure 1.6: Ternary diagram showing different carbonate production states determined by variations in
the relative importance of primary (coral) and secondary (calcareous encruster) carbonate production
and carbonate breakdown to sediment/dissolution by bioerosion. Figure modified from C. Perry et al.,
2008.

1.1.3 Massive Corals: Natural Bio-Archives

Scleractinian corals present very diversified morphologies, isolated or colonial, that
can form massive, hemispherical, or domed colonies. For instance, massive corals can
live for several centuries and thus measure a few meters in diameter. In this thesis, the

focus is on two massive coral genera Porites and Diploastrea (Figure 1.7).

Massive
Porites colony

Massive
Diploastrea colony

=

Figure 1.7: (A) Massive Porites colony that measures about 13 m across, 6.5 m in height, and 41 m in
circumference at the base. Credit Photo: Wendy Cover/NOAA. (B) Typical massive Diploastrea colony
observed in Indonesia. Credit Photo Gerry Allen.
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Their massive form offers them a specific resistance over along period and prevents
them from substantial physical erosion (waves, current energy). They grow around a
few mm to a few cm annually. As observed with dendrochronology, the study of an-
nual rings in trees, corals display a similar pattern of annual density banding. Scle-
rochronology represents the analysis of this pattern, the physical and chemical varia-
tions in the accretionary hard tissues of organisms, and the temporal context in which
they formed. Sclerochronology focuses primarily on growth patterns reflecting an-
nual, monthly, fortnightly, tidal, daily, and sub-daily increments of time and aims at
reconstructing past environmental variability (Hudson et al., 1976; Buddemeier, 1978;
Watanabe et al., 2019). These massive corals live in shallow waters (the first 60 m) and
are relatively accessible. The genus Porites (Link, 1807) has a repartition between 2 and
60 m in depth. The genus Porites is easily identifiable, presenting a considerable logis-
tical advantage during the sampling phase. Nonetheless, species identification within
the genus Porites is not easy and can imply the use of different techniques that can
be costly (Scanning Electron Microscope (SEM), optical microscopic, metabarcoding).
Porites corallites are small, irregular, and highly variable, making it challenging to be
identified both in the field and the laboratory (Darke and Barnes, 1993; Forsman et al.,
2015). Thus, comparing cores from the same genus but not automatically from the
same species can add biases to the different analyses, which need to be considered
later on. For instance, in this thesis, massive Porites corals collected between the dif-
ferent sites might be different species (e.g., P lutea or P lobata), which could influence
differently microbioeroding communities colonizing the coral skeleton, even if corals
are from the same genus (species effect). Massive Porites generally present a growth
around 1 to 1.5 cm.yr~! (J. Lough, 2008;Cantin and Lough, 2014). The genus Diploas-
trea (Matthai, 1914) also forms massive colonies, denser and generally slower growing
(2 to 6 mm.yr ') producing continuous paleoclimatic records potentially extending
over 1000 years (Bagnato et al., 2004; Wu et al., 2018). Diploastrea heliopora (Lamarck,
1816) is the only living species assigned to the genus throughout its taxonomic history
(Wijsman-Best, 1980), thus eliminating the possibility of inter-species effects on geo-
chemical paleo-proxies (Bagnato et al., 2004; Budd et al., 2012; D. Huang et al., 2014).
Budd et al. (2012) supported that Diploastrea heliopora had a distinct lineage and only
species of its genus (clade XV) amongst living coral species, sister to Montastraea cav-
ernosa (see Figure 2 in D. Huang et al., 2014). The presence of the Porites genus (here an

example of the massive species Plutea) extends to the Pacific Ocean, the Atlantic and
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Indian Ocean, and the Caribbean. Porites is present within the WIO with a confirmed
presence within the Scattered Islands, la Reunion, Comoros Archipelago, and along the
eastern African coast. On the other hand, Diploastrea is widely distributed on reefs of
the Indo-Pacific and absent eastwards from Hawaii. Its presence within the WIQO is less
confirmed than Porites, essentially for la Reunion and the Scattered Islands (e.g., Eu-
ropa, at the northern part of the MC). Overall, Diploastrea is less distributed than the

massive Porites with main differences in the WIO and the Pacific Ocean(Figure 1.8).

® Presence confirmed
= Strongly suggested

Figure 1.8: (A) Distribution of one species of massive Porites colony: Porites lutea (B) Distribution
of the massive coral Diploastrea heliopora. Both maps obtain from Corals of the World (http://www.
coralsoftheworld.org/page/home/).

Over the last decades, geochemical tools called geochemical tracers (i.e., "prox-
ies") have been developed. Massive tropical corals have been natural archives used in
paleoclimatology, paleoceanography, or past environmental sciences for many years
(J. Lough, 2008; J. Lough and Cantin, 2014; Wu et al., 2018; Reed et al., 2021). Dur-
ing their development, corals continuously secrete calcium carbonate (CaCO3) to form
their skeleton. Its chemical composition depends on environmental factors (tempera-
ture, light, salinity, pH, carbonate chemistry, nutrients, pollutants) and the elemental
or isotopic composition (Li, B, Sr, Nd, Pb, Mg, Ca...) (Gagnon et al., 2007; Montagna
et al., 2014; Ram and Erez, 2021).
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1.2 Reef Bioerosion

1.2.1 Bioerosion Processes

Natural biological erosion (termed bioerosion; Neumann, 1966) can be defined as the
corrosion of hard substrates by living organisms. Bioerosion is an essential mecha-
nism of CaCOj3 recycling, especially true in shallow, warm-water habitats such as coral
reefs. It is almost precisely the antagonistic counterpart of biological calcification and
the main pathway of erosion (Tribollet and Golubic, 2011; Schénberg et al., 2017). Bio-
erosion, the major force of reef degradation, also aggravates the effects of physical ero-
sion (cyclones, storms) by increasing material porosity, weakening reef substrates (liv-
ing and dead corals) from the inside and the outside, leading to an overall increase in
fragility of coral reefs (Highsmith et al., 1983; Scott and Risk, 1988; Tribollet and Golu-
bic, 2011). Bioerosion is due to the actions of a natural diversity of bioeroding agents

(Figure 1.9).
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Figure 1.9: The bioerosion loop shows a simplified model of interactions between the main bioeroder
groups. Figure from Schonberg et al., 2017.

s

It is divided into different categories based on their pathway of erosion (chemical
vs. mechanical erosion) (internal vs. external erosion). Firstly, the diversity of bioerod-
ing agents is composed of organisms such as cyanobacteria, chlorophytes, rhodophytes,

and fungi, constituting the group of microborers. Microborers represent internal bio-
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eroders (<100 um) that live within the substrate and employ mainly chemical bio-
erosion processes. Secondly, organisms like bivalves, worms (e.g., polychaetes), and
sponges constitute the macroborers group. Macroborers are internal bioeroders (>100
pm), employing both pathway of chemical and mechanical erosion processes. Fi-
nally, the last group of eroding agents gathers the activities from fishes, urchins, and
snails and represents the grazers. Grazers are external bioeroders and remove mate-
rial from the substrate surface employing mainly a mechanical erosion process (Odum
and Odum, 1955; Golubic et al., 1981; Tribollet, 2008; Schonberg et al., 2017). Overall,
bioeroders (micro and macroborers and grazers) all interact with each other and with
their environment constituting the "bioerosion loop" (Figure 1.9). These biological
eroding agents have critical roles in reef systems. As mentioned, by directly degrading
the primary and secondary framework produced by carbonate producers (e.g., corals,
CCA), they increase the susceptibility of coral reefs to physical and chemical erosion. In
turn, the physical breakdown of CaCOs structures and substrates to smaller sizes can
further promote biological and chemical dissolution because of the resulting increase
in the ratio of surface area to volume (Andersson and Gledhill, 2013), thus strongly in-
fluencing carbonate budgets (dissolution, production, and recycling of CaCOs3). Under
normal conditions, borers and grazers do not contribute just to bioerosion by dissolv-
ing and fragmenting CaCOj3 substrate but also deliver valuable ecosystem services and
sustain and maintain reef health. Microborers are major primary producers on reefs
that support many food webs and trophic interactions (e.g., predation) and share nu-
trients with corals (e.g., Schlichter et al., 1995; Fine and Loya, 2002; Tribollet et al.,
2006). Microborers represent a renewable food source for grazers and facilitate the
process of grazing by weakening the superficial substrate layer. Besides weakening
CaCOs for grazers, microborers prepare the substrate for macroborer settlement, e.g.,
for polychaetes and sponges (e.g., Hutchings, 1986; Mao Che et al., 1996; Schonberg et
al,, 2017). In turn, they increase the surface area, substrate porosity, light penetration,
and thus available microhabitat for microborers (Chazottes et al., 1995; Tribollet and
Golubic, 2005; Schonberg et al., 2017; Fordyce et al., 2020) ). Macroborers are efficient
filter feeders that purify the water and recycle nutrients (e.g., Rose and Risk, 1985; Ya-
hel et al., 2009; Mueller et al., 2014). Macroborers also facilitate grazing efficiency by
weakening the substrates for parrotfishes, urchins, and mollusks and cause significant
calcareous sediments production (Akpan and Farrow, 1985). In addition, many grazers

do not only control turf biomass and various euendoliths but are also thought to reg-
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ulate macroalgal abundances, thus indirectly reinforcing coral cover (e.g., Sammarco,
1982; Mumby and Harborne, 2010). However, Clements et al., 2017 reviewed herbivo-
rous reef fishes’ (parrotfishes) trophodynamics with the first assumption that parrot-
fishes were primary consumers of macroscopic algae. Instead, the data were consistent
with the hypothesis that most parrotfishes were microphages and target cyanobacte-
ria and other protein-rich autotrophic microorganisms that live on (epilithic) or within
(endolithic) calcareous substrata. The novel view provided by the authors of parrotfish
(grazers) feeding biology provides a unified explanation for the disparate range of feed-
ing substrate used by parrotfishes and further integrates parrotfish nutrition and their

ecological roles in reef bioerosion and sediment transport.

1.2.2 Bioeroding Microflora

1.2.2.1 Definition and History

Difficulties and understanding in some research areas sometimes arise from misdefini-
tions and misusing terms. Regarding bioerosion agents, Golubic et al. (1981) clarified
the term "endolith"(microorganisms that inhabit the interior of a substrate) and dis-
tinguished different organisms. First, when studying microflora, there is a distinction
between microorganisms that inhabit the rock’s surface, "epiliths," and those that in-
habit the fissures in the rock, "endoliths." Endoliths include organisms that colonize
existing fissures (chasmo-endoliths) or cavities in porous substrates (cryptoendoliths),
as well as those which actively penetrate carbonate substrates in which they live, such
as euendoliths (Golubic et al., 1981). Euendoliths comprise various organisms of dif-
ferent sizes. Microbial euendoliths are often referred to as microborers (bioeroding
microflora) (Tribollet and Golubic, 2011) (Figure 1.10).

Surface of
the substrate

"""" caV

Epiliths
p o \

Endoliths:
® Chasmo-endoliths

Crypto-endoliths

® Euendoliths

Figure 1.10: Schematic presentation of various types of endoliths that can colonize a substrate. Figure
adapted from Golubic et al., 1981.
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Bioeroding microflora regroup autotrophic (cyanobacteria, red, and green microalgae)
and heterotrophic (fungi) organisms. Microborers organisms have long geological his-
tories and have been present on Earth since the Mesoproterozoic, 1.5 billion years ago
(Zhang and Golubic, 1987; Golubic and Schneider, 2003) and have played a significant
role in the development and evolution of life as well as the production and destruction
of carbonates (Schneider and Le Campion-Alsumard, 1999; Sdnchez-Baracaldo et al.,
2022). The most common genera of autotrophic euendoliths observed in coral reef
substrates (microscopy observations) around the world are the chlorophytes Ostreo-
bium (Bornet and Flahault, 1888), and Phaeophila (Hauck, 1876), the rhodophyte Por-
phyra (Agardh, 1826) (Conchocelis stage), the cyanobacteria Hyella (Bornet and Fla-
hault, 1888), Mastigocoleus (Lagerheim, 1886), and Plectonema (Bornet and Flahaut
1889). Heterotrophic euendoliths are mainly composed of fungi. A brief morpholog-
ical description and microscopic observations of the main microborers are described
in the following Figure 1.11. Bioeroding microflora taxonomy has been studied since
the 19" century (Bornet and Flahault, 1888) and more widely over the last decades
(Lukas, 1973; Golubic et al., 1975; Le Campion Alsumard et al., 1995; Priess et al., 2000;
Tribollet, 2008; Tribollet and Golubic, 2011; Golubic et al., 2019).
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Algae

Ostreobium sp. (Chlorophyte)

* Siphoneous filaments with variable diameter
* Polymorphic branched with typical swellings, zigzag branching
pattern

Description: Lukas, 1973, 1974
Tllustration: Massé et al., 2018, Tandon et al., 2022

Phaeophila dendroides (Chlorophyte)

* Branched filaments and elongated cell, separated by cross-walls
* Thick lamellated crosswalls

Description: Nielsen, 1987
Illustration: Grange et al., 2015 and Masséet al., 2018

Conchocelis stage of Bangiales (Rhodophyte)

* Branched septate filaments
* Cylindrical cells
* Euendolith (cryptic stage)

Description: Pica et al., 2016

Illustration: Pica et al., 2016

Mastigocoleus testarum

* Cylindrical and thick walls
+ Short lateral branches, terminal heterocysts (black arrow)

Description: Golubic and Le Campion-Alsumard, 1973

Illustration: Ramirez-Reinat and Garcia Pichel, 2012,
Grange et al., 2015

Plectonema Tenebrans

* Separated cylindrical cells, mainly unbranched
» Elongated cells, wide (1 to 1.5 um) and long (2 to 6 um)

Description: D’Hontand Coppejans, 1988; Wisshak et al., 2011

Illustration: Grange et al., 2015

Hyella Caespicoa

* Cylindrical cells, apical is the longest
» Large cells(4 to 10 pm)

Description: D’Hontand Coppejans, 1988

Illustration: Prusina et al., 2015

Fungi

* Visible (sometimes) reproductive organs (bag shape)
* Perpendiculatr, dichotomously branched, ramifications
* Fungal hyphae isodiameter (pm)

Description: Golubic et al., 2005

Illustration: Golubic et al., 2005

Figure 1.11: Illustrations and presentation of morphological characteristics of some microborers.
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Thanks to the advance of molecular and genetic approaches in the last ten years,
much information has been obtained on the diversity of these communities. For in-
stance, sequencing approaches have recently shown massive biodiversity of the green
algal euendolith Ostreobiumin coral skeletons, including a lineage of about 80 different
Ostreobium species and several other entirely unknown family-level lineages (Sauvage
et al., 2016; Del Campo et al., 2017; Ricci et al., 2019). Euendoliths are ubiquitous,
found in almost every environment, geographical location, and depth, where the ap-
propriate substratum (e.g., relatively soluble carbonate and phosphate substrates) is
available, and their biological requirements are met (Golubic et al., 1975; Friedmann
et al., 1988; Gaylarde et al., 2006. They are observed in terrestrial Ascasoa et al., 1998;
Golubic and Schneider, 2003), freshwater (Schneider and Torunski, 1983), and marine
ecosystems, including the Adriatic Sea (Ghirardelli, 2002), the Mediterranean Sea (Le
Campion-Alsumard, 1979), cold temperate coasts (Wisshak et al., 2005), Antarctic (De
Los Rios et al., 2005). Over the years, attention has been given to euendoliths infes-
tation in tropical waters such as coral reefs (Le Campion Alsumard et al., 1995; C. T.
Perry, 1998; Priess et al., 2000; Tribollet, 2008), as they are believed to have played one
of the major roles in the production and destruction of carbonate including reef frame-

builders over long periods of geological time.

1.2.2.2 Colonization of Bioeroding Microflora

Despite their microscopic size, euendoliths, main agents of reef bioerosion, can colo-
nize each available micrometer of carbonate surface area from carbonate sand, bivalve
shells, the thalli of crustose coralline algae to the skeletons of dead and live hard corals.
Infestation within dead substrates is always higher than in their live counterparts due
to the new colonization of their surface by euendoliths (Le Campion Alsumard et al.,
1995; Tribollet and Payri, 2001). However, the penetration depth of euendolithic fila-
ments in dead substrates corresponds to their bathymetric distribution, depending on
the species. For instance, species requiring high light intensities such as Mastigocoleus
testarum do not penetrate deep into substrates (less than 1 mm in dead Porites lobata;
Chazottes et al., 1995). In contrast, oligophotic species such as Plectonema tenebrans
and Ostreobium quekettii shows a depth of compensation of 2 to 4 mm in dead Porites
lobata (Chazottes et al., 1995). Heterotrophic fungal filaments are independent of light
and use the euendolithic chlorophytes and the residual organic matter in coral skele-

tons as a source of food (Bentis et al., 2000; Golubic et al., 2005).
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In live corals, living tissue/cell layers can prevent colonization by microborers from
the external environment (e.g., water column) (tissues form a sort of anti-fouling layer
(Bentis et al., 2000; Le Campion-Alsumard et al., 1995; Tribollet, 2008). Photoautotrophic
euendoliths can colonize the coral skeleton from its base as soon as the larvae settle
on an already-infested substrate. Massé et al. (2018) showed that microborers col-
onize branching corals as soon as the carbonate basal plate of the primary polyp is
formed (within seven days after metamorphosis). In living corals, the species com-
position of microbial euendoliths is mainly phototrophic microorganisms dominated
by Ostreobium sp., that keep up following the growth of their coral host to maintain
their access to light and thus their metabolic activity (Le Campion Alsumard et al.,
1995; S. H. Magnusson et al., 2007; Massé et al., 2018). Only a few euendolithic or-
ganisms have adapted to the low-light and extreme conditions provided by the coral
skeleton environment. Light requirement selects only microborers present (positive
phototropism, i.e., the ability to move towards the light), such as the cyanobacterium
Plectonema terebrans, the chlorophyte Ostreobium quekettii, and less frequently, some
conchocelis stages of Bangiales rhodophytes (Lukas, 1974; Laborel and Le Campion-
Alsumard, 1979; Ralph et al., 2007; Gutner-Hoch and Fine, 2011), and fungi. Living
calcifying organisms’ structure, porosity, and skeletal mineralogy greatly influence eu-
endolith infestation (C. T. Perry, 1998). The great variety of coral growth forms and
skeletal features are likely to contribute to shaping the colony’s physico-chemical char-
acteristics, thus controlling the level of euendoliths infestations. Recently, Fordyce et
al. (2022) investigated the possible correlations between coral inter-specific patterns in
skeletal morphology and the variability in the biomass of the endolithic biofilm (dom-
inated by Ostreobium sp.). They proposed that the specific density of a coral’s skeleton
and its capacity for capturing and scattering incident light are the main correlates of
endolithic microbial biomass. Overall, studies suggested that variations in the macro-
and microstructure of the coral skeleton might be a key characteristic highlighted as
a potentially important factor affecting euendolithic taxa distribution, composition,
and, therefore, overall microbial biomass inside the skeleton (Golubic et al., 1975; Vo-

gel et al., 2000; Reyes-Nivia et al., 2013; Iha et al., 2021).
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As the chlorophyte Ostreobium sp is described as the most abundant microborer in
coral hosts, several studies showed that it forms dense, visible green bands underlying
the coral tissue in slow-growing corals such as massive Porites sp. (Lukas, 1974; S. H.
Magnusson et al., 2007; Verbruggen and Tribollet, 2011; Ricci et al., 2019; Figure 1.12 A
to C).

Figure 1.12: (A) Fractured Goniastrea perisi with a distinctive green band of endoliths "e" underneath
the coral tissue "ct". (B) Fractured Porites lutea with a distinctive green band. (C) Close-up of the coral
colony Paragoniastra sp. with green boring algae inside the skeleton. (D) Colonized orange Stylaster sp
from Siladen Island appearing pink-orange in the base. (E) White Stylaster sp from Siladen Island with
a pink base. (F) Stylaster sp from Siladen Island with an apical branch colonized by euendoliths (ar-
row). Colorations represent colonization from euendolith identified as a cryptic stage of the rhodophyte
Porphyra (Conchocelis stage). Photographs A and B were extracted from Gutner-Hoch and Fine, 2011.
Photograph C was extracted from Verbruggen and Tribollet, 2011. Photographs D to F were extracted
from Pica et al., 2016.

Additionally, black bands or red coloration can sometimes be observed in living
scleractinian corals and are attributed to microboring fungi (Bak and Laane, 1987;
Priess et al., 2000, in coral of the genus Porites) or the Conchocelis stage of some rhodophytes
(Bangiales; Laborel and Le Campion-Alsumard, 1979; Pica et al., 2016; Figure 1.12 D
to F). In branching corals, microboring communities dominated by Ostreobium sp. do
not form green bands as the host growth is too fast and ‘dilute’ filaments (Godinot et al.,
2012; Massé et al., 2018). To the best of our knowledge, only Lukas (1973), Le Campion-
Alsumard et al. (1995), and Priess et al. (2000) truly quantified the abundance of micro-
borers in white (= raw coral skeleton) versus green or black bands in living corals. They

showed a greater abundance of filaments or microbioeroding traces and chlorophyll
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b characteristic of Ostreobium sp., in colored bands than in white ones. Le Campion
et al. (1995) stated that a green band comprises a dense growth of branched Ostreo-
bium quekettii filaments loaded with chloroplasts and starch grains. In such areas of
high filament concentration, over 25% of skeletal carbonate could be dissolved (bor-
ing). However, the distribution of euendolithic organisms is not limited to the colored
bands as they can be present in most regions of the skeleton, although in low densities
to be visible (Le Campion Alsumard et al., 1995). Le Campion et al. (1995) suggested
that the pattern of green bands in adult colonies of the massive Porites could correlate
with areas of dense euendolithic growth and are often correlated with areas of slower
growth in corals, as shown by the patterns of colored bands in massive, slow-growing

corals (Duerden, 1902; Highsmith, 1981; Le Campion Alsumard et al., 1995).

1.2.2.3 Environmental Effects on Bioeroding Microflora

For recall, bioeroders are divided into different erosion processes (chemical vs. me-
chanical; internal vs. external). Known biology of a given bioeroder taxon and its
mode of bioerosion enhance the comprehension of how environmental factors may
shape their distribution patterns and biological success implying their bioerosion rates
(e.g., Hutchings, 1986); Schonberg, 2008; Tribollet and Golubic, 2011; Wisshak, 2012).
Bioeroding communities and their bioerosion rates are highly heterogeneous across
space and time (Chazottes et al., 1995; Tribollet and Golubic, 2005; Farber et al., 2015).
Caution must be exercised in extrapolating bioerosion rates because they are likely,
not constant, and vary between reef habitats (Hutchings, 1986; Wisshak and Tapanila,
2008; Glynn and Manzello, 2015). Bioerosion rates for any particular organism may
vary significantly depending on the environment, the density and hardness of the sub-
strate, and competition from other bioeroders different from one location to another
(Trudgill, 1976; Hutchings, 1986; Andersson et al., 2007; see Table 1 in Andersson and
Gledhill, 2013). In dead corals, environmental parameters (e.g., eutrophication, OA,
SST) can positively drive the activity of some bioeroding agents (e.g., micro and mac-
roborers). As most endolithic bioeroders are either phototrophs or filter feeders, they
either benefit from elevated levels of nutrients in dissolved or particulate form in the
water column (Chazottes et al., 2002); Carreiro-Silva et al., 2009; Carreiro-Silva and
McClanahan, 2012). Nutrients can significantly control microbioerosion rates and the
abundance of endolithic algae over fungi in carbonate substrate but also initiate a

feedback loop where bioerosion processes reinforce one another (e.g., actions of graz-
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ers and macroborers), leading to accelerated reef framework erosion (Carreiro-Silva
et al., 2009). Additionally, as microborers employ exclusively chemical bioerosion, OA
is thought to directly ease this latter process via reduced alkalinity and pH. It is fur-
thermore assumed to indirectly accelerate bioerosion by stimulating energy capture in
phototrophic bioeroders and making mechanical bioerosion more effective by “soften-
ing” the carbonate substrate (e.g., Tribollet et al., 2009). Nonetheless, investigations on
dead carbonate substrates and how environmental parameters affect the bioeroding
activities of the different agents bear the limitation of short-term data (a few months
to a few years) due to the complexity of deploying experimental blocks in the ocean for

multiple years.

On the other hand, the distribution of euendolith organisms in living coral skele-
tons is mainly controlled and limited by the environmental parameter of light avail-
ability within the skeleton. Different factors may influence the light regime available
for euendolithic organisms (Highsmith, 1981). Initially, between 0.1 and 10% of the
photosynthetically active radiation (PAR) penetrates and reaches the zone of the eu-
endolithic algae, as most of the PAR is absorbed by the coral tissue’s symbionts (zoox-
anthellae; Halldal, 1968; Shibata and Haxo, 1969; Fine and Loya, 2002). Secondly, the
light transmission within the coral skeleton is affected by the skeletal architecture of
this latter. Corallites on the top of coral colonies guide light deeper into the coral skele-
ton. In contrast, in corallites on the side of the colony, light enters at an angle, reduc-
ing its penetration into the skeleton (Highsmith, 1981). Finally, the depth of the water
column and how far the light can go directly drive the phototropism of euendoliths
in living coral skeletons. With future projections of pCO; scenarios (e.g., Tribollet et
al., 2009; Enochs, Manzello, Tribollet, et al., 2016), microborers could present bioero-
sion rates about 150% of present-day bioerosion (Figure 5a in Schonberg et al., 2017).
The main consequences in reef systems will be observing a shift of the accretion/dis-
solution balance toward net positive dissolution toward 2100, dramatically impacting
coral carbonate budgets. Overall, the physiological responses of bioeroders and their
interactions with environmental factors are insufficiently studied. Bioeroders’ thresh-
old responses to pCO,, temperature, and other environmental factors need to be ex-
plored more systematically. There is an urgent need to obtain high-quality bioerosion
data in the short and long run. Environmental parameters, their potential influences,
and interactions with bioeroding agents (e.g., regulation of the abundance of organ-

isms, increased bioerosion rates) over the long term must be studied in detail to un-
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derstand better how carbonate systems such as coral reefs may respond in the coming
decades, and how carbonate budget might be affected (net dissolution vs. net accre-
tion) in this changing environment. Global trends suggest that growing environmental
change (eutrophication, coral mortality, OA) is expected to elevate bioerosion in the fu-
ture. Changes harmful to calcifiers may not be as severe for bioeroders (e.g., warming).
Factors facilitating bioerosion often reduce calcification rates (e.g., OA). The combined
result means that the natural process of bioerosion could become an important “stress

factor” for coral reef health and resilience.

1.2.2.4 Major Role of Bioeroding Microflora in Living Corals

To date, interactions between the photoautotrophic euendoliths (e.g., Ostreobium) and
the coral host remain unclear. In the early 1950s, Odum and Odum suspected another
relationship between photoautotrophic euendolith Ostreobium and their live coral hosts.
This relation was described as positive and mutualistic rather than negative, which
they termed ‘ectosymbiosis’ (Odum and Odum, 1955). They suggested that the coral
host’s nutrients (via its metabolism) can reach the coral skeleton and, therefore, the eu-
endolith filaments. Overall, the species composition, distribution, and abundance of
microbioeroding communities in living corals remain poorly known, and most studies
focused only on communities located within the first few centimeters below coral tis-
sues of adult colonies (Lukas, 1973; Fordyce et al., 2021; Galindo-Martinez et al., 2022).
Very little is known about microborers’ abundance variability over the life course of
the coral host, especially in massive long-lived corals. In addition, sometimes alternat-
ing white and colored bands are observed within the skeleton of living massive corals,
which indicate the presence of bioeroding microflora (Le Campion-Alsumard et al.,
1995; Priess et al., 2000; Carilli et al., 2010). Priess et al. (2000) suggested that most col-
ored bands observed in massive Porites from the Indo-Pacific could be due to a limited
coral growth rate occurring at the end of the rainy (summer) season. Carilli etal. (2010),
who also studied the alternating pattern of white and green bands, suggested that the
presence of green bands may be due to microbioeroding phototrophs’ blooms during
coral paling episodes (i.e., bleaching events) as they did not find any correlation with
coral growth. They suggested that local-scale forcing factors are likely at play but found
no significant relationship between physical parameters such as Sea Surface Temper-
ature (SST) and the presence of green bands. Nevertheless, one question remains to

understand the possible influence green bands can have on the coral host (e.g., on the
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coral development, and its physiology). Besides serving as a food source for grazers
such as parrotfish and urchins, euendolith can facilitate coral survival during bleach-
ing events (e.g., boring algae Ostreoibum; (Fine and Loya, 2002). As zooxanthellae are
expelled from the tissue, coral growth slows down, and more light reaches the under-
lying layer of Ostreobium, boosting these algae’s photosynthesis and growth. Fine and
Loya (2002) showed that the translocation of photoassimilates from euendolithic algae
to the coral host was higher in bleached coral colonies than in healthy colonies. This al-
ternative energy source during bleaching events could improve coral colonies’ survival
chances in case of thermal stress, extending the time corals can survive without zoox-
anthellae. Overall, euendoliths have important functions in reef ecosystems and will
surely influence how coral reef ecosystems cope with climate change and OA in the
near future. However, we cannot yet decide whether they will act as a buffer against
these environmental changes or worsen the situation as we lack data on the evolution
of these communities (e.g., abundance, composition) over long-term environmental
changes (e.g., SST, pH) in living carbonates such as corals. Thus, it is important to bet-
ter understand euendolith ecological characteristics in coral environments to improve
the knowledge of past environmental conditions to better predict the future of coral

ecosystems over the next decades.

1.2.3 Known Methodologies to Study Microbioeroding

Communities and their Bioeroding Traces

Diverse methods are available to visualize microborer organisms or their traces within
different carbonate substrates. However, methods that allow quantifying the micro-
bioeroding communities (biotaxa, organisms that bioerode) or quantifying their bio-
erosion traces (ichnotaxa) created by a bioeroder or trace maker are sparsely used, and
respective publications are rare. Different techniques have been used to assess the

quantification of microbioeroding communities.

One method investigated by Lukas, 1973 consisted of decalcifying pieces of living
coral skeletons to count the number of microborer filaments under a light microscope.
Furthermore, Lukas investigated the difference between the number of microborer fil-
aments and chlorophyll "b" concentration by comparing areas of a coral skeleton of
a green band, just underneath the coral tissue and a white band. A green band wit-

nessed the presence of the main microborer Ostreobium. Her results highlight a greater
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concentration of filaments and chlorophyll "b" on a green band than in a white one.
Nevertheless, this technique is tedious and loses information regarding microborers’
original spatial distribution within the substrate. Also, this method does not inform on
the bands’ position within coral samples or the period when they formed. Also, there
was no estimation of the number of filaments related to a specific moment of the coral
host, and to potentially relate a higher abundance of filaments in a green band to a

slow period of coral growth as suggested by the author.

Another technique, investigated by Fordyce et al. (2021), analyzed the endolithic
biomass (comprising crypto, chasmo, and euendoliths) from five different species of
tropical hard coral. Coral carbonate samples were decalcified and extracted as an
ash-free dry weight to measure the endolithic biomass (Fordyce et al., 2021). In their
work, the authors aimed to identify whether coral skeletal characteristics correlated
with variability in the biomass and chlorophyll concentrations of the endolithic mi-
crobiome. Nonetheless, such a technique results in a potential overestimation of mi-
croborer biomass as it cannot exclude the organic matrix of carbonates such as corals,
sponges, mollusks, and bacteria (Mao Che et al., 1996; Cuif et al., 2004; Yang and Tang,
2019).

Over this last decade, X-ray computed tomography (CT), particularly micro-CT, has
become an increasingly popular 3D visualization tool for paleontological investiga-
tions of various kinds (Sutton, 2008), including the study of macroborers (e.g., Enochs,
Manzello, Kolodziej, et al., 2016). The highest resolution is achieved with synchrotron
micro-tomography that utilizes monochromatic X-ray with very high beam intensity
that allows a voxel size well below 1 um (Tafforeau et al., 2006). The potential of all these
technologies grounds that they are non-destructive, preserving external and internal
structures of solid objects (e.g., coral skeletons). They can characterize sediment-filled
fossil borings otherwise inaccessible for the vacuum cast-embedding technique. CT
technology’s major advantage is presenting results in printable and/or screenable 3D
formats such as colored semitransparent views (Figure 1.13 A and B). This technique
was recently investigated by Silbiger et al., 2014, which allowed them to calculate a
very accurate rate for net accretion-erosion and to account for and digitally remove
the effect of any pre-existing borings in the experimental substrate. This technique al-

lows for visualizing new erosion scars by external and internal eroders and new growth
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by secondary calcifiers in 3D, information that cannot be acquired from traditional
buoyant weight techniques and precisely quantified the volume of CaCO3 removed or
accreted by comparing before and after images (Figure 1.13 C and D). Besides, their
volumetric analysis measures changes at the voxel scale of 50 ym, which was then av-
eraged to 100 um, and therefore, cannot estimate erosion from microborers that make
erosion traces between 1 and 100 yum (most of them comprise traces between 1 and 30
pm). Same comments apply to the study of Enochs et al. (2016) with a resolution of

the micro-CT set in their study at 65 ym.

Figure 1.13: (A) Colored semitransparent visualization of a corallite of the cold-water coral Lophelia-
pertusa with the sponge cavity (orange) and an embedded epibiontic worm (blue). (B) Anaglyph 3D
visualization of another corallite with heavy sponge infestation (requires anaglyph glasses with left eye
red and right eye blue). For further details, refer to Wisshak, 2012.(C and D) Visualization of micro-
computed tomography (1CT) scan of an experimental block of Porites sp. coral before (C) and after (D)
1 yr deployment in Coconut Island, Hawaii. Further details are available through a movie of the full 3D
visualization of the different pCTCT images within their Supplement 2 from Silbiger et al., 2014.

A new technique developed by Schitzle et al., 2021 aimed at visualizing the en-
dolith in situ, addressed as biotaxon (biological trace maker) as far as identification
was feasible. Also based on the morphology of the traces, that is the distinct excavation
caused by the activity of the boring organism, addressed by an ichnotaxon (trace fos-
sils). Their techniques combine specific fluorescent dyes to study fungal euendoliths
in situ in partly translucent mollusk shells with confocal laser scanning microscopy
(CLSM). Euendoliths often contain pigments that show auto-fluorescence when stim-

ulated with UV light and can be visualized with fluorescence microscopy. A major ben-
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efit of fluorescence staining and CLSM for the study of marine euendoliths is the differ-
entiation of certain components of the euendoliths, such as cell nuclei for instance, if
dyes with specificity to certain biomolecules are applied. A considerable advantage of
this technique is the preservation of the three-dimensional configuration of the micro-
borings inside the substrate of their ‘hosts’ due to the in-situ examination (Figure 1.14
Ato C). Nonetheless, based on the Figure 1.14 D and E, the abundance of microborings
might be underestimated as there is some ‘unspecific binding’ of the dyes, explained
by the authors as probably caused by stained DNA of bacterial epigrowth. Such a tech-
nique can also be utilized for euendoliths, such as chlorophytes in corals. For instance,
Forsterra et al., 2005 used fluorescence microscopy for euendoliths investigation in a
shallow cold-water azooxanthellate coral Desmophyllum dianthus from the Chilean
fjord region. Nonetheless, this technique has not yet been tested within tropical mas-

sive corals.

200 pm

Figure 1.14: Selected regions of shells from the bivalve Delectopecten vitreus infested by different euen-
doliths and stained with fluorescent dye Sybr Green 1. Further details for the different microborers are
available from Figure 4 of Schitzle et al., 2021.

One technique is based on analyzing petrographic thin sections for microbioero-
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sion investigations (bio and ichnotaxa (Wisshak, 2012). Microbioerosion traces can
be visualized together with the surrounding matrix. The penetration depth of mi-
crobioerodings, as well as secondary mineralization, can easily be determined, which
does not imply realizing the costly and standard cast-embedding technique (Figure
1.15). Nevertheless, this technique bears the main limitations adherent to any two-
dimensional projections (2D) for the visualization of three-dimensional (3D) objects
(e.g., the spatial distribution of microborings). For instance, light microscopy can al-
low studying microboring structures (e.g., external surface aspects of boreholes, Gol-
ubic et al., 1975). Thin sections can be colored with Toluidine blue to reveal live eu-
endolithic filaments, determine the euendolithic species composition (biotaxa), the
relative abundance of live filaments, and their depth of penetration inside coral skele-
tons (Tribollet et al., 2009). Also, the limitations of this technique are an incomplete
presentation of the overall microboring network and work only for limited magnifica-

tions.

Figure 1.15: Figure extracted from Wisshak, 2012 showing different microbioerosion traces in thin pet-
rographic sections. (A) displayed boring traces from ichnotaxa Eurygonum nodosum and Scolecia filosa
in a recent bivalve shell from the Azores. (B) displayed fungal trace of Orthogonum lineare in a Pleis-
tocene cold-water coral from Rhodes, Greece. (C) Same assemblage as in A, but from the Carboniferous
Buckhorn Asphalt Lagerstatte, USA. (D) displayed a fungal trace of Saccomorpha clava, well preserved
in a brachiopod shell from the Silurian of Gotland, Sweden.

One of the most approved methods for investigating microbioerosion structures (e.g.,
filaments, traces, boreholes) is the vacuum cast-embedding technique that produces
polymer resin casts of the substrate investigated that can be visualized and studied

under an SEM to display even the most delicate morphological features (Tribollet et
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al., 2009; Wisshak and Riiggeberg, 2006; Grange et al., 2015). One prerequisite for
this technique is that the borings are empty or filled only with resin epoxy. Thin sec-
tions embedded in resin also allow the same observations performed with light mi-
croscopy (e.g., estimation of the abundance of filaments/traces, maximal depth of pen-
etration of euendolithic filaments in the substrates) but also asses the biogenic disso-
lution rates, represented by the surface area bioeroded from euendoliths (Tribollet et

al., 2009. Carbonate dissolution rates are calculated following the equation:

_ DPxBSAxCSD 1

CD X
SAB 1000

(1.2)

where the CD is the carbonate dissolution rate (kg.CaCOg.mZ.month or year), DP
is the depth of penetration (cm), BSA is the bioeroded surface area and is the percent
of bioeroded surface area per the picture (%), SAB is the surface area of the bloc ex-
posed to colonization (cm?), CSD is the coral skeleton density in g.cm3, and the ratio
1/1000 converts grams into kilograms (Tribollet et al., 2009). Nonetheless, when quan-
tified boreholes left by microborers, ramifications of microbioeroding filaments are not
considered, which can lead to underestimating the actual volume of CaCO3 dissolved
by microbioeroding communities (see also Tribollet et al., 2019). Furthermore, the
manual analysis of hundreds of SEM images of carbonate substrates (e.g., corals) for
the investigation of microbioerosion structures (filaments, traces, boreholes) is highly
time-consuming (e.g., more than 600 SEM by Tribollet et al., 2009) and costly (e.g., in
this thesis one session of SEM cost around 100€). This technique depends on the area
of the substrate investigated that might underestimate the actual abundance present
within the coral (e.g., live corals, Le Campion Alsumard et al., 1995; Priess et al., 2000)
or the actual coral surface eroded by euendoliths (e.g., dead corals, Golubic et al., 1975;
Carreiro-Silva et al., 2005; Tribollet et al., 2009). Moreover, this technique mostly relies
on the eye observer, to identify the microbioerosion structures and its ability to dis-
criminate taxa or ichnotaxa based on the size of their filaments or traces (e.g., diversity
and composition). Intricate networks of microborings (e.g., very thin with a diameter
of 1 um) make their identification difficult, and thus their real abundance estimation
is complicated for the human eye. Hence, developing a new technique that quantifies
microborers (e.g., microbioeroding traces) rapidly, efficiently, accurately, and contin-
uously within the substrate is needed to provide more information on their assem-
blages, diversity (ichnotaxa), and abundance to enhance the comprehension of this

group within coral skeletons.
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1.3 Ph.D. Objectives

Microbioeroding communities’ spatial evolution and variability over time remain to
be studied. To date, no methodologies continuously quantify the reel abundance of
microbioeroding traces (reflection of the filaments) in coral skeletons over a long-term
period. The comprehension of these communities, their biogenic dissolution activi-
ties, and how environmental influences can control this latter have been investigated
mainly over the short term and in dead coral substrates. A gap remains on what occurs
over the long term on how these communities thrive over the lifespan of the coral host.
Also, as the environment regulates and controls corals’ metabolism, another question
remains on how these environmental factors can impact the microbioeroding com-
munities living within. Therefore, the central objective of this Ph.D. project is to under-
stand the impacts of environmental changes on the composition and the abundance
of microborers over the long term in living massive corals. As long-term in situ exper-
iments are challenging to conduct in dead carbonate substrates, an exciting alternative
is studying microbioeroding communities in massive living coral colonies to under-
stand their assemblage composition and the potential relationship between the abun-
dance of microborers and green bands visible upon the skeleton of massive corals.
Moreover, studying massive living coral colonies allows for assessing the variability of
these communities over decades and identifying which biotic (coral) and abiotic (en-
vironmental) parameters could influence microbioeroding communities’ abundance,
distribution, and assemblage composition over time. Therefore, this thesis was struc-

tured around different main research objectives:

- The first objective is to develop and validate a methodology for studying mi-
crobioeroding communities in living slow-growing corals over a long-term period
(decadal variability). An efficient approach is needed to address this first question
and will be presented in Chapter 3.

- Once this first objective is achieved, I apply this methodology on a massive coral
core of Diploastrea sp. from Mayotte to understand the influence of biotic or abiotic
factors, or the combination of those two, that could explain the decadal variability of
the composition and abundance of microbioeroding communities observed within

Diploastrea sp. Here, the focus is on studying the influence of coral and environmen-
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tal variables on the variability of the abundance of microborers in the massive coral

Diploastrea.sp and will be presented in Chapter 4.

- A third objective is to confirm the first trends observed in Diploastrea sp. in
another massive coral genus such as Porites sp. and to evaluate if the same factors
were responsible for the trends. The objective here is to understand if the evolution
of the composition and abundance of microbioeroding communities change from
one coral to another. Moreover, it is to investigate the influence of biotic and abiotic
factors on microbioeroding communities from Porites sp. and to determine similar-

ities or differences with Diploastrea sp. and will be presented in Chapter 5.

- For the last chapter, two objectives are addressed. Firstly, one objective is to inves-
tigate the lipid biomarker composition of one strain of Ostreobium, the main micro-
borer colonizing living corals. The second objective is to study the lipid biomarkers
composition within the massive coral core Diploastrea that might be specific to mi-
crobioeroding communities and specifically Ostreobium sp. If this approach is vali-
dated, lipid biomarkers could be used as a proxy informing on the presence and, to an
extent, on the abundance of these communities in living massive coral skeletons. This

approach and its results will be presented in Chapter 6.

- Finally, the last chapter will address the general Conclusions and Perspectives of

this thesis and will be presented in Chapter 7.
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2.1 Study Geographical Area: The Western Indian Ocean

The WIO region comprises the Eastern African coastal states of Kenya, Mozambique,
Somalia, South Africa, and Tanzania, as well as the island states of Comoros, Madagas-
car, Mauritius, Seychelles, and the French overseas territories of Mayotte and Reunion,

and finally the Eparses Islands within the MC (Figure 2.1).

Figure 2.1: Map of the WIO, obtained from B. N. Alliance, 2020.

Its environmental gradient from tropical to temperate conditions and ocean cur-
rent systems provides a unique opportunity to study climate change impacts on ma-
rine ecosystems (T. R. McClanahan et al., 2011). The WIO has a tropical to sub-tropical
climate with water surface temperatures between 20 and 30 °C and air temperatures
rarely falling below 20 °C. The climate is strongly affected by monsoons, where the
northern monsoon generates light, steady winds of 5 m.s™! from November to March.

1 in south-

The southern monsoon generates stronger winds (up to averages of 9 m.s™
ern parts of the region) from June to September (Richmond, 2011;Hammar et al., 2012).
The northern part of the MC is influenced by the monsoonal wind system, with wind
stress predominantly from the north to northeast during austral summer and the south
to southeast during austral winter (Saetre and Da Silva, 1982; Schott et al., 2009). The
influence of the monsoon winds in the MC is halted at about 20°S (Tomczak and God-
frey, 2003; Schott et al., 2009). South of this latitude, the winds are southeasterly (known
as the trade winds) almost all year round and are unfavorable for Ekman upwelling
along the Mozambican coast. In the northern sector, upwelling develops at Angoche,

off the coast of Nampula between 15 and 18°S around the narrows of the channel. Up-

welling in the southern sector of the MC is more variable concerning location, but sev-
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eral hotspot regions are evident. Seasonal wind-driven coastal upwellings result in el-

evated chlorophyll a signatures over areas within the MC (Figure 2.2).
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Figure 2.2: (A) Bathymetry and major circulatory features in the Mozambique Channel and around
Madagascar. Shaded areas show the extent of the continental shelf to a depth of 200 m. Green ellipses
denote upwelling areas. (B) Monthly mean chlorophyll concentrations for February 2003. Intermediate
values beyond the continental shelf edge highlight areas of elevated productivity off the Mozambique
and Madagascar coasts that are primarily upwelling-driven. Figures from Vinayachandran et al., 2021.

The WIO is globally acknowledged for its rich biodiversity and significant socio-
economic value. The coral reefs, mangroves, seagrasses, rocky and sandy shorelines
with associated dune systems, coastal forests, and deep-sea features such as seamounts,
ridges, and abyssal plains contribute substantially to the biodiversity and the socio-
economic growth of the region. Nonetheless, the reef-building coral fauna of the WIO
is one of the least known globally (D. O. Obura, 2005). The WIO contains 16% of the
world’s coral reefs, and the region is now thought to host the second peak of coral reef
biodiversity globally (D. Obura et al., 2017). Coral reef structure in the WIO is predom-
inantly made up of fringing reefs around islands and continental coasts, with narrow
lagoons (D. Obura et al., 2022). WIO coral reefs cover an area representing 11,919 km?,
where 5% of the global total coral reef ecosystems of this area are vulnerable and at risk
of collapse (D. Obura et al., 2022). The most critically endangered coral reefs ecore-
gions in the WIO are represented by the Comoros Archipelago, Eastern, and South-
ern Madagascar, and the Mascarenes Islands (Reunion and Mauritius (D. Obura et al.,
2022), therefore represent areas with an urgent need of crucial protection policies and
studies interest. Therefore, during this thesis, the objectives focused on different loca-

tions across the MC. In the northern part of the MC, coral cores were collected within
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the Comoros archipelago on the island of Mayotte. Coral cores were collected from the
southern and central parts of the channel with the Scattered Islands (Europa and Juan
de Nova). Both locations within the MC offer the opportunity to study a longitudinal
gradient of the abundance of microbioeroding communities within contrasted reefs
from alocation heavily influenced by anthropogenic impacts (Mayotte, INSEE) to loca-
tions supposedly non-impacted by anthropogenic influences with no human presence
(Scattered Islands). Finally, the last location investigated was outside the channel, with
the island of La Réunion, offering a better understanding of the distribution, abun-
dance, and composition of microbioeroding communities at a regional scale within

the WIO.

2.1.1 Mayotte Island

Mayotte is located approximately around the 13°S and 45°E, about 300 km northwest
of Madagascar in the northern part of the MC and about 450 km from the African con-
tinent. Mayotte is also located at the northern part of the vortex zone generated in the
MC (C. Chevalier et al., 2017) and on the northwest extension of the South Equatorial
Current (SEC) This current branches out northward into the East African Coastal Cur-
rent (EACC) and southward into the Northeast Madagascar Current (NMC) (Figure 2.3;
Schott and McCreary Jr, 2001; Vinayachandran et al., 2021).
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Figure 2.3: Circulation patterns within the northern part of the WIO show the Somali Current (SC),
South Equatorial Countercurrent (SECC), East African Coastal Current (EACC), South Equatorial Cur-
rent (SEC), and Northeast Madagascar Current (NMC). Green ellipses denote upwelling areas. Dark grey
shading denotes depths within the 200m isobath. Figure from Vinayachandran et al., 2021.

In the Comoros archipelago, Mayotte is a French tropical island with an area of 374

km?, composed of two main volcanic islands, Grande Terre and Petite Terre, culminat-
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ing at a peak elevation of 660 m. Mayotte also comprises about 30 islets of volcanic
or coral reef origin spread out in a lagoon behind a ring of coral reef barriers, with a
circumference of 157 km and an additional 40 km of submerged reefs where this ring
is perforated. Mayotte lagoon is 3-15 km wide, up to 80 m deep, and, with an area of
nearly 1500 km?, is one of the largest reef lagoons in the Indian Ocean. Mayotte’s vol-
canic and tropical context and the vast reef-lagoon system have resulted in remarkable
coastal geomorphic diversity. The total shoreline length of Mayotte is 265 km and is
an intricate alternation of cliffs separating variably indented pocket beaches of sand
and sandy mud. Other ecosystems, such as mangroves, colonize many sheltered low-
energy back shores (Jeanson et al., 2014). Due to its location on the continental slope
and the dominant coral reef structures, only weak water exchanges occur with the open
ocean. According to some studies, the circulation is mainly driven by tides, winds, and
waves breaking on the reef (Schott and McCreary Jr, 2001; Schouten et al., 2003; De
Ruijter et al., 2005). A monsoonal wind system dominates the island, although two
seasons can be distinguished: a hot, windy, and rainy monsoon season from Novem-
ber to April and a dry season from May to October (Zinke et al., 2008; Jeanson et al.,
2014).

2.1.1.1 Environmental Products Acquisition

For the island of Mayotte, a range of environmental parameters was collected to assess
the potential impacts of abiotic factors on the coral host but primarily how they can
influence the distribution, abundance, and diversity of the microbioeroding commu-
nities present within both corals. Details regarding the different variables and prod-
ucts and how they relate to microbioeroding communities are presented in the Table
2.1. Most of the following parameters were obtained from open databases. Monthly
SSTs (i.e., absolute temperatures) were extracted from the National Oceanic and Atmo-
spheric Administration (NOAA) database from the “Extended Reconstructed Sea Sur-
face Temperature” v5 (ERSST) (https://www.ncei.noaa.gov/products/extended-reconstructed-sst),
then averaged to get yearly dataset at a spatial resolution of 2.0° x 2.0°. SST monitoring
is long established, can be remotely sensed in various ways, and continues to increase
in accuracy and spatial resolution. SST data are already used to predict coral bleaching
and disease events (e.g., Coral Reef Watch; Liu et al., 2006). SSTAs were then recon-
structed from in situ measurements of SST from buoys, Argo observations, then sub-

tracted with the calculated SST climatology (1971-2000) (baseline temperature), also
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at a resolution of 2°x 2° (B. Huang et al., 2015; B. Huang et al., 2017).

Table 2.1: Considered environmental parameters that could potentially influence microborers abun-
dance over the last decades in both living coral Diploastrea and Porites sp. (Mayotte).

Parameter Unit Definition microborer Context
Sea Surface °C The measure of the temperature close to the | Known as a stress factor (Reyes-Nivia
Temperature ocean’s surface, also defined as absolute tempera- | etal., 2013).
(SST) ture. ERSST (v5) is representative of SST measured
at a nominal depth of 0.2 m.
Sea Surface °C A temperature anomaly is the difference from an av- | Known a stress factor (Reyes-Nivia et
Temperature erage or baseline temperature. SSTA is computed by | al., 2013).
Anomalies subtracting the absolute temperature from the SST
(SSTA) monthly climatology (1971-2000). Monthly clima-
tology is realized by averaging all absolute temper-
atures for the monthly interval of 1971-2000. Cli-
matology generally covers 30 years. SSTA are ob-
tained with a spatial resolution of 2° x 2° horizontal
grid with statistically enhanced spatial complete-
ness and at a monthly scale
Precipitation mm Rainfall rate measures rainfall intensity over a given | Indicator of the rainy season, a po-
Rate interval of time expressed in millimeters. tential proxy of nutrient influx, tur-
bidity, low salinity, and pH from ter-
rigenous inputs, which are known
as stress factors (Tribollet, 2008;
Carreiro-Silva et al., 2009; Tribollet et
al., 2009).
Max Instant km.h™' | The instantaneous wind is measured at concise | Indicator of potential mixing and nu-
Wind Speed time intervals (half a second, for example). The | trient transport in the water column.
maximum instantaneous wind speed measures an
instantaneous peak in speed taken into account if it
exceeds at least 10 knots (19 km.h™1).
Cumulative Hours Insolation is the amount of solar radiation received | Light availability (and intensity) is the
Insolation on a given surface in a given period (W.”~2). The | main stress factor (Tribollet, 2008;
Period term cumulative insolation is commonly used to | Galindo-Martinez et al., 2022).
designate the overall time intervals during which an
object is subjected to insolation.
pH No Unit | pH is a scale used to specify the acidity or basicity | Known as a stress factor impacting

of an aqueous solution. Acidic solutions are mea-
sured to have lower pH values than basic solutions.
pH scale is logarithmic and inversely indicates the
concentration of hydrogen ions in the solution

the coral host, microbioeroding com-
munity, and activity (Hall-Spencer et
al., 2008; Reyes-Nivia et al., 2013; Tri-
bollet et al., 2019).

Positive anomalies indicate that SST is warmer than the baseline temperature, while

negative anomalies indicate that SST is cooler than the baseline. Temperature is fun-

damental to determining coral health and survival, especially thermal anomalies. For

instance, a 1° C anomaly lasting over a few weeks can cause bleaching (Hughes et

al,, 2017). Therefore, monitoring temperature anomalies is important for reef surveys

(Yap, 2004). The following variables, as the precipitation rate, the max instant wind

speed, and the cumulative insolation period, were collected from around the island

of Mayotte via the databases from Météo France (https://publitheque.meteo.fr/okapi/

accueil/okapiWebPubli/index.jsp). The climate variability over the last five decades of

the island of Mayotte is presented in Figure 2.4. Data were obtained from two differ-

ent stations: one at the meteorological station of M'Tsamboro, in the northern part of
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Mayotte, near our study site. However, data from this station only covered the period
1993-2018. Thus, one other station located at the meteorological station of Pamandzi,
was used as it represented the only station recording environmental data for the other
considered period 1964-1992, in the northeastern part of Mayotte for Diploastrea and
1990-1992 for Porites sp. (Figure 2.4).
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Figure 2.4: Climate context of Mayotte island showing the interannual variability of the different envi-
ronmental parameters at Mayotte between 1964 and 2018. (A) SST in °C (B) SSTA in °C). (C) Maximum
instantaneous wind speed (km*h-1). (D) Precipitation rate (mm). (E) Annual cumulative insolation pe-
riod (hours). Each variable’s error bars (SE) were calculated after averaging monthly data.

2.1.2 Reunion Island

Reunion Island is a French overseas territory that lies at 21° S and 55° E. Due to its lo-
cation and tropical climate, annual sunshine is in the range of 1400-2500 h and can
reach the value of 2900 h for an altitude lower than 400 m. Average temperatures 0s-
cillate from 25 to 32 °C for coastal regions and 15 to 22 °C for regions above an altitude
of 1500 m in the island’s interior. La Reunion is a mountainous island with a very com-
plex topography. Because of heterogeneous and rapidly changing cloudiness, tropical
islands, such as Reunion Island in the South-West Indian Ocean, have a significant so-

lar resource that is a highly variable daily (intermittency). It has a tropical climate with
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two seasons: hot and humid (November to May) and cool and dry (June to October).
Coral reefs lie along the driest western coast of the island. They are exposed to solid
hydrodynamic conditions, mainly due to swells generated by the southeast tradewinds
(dry season) and tropical cyclones (humid season). The narrow (maximal width: 520
m) fringing coral reefs form a discontinuous belt along a 25 km section of the island’s
210 km circumference (Montaggioni and Faure, 1980). From the open ocean towards
land, the reef can be divided into an outer slope, flat reef, and back reef zone. The cli-
mate variability over the island of la Reunion over the last two decades is presented in

Figure 2.5.
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Figure 2.5: Climate context of Reunion island showing the interannual variability of the different envi-
ronmental parameters at Mayotte between 1994 and 2015. (A) SST in °C (B) SSTA in °C. (C) Maximum
instantaneous wind speed (km*h-1). (D) Precipitation rate (mm). (E) Annual cumulative insolation pe-
riod (hours). Each variable’s error bars (SE) were calculated after averaging monthly data.

2.1.3 Scattered Island

The "Iles Eparses" (Europa, Bassas da India, Juan de Nova, Glorieuses, Tromelin) are
spread around Madagascar in the Southwest Indian Ocean. These are French territo-
ries administered by the program French Southern Lands and Antarctica “Terres Aus-
trales et Antarctiques Francaises” (TAAF) and represent an Exclusive Economic Zone
of nearly 650,000 km2 (Quod et al., 2007). These islands have been classified as natural

reserves since 1975 (Le Corre and Safford, 2001), and very recently for Juan de Nova in
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2019 (Pressé, 2022). Apart from Tromelin, the other islands are located along a north-
south gradient in the MC. Europa, Bassas da India, Juan de Nova, and the Glorieuses
include 2% of the diversity of reef structures worldwide and 7% of the western and cen-
tral Indian Ocean islands with a total coral reefs area within the four islands of 517 km?
(Andréfouét et al., 2008). These islands present two major reef structures: banks (Juan
de Nova and the Glorieuses) and atolls (Bassas da India and Europa). Both atolls and
banks can be subdivided into three habitats: forereef, reef flat (adjacent to the promi-
nent reef rim), and inner terrace with the development of a lagoon in atolls (shallow or

deep with or without coral construction).

2.1.3.1 Juan De Nova

Juan de Nova (17°03 S, 42°45 E) is located 175 km from Madagascar and 285 km from
Mozambique, in the narrowest portion of the MC. As the result of the dominant SE
trade winds, the contour of the island is that of an arc whose convex side faces the
wind, with east and west ends prolonged by sand banks. The island’s length between
these two points is 6 km, and the maximum width is 1700 m. The emergent land is
about 5 km2, while the overall coral reef structure covers 207 km2. The evolution of
Juan de Nova temperatures’ variability over the last decades is presented in the Figure

2.6.
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Figure 2.6: Interannual variability of the SST and SSTA from the island of Juan de Nova between 1972
and 2018 (coral growth reconstruction)

2.1.3.2 Europa

Europa (22°22 S, 40°22 E) is located approximately 355 km west-northwest of Madagas-
car and 529 km east-northeast of Mozambique. The island measures 7 km by 6 km. It is

a former atoll, uplifted to a maximum altitude of 7 m, leaving the fossil coral reefs dry.
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The emergent land is about 35 km2, while the overall coral reef structure has a total
area of 18 km2. A fringing reef surrounds it with a narrow, shallow lagoon, which only
widens towards the north of the island, where there is also the entrance of an extensive
inland lagoon system ringed by mangroves. The evolution of Europa temperatures’

variability over the last decades is presented in the Figure 2.7.
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Figure 2.7: Interannual variability of the SST and SSTA from the island of Europa between 1993 and 2018
(coral growth reconstruction)

2.2 Coral Data Acquisition

2.2.1 Coral Core Sampling

This Ph.D. project emerged from two multidisciplinary projects, CARBODISS, and CLIM-
EPARSES, in 2018-2019, led by Dr. Aline Tribollet. During this Ph.D., five coral cores
in total were analyzed. Two coral cores from the Scattered Islands (one core for each
island) were investigated (from the genus Porites sp.), two coral cores from the island
of Mayotte (one Diploastrea sp. and one Porites sp.) and finally one coral core from
the island of la Reunion (Porites sp.; Figure 2.8 A). Within this project, the focus was
mainly on coral cores collected from two massive slow-growing corals of the genus
Diploastrea and Porites sp. on the outer slope of the barrier reef at 15 m depth near
the M'Tsamboro pass (northeastern part of the lagoon of Mayotte (Lat. 12°37°19.4" S -
Long. 45°06’42.7" E; Figure 2.8 B and C) in October 2018. Preliminary results regard-
ing the Scattered Islands and La Réunion coral cores are presented in the Chapter 7:

Conclusions and Perspectives.
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Figure 2.8: (A) Location of the different coral samplings corresponded to the different missions CAR-
BODISS and CLIM-EPARSES. (B) Mayotte in the WIO. (C) Reef ecosystems around Mayotte. The blue
line and black lines represent the different isobaths around the island. The green star indicates the sam-
pling location in the northeastern part of the lagoon.

This site was selected to focus on the influence of oceanic conditions on microbio-
eroding assemblages in living corals instead of local disturbances, although these can-
not be discarded. The coral cores were collected with an 8 cm compressed air driller
and measured 19.5 cm long for the Diploastrea and 29.5 cm long for the Porites sp. It
presented ten green bands visible by the naked eye for the Diploastrea coral, while no
green bands were identified for the Porites sp. core. Therefore, quickly after cutting
the coral core, each green band’s position and thickness along the core of the Diploas-
trea coral were recorded with a Vernier caliper under a dissecting microscope (NIKON
Eclipse IV100, Bondy, France). Also, as both corals present different growth rates, two
different chronologies were obtained, with Diploastrea coral going from 1964 to 2018

and Porites sp. coral going from 1990 to 2018.

2.2.2 Coral Growth Variables

As mentioned in the previous sections, massive corals are indeed known to be good

bio-archives, recording environmental changes over decades and centuries (Zinke et
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al., 2008; Montagna et al., 2014 Wu et al., 2018; Cuny-Guirriec et al., 2019). Continuous,
high-resolution (annual to seasonal) information from such corals is provided by vari-
ous measures, including their growth characteristics. It can document coral responses
to unusual environmental conditions and various geochemical tracers whose incorpo-
ration into the skeleton is mediated by ambient seawater characteristics. Three differ-
ent variables characterizing the coral growth were measured here: the vertical linear
extension (mm.y~!), the skeletal bulk density (g.cm™3), and the coral calcification rate
(g.cm~2.y~!) which was calculated as the product of the linear extension rate by the
skeletal bulk density (P. D. Taylor and Jones, 1993; T. M. DeCarlo et al., 2017). Before
measurements, both cores were sliced along the main vertical growth axis into four
slabs (the middle slabs being = 1 cm thick). All slabs were well preserved as no dia-
genetic, nor macrobioerosion traces were observed either by eye or under Scanning
Electron Microscopy (SEM), except in one area in the bottom part of the core for the
Diploastrea coral core (i.e., the last 4.5 cm of the core). Thus, this area was avoided
and only the first 15 cm on this core were studied to investigate microbioeroding com-
munities. For the slab of Porites sp., some macrobioerosion traces were identified and
were thus avoided to study the entire core. The four slabs were scanned together on a
Discovery CT750 HD CT scanner (GE Healthcare) set at 120 kV at the DOSEO ‘Radiog-
raphy and Imaging Technology Platform R and D center’ (CEA-Saclay, Paris) with three
coral standards to obtain a 3D image of the coral core (reconstructed from hundreds of
2D images). The 3D image revealed the pattern of the coral skeleton structure and its
density variation over time.

To estimate the skeletal density of the different corals, an approach was developed by
the LSCE and used within this thesis. Originally, eleven coral standards were prepared
from various fragments of massive coral Porites (n=6) and Diploastrea (n=>5) skeletons
present at the LSCE. Those coral standards were selected as they showed significant
density differences (alternating black and white density bands). The 11 coral fragments
were cut into geometric forms like cubes, parallelepiped rectangles, and cylinders of a
few centimeters. The bulk density of those coral standards was measured using the
buoyant weight technique (Bucher et al., 1998). The bulk density of coral standards
varied between 0.98 and 1.7 g.cm™2 with an uncertainty of 2% (assuming a negligible
bias from weighing). Coral density was estimated with a recently developed method
applying a Gaussian Mixture Model (GMM; Coulibaly, 2021, master student). On the

obtained 3D scan of the coral slabs and our three coral standards, three types of voxels
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were obtained (i.e., a pixel in 3 dimensions with a length, width, and thickness). Vox-
els corresponded to either one of the following categories: ’coral,” 'air’ (entrapped in
coral pores, for instance), or 'table’ (on which the core was placed in the CT scanner).
Coral standards were large enough to keep density variations due to (micro-) struc-
tures in each massive coral genus or their seasonal bands’ alternation. Standards were
used for calibration to obtain Gaussian distributions of the different voxels categories
in Hounsfield units (HU). The median HU values of the voxel distribution in coral stan-
dards measured ranged between 540 and 1400 HU were calculated and enabled to ob-
tain the corresponding density, thanks to a calibration curve. By comparing coral bulk
densities of standards measured by buoyant weight vs. the GMM, the following linear

regression was obtained:

Density =0.00084 x HU +0.51 (2.1)

where HU is the Gaussian distribution of voxels corresponding to the ‘coral’ in
Hounsfield units (Figure 2.9; r = 0.99, p-value< 0.001). When the uncertainties related
to the calibration (linear regression) and measurement reproducibility for a confidence
interval of 95% are combined, the density measurement uncertainty was estimated to
be less or equal to 1%. However, this is only true when the GMM is applied to samples
of massive Porites sp. or Diploastrea sp. with skeletal densities comprised between 1.0

and 1.7 g*cm ™ (Coulibaly, 2021).
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Figure 2.9: Linear regression between measured Hounsfield Median values (voxels measured in HU)
and their experimental measured densities (g.cm-3). Blue dots represent the 11 different coral block
standards from Porites sp. corals (n=6) and Diploastrea sp. corals (n=5). Red dots represent the three
standards used for the calibration and the linear regression.
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Thus, the GMM was applied every 0.625 mm on the 3D image on both coral cores
and then applied the linear regression to determine its annual bulk density. To estimate
the vertical extension rate along the central growth axis of the coral core, a 2D image of
one of the two middle slabs (image obtained by CT scan) was analyzed. An eye-visible
low-density band together with a high-density band was assumed to correspond to
one year of growth (Knutson et al., 1972; Buddemeier, 1978). The estimated vertical
extension rate was confirmed by analyzing a 2D X-radiograph of the same middle slab

obtained with a scanner VERITON-CT at the Jean-Verdier hospital (Bondy, France).

2.2.3 Temperature and pH Reconstructions from Coral Cores

2.2.3.1 Known Proxies for SST and pH

Paleo-SST reconstructions derived from corals have typically been based on 6 180 Sr/Ca,
and less frequently, U/Ca and Mg/Ca (Min et al., 1995; Mitsuguchi et al., 1996). Among
these geochemical proxies, the most commonly used in tropical corals is the Sr/Ca ra-
tio (DeLong et al., 2007; Zinke et al., 2014). However, biases on SST estimates from coral
Sr/Ca have been reported due to the activity of the coral-associated algal symbionts
(Cohen et al., 2002), skeletal heterogeneity (e.g., Cohen et al., 2001), diagenetic modi-
fications (e.g., Hendy et al., 2007) and biomineralization processes, commonly known
as “vital effects” (Correge, 2006; DeLong et al., 2013). Recently, the development of
new paleo-thermometers such as Li/Ca ( Hathorne et al., 2013) or Li/Mg (Montagna et
al., 2014; Cuny-Guirriec et al., 2019) contributed to improve the reliability of the coral-
based SST reconstructions. Unlike Sr/Ca, the Li/Mg SST calibration can be extended
to an extensive range of zooxanthellate and azooxanthellate coral species covering a
wide temperature range (from sub-freezing to tropical temperatures). However, the
uncertainty of the Li/Mg equation is relatively high (+ 2.6°C at 25°C) for tropical corals
(e.g., Siderastrea, Porites or Diploastrea sp.) compared to cold-water corals (+ 0.9°C at 1
°C), due to the asymptotic behavior at higher temperatures (see Equation (5) in Cuny-
Guirriec et al., 2019; due to the exponential relationship, the uncertainty become larger
at higher T°). Few studies have thus developed and applied a multi-proxy approach,
which combines different temperature-sensitive elements (e.g., Li, Mg, Sr, U) into a
multi-regression model that reduces the temperature uncertainty (T. M. DeCarlo et al.,
2016; S. E. Fowell et al., 2016; D’Olivo et al., 2018; Zinke et al., 2019). Further stud-

ies are required to evaluate their caveats and constraints. Unlike temperature, how-
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ever, in situ records of changing carbonate chemistry are sparse in the oceans and, at
most, only span the last 4 decades (e.g., HOTS, BATS=longest until 1984, ESTOC, CARI-
ACO records, Trotter et al., 2011; Tarique and Rahaman, 2022). One of the few ways
to overcome this limitation is by using geochemical records of environmental change
preserved within the carbonate skeletons of long-lived marine organisms. The boron
isotopic composition (6! B) of marine biogenic carbonates and the B/Ca ratio of arag-
onite skeletons can be used as a key quantitative proxy to determine and reconstruct
carbonate chemistry changes in the calcifying fluid (CF) (e.g., pHc¢r, DICcr, Qcr), by
using established relationships between the different variables, and determined long-
term pre-instrumental records of ambient seawater pH (M. McCulloch et al., 2012; Hol-
comb et al., 2014; T. DeCarlo et al., 2018). Thus, massive tropical corals have been suc-
cessfully utilized to reconstruct ocean pH at seasonal to millennial timescales (Wu et

al., 2018; X. Chen et al., 2019).

2.2.3.2 SST Dataset Acquistion

For the present study, two approaches were investigated. Firstly, instrumental tem-
perature data from different datasets were collected. Instrumental SST signals repre-
sent direct measurement of seawater temperature at an instant time. Therefore, one
objective was to understand the effect of SST on the variability of the abundance of
microbioeroding communities. For the Diploastrea sp. coral core in Mayotte, long-
term SSTs were retrieved from the ERSST(v5) dataset at 2° x 2° spatial resolution in the
grid 12-14°S, 42-44°E, covering 1964-2018. For the Porites sp. coral core, I additionally
collected instrumental data from the AVHRR-OISST(v2) dataset at 0.25° x 0.25° repre-
senting a more accurate spatial resolution measurement. Finally, some SSTs could be
obtained from the "Parc Marin de Mayotte" and were collected to obtain direct in situ
SST measurements at the studied location. Their measurements go from 2010-2018,
and unfortunately, due to logger losses, only the last four years were entirely usable.
SSTs were compared between the in situ measurements of the Parc Marin and the dif-
ferent instrumental datasets (ERSST and OISST) to determine potential offsets. Af-
ter comparing the different measurements, offsets were applied to correct ERSST and
OISST datasets based on SSTs measured with the Parc Marin. For the other reef loca-
tions (Reunion and Eparses Islands), instrumental SSTs based only on the ERSST were
collected. Based on the instrumental temperatures, only SST from the ERSST corrected

with the offset from the Parc Marin was considered. The OISST dataset only allows SST
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data until 1982, while coral chronology (i.e., Diploastrea reconstruction goes further.
Correlations between the SSTs of both OISST and ERSST dataset was calculated atr =
0.85 for the period 1982-2018. On the other hand, paleo-reconstructions of SSTs from
the coral will also be investigated to see if instrumental SSTs and SST from the coral
micro-environment differ and may impact different microbioeroding communities.
Corals offer a rich archive of past climate variability in tropical ocean regions with lim-
ited instrumental data and incomplete knowledge of multi-decadal climate sensitivity
(Gagan et al., 2000). Satellite-based data represent the surface temperature (10-20 ym
below the surface to 1 mm). For recall, ERSST (v5) is a dataset representative of SST
measured at a nominal depth of 0.2 m. At the same time, zooxanthellate corals can live
up to 100 m water depth from the surface, suggesting potential differences in SST with
satellite measurements (Canesi, 2022). For the present study, a multi-element SST cal-
ibration for multi-genera Porites sp. and Diploastrea sp. developed by Canesi (2022) at
the LSCE was used. The calibration is defined with the proxy Sr/Ca and Li/Mg because
the variability of the prediction accuracy on the calculated SST was better compared
to single Sr/Ca or Li/Mg calibrations. The calibration is defined by the following equa-

tion:

SST=68.5-3.47xSr/Ca—7.09%x Li/Mg (2.2)

2.2.3.3 pH Geochemical Analysis

For this thesis, B/Ca, and (§'! B) ratios were measured within our different coral skele-
tons to reconstruct long-term variations of their CF compositions (pH¢r) and to as-
sess its potential influence on the variability of the abundance and composition of mi-
crobioeroding communities. The geochemical analysis regarding boron isotopic mea-
surements was realized by Eric Douville at the LSCE (Paris Saclay). The protocol re-
garding isotopic measurements was based using the protocol previously developed for
carbonates (Bourdin et al., 2011; Montagna et al., 2014) and recently updated by Cuny-
Guirriec et al.(2019) and Canesi (2022). Before any isotopic measurements, coral pow-
ders were systemically cleaned with a 15% H»0O; solution buffered with 0.5 M NH,OH
at 60 °C for 20 min, rinsed three times with MilliQ water, and dried at 50 °C overnight
to remove the potential organic matter. Elemental (Li, Mg, Ca, Sr, U...) concentra-
tions were determined using a Quadrupole ICP-MS X-SerieslII at LSCE (Gif-sur-Yvette,

France). Samples and standards were prepared to process approximately 2.5 to 5 ug
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of B (Bore). Around 100 to 200 mg of powdered aragonite per sample (coral skele-
ton) were collected for boron geochemical analyses. Coral powders were dissolved in
NORMATOM® 4 wt% nitric acid. Around 15 pL of each solution were pipetted and di-
luted in HNOs3 0.5N to obtain Ca-100 ppm solutions ready for element analysis. The
boron isotope measurements (5'' B) were performed using the previously prepared
nitric solutions containing each sample ~ 5 ug of boron (~ 100 mg of dissolved pow-
der) with the LSCE’s Thermo Scientific Multi-Collector ICP-MS Neptune”*S. The iso-
topic composition of boron 6! B determined for each sample is calculated from the
average of three measurements. The mean values and the standard deviations at 95%
level of confidence determined for the standard Porites sp. standard M1P-p (reference
standard powder used by the LSCE) were 25.17 + 0.22 %o (n= 22), mean isotopic ratio,
and reproducibility in good agreement with expected §'! B value. Elemental concen-
trations were measured and then reported on the chronology reconstruction for the
investigated corals. The pHcr is calculated from the coral skeletal boron isotopic com-
position (6! B.yr41) according to the following equation (Hemming and Hanson, 1992;
Zeebe and Wolf-Gladrow, 2001):

611BSW - 5lchoral
aB(S“Bcoml - 5HBSW +1000(apg —1)

pHcr=pKp—log 2.3)

where 6! Bgyy is the B isotopic composition of seawater (39.61 %o, Foster et al.,
2010) and the B isotopic fractionation factor (ap) is 1.0272 (Klochko et al., 2006). The
dissociation constant of boric acid (pKp) in seawater (Dickson, 1990) is defined by the

temperature and salinity of the seawater.

2.3 Microbioeroding Communities Investigation

2.3.1 Identification of Microbioeroding Organisms: Microscopy

Approach

A sub-slab of 1.5 cm width was cut along the middle slab of the different coral cores and
then cutinto 10 and 14 coral samples for both Diploastrea sp. and Porites sp. corals, re-
spectively. The Figure 2.10 shows how the Diploastrea sp. coral core was collected and
investigated for the growth rate reconstruction. Then, the cast-embedding protocol
was to study the diversity and abundance of microbioeroding traces and their distribu-

tion within their coral skeletons with the same methodology performed for the Porites
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core. Before SEM observations, each coral sample was bleached using concentrated
sodium hypochlorite (8%) for three days to remove all traces of organic matter, rinsed
with Milli-Q water for three days, and dried at 50°C for an additional 48h. Dried coral
samples were then embedded in the Specifix-40 epoxy resin from Struers Inc. (Cleve-
land, United States, 2 parts of resin: 1 part of curing agent) to allow the observation of

resin casts of microbioerodings (traces) under SEM (Figure 2.10).

Sub-slab

Figure 2.10: Studied Diploastrea sp. coral colony at Mayotte. (A) Diploastrea sp. colony at 15 m depth.
The black arrow indicates where the colony was sampled. (B) Diploastrea sp. core with visible green
bands (green arrows). (C) X-ray radiograph of one middle slab cut out of the Diploastrea core measuring
19.5 cm long showing the annual density banding pattern. The white rectangle indicates the studied
area. (D) Ten samples were cut from the radiographed slab of the Diploastrea sp. core. Only the first
nine samples from the top were analyzed to estimate the microborer traces’ abundance. Green arrows
indicate green bands. (E) Resin impregnation of the 9 samples. Horizontal white and green arrows
represent the horizontal transects where measurements of microbioerodings abundance were realized
(i.e., within white vs. green bands). The black arrows represent the vertical transects studied in each sub-
sample. (F, G) Different resin casts of microbioerodings observed under a scanning electron microscope
after resin impregnation of coral samples and partial decalcification.

Samples were placed in a Cytovac vacuum chamber (Struers) for several minutes be-
fore polymerization to perform good resin impregnation (Wisshak, 2012; Golubic et al.,
2019). Resin polymerization occurred at 40°C in an oven for at least 24h. Embedded
coral samples were then sectioned (about 1 cm thick) along the vertical growth axis of
the coral with a diamond saw (Isomet1000 from Buehler) and sonicated to remove po-
tential sediments from sectioning for a few seconds. The surface of each thin section
(n=9 and n = 14, i.e., one per coral section) was then etched with a 10% hydrochloric
acid solution for 15 seconds to remove tens of micrometers of coral carbonate, then

rinsed in Milli-Q water for a few seconds and dried at 40°C in the oven prior gold met-
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allization for the observation of resin casts of microbioerodings under SEM (Figure

2.11).

Embedding protocol
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Figure 2.11: Cast Embedding protocol for coral samples. Figure adapted from Wisshak, 2012.

For a detailed and explained version of the embedding resin protocol for coral samples
and microborers’ visualization under SEM, please refer to Appendix Section 8. The
different types of microbioerodings were determined based on their diameter, mor-
phology, and distribution within the coral skeleton. Along the Diploastrea sp. coral
core, 4 SEM images were randomly selected per coral section (n=36 images per sample)
within the pool of SEM images taken to analyze microbioerodings abundance. The di-
ameter of the different types of microbioerodings was measured using the Image]J soft-
ware (https://imagej.nih.gov,v1.53) and also to observe their distribution within the
coral skeleton. Ten measurements of diameter (um) were performed per type of trace
and SEM image. This analysis unveiled to distinguish three types of microbioerod-
ings based on their diameter for applying our machine-learning approach to estimate
the percentage of coral skeleton colonized by microborers (proxy of their abundance).
Those with a diameter comprised between 1 and 2 um, others comprised between 2
and 5 pym, and finally, some with a diameter higher than 5 ym (Figure 2.10 F and G).
This approach was not performed within the Porites sp. coral core, as only the total mi-
crobioeroding traces were determined and estimated. Thus, the first 9 for Diploastrea
sp. and all 14 coral samples for Porites sp. were observed under an SEM operating at

15 kV (Zeiss EVO LS15) on the platform ALYSES (Figure 2.12; Bondy, France).
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Figure 2.12: (A) Scanning Electron Microscope (SEM) Zeiss EVO-LS15, Alysés Platform, Sorbonne
University-IRD-Region, Ile-de-France, Bondy. (B) Schematic representation of the functioning of the
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2.3.2 Sampling Design to Study Microbioerodings’ Abundance and

Green Bands

To investigate the variability of the relative abundance of the different types of micro-
bioerodings composing the assemblage and the percentage of the coral skeleton they
colonized (ratio between the surface area of microborer traces in a given coral skeleton
section and the total surface area of the coral skeleton section x 100; a proxy of micro-
borer abundance) over the last decades, two complementary approaches were applied
to the studied thin sections collected along the Diploastrea sp. coral core: a ‘vertical
approach’ comprising the study of SEM images taken continuously along three verti-
cal transects parallel to the central coral growth axis, and a ‘horizontal approach’ (per-
pendicular to the central coral growth axis) comprising the study of SEM images taken
continuously within 8 out of 10 visible green bands and 10 white bands selected along
the Diploastrea sp. coral core (detailed in Figure 2.10, grey and green arrows). Green
bands on coral samples 3 and 9 were too close to each other or merged to separate them
properly, so one green band was considered in each of these samples. For the Diploas-
trea sp. coral core, 16 to 55 SEM images were taken per vertical transect, depending on
the height of the coral section. In comparison, in the Porites sp coral core, 17 to 58 SEM
images were taken per vertical transect. Only the vertical approach was performed for

the Porites sp. coral core, as no green bands were spotted or visible before SEM anal-
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ysis. In contrast, about 30 SEM images were taken on each horizontal transect in the
Diploastrea sp. coral core. At several periods along the coral core, the vertical tran-
sects crossed the horizontal transects (Figure 2.13 and also shown in Figure 2E from
Alaguarda et al., 2022), allowing a comparison of the estimated average percentages of
coral skeleton colonized by microborers obtained by the two approaches. This com-
parison was meaningful as the estimated average percentages of the coral skeleton col-
onized by microborers via the vertical approach were based on the analysis of 3 SEM
images per period (corresponding to the 3 vertical transects), while that obtained via

the horizontal approach was based on the analysis of 30 SEM images (Figure 2.13).

x x x N =30
Horizontal transects : white bands
N =30 ——— Horizontal transect : green band
——  Vertical transects
* Crossing points between the horizontal and
vertical transects
x x x— N=30
N =16to 55 N=16to 55 N=16to 55

Figure 2.13: Schematic representation of vertical and horizontal sample transects across the surface of
the radiographed slab of the Diploastrea coral core to estimate the abundance of microborers comparing
white and green bands

More importantly, as the primary goal of the vertical approach was to highlight pos-
sible assemblage shifts, the variability in microborers’ abundance over the last decades,
and the possible influence of abiotic and biotic factors, it was crucial to show that
trends obtained based on the vertical approach were reliable and accurate. On the
other hand, the horizontal approach aimed at determining the possible link between
the presence of green bands and certain microborers and their abundance. As the stud-
ied physical factors and coral parameters were calculated yearly, the average percent-
ages of the coral skeleton colonized by microborers were calculated along the vertical
growth axis yearly to highlight the possible influence of abiotic and biotic factors. It
involved estimating the rate of the vertical extension of the coral colony over the past
decades and adjusting the number of SEM images collected along the vertical transects

to match each year of coral growth.
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2.3.3 Quantification of Microbioeroding Traces: Machine Learning

Application

To determine the relative abundance of the different types of microbioeroding traces
and the area of the coral skeleton they colonized (based on thousands of SEM im-
ages taken manually along our coral core), the Convolutional Neural Network (CNN)
model called U-NET was modified. This type of neural network belongs to the family
of deep learning methods which allows the recognition of various cellular structures in
biomedical images (Ronneberger et al., 2015), producing systems with interconnected
nodes that can recognize patterns and correlations in datasets and classify them. It
is commonly applied to two-dimensional images (Krizhevsky et al., 2017). Here, our
modified CNN model comprised 10 convolutional layers, each representing a linear
operation involving the product of a set of parameters with a 2D input feature map.
The various parameters in our CNN model were optimized to improve the identifi-
cation of different defined categories between our corals. The classes defined were:
‘resin’, ‘coral skeleton’, and ‘microbioeroding traces’. Two classes of microbioeroding
traces were investigated in Diploastrea sp. and only one in Porites sp. A maximum
of two microbioeroding classes were considered due to the difficulty of distinguishing
some microbioeroding traces by the CNN model (Alaguarda et al., 2022). The method
was limited by the grayscale SEM images reducing the ability of the CNN model to
distinguish various types of traces properly. Further details of each component of the
model are provided on the Chapter 3 Section 3.3 for the description of the CNN neural
model structure and its three main steps (dataset constitution step, training step and

model tuning and post-processing step).

2.3.4 Determination of Potential Specific Lipid Biomarkers of

Bioeroding Microflora: Geochemistry Approach

During this Ph.D., I also investigated an approach and methodology based on geo-
chemistry. The main objective was to investigate lipid biomarkers that might be spe-
cific to microbioeroding communities, especially from Ostreobium sp., the main mi-
croborer present within corals. All details and information regarding this approach,
methodology, and investigation protocol are detailed in Chapter 6. To summarize both

methods and objectives performed on the different coral cores, see Figure 2.14.
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Figure 2.14: Schematic representation of the objectives and methodologies for investigating coral cores.
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3.1 Whatis Machine Learning ?

Machine learning (ML) is an evolving branch of computational algorithms designed
to emulate human intelligence by learning from the surrounding environment that
can solve problems efficiently and rapidly (Mitchell and Mitchell, 1997; Silva et al.,
2022). They are the working horse in the new era of big data. Techniques based on
ML have been applied successfully in diverse fields ranging from pattern recognition,
computer vision, spacecraft engineering, finance, entertainment, and computational
biology to biomedical and medical applications. The rapidly developing ML applies al-
gorithms (artificial neural networks) that can quickly solve complex problems by pro-
cessing big datasets, sometimes achieving better performance than human experts.
Scientists have started to look towards supervised ML methods and algorithms that
learn to classify new data from a set of human-generated training examples to expe-
dite classification efforts (Irisson et al., 2022). Given MLs opportunities, its integration
into marine science and marine resource management is inevitable (Beyan and Brow-
man, 2020). ML approaches have great potential to improve the quality and extent of
marine research by identifying latent patterns and hidden trends, particularly when
studying large datasets which could not be investigated otherwise (Sun and Scanlon,
2019). Recently, aquatic ecologists have started applying popular deep-learning tech-
niques that have surpassed the previous state-of-the-art classification performance on
specific datasets (LeCun et al., 2015; Ellen et al., 2019; Orenstein et al., 2022) which en-
hanced the comprehension of marine systems. Yet accurate automated technology to
monitor the health of our oceans exist only on a limited scale (Mahmood et al., 2016).
Over the last decades, data imagery acquisition from coral reefs has facilitated the sci-
entific investigation of these intricate ecosystems (Beijbom et al., 2012; Hopkinson et
al., 2020). Nonetheless, manual annotation is a labor-intensive and time-consuming
task requiring an expert to process each image manually. For instance, accurate an-
notation of coral imagery would enable access to diverse information such as species
counting, sizing, movement tracking of specific marine organisms within a coral reef,
and even identifying different micro-organisms colonizing the coral skeleton (e.g., mi-
crobioeroding communities). ML-based techniques present significant advantages
and can potentially automate the annotation of specific objects within images, reduc-
ing the time consumed in manual processing (Bishop and Nasrabadi, 2006). Nonethe-

less, the accuracy of these techniques directly relies on the availability of high-quality
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and expertly annotated training and testing data (e.g., identification of different mi-
crobioeroding traces within the image). As explained in the section 1.3, the objective
was to assess the long-term variability of microbioeroding communities, which need
the process of thousands of SEM images. Long-term data on microbioeroding com-
munities within living corals are scarce, even inexistent, as manual processing of SEM
images is very time-consuming and costly. To reduce the manual processing time of
these images, ML was proposed as a solution to automate the analysis and process of

large datasets of images within a few minutes.

3.2 Machine Learning for Segmentation Task of Classes

Automatic segmentation is an important task in processing images for visualizing a
wide range of structures. A common approach to automatic segmentation is super-
vised pixel classification, where a classifier is trained to assign a class label to each
pixel (Moeskops, Wolterink, et al., 2016). Within automatic segmentation, Convolu-
tional Neural Networks (CNN) automatically extract features optimized for the classi-
fication task at hand. For instance, CNNs have been successfully applied to medical
image segmentation (de Brebisson and Montana, 2015; Moeskops, Viergever, et al.,
2016). CNNs have not only been used for processing medical images and can be de-
signed for image classification in natural images (Krizhevsky et al., 2017). CNNs have
shown great generalisability for divergent tasks such as image segmentation (Long et
al,, 2015), object detection (Girshick et al., 2015), and object localization (De Vos et al.,
2016). Hence, CNN architectures may have the flexibility to be used for different tasks
and within different areas. In this thesis, I used a CNN architecture called, U-Net, that
was developed for Biomedical Image Segmentation (Ronneberger et al., 2015). The U-
Net is an optimized convolutional network architecture that can work with very few
training images (training set = 30 images in Ronneberger et al., 2015 and achieve very
good performance on very different biomedical segmentation applications (Figure 3.1;
Long et al., 2015). Therefore, the U-Net architecture was modified and extended to fit
the different objectives of this work: to enable the analysis of the large dataset of SEM
images rapidly and to segment the different classes accurately. Regarding how micro-
bioeroding communities were investigated and to prevent further repetitions, please

refer to the section 2.3.
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Figure 3.1: (A) Original MET images showing the different cell wall structures. (B)Prediction of the U-
NET model for segmenting the different cell walls in the image.

3.3 Application of Machine Learning on

Microbioeroding Communities

Originally, Alaguarda et al. 2022 developed a machine-learning approach that was ap-
plied to a slow-growing massive coral Diploastrea sp. from Mayote to determine the
variability of the abundance of microborings over the last five decades (to be presented
in Chapter 4). One main objective of this ML approach is to extend its application
to further different corals (e.g., massive and branching) from contrasted reefs to esti-
mate rapidly and efficiently the surface of coral skeleton colonized by microbioeroding
traces and enable a better understanding of the distribution, composition, and abun-
dance of these communities. Therefore, this approach needs validation with other
coral genera to verify that it can identify microbioerosion traces. Thus, in this chap-
ter, the first step was to directly apply the CNN model developed by Alaguarda et al.
(2022) trained on the coral Diploastrea sp. from Mayotte on another coral genus, based
on massive Porites sp. from Mayotte and la Reunion to validate if the ML application
works on different corals. We also especially improved the treatment of class unbal-
anced representations by testing various loss functions. The present work highlights
the differences between the two procedures and how a dedicated, optimized loss func-
tion can significantly improve the CNN model’s accuracy. This approach could appear
as a powerful tool allowing the accurate and rapid quantification of the abundance of
microbioeroding traces in a large number of samples (along a single long coral core,

for instance, or in different coral samples) and in different types of coral skeletons.
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Abstract (Need for 250 Words and here 250)

The coral microbiome comprises various micro-organisms located in its tissues, mucus, and
skeleton. Within this latter, microboring communities comprise mainly filamentous
cyanobacteria, algae and hyphae of fungi,. They produce specific traces by dissolving CaCOs
skeletons through various metabolic processes. Those traces are of importance as they can be
seen as instant fossil traces which are well preserved during the lifespan of their coral host. The
study of the variability of their abundance within skeletons of living massive slow growing
corals has been overlooked but is of great interest to better understand long term effects of
climate change on those microborers and on coral resilience. Microboring traces can be
observed using scanning electronic microscopy (SEM). To date, only a few highly time-
consuming methods relying on the observer allow their quantification . This limits greatly the
number of samples that can be analyzed. Recently, a machine-learning approach based on a
Convolutional Neural Network (CNN) model was developed to study accurately and quickly
microboring traces’ abundance along a core of the very slow-growing massive coral
Diploastrea sp. (Mayotte). We first tested it on another massive coral, Porites sp. and found
that the accuracy which was initially 93% dropped down to 88%. We then adapted the initial
CNN model for the study of microboring traces in Porites sp. and show that optimized loss
function can significantly improve the accuracy (from 88% to 95.2%). We then suggest
improvements of our models for allowing the analysis of microboring traces in all kinds of

living coral skeletons.
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Introduction

Since two decades, there is a rising interest for better understanding microboring communities'
diversity in both living and dead reef carbonate substrates, implications in the reef carbonate
budget and corals' resilience (del Campo et al. 2017; Marcelino and Verbruggen, 2016;
Schonberg et al. 2017; Tribollet et al. 2019; Galindo-Martinez et al. 2022). Tribollet et al. (20086,
2019) showed that those cryptic microorganisms play an important role in reef primary
production and dissolution, and are strongly stimulated by ocean acidification over a few
months or years (see also Tribollet et al. 2009; Reyes-Nivia et al. 2013; Farber et al. 2015;
Enochs et al. 2016). Carreiro-Silva et al. (2005, 2009) and Reyes-Nivia et al. (2013) also
showed that some microboring organisms are stimulated by eutrophication and global warming
over short term (see also Grange 2015). The study of the dynamics of microboring communities
in a changing environment over long term remain however unexplored limiting the predictions
of the future of coral reefs. Due to experimental and methodological limitations, the long term
(decade, century) dynamics of reef microboring communities is extremely difficult to study
using dead carbonate substrates as they tend to be completely eroded (reduced in sand particles
and dissolved CaCO3) over more than ten years (Tribollet’s pers. obs). Cores of living massive
coral colonies which are known as well-preserved bio-archives (Wu et al. 2018; Cuny-Guirriec
et al. 2019) appear thus as a good alternative to better understand the long-term effects of
climate change and local disturbances on microboring communities (composition and
abundance). To date, only three methods were developed to quantify the abundance of
microboring filaments or traces in living corals (Lukas, 1973; Le Campion Alsumard et al.,
1995a; Priess et al., 2000). Lukas (1973)’s method consisted of decalcifying pieces of living
coral skeletons using Perenyi’s solution to count the number of microborer filaments under a
light microscope. This method was applied only on a few samples located within the first

centimeters of the coral colonies. This method is highly time-consuming and does not allow

100



A New Quantitative Approach Paper Article

studying microborers' original spatial distribution within the substrate. It can also underestimate
microborers’ biomass due to loss or degradation of filaments during the decalcification process.
Le Campion-Alsumard et al. (1995)’s method combined observations under light and scanning
electron microscopes (SEM) to identify and to count the number of filaments or traces
(respectively) among different areas of the coral skeleton but only within the first few cm of
coral skeletons. The method of Priess et al. (2000) also combined light microscopy and SEM
but focused on the composition and abundance of microboring traces within white versus
colored bands in the coral skeletons of the massive Porites sp. Those methods were all observer
dependent and highly time-consuming. They cannot allow investigating the dynamics of
microboring communities over decades or centuries as many samples need to be studied and
images to be analyzed. To reach this goal, Alaguarda et al. 2022 developed a new approach
relying on a machine learning (ML) technique, reducing the processing of thousands of SEM
images to few minutes. Thanks to this approach, the authors reconstructed the abundance
variability of microboring traces colonizing a living coral skeleton of a massive Diploastrea sp.
in Mayotte over the last 54 years. The ML technique performed with 93% of accuracy, which
represent the ability of the model to attribute a pixel in the image to its suitable class (e.g.,
microboring traces, coral skeleton). Four classes were previously described in their SEM
images: the resin used to embed the samples, the coral skeleton and two classes of microboring
traces divided among their diameter. These classes were not equally balanced in all images. The
For instance, the resin or the coral skeleton were the abundant classes while the microboring
traces were poorly represented. This scenario represent what we call an “unbalanced dataset
problem” (see Prati et al. 2009; Lemaitre et al. 2016; Johnson and Khoshgoftaar, 2019). To
tackle such unbalanced effect, Alaguarda et al. (2022) attributed more weights to under-
represented classes (e.g., microboring traces). Therefore, this approach makes it a promising

tool for quantifying microboring traces in coral skeletons and for continuous reconstruction
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over decades. However, their technique could also benefit from improvements for applications
on other corals but also lead to refine and better estimations of the colonization of microborers
in living coral skeletons. In this work: (i), we present results obtained on a coral core of a
massive Porites sp. using the model developed on Diploastrea sp., (ii) then results obtained
from the model after modifications and optimization procedure of the model developed for
Diploastrea sp., and (iii) the results obtained when combining SEM images obtained from both
massive coral for training the model. The possible extend application of our approach to all

coral skeleton morphotypes (encrusting, branching..) is then discussed.

Materials and Procedures

1) Coral samples and Treatment
In order to extend the ML approach developed by Alaguarda et al. (2022) could be applied to
other coral cores of massive corals than Diploastrea sp., two cores of Porites sp. were
investigated. One core was sampled in a healthy coral colony of Porites sp. on the outer slope
of the NE barrier reef of Mayotte at 15m depth next to the Diploastrea sp. studied by Alaguarda
etal. (2022). The other core was collected in a healthy coral colony of Porites sp. in the shallow
lagoon (1m depth) at La Saline in Reunion Island (Western Indian Ocean). The first core from
Mayotte had a diameter of 8 cm and a length of 29.5 cm, while the core from Reunion had a
diameter of 8 cm and a length of 40 cm. The age chronologies reconstructed for both corals
went from 1990 to 2018 for the Porites sp. from Mayotte and 1993 to 2015 for the Porites sp.
from la Réunion. Coral cores were preserved and then treated using the same methodology as
for the Diploastrea sp. coral (Alaguarda et al. 2022). Prior measurements, the Porites sp. cores
were sliced along the main vertical growth axis into four different slabs. A sub-slab of 1.5 cm
width were cut along the middle slab of each Porites core and then cut into 14 coral samples.

Those 14 samples were then embedded in an epoxy resin (see details of the resin inclusion in
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Alaguarda et al 2022). Each embedded sample was observed under a SEM operating at 15kv
(Zeiss EVO LS15) on the platform ALY SES (Bondy, France) to study the diversity (ichnotaxa)
and the abundance of microboring traces as well as their distribution within the coral samples.
A total of 1422 images were taken on the Porites sp. coral from Mayotte and 1589 on the Porites

sp. from la Reunion (nwtal = 3011 SEM images).

2) Dataset constitution step
A reference dataset (also sometimes called a labeled dataset) was first needed. The reference
dataset comprised a total of 74 SEM images randomly selected among the 3011 SEM images.
37 SEM images were taken per Porites coral core(to be equally present in our database). Those
74 SEM images from both corals constituted a global dataset for Porites corals, later called in
the study Porites sp. The reference dataset (n = 74) was then randomly split into three sub-
datasets. The training set of 67 images used to determine, optimize, and fit the trainable
parameters of the Convolutional Neural Network (CNN). Then, the validation set of 4 images
was used to tune the hyper-parameters of the CNN. Finally, the test set comprises 3 SEM images
that are neither part of the training nor the validation dataset. It can be considered a reliable,
independent test for the capacity of the model to generalize the classification to new SEM
images. For technical reasons, the original SEM images of 1024x768 pixels were cut into 12
sub-images of size 256x256 (called patches hereafter). The output patches per SEM image were
then reunited after treatment to produce a final image of the same size as the original SEM
image (Fig. 2). The total number of test patches was thus 36 (3x12). To further increase the
number of patches in the training set (which is critical for the ML approach), we applied a data
augmentation technique that increased the number of training patches by applying a rotation of
0°, 90°, 180°, and 270°. Therefore, this procedure allowed the production of 3312 training

patches (67 images used for training x 12 patches/image x 4 rotations/patch). The manual
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classification of the different objects present in each image was performed using the software
GIMP (v2.10) with the following methodology: each image was carefully inspected by an
expert human operator, manually associating each pixel to one of the predetermined classes for
ground truthing: "resin," "coral skeleton," and "the microboring traces" (= our class of interest;
Fig.1). To the contrary to Alaguarda et al. (2022), no distinction was made among the different
types of microboring traces (thin vs wide traces based on their diameter). Such visual inspection

would indeed be too time-consuming and is beyond the aim of this study.

Figure 1: lllustration of an original SEM image from the coral Porites sp. displaying the three different
classes studied within the coral that the Convolutional Neural network model had to recognize: (1) resin, (2)
coral skeleton, and (3) microboring traces. This image was taken in the coral core from la Reunion at the

middle of the core.
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3) Machine Learning

Neural network architecture

The architecture of an existing CNN model called U-NET (Ronneberger et al. 2015) was
adapted for the study. For a detailed visualization of the CNN architecture, please refer to the
Suppl Fig.1 from Alaguarda et al. (2022) as the same architecture was used in this study. This
type of neural network belongs to the family of deep learning methods and is commonly applied
to two-dimensional images (Krizhevsky et al. 2017). Here, for each pixel of the input SEM
patch, the CNN model associated a class among three modalities: resin, skeleton, and the
microboring traces. The CNN takes the SEM patch as an input and iteratively transforms it to
a succession of intermediate features. Each transformation uses a parametrized function whose
output is called a layer. The CNN model was built with 10 convolutional layers, one
convolution representing a linear operation involving the convolution product of a 3D kernel
with the 3D input feature map. A kernel is a tensor of parameters that must be determined in a
training phase. Note that convolutional layers are invariant by translation, which means, in our
case, that the classification of a microboring trace, for instance, does not depend on its location
in the SEM image, which is a desired behavior. Convolutional layers make the CNN model
more stable and prevent overfitting, which occurs when a model gives results fitted to the
dataset used in the training phase but fails to predict any other inputs correctly. In addition to
the convolutional layers that contain most of the trainable parameters, the CNN model contains
batch normalization layers, a method used for training CNNs faster through the normalizations
of'the layers’ input (re-centering and scaling, see loffe and Szegedy, 2015). Batch normalization
also makes training more robust and enables higher learning rates. Moreover, max-pooling
layers are added and represented an operation that down-sampled feature map (Nagi et al.,
2011) to reduce their size. Then, rectified linear units were applied after each convolutional
layer (ReLU; Romanuke, 2017). ReLU is a non-linear function that will output the input directly
if it is positive, and zeros otherwise:

f(x) = max(0, x) (1)
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The last layer, defined as a softmax function, converts output values of the previous layer into
probabilities, i.e., positive and sum to 1 (Goodfellow et al. 2016). The model attributes a
probability for each pixel to belong to each predetermined class (skeleton, resin, or microboring
traces). The final class attributed corresponds to the one with the highest predicted probability.
The trainable parameters of the convolutional layers were thus optimized during the training
process in which a loss function was minimized. The output predicted by the CNN model
corresponded to the closest output to reference (the input data). See the dedicated section for
more details about the loss function. Once the parameters of the CNN model are optimized, the

CNN model can be used to process any input SEM images.

Model assessment

Four metrics were computed on the test dataset to validate the outcome of the CNN model and
verify that it can be used on new images. The first metric is the accuracy of the classification.
It corresponds to the ratio between correctly classified pixels and the total number of pixels
(100% corresponds to a perfect classification). An excellent way to better understand is to look

at the confusion matrix (Fig.2).
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2 True Positive (TP) False Positive (FP)
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)
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Figure 2: Definition of the confusion matrix showing the different possibilities when classifying pixels

Four possibilities are available: (A) The model predicts a pixel belonging to the class

“microboring,” and the reality is the presence of “microboring” (True Positives =TP); (B) The
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model does not predict a pixel belonging to the class “microboring,” and the reality is the
absence of “microboring” (True Negatives= TN; (C) The model predicts a pixel belonging to
the class “microboring,” and the reality is the absence of “microboring” (False Positives= FP);
(D) The model does not predict a pixel belonging to the class “microboring,” and the reality is
the presence of “microboring” (False Negatives =FN). In a binary classification, the accuracy

is defined as:

TP+TN

Accuracy = —
y TP+FP+TN+FN

)

which correspond to the total correct predictions (TP+TN) out of the total predictions
(TP+FP+TN+FN). The same reasoning is also valid for a multi-class scenario. In this case, the
accuracy returns the proportion of correctly classified cases from the total number of object in
the dataset. Besides the global accuracy, other scores were looked into and dedicated to the
class of interest: the microboring traces.

First, we defined the precision (also called Positive Predictive Value) which is represented in a

binary classification as:

TP
TP + FP

Precision = 3)
which corresponds to the rate of correct predictions among the positive predictions. It measures
the capacity of the model of a non-error during a positive prediction.

We also defined recall (also called Sensitivity or Hit Rate) as:

TP

Recall = ——
TP + FN

(4)
which corresponds to the rate of positive individuals detected by the model. It measures the
capacity of the model to detect all the positive individuals (microboring traces).

Finally, we used the F1-score metric which is the harmonic means of precision and recall:

_ precision - recall
F1=2- precision+recall (5)
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The four metrics used gave values between O (the model is always wrong) and 1 (the model is

always right).

Loss Function
As mentioned previously, the training process consists of adjusting the parameters of the CNN
model by minimizing a loss function representing the mismatch between the targeted output
and the simulated output. This loss function is computed on each pixel of the output patch and
then sum over all the pixels of the output patch to obtain a total value over the whole patch.
Suppose the loss function gives equal importance to pixels labeled in a majority class as those
labeled in the minority class, the loss function's total value, which considers all the pixels of the
image, is mainly determined by the majority class. Consequently, the training is biased toward
giving the best accuracy to the majority class, which can be detrimental to the minority. To
tackle this challenge, we define the loss function of CNN to assign higher costs to the minor-
represented classes. The choice of the loss function can significantly impact the result as it is
the criteria used to determine the final parameter of the model. In the study of Alaguarda et al.
(2022), the authors used only one loss function: the Weighted Cross Entropy (WCE). This loss
function efficiently tackled the unbalanced class problem and identified clearly the proportion
of the different classes in the coral Diploastrea sp. Nonetheless, this loss function was
classifying too many pixels “microboring traces”, making them thicker than reality, therefore
over-estimating slightly their real abundance colonizing the coral skeleton. In the following,
several loss functions were considered to assess the sensitivity to this choice for the model's
accuracy and to propose the optimal choice given evaluation metrics defined in the previous
section, "model assessment”. We define different variables for the following equations
regarding the different loss functions. Within the different equations, N represents the number

of classes with i comprised between 1 and N, P represents the number of pixels with j
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comprised between 1 and P, p; represents the probability for the truth label and g; is the

probability for the class i predicted by the model. For a 3-classes classification problem, 3
possible values are defined for the vector (pz, pz, p3): [1,0,0], [0,1,0], and [0,0,1], respectively,
for classes 1, 2, and 3. For example, giving a pixel belonging to class 2, we obtained: p1 =0, p2

=1,and ps=0.

a) Cross entropy loss function
Cross-Entropy (CE) is the standard loss function for classification problems (Goodfellow et al.

2016, Chapter 6). CE can be defined as:
CE = —%L, Y5y - piy - log (gi;) (6)

CE loss is calculated as the pixel level. CE can be unsuitable for an unbalanced dataset, leading

to decision boundaries biased toward the majority class as explained above.

b) Weighted cross entropy loss function
The Weighted Cross Entropy loss function is designed to tackle issues of the unbalanced
dataset. This loss function is adapted from the negative log cross-entropy, a standard procedure

used for classification, and defined for each set of training samples by:

WCE = =% Yiey - wi - pij - log (9:) (7)

The coefficient w; is a weighted factor to compensate for the fact that classes are highly
unbalanced by attributing more important weights to under-represented classes. The factor was

set with a weight of 0.7 for the microboring traces , 0.15 for the skeleton and 0.15 for the resin.

c) Dice loss function
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Dice Loss (DL) comes from the Sgrensen—Dice coefficient, a statistical approach to calculating
the similarity between two images and used for class segmentation tasks (Salehi et al., 2017;

Zhang et al. 2021), and allows to avoid re-weighting as in WCE. The function is defined as:

N P
2-Yiz12j=1 Dij i)

D =
YL Y i+ gi))

(8)

DL typically outperforms CE in unbalanced image segmentation problems (Milletari et al. 2016,

2017; Wong et al. 2018) and performs well within models.

d) Focal loss function
The Focal Loss (FL) addresses scenarios with an extreme imbalance between foreground and
background classes during the training. FL works as an improvement of the version of Cross
Entropy. It handles the imbalance classes problem by assigning more weights to complex or
easily misclassified examples and to down weights the easily classified examples (Lin et al.

2018). The FL equation is defined as:
Y
FL=%Y, Y ~a-(1—pi;)" - piy - log(gi;) )

a is a hyperparameter designed to handle the class imbalance problem. In our case, o is set up
at 0.25. The parameter y smoothly adjusts the rate at which easy examples (i.e. easily
recognizable, class resin for example) are down-weighted and is a focusing parameter for the
modulating factor (1 — pi). When y = 1, FL is equivalent to CE. When v is increased the effect
of the modulating factor is likewise increased. Setting y > 0 reduces the relative loss for well-

classifications (Lin et al., 2018). Here, v is set up at 2.

e) Tversky loss function
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Tversky Loss (TL) is based on the Tversky similarity index (Tversky, 1977). The Tversky
similarity index can be evaluated as a generalization of the Dice coefficient, adding weights to

the FPs and FNs through the help of a coefficient. TL can be defined as:

TL = YN 32 Pij 9ij 10
1_121_1pi,j'gi,j+A(pi,j(1_gi,j))+ﬁ(gi,j(1_pi,j)) (10)

The Tversky index adds two hyperparameters, A and 8, where A + g = 1. In the case where A
=B =0.5, it is equivalent to the dice coefficient. A and B control the magnitude of FPs and FNs

(Salehi et al. 2017). Adjusting hyperparameters like A and 8 permits higher tradeoffs between
FPs and FNs, allows to weight FNs and enhances model performances in a highly unbalanced

dataset (o defined in (8)). For our study A and B were set up at 0.3 and 0.7 respectively.

f) Focal Tversky loss function
The Focal Tversky Loss (FTL) function is a variant of the FL and a modulation of the Tversky
similarity index, better suited for identifying small structures segmentation. Therefore, the FTL
function works for highly unbalanced data segmentation. As observed in the FL function, FTL
attempts to weights more the minor represented examples, with the help of the precedent

coefficient defined in (9):

s Y
FTL = ¥V, ¥F_ (1 - LT ALY ) 11
=1 21_1 pij-9ij+ 0 (pij(1-9ij)) + B (9ij A1-Dpij)) (1)

Finally, an average coefficient was calculated from each Tversky loss coefficient calculated for

each different class. TL indicates the Tversky Index, the parameter vy is the hyper-parameter
previously defined in (9) but was set up at g for this loss function. o and B were again set up at

0.3 and 0.7 respectively (Abraham and Khan, 2018). The number of pixels associated for each
class was very heterogenous, making our dataset unbalanced where the minority class

(microboring traces) represents the class of interest (Table.1).
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Total Training Number of Pixels Pixels Pixels
set total Pixels | attributed to attributed to attributed to
traces skeleton resin
67 Training Images 100% 2,3% 29,3% 68,4%
7 Validation and Test Images 100% 4,1% 26,7% 69,2%

Table 1. Pixel classification between the different classes regarding the training dataset, validation, and test

set shows the typical unbalanced dataset problem between the different classes.

Training and Validation step
The training phase of the CNN model aims at optimizing the trainable parameters of the model.
It was performed by minimizing one of the mentioned loss functions on the training dataset
using the Adam algorithm based on a gradient descent technique (Kingma et al. 2014).
Hyperparameters of the model were set similarly as investigated by Alaguarda et al (2022) for
the coral Diploastrea sp. for comparison with this latter later on. The only difference was setting
a maximum of 80 epochs to reduce the time calculation. We assured that it had no impact on
the model’s predictions. An epoch in ML indicates one complete passage of the training dataset
into the model during the training. The training was stopped if the loss computed over the
validation set (not used to optimize the trainable parameter) stopped improving for more than
10 epochs. This procedure, known as early stopping, aims at avoiding overfitting (Goodfellow
et al. 2016). The duration of the training was between 1 and 2 hours by connecting to the IPSL
MESRI Mesocenter using its GPU with two graphic cards, NVIDIA GeForce RTX 2080 Ti
(11Go), using TensorFlow (version 2.6.0). After the training, the CNN model takes only a few
minutes to analyze the entire SEM dataset of 3011 images from both corals. For each model,
the metrics described in the “Model assessment” section were computed on the validation
dataset. The score for each metric was relatively sensitive to the choice of the loss function
considered. The model gathering the best performance (highest F1-score) is available online

(https://gist.github.com/brajard/ad809dbbcfoba723320a47b89d26e1d4).
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Post-processing steps
The final quantity of interest x4 represents the abundance of microboring traces colonizing
the coral skeleton in the SEM images, calculated as:

Mg

Xest = G 100 (12)

Where m, represents the number of pixels attributed to the class “microboring traces” for an

image a and S, the number of pixels attributed to the class “coral skeleton”. Equation (12)

applies to segmentations estimated from CNNs and manual processing. Overall, the CNN
model overestimated the surface area of microboring traces (see paragraph 1 in Assessment).

Thus, a correcting factor was applied to the collection of SEM images to correct the bias. The
corrected factor C was computed by linear regression between the true abundance in the

training set and the abundance reconstructed by the CNN model following the formula:

C = Ziz=1(xest — Xest ) - (xref_ Xref) (13)

Ziz=1(xest — Xest)?
where X,or represent the abundance of microboring traces estimated from the manual

processing calculated based on (12) for an image i, Z being the number of training images.

Xest and  Xpor represents the mean area of microboring traces estimated from one of the

different CNN models and the manual processing respectively over the all training set. The

coefficient factor (computed on the training set) was then applied to all the images as follow:

Xcor = Xest * C + Bpean (14)

where By eqn iS the y-intercept computed for all the images from the training set.

Assessments

1) Application of the Diploastrea model on Porites SEM images
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We first applied the Alaguarda et al. (2022) model developed for the massive coral Diploastrea
sp. to the dataset of SEM images used for the present study (n = 74) from both Porites sp. corals.
The objective was to assess whether this model could be performant and could accurately
identify the microboring traces colonizing this type of coral skeleton. The model used by
Alaguarda et al. (2022) was trained using a WCE loss function with weights set up at 0.7 for
the class “microboring traces”, 0.15 for the class “resin” and 0.15 for the class “coral skeleton”.
When applying the Diploastrea sp. CNN model to SEM images belonging to Porites sp. corals,
we noticed errors in the identification of the different classes in the images and a decreasing
accuracy from 93% to 88%. More significant decreases could be observed when focusing on
the class “microboring traces” looking at the other metrics. The precision of the model
Diploastrea sp., applied to the dataset of SEM images from Porites sp. corals decreased from
68% to 50%, the recall from 90% to 72%, and the F1-score from 80% to 59%. One SEM image
from the test dataset from Porites corals (Fig.3A) was first manually analyzed (Fig.3B) and
then analyzed using the model CNN developed initially for Diploastrea sp. by Alaguarda et al.

(2022) (Fig.3C).
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Figure 3: A comparison of the different outputs between manual processing and model predictions on the
test image presented in Figure 1. A. SEM validation image. B. Manual processing of the same image. C.

Model estimation based on the Diploastrea coral from Alaguarda et al. (2022).

By looking at the Figure 3B and 3C, the microboring traces estimated with the CNN model
developed on Diploastrea sp. appeared thicker conducting to the over-estimation of their
surface area compared to the manual estimation. This was expected as shown and corrected by
Alaguarda et al. (2022). In the following we will refer to the “raw model” if the correction was
not performed, and to the “bias corrected model” if the correction was performed (from Eq.
13 and 14). Estimations of the "raw model” Diploastrea sp. and the "bias corrected model" of
the percentage of coral skeleton colonized by microboring traces, from the SEM images of

Porites sp. were compared with the manual processing (Fig. 5). The estimation from the “bias

corrected model" Diploastrea sp. was realized with the corrected factor C = 0.64 and B,,,0qn =
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—0.023 (Eq. 14) computed on the Porites sp. training set (n = 67). One relevant point is that
the estimation of the “raw model” Diploastrea sp. shows a similar general variability of the
surface of the coral skeleton colonized by microboring traces compared to the manual
processing estimation (Fig.4). Nonetheless, the estimation of the "raw model™ Diploastrea sp.
always overestimated the real coral surface area colonized by microboring traces compared to
the manual processing (Fig.4). When correcting the model, the estimation of the surface of the
coral skeleton colonized by microboring traces, almost fit the estimation from the manual
processing, even if some variability can be observed (Fig.4, not significant on 74 SEM images).
To be more accurate, we trained a model based on the dataset of SEM images obtained from
Porites corals to investigate if the accuracy would be better in estimating the coral surface

colonized by microboring traces.

Manual Processing

s Raw model from Diploastrea sp

= = = Corrected Model Diploastreasp

20

Percentage of coral skeleton colonized by microbioeroding traces (%)

J J
Validation Test set
set(n=4) (n=3)

Dataset of SEM images constituted from both Porites corals for the training set (n = 67)

Figure 4: A comparison of the colonized surface by microboring communities estimated by manual
processing vs. estimations of the raw and bias corrected model of Diploastrea sp. on the dataset of images
from Porites sp. The black line represents manual processing. The “red” dotted line represents the estimation
with the “raw model” of Diploastrea sp. developed by Alaguarda et al. (2022). Finally, the “brown” dotted

line represents the estimation with the “bias corrected model” Diploastrea sp.
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2) Loss Functions Investigations for Porites sp.

The following investigations were based on the dataset of SEM images of two Porites corals to
enhance the model's predictions for analyzing microboring traces in a different massive coral,
compared to the predictions from the CNN model Diploastrea sp. Several loss functions were
optimized during the training phase to tackle the unbalanced dataset problem in the SEM
images. Different metrics for models’ performances assessed how was the identification of the

class “microboring traces” on the validation dataset (Fig. 5).

. Focal Loss . Dice Loss . Focal Tversky Loss Tversky Loss . WCE loss

80

40

Metrics representation (%)

~
S

Global Accuracy Precision on the class “Traces” Recall on the class “Traces” F1-Score on the class “Traces”

Figure 5: Barplots of the different metrics representative of the performance of our CNN models on the
validation set. Here, four different metrics are described: Global accuracy (the number of correct predictions
divided by the number of total predictions). The second metric described is the Precision over the
“microboring traces” class (= Type 1 Error). The third metric represents the Recall over the “microboring
traces” class (= Type 2 Error). The last one is the F1-Score, which combines Precision and Recall (harmonic

mean of the Precision and Recall metrics).

Considering the CE loss function, the model's performance was significantly lower than the

other loss functions. Such results demonstrate that the CE can lead to biased estimates when

trained on unbalanced datasets. Using dedicated loss functions tailored to the unbalanced data
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problem can significantly improve the model's performance. Considering the WCE loss
function, the model's overall accuracy was 94.5%, the second most performant model in global
accuracy (Fig.5; Table.2). Nevertheless, this model presented the lowest precision (if we
exclude CE) regarding the “microboring traces” class (70%), classifying more pixels within

this class that were not correctly identified and leading to thicker traces.

Training Loss Weight on the Global Precision on Recall on F1-Score on
ID Functions class “Traces” Accuracy the class the class the class
“Traces” “Traces” “Traces”
1 Cross Entropy | Equal Weights 89.2% 75% 51% 61%
loss
2 Weighted loss | Weight =0.7 94.5% 70% 87% 78%
3 Dice loss Weight = 0.6 90.6% 75% 62% 68%
4 Tverskyloss | A=0.3; B= 91.4% 74% 67% 70%
0.7
5 Focal Tversky | =03 y= s; 90.9% 73% 62% 67%
loss
B=0.7
6 Focal loss a=025y=2 95.2% 86% 74% 80%
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Table 2. Summary of models' training for each loss function, with the associated weight for the "microboring
traces" class. Also, metrics used to assess the model performance on the validation dataset displayed for each

model for the "microboring traces" class.

Compared to the CE, the model trained with the WCE displayed the highest performances in
discriminating the different classes (Table.2), demonstrating that weighted cross-entropy was
more efficient in tackling unbalanced class problems than the standard CE. Considering the
model trained with DL, TL, and FTL functions, the model’s accuracy, precision, recall, and F1-
score had very close results (1 to 2% differences for all metrics, Table.2). The model trained
with the FL function presented the highest value for precision, accuracy, and F1 score and the
second highest for recall (Fig.5, Table.2), representing the proportion of correctly attributed
real traces. Thus, the trained model with the FL function represented the model selected for
identifying the microboring traces. Differences between the loss functions could also be

visualized when zooming on a specific area of one SEM image of the test dataset (Fig.6A and
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B). This figure showed the variability of the model's accuracy when identifying the microboring
traces between the different loss functions and the manual processing (Fig.6C and D). When
classifying with the WCE, microboring traces appeared thicker, leading to an overestimation of
the area of the coral skeleton colonized by microboring traces (Fig.6E and F). The training with
the DL function struggled with the identification of some microboring trace pixels and
misclassifying them into resin pixels. Such misclassification can lead to potential
underestimation of the surface of the coral skeleton colonized by microboring traces (Fig.6G
and H). The TL model also misidentified microboring trace pixels and classed them into resin
pixels, leading again to potential underestimation of the real coral surface occupied by these
traces (Fig.61 and J). As previously mentioned with the DL and TL models, the FTL model
under-estimated the coral surface occupied by microboring traces by attributing some pixels to
the resin class (Fig.6K and L). The FL model predictions for the different classes and mainly
for the microboring traces class, were the closest to fitting the manual processing estimation

(Fig.6M and N).

b E F H Coral
.| Manual WCE + | WCE Dice skeleton
Processing Loss | Loss Loss i
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Figure 6: lllustration of a zoomed part of the SEM image shown in Figure.1 (lower left part) displaying the
comparison between the models’ predictions trained with different loss functions and the manual processing.
A. Zoom within one of the validation SEM images showing the three different classes. B. Square shows a
zoom within a specific location to witness the three different classes used to assess differences between

manual processing and the model’s predictions. C and D. Images from the manual processing of the
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validation (= desired output). E and F. Prediction from the model trained with Weighted Cross Entropy loss
function. G and H. Prediction from the model trained with Dice Loss function. I and J. Prediction from the
model trained with Focal Loss function. K and L. Prediction from the model trained with Tversky Loss

function. M and N. Prediction from the model trained with the Focal Tversky Loss function.

To summarize, the DL, TL, and FTL performed similarly regarding model predictions with
overall underestimations regarding the class microboring traces. WCE showed good
performances in predicting the different classes with a slight overestimation of the surface
occupied by the microboring traces class. Overall, with these findings, different dedicated loss
functions tailored to the unbalanced data problem can significantly improve the model's
performance in identifying the class of interest, and here the FL model showed the highest

performances.

3) Comparison of Diploastrea and Porites sp. models

To compare the predictions from the model developed by Alaguarda et al. (2022) on the coral
Diploastrea sp., with the selected CNN model trained with the FL function on the dataset of
Porites sp., one SEM image from the test set (Fig.7A) was first manually analyzed (Fig.7B),
then analyzed using the model CNN developed initially for Diploastrea sp. (Fig.7C) and finally
analyzed with the newly trained model CNN with the FL function (Fig.7D). By looking at 7C
and 7D, the microboring traces estimated with the model Diploastrea sp. appeared thicker.
Differences were highlighted in estimating the percentage of coral skeleton colonized by

microboring traces between the CNN models of Diploastrea sp. and Porites sp.
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Figure 7 : A comparison of the different outputs between manual processing and model predictions on the
test image presented in Figure 1. A. SEM validation image. B. Manual processing of the same image. C.
Model estimation based on the Diploastrea sp. coral from Alaguarda et al. (2022). D. Model FL estimation

based on the Porites sp. coral developed in this study.

The dataset constituted from SEM images of both Porites sp. corals (n=74) was processed
manually, then by the CNN “raw model” from Diploastrea sp. and then by the CNN “ raw
model” trained with the FL function developed in this study (Fig.8). The dataset was also
processed with the CNN “bias corrected model” Diploastrea sp. and the CNN “bias corrected
model” trained with the FL function developed in this study (Eq. 13 and 14). The correction
was computed on the Porites sp. training set (n = 67). The estimation from the "bias corrected

model" trained with the FL function was realized with the corrected factor C = 1.04 and By,0qn

=0.001 (Eq.14), also computed on the Porites sp. training set (n = 67). Spearman's correlations
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were realized between the CNN models and the manual processing. Between the "raw model"
Diploastrea sp. and the manual processing, we obtained a correlation of 0.81 (p < 0.001). In
contrast, with the "raw model" trained on the Porites sp. dataset trained with the FL function
and the manual processing, we obtained a correlation of 0.99 (p < 0.001). Differences were
highlighted in estimating the percentage of coral skeleton colonized by microboring traces
between CNN model of Porites and Diploastrea sp (Wilcoxon Test, p-value < 0.001).
Correlations with the bias corrected model and the manual processing did not change
significantly. The correlation validates the variability observed between models estimation
from Diploastrea and Porites sp. Besides, the "bias corrected model" trained on the Porites sp.
dataset trained with the FL function nearly perfectly fits the manual processing estimation
compared to the "bias corrected model" Diploastrea sp. However, one relevant point was that
the estimations from the "raw model" Diploastrea sp. showed a similar general variability of
the surface of the coral skeleton colonized by microboring traces, compared with the estimation

of the "raw model" trained on the Porites sp. dataset trained with the FL function (Fig.8).
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Figure 8 : Comparison of the manual processing estimation of the colonized surface by microboring
communities vs. estimations from different models on Porites sp. images. The black line represents manual
processing. The “blue” dotted line represents the estimation with Porites sp.'s “raw model” with the Focal

Loss Function. The “red” dotted line represents the estimation with the “raw model” of Diploastrea sp.
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developed by Alaguarda et al. (2022). The “purple” dotted line represents the estimation with the “bias
corrected model” of Porites sp with the Focal Loss Function. Finally, the “brown” dotted line represents the

estimation with the “bias corrected model” Diploastrea sp.

Nonetheless, the estimation of the "raw model" Diploastrea sp. overestimated the real coral
surface colonized compared to the "raw model” trained on the Porites sp. dataset trained with
the FL function. These findings showed that the model Diploastrea sp. from Alaguarda et al.
(2022) could identify the different classes in another dataset of SEM images from another
massive coral Porites sp. but errors may be introduced and mainly concerning the "microboring
traces". These latter were corrected to eliminate the biases from the "raw model" estimations
(Fig. 8). Moreover, these findings showed that the FL model explicitly trained on the dataset
better predicted and discriminated the different classes than the estimations from the model

Diploastrea sp.

4) A Multi CNN model: combination of SEM images from both massive corals
A final objective was to merge SEM images for both corals and assess if the training of a multi
coral model based on SEM images from both corals would identify microboring traces in either
of these two massive corals, and be as good as the model trained with the FL function for Porites
sp. and the first model developed for Diploastrea sp. SEM images (n = 52) from the coral
Diploastrea sp. were used from Alaguarda et al. (2022) and from Porites corals of this study (n
= 53). Images were merged together to constitute a new dataset (n = 105). This dataset was
again randomly split into three sub-datasets: the training set of 90 images, the validation set of
5 images and finally the test set comprises 10 SEM images of each massive coral. For these
experimentations, models were trained with three main loss functions: the WCE, the DL and
the FL (Table.3). The metrics were evaluated first on the test dataset of the coral Diploastrea

sp. alone (n=10), then the coral Porites sp. alone(n=10) and finally the combination of both test
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sets (n=20). For the following, we present only the best results from the multi coral model
trained with the DL function. The overall accuracy of the multi coral model trained with the DL
function reached more than 94.2% for all different test set scenarios. The Recall and F1-score
were higher than the Porites sp. model trained with the FL function, with an increase of 5% and

2% in average respectively. The precision was the same (see Table.3).

Training ID 1 2 3
Loss Functions Weighted loss Dice loss Focal loss
Weight on the class Traces Weight = 0.7 Weight = 0.6 a=025y=2
Accuracy on test images of Diploastrea sp. 88% 94.2 93.9%

(n=10)

Precision on test images of Diploastrea sp. 54% 87% 83%
(n=10)

Recall on test images of Diploastrea sp. (n=10) 89% 81% 69%

F1-score on test images of Diploastrea sp. 67% 84% 76%
n=10

Accuracy on test images of Porites sp. (n=10) 94.6% 96.4% 96.5

Precision on test images of Porites sp. (n=10) 54% 84% 78%

Recall on test images of Porites sp. (h=10) 86% 78% 7%

F1-score on test images of Porites sp. (n=10 67% 81% 77%

Accuracy on combine test images of both corals 91.5% 95.3% 95.2%

(n=20)

Precision on combine test images of both corals 54% 86% 81%
(n=20)

Recall on combine test images of both corals 88% 80% 2%
(n=20)

F1-score on combine test images of both corals 67% 83% 76%
(n=20)
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Table 3. Summary of metrics performance for each multi coral model with the associated loss function
and selected weight for the "microboring traces" class. Metrics are calculated on a test set of only 10
images from the coral Diploastrea sp, then 10 images from the coral Porites sp and the combination of

those two.

Predictions from the model developed by Alaguarda et al. (2022) on the coral Diploastrea sp.,
the selected model trained with the FL function on the dataset of Porites sp., and the multi coral
model trained with the DL function were compared from one SEM image of the test set of
Porites sp. (refer to figure 7.A for the original SEM image, and see Fig.9A to D). By looking

at Fig.9D, predictions from the multi coral model of the class microboring traces were nearly
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exactly similar to the analysis from the manual processing (Fig.9A) or the estimation from the
CNN Porites sp. model trained with the FL function (Fig.9C). Errors came from the

misclassification of pixels belonging to the class coral skeleton replaced by resin pixels.
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Figure 9 : A comparison of the different outputs between manual processing and model predictions on the
validation image is presented in Figure 1. A. Manual processing of the test image presented in Fig.1. B.
Model estimation based on the Diploastrea sp. coral from Alaguarda et al. (2022). C. Model FL estimation
based on the Porites sp. coral developed in this study. D. Multi coral model estimation based on SEM images

of both corals

The same reasoning was also performed on a SEM image of the coral Diploastrea sp. (see
Fig.10A to 10.D). This image was the same as investigated by Alaguarda et al. (2022; see their
Figure 3). By looking at Fig.10D, predictions from the multi coral model of the class

microboring traces were almost close to the result of the manual processing (Fig.10A), even
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better than the predictions of the Diploastrea sp. CNN (Fig.10B). The estimation from the CNN
Porites sp. model trained with the FL function (Fig.10C) also nearly fit the estimation from the
manual processing, nonetheless with errors pixels belonging to the class coral skeleton replaced
by resin pixels.
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Figure 10 : A comparison of the different outputs between manual processing and model predictions on one
test image from the coral Diploastrea sp. investigated by Alaguarda et al. (2022). A. Manual processing of
the test image of the coral Diploastrea sp. B. Model estimation based on the Diploastrea sp. coral from
Alaguarda et al. (2022). C. Model FL estimation based on the Porites sp. coral developed in this study. D.

Multi coral model estimation based on SEM images of both corals

Finally, a last experience was performed to compare all CNN between each other, the CNN
model Diploastrea sp. from Alaguarda et al. (2022), the CNN model trained with the FL

function on Porites sp. and finally the CNN model trained with the DL function on both corals
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(Fig.11). Estimations for all CNN were performed on 100 randomly chosen new SEM images
for each coral. This new dataset of images was processed by each “raw model” and each
“corrected model” (with Eq. 13 and 14). The dataset constituted from SEM images of the coral
Diploastrea sp. (n=100) was processed by the CNN “raw model” Diploastrea sp., then by the
CNN “ raw model” from the Porites sp. trained with the FL function developed in this study
and finally by the “raw multi coral model” (Fig.11A). The dataset was also processed with the
CNN “bias corrected model” Diploastrea sp., the CNN “bias corrected model” Porites sp.
trained with the FL function developed in this study and finally the “corrected multi coral
model” (Eq. 13 and 14; Fig.11B). Spearman's correlations were realized between the
estimations of the CNN Diploastrea sp. and the estimations from the CNN Porites sp. and the
CNN of the multi coral model. For the correlations between the “raw CNN Diploastrea sp.”
and the “raw CNN Porites sp., we obtained a correlation of 0.96 (p < 0.001). For the correlations
between the “raw CNN Diploastrea sp.” and the “raw CNN multi coral., we obtained a
correlation of 0.99 (p < 0.001). Correlations with bias corrected models did not change
significantly. Then, the dataset constituted from SEM images of the coral Porites sp. (n=100)
was processed by the CNN “raw model” Porites sp., then by the CNN “ raw model” from the
Diploastrea sp. trained with the FL function developed in this study and finally by the “raw
multi coral model” (Fig.11C). The dataset was also processed with the CNN “bias corrected
model” Diploastrea sp., the CNN “bias corrected model” Porites sp. trained with the FL
function developed in this study and finally the “corrected multi coral model” (Eq. 13 and 14;
Fig.11D). Spearman's correlations were realized between the estimations of the CNN Porites
sp. and the estimations from the CNN Diploastrea sp. and the CNN of the multi coral model.
For the correlations between the “raw CNN Porites sp.” and the “raw CNN Diploastrea sp., we

obtained a correlation of 0.86 (p < 0.001). For the correlations between the “raw CNN Porites
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sp.” and the “raw CNN multi coral., we obtained a correlation of 0.97 (p < 0.001). Correlations

with bias corrected models did not change significantly.
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Figure 11 : Comparison of models predictions based on 100 new SEM images of each massive coral
Diploastrea and Porites sp. A. Raw estimations for each model on 100 SEM images of the coral Diploastrea
sp. The black line is the reference model and represents the estimation from the model of the coral
Diploastrea sp. developed by Alaguarda et al. (2022). The blue line represents the estimation from the model

of the coral Porites sp. trained with the Focal loss function developed in this study. The red line represent the
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multi coral model trained with the Dice loss function on SEM images from both Diploastrea and Porites sp.
B. Corrected estimations for each model based on the estimated reference from the model of the coral
Diploastrea sp. (specific model). Same legend for the dotted line. C. Raw estimations for each model on 100
SEM images of the coral Porites sp. The black line is the reference model and represents the estimation from
the model of the coral Porites sp. trained with the Focal loss function developed in this study. The blue line
represents the estimation from the model of the coral Diploastrea sp. developed by Alaguarda et al. (2022).
The red line represent the multi coral model trained with the Dice loss function on SEM images from both
Diploastrea and Porites sp. D. Corrected estimations for each model based on the estimated reference from

the model of the coral Porites sp. (specific model). Same legend for the dotted line.

Discussion

1) Machine Learning and microboring assemblage in massive corals

To this date, the ML application represents the fastest method than any other known quantitative
method for analyzing microboring filaments/traces (ichnotaxa). Manual processing of one SEM
image can take 3 to 5 hours to properly delimit the contour of the different microboring traces,
depending on the assemblage of the traces (patchy or not), making their identification even
more difficult for human-eye identification. Alaguarda et al. (2022) and the present study
manually labeled 142 SEM images representing more than six months of analysis. In
comparison, analyzing the same amount of SEM images with the ML approach took only a few
minutes and could significantly enable the number of samples that can be processed. With the
ML application, we can now provide a continuous and accurate estimation of the coral surface
colonized by the different microboring traces (i.e., communities). Alaguarda et al. (2022)
investigated two different classes of traces based on their diameter with ML, while three classes
were identified. A maximum of two classes identified is not representative of the overall
diversity of microboring communities that colonize living coral skeletons (Lukas, 1973; Le
Campion-Alsumard et al., 1995; Tribollet, 2008; Tribollet et Golubic, 2011), but still provide
first indications of the type of communities present within the coral skeleton. The first machine-

learning application developed by Alaguarda et al. (2022) allowed identifying microboring
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traces in the massive coral Diploastrea sp. with an accuracy of 93% in a few hours. This model
was initially trained with a weighted cross-entropy loss function to tackle the unbalanced
dataset problem firstly encountered in the SEM images of Diploastrea sp. In the present study,
we first applied this model to another massive coral, Porites sp., to test whether identifying
microboring traces in a different coral would be accurate. When applying the model Diploastrea
sp. to the collection of SEM images from Porites sp., the overall accuracy decreased from 93%
to 88%. However, more significant decreases in the precision, recall, and F1-score were
observed when focusing on the microboring traces class. Applying the model Diploastrea sp.
to the coral Porites sp. has highlighted two potential disadvantages. Firstly, as observed
previously by Alaguarda et al. (2022), microboring traces estimated by the model appear thicker
than usual (Fg.8C), leading to potential overestimation of the actual surface of the coral skeleton
occupied by the different microboring traces. Nonetheless, such overestimations can be
corrected (Eq. 13 and 14). Secondly, the model Diploastrea sp. struggled with identifying some
coral skeleton pixels, often misclassified as resin pixels (Fig. 8C), leading to an underestimation
of the actual surface of the coral skeleton in the image. In return, it accentuates the over-
estimation of the coral surface occupied by microboring traces because less proportion of coral
skeleton is present in the images. Overall, the level of accuracy when applying directly the
Diploastrea sp. model to Porites SEM images is still largely acceptable and depends on the
objectives of the practician behind. If one overview is to have a general trend of the variability
of the abundance of microboring communities over time, applying directly the Diploastrea sp.
model would directly work and provide enough precision to this objective. . Nonetheless, if one
objective is to obtain precise measurement of such variability, a more suited model that

Diploastrea sp. will be needed.

2) What can explain differences between CNN of both massive corals ?
Massive corals such as Diploastrea sp. and Porites sp. which are important reef framebuilders
and are spread across the Indo-Pacific Ocean, are slow growing corals. Diploastrea sp. presents
an annual growth rate of a few mm while Porites sp grows at an average rate of 1 cm per year

(Watanabe et al., 2003; Bagnato et al., 2004; Lough et al. 2008; Cantin et Lough et al., 2014).
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One potential reason for such differences in the model's predictions might be the skeletal
architecture that differs between both massive corals (Veron, 2000). Porites sp. corals present
a less dense skeletal structure than Diploastrea sp. corals, are less porous, and present thin
polyps and corallites (Watanabe et al., 2003; Bagnato et al., 2004). Corallites in Porites sp. have
a typical diameter comprising between 0.8 to 2 mm depending on the species (Veron, 1986;
Darke and Barnes, 1993), while corallites in Diploastrea sp. are typically between 7.1 and 9.3
mm in diameter (Todd et al., 2004; Budd et al., 2011). Diploastrea sp. corallites are therefore
4 to 5 times larger than Porites sp. (Todd et al., 2004), which affect the coral skeleton's capacity
to scatter light (Enriquez et al., 2005, 2017) and can influence microboring communities which
are generally dominated by phototrophs such as the chlorophyte Ostreobium sp (Tribollet 2008;
Fordyce et al. 2021; Galindo-Martinez, 2022). Differences in the skeletal architecture of both
massive corals might translate into differences regarding the proportion of the classes (e.g.,
coral skeleton class) within the different SEM images of Diploastrea and Porites sp. The
obtention of the different SEM images was taken under the same conditions and with the same
strategy for both corals. Images were the same size (e.g., 1024x768), taken at the same
magnification (x150), limiting biases attributing to the image SEM strategy. Nonetheless,
biases might have been introduced when preparing the coral samples before observations. The
quality of resin casts of coral samples and time exposure to the acid dissolution of the carbonate
skeleton might influence the level of contrast and luminosity for observation and can lead to
low-quality SEM images (Wisshak, 2012; Salamon et al., 2019). These steps can make the
identification of microboring traces difficult for the human eye observer but also for the CNN.
Apart from protocol biases and differences in corallites structure, within the same SEM image,
the cover of the coral skeleton (i.e., its proportion) is different from one coral to another. Such
differences modify the unbalance between the classes of both corals. They might need
readjustments when training models to identify the different classes better, underlining why
predictions with the model trained on Diploastrea sp. decrease when applied to the massive
coral skeleton Porites sp. Differences in skeletal architecture might also explain potential
differences in the level of infestation of microboring communities in living corals (Fordyce et

al., 2021). In return, it could increase CNN’s difficulties in identifying microboring traces from

131



Paper Article A New Quantitative Approach

132

one coral to another. For instance, assemblages in patches of microboring traces observed in
the images from the Porites sp. can be a real problem for the CNN (i.e., the model Diploastrea
sp.) for delimiting the shape of the different traces and often lead to overestimations of the

actual coral surface occupied (Fig.8C).

3) Exportation of the technique: Microboring estimations in other massive corals ?
As explained earlier, if one objective is to rapidly analyze different massive coral cores with a
global accuracy of more than 80%, applying the Diploastrea sp. model fulfil this task. The
value of the coral surface occupied by microboring traces predicted by the CNN would be
biased but can be corrected if the objective is only to compare general trends from one core to
another. Therefore, there might be no need to train a new and more specific model for
identifying microboring traces in a different massive coral genus. Based on the predictions from
the model Diploastrea sp. on a new collection of SEM images belonging to a different massive
coral, the choice was to develop a new model exclusively trained on a set of manually labeled
SEM images from Porites sp. corals. The objective was to assess if its predictions would be
better than the model Diploastrea sp. Additionally, compared to the model Diploastrea sp.
developed by Alaguarda et al. (2022)., it was performed to tackle the unbalanced dataset
problem better and reduce the overestimations observed with the model Diploastrea sp. trained
with the WCE loss function. An interesting result is that either on Diploastrea sp. or Porites
sp., and when training the model with the WCE loss function, both CNN displays an accuracy
of more than 93% when identifying the different classes. This finding supports that the WCE
can represent a suitable loss function for an unbalanced dataset problem, even if overestimations
are observed. On the other hand, the investigations on the choice of a suitable loss function
have shown that general performances of the model for the identification of the different classes
can be enhanced and significantly reduce the overestimations (e.g., on the microboring traces
class; Fig. 5 and 6). The accuracy of both CNN models (i.e., Diploastrea and Porites)
represented more than 90% of accuracy, corresponding to a high level of confidence within the
model to analyze the different classes within the images. The optimal accuracy for training is

around 85% (Wilson et al., 2019), as an accuracy of 100% would correspond to overfitting and



A New Quantitative Approach Paper Article

only adapted to the training set (Goodfellow et al., 2016). One promising investigation was the
multi coral model that presented more than 94.2% accuracy. For instance, its predictions were
close to the ones from the specific Porites sp., CNN model when classifying microboring traces
from the SEM dataset of Porites corals. The same conclusion was observed with the
Diploastrea sp. CNN model (Fig.10 and 11). These findings show that the multi coral model
trained on SEM images of both corals can identify similarly the different classes in either of the
massive corals (Fig.12). Such multi coral model could be now used to assess colonization of
microboring traces in massive corals and essentially on Diploastrea and Porites as training
occurred on those corals. Therefore, one suggestion for further investigations would be to apply
this multi coral model to the set of images of the coral Diploastrea sp. that were analyzed by
Alaguarda et al. (2022) and see if the variability they found would be the same or different
using the new multi coral model. Additionally, another suggestion would be to increase the
number of classes the model can recognize, but it will require manual labeling of these different
classes and additional training for the model. Successful estimations of the method require
careful consideration and highly rely on specialized, diverse, and annotated data to build an
appropriate set of images the model will train on. Nevertheless, developing and training CNN
models requires much processing time and power calculations. The dataset constitution step
does not need any power calculations. Nevertheless, one major procedure with direct and
elevated costs concerns sampling coral cores and manually processing the SEM images. Taking
more than 3000 SEM images represents hundreds of hours and weeks of analysis which is very
time-consuming but essential, and SEM sessions also represent high economic costs
(100€/day/session). Future works with automatized SEM would greatly help in accessing long
images dataset. Regarding the technical energy cost for running the CNN, using a standard
personal laptop to run the CNN model could be tricky, even impossible, as they often present
low random-access memory (RAM) and computing limitations. Thus, power from GPU servers

is highly recommended as training is very fast and gathers high-power calculations.
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Comments and Recommendations

In this study, several loss functions has been tested. However, a practician interested to apply
the method could only focus on WCE, DL or FL. Thanks to the present study and the model
developed by Alaguarda et al. (2022), two robust and specific CNN models applied on SEM
database for each type of massive coral, are now fully developed and operational at high levels
of accuracy when identifying microboring traces colonizing coral skeletons. These two CNN
models that worked with more than 93% accuracy for the coral Diploastrea sp. and 95% for the
coral Porites sp. for identifying the coral surface occupied by microboring traces. On another
aspect and very interestingly, the multi coral model based on SEM images of both massive
corals gather the ultimate “goal”” with outstanding predictions either considering one of the coral
genus. Indeed, this model could now be used to identify accurately microboring traces
colonizing the skeleton of those two massive coral, even if they present differences in skeletal
architecture influencing the distribution and colonization of these communities. Finally, in
order to estimate the coral surface colonized by microboring traces in other corals, if the SEM
images acquisition follows the one described in Alaguarda and al. (2022), the quantification of

microboring traces can be summarized as the following procedure:

1) Apply our model directly and assess the performance of limited samples of manually
labeled images. If the abundance estimation is highly biased:

2) Correct for a potential bias (no need to retrain) following Eq. 13 and 14. There will be
a need of additional manually labeled images. After 2) the variability can be satisfactory
(e.g. 0.81 when applying on Porites using the model trained on Diploastrea), or not
accurate enough and will need to:

3) Re-train the model on a manually labeled dataset using the FL or DL function. After 3),
we assume that the estimations are likely to be accurate enough, but in the case of the

outputs’ estimations are not satisfactory, it is possible to:
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4) Re-train the model and tune the different hyperparameters (other loss functions, number

of iterations, learning rate.

Overall, this study aimed to confirm and provide the effectiveness of the machine-learning
approach developed by Alaguarda et al. (2022) in identifying accurately microboring traces. It
also confirmed that through investigations and optimization regarding the choice of a suitable
loss function, the performance of a CNN model can significantly be improved, making the
image segmentation task easier and tackle better unbalanced dataset issues. To further push this
method and extend its utilization, additional coral cores should be studied to better understand
the possible implications of microborers abundance in living corals such as Porites or
Diploastrea. In the future, this approach could also be improved to identify more classes of
microboring communities and give a better representation of the diversity of microboring
communities colonizing living corals. It could also include different coral morphotypes such as
other massive corals but also branching corals, in order to study the variability of the abundance
of these communities in the latter. It could also be applied to other geographical areas, in order
to compare whether this decline and/or shift in communities that Alaguarda et al. (2022)
observed in Mayotte was limited to a regional phenomenon or can be generalized to the global

scale.
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4.1 Preface

Inrecent years there has been arising interest in better understanding the diversity and
the functional roles of bioeroding microflora (cyanobacteria, algae, fungi) in reef car-
bonate budget and scleractinian corals health (Schénberg et al., 2017; Tribollet et al.,
2019; Ricci et al., 2019). Microbioeroding communities have been known to be part of
the coral holobiont microbiome since the early 20th century and be potentially an im-
portant ecto-symbiont (e.g., Odum and Odum, 1955), and have only recently attracted
considerable attention. Nonetheless, the species composition, distribution, and abun-
dance of microbioeroding communities in living corals remain poorly known. Most
studies focused only on communities within the first few centimeters below coral tis-
sues. Thus, very little is known about microborers’ abundance variability over the life
course of their coral host, especially in massive long-lived corals. Massive corals have
a critical interest in paleo-climatology, offer long-term climate reconstructions, and
here the possibility to study microborers’ abundance variability over the long term for
the first time. In this chapter, I addressed different questions by studying a remarkably
well-preserved coral core of a slow-growing colony of Diploastrea sp. from Mayotte

(WIO), presenting several green bands and covering the last 54 years to:

1) Identify the main types of microborers and if traces of assemblage composition shifts
could be observed over time.

2) Determine the variability of the abundance of microborers over the last five decades.
3) Identify the main abiotic and/or biotic factors that could influence such variability.
4) Better understanding of the relationship between microborer abundance and green

bands’ presence.

The innovative approach based on ML presented in the Chapter 3 was used to
reach those goals. For this study, the ML model Diploastrea sp. was coupled to a
weighted cross-entropy loss function and represented an accuracy of 93%. This ap-
proach allowed the identification of the different main types of microbioeroding traces,
an accurate, continuous, and rapid quantification of the area of the coral skeleton they

colonized along the massive coral core of Diploastrea sp.

145



Paper Diploastrea Biotic and Abiotic Factors on Microbioeroding Communities

4.2 Variability of the Abundance, Shift of
Microbioeroding Community Composition and
Green Bands Investigation in Diploastrea sp.

Article published in 2022

in the Journal: Frontiers in Marine Sciences

How to cite:
Alaguarda D, Brajard J, Coulibaly G, Canesi M, Douville E, Le Cornec E Lelabousse C
and Tribollet A. (2022). 54 years of microboring community history explored by ma-
chine learning in a massive coral from Mayotte (Indian Ocean). Frontiers Marine Sci-

ences 9:899398. DOI: https://doi.org/10.3389/fmars.2022.899398

146


https://doi.org/10.3389/fmars.2022.899398

Biotic and Abiotic Factors on Microbioeroding Communities

Paper Diploastrea

.‘ frontiers ‘ Frontiers in Marine Science

| @ Check for updates

OPEN ACCESS

EDITED BY
Ana Santos,
University of Oviedo, Spain

REVIEWED BY
Max Wisshak,

Senckenberg am Meer Wilhelmshaven,
Germany

Christine Schoenberg,

National Sun Yat-sen University,
Taiwan

*CORRESPONDENCE
D. Alaguarda
diego.alaguarda@locean.ipsl.fr
A. Tribollet
aline.tribollet@ird.fr

SPECIALTY SECTION
This article was submitted to
Marine Biology,

a section of the journal
Frontiers in Marine Science

RECEIVED 18 March 2022
AccepTeD 08 November 2022
PUBLISHED 22 December 2022

CITATION

Alaguarda D, Brajard J, Coulibaly G,
Canesi M, Douville E, Le Cornec F,
Lelabousse C and Tribollet A (2022) 54
years of microboring community
history explored by machine learning
in a massive coral from Mayotte
(Indian Ocean).

Front. Mar. Sci. 9:899398.

doi: 10.3389/fmars.2022.899398

COPYRIGHT
© 2022 Alaguarda, Brajard, Coulibaly,
Canesi, Douville, Le Cornec, Lelabousse
and Tribollet. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Marine Science

TyPE Original Research
PUBLISHED 22 December 2022
p0110.3389/fmars.2022.899398

54 years of microboring
community history explored
by machine learning in a
massive coral from Mayotte
(Indian Ocean)

D. Alaguarda™, J. Brajard? G. Coulibaly®, M. Canesi?,

E. Douville?, F. Le Cornec?, C. Lelabousse® and A. Tribollet*

‘Sorbonne Université (CNRS-IRD-MNHN), Laboratoire LOCEAN-IPSL, Paris Cedex, France, 2Nansen
Environmental and Remote Sensing Center, Bergen, Norway, *CEA (CNRS-UVSQ), Laboratoire
LSCE-IPSL, Université Paris-Saclay, Gif-sur-Yvette, France, “IRD (Sorbonne Université/UPMC-
CNRS-MNHN), Laboratoire LOCEAN-IPSL, Paris Cedex, France, *Parc National Marin de Mayotte,
Aéroport de Dzaoudzi, Petite Terre, Mayotte, France

Coral reefs are increasingly in jeopardy due to global changes affecting both
reef accretion and bioerosion processes. Bioerosion processes dynamics in
dead reef carbonates under various environmental conditions are relatively
well understood but only over a short-term limiting projections of coral reef
evolution by 2100. It is thus essential to monitor and understand bioerosion
processes over the long term. Here we studied the assemblage of traces of
microborers in a coral core of a massive Diploastrea sp. from Mayotte, allowing
us to explore the variability of its specific composition, distribution, and
abundance between 1964 and 2018. Observations of microborer traces were
realized under a scanning electron microscope (SEM). The area of coral
skeleton sections colonized by microborers (a proxy of their abundance) was
estimated based on an innovative machine learning approach. This new
method with 93% accuracy allowed analyzing rapidly more than a thousand
SEM images. Our results showed an important shift in the trace assemblage
composition that occurred in 1985, and a loss of 90% of microborer traces over
the last five decades. Our data also showed a strong positive correlation
between microborer trace abundance and the coral bulk density, this latter
being particularly affected by the interannual variation of temperature and
cumulative insolation. Although various combined environmental factors
certainly had direct and/or indirect effects on microboring species before
and after the breakpoint in 1985, we suggest that rising sea surface
temperature, rainfall, and the loss of light over time were the main factors
driving the observed trace assemblage change and decline in microborer
abundance. In addition, the interannual variability of sea surface temperature
and instantaneous maximum wind speed appeared to influence greatly the
occurrence of green bands. We thus stress the importance to study more coral
cores to confirm the decadal trends observed in the Diploastrea sp. from
Mayotte and to better identify the main factors influencing microboring
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communities, as the decrease of their abundance in living massive stress
tolerant corals may have important consequences on their resilience.

KEYWORDS

coral growth, microborers abundance, euendolith traces, assemblage shift, green
bands, Mayotte, machine learning, global change

1 Introduction

In recent years there has been a rising interest in better
understanding the diversity and the functional roles of
bioeroding microflora (cyanobacteria, algae, fungi) in reef
carbonate budget and scleractinian corals health (Marcelino
and Verbruggen, 2016; Del Campo et al., 2017; Schénberg
et al., 2017; Tribollet et al.,, 2019; Ricci et al., 2019). This
became particularly an emerging topic since the frequency of
periods of thermal stress and marine heat waves has increased,
affecting dramatically coral reefs worldwide (Hughes et al,
2018; Wernberg et al., 2021). The last IPCC report (2019)
estimated that up to 99% of corals and reefs may disappear
with +2°C of global warming before the end of the century if
nothing is done to both reduce considerably CO, emissions
into the atmosphere and local disturbances (see also Perry
et al., 2014; Schonberg et al., 2017; Eyre et al., 2018; Tribollet
et al,, 2019). Nevertheless, to better predict the fate of coral
reefs there is still a crucial need to understand the long-term
dynamics of reef bioerosion processes, especially that of
biogenic dissolution of carbonates by microboring flora as it
is one of the main processes of reef dissolution (Schonberg
et al., 2017; Tribollet et al., 2019) and the ability of corals to
adapt and to be resilient to changes owing to their microbiome
(Hughes et al., 2003; Ainsworth et al., 2017; McManus et al,,
2021). To date, only a few bioerosion studies focused on the
effects of hypersedimentation, eutrophication and ocean
acidification and warming on microboring communities
colonizing dead carbonate substrates (mostly dead corals)
over short periods, i.e. over a few months or years (Carreiro-
Silva et al., 2005; Tribollet, 2008a; Tribollet et al., 2009; Reyes-
Nivia et al.,, 2013; Grange et al., 2015; Enochs et al., 2016;
Tribollet et al., 2019). Those studies showed that ocean
acidification, warming and eutrophication stimulate the
growth of phototrophic microborers and therefore increase
rates of biogenic dissolution of dead carbonates in short-term
(Carreiro-Silva et al., 2005; Carreiro-Silva et al., 2009; Tribollet
et al,, 2009; Reyes-Nivia et al., 2013; Enochs et al.,, 2016;
Tribollet et al., 2019) while hypersedimentation limits greatly
microboring community development due to light limitation
(Tribollet, 2008b). As long-term in situ experiments are
difficult to conduct, an interesting alternative to study the
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effects of environmental changes on microboring communities
over decades is to study those communities in slow-growing
corals. Those latter are indeed known to be good bio-archives
recording environmental changes over decades and centuries
(Zinke et al., 2008; Montagna et al., 2014; Zinke et al., 2015;
Wu et al., 2018; Cuny-Guirriec et al., 2019). While microborer
communities have been known to be part of the coral
holobiont microbiome since the early 20th century and to be
potentially an important ecto-symbiont (e.g. Odum and
Odum, 1955), they have only recently attracted considerable
attention (see review by Ricci et al., 2019). Within the past few
years, several studies have thus investigated the genetic
diversity of the endolithic microbiome, and especially that of
the dominant euendolith, the chlorophyte Ostreobium sp.
(Marcelino and Verbruggen, 2016; Sauvage et al., 2016; Yang
et al,, 2016; Del Campo et al., 2017; Masseé et al., 2020) and its
possible implications in coral growth, physiology and
photoprotection (Sangsawang et al., 2017; Masseé et al., 2018;
Galindo-Martinez et al., 2022). Conversely, the species
composition, distribution and abundance of microboring
communities in living corals remain poorly known and most
studies focused only on communities located within the first
few centimeters below coral tissues of adult colonies (Odum
and Odum, 1955; Lukas, 1973; Kiihl and Polerecky, 2008;
Fordyce et al., 2021; Galindo-Martinez et al., 2022). Masse
et al. (2018) were the first to show that microborers colonize
branching corals from the substrate of fixation as soon as the
primary polyp forms its carbonate basal plate (within 7 days
after metamorphosis). Then, microborers which are mainly
phototrophic microorganisms dominated by Ostreobium sp.,
keep following the growth of their coral host to maintain their
access to light and thus their metabolic activity (Le Campion-
Alsumard et al., 1995a; Magnusson et al., 2007; Masseé et al.,
2018). In branching corals, microboring communities
dominated by Ostreobium sp. do not form green bands as
the host growth is too fast and ‘dilute’ filaments (Godinot et al.,
2012; Masse et al., 2018). In contrast, a more or less intense
green band is usually seen just below the coral host tissue layer
in slow-growing massive corals (Le Campion-Alsumard et al.,
1995a; see for instance Figure 1 in Verbruggen and Tribollet,
2011). Sometimes alternating white and colored bands can be
observed in massive corals indicating the past presence of
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FIGURE 1

Location of the sample site. (A) Mayotte in the Western Indian Ocean (WIO). (B) Reef ecosystems around Mayotte. The blue line and black lines
represent the different isobaths around the island. The green star indicates the sampling location in the northeastern part of the lagoon (C) Details of the
northeastern part of the lagoon showing the barrier reef near the M Tsamboro pass and the sampling location on the outer slope (green star)

boring microflora (Le Campion-Alsumard et al,, 1995a; Le
Campion-Alsumard et al., 1995b; Priess et al., 2000; Carilli
et al., 2010). But very little is known about microborers’
abundance variability over the life course of their coral host,
especially in massive long-lived corals. To the best of our
knowledge, only Lukas (1973), Le Campion-Alsumard et al.
(1995a) and Priess et al. (2000) truly quantified the abundance
of microborers in white versus green or black bands in living
corals and showed a greater abundance of traces, and
chlorophyll b characteristic of Ostreobium sp., in colored
bands than in white ones. Priess et al. (2000) suggested that
most colored bands observed in massive Porites from the Indo-
Pacific could be due to a limited coral growth rate occurring at
the end of the rainy (summer) season. Carilli et al. (2010) who
studied the pattern of alternating white and green bands
without quantifying microborers in several massive corals
like Montastrea faveolata over the last century, suggested
that the presence of green bands may be due to microboring
phototrophs’ blooms during coral paling episodes as they did
not find any correlation with coral growth. They also suggested
that local-scale forcing factors are likely at play but found no
significant relationship between physical parameters such as
sea surface temperature and the presence of green bands.
Therefore, the origin of the variability of microborers
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abundance in massive corals remain to be understood. Here,
we studied a very well preserved coral core of a slow-growing
colony of Diploastrea sp. from Mayotte (Western Indian
Ocean) presenting several green bands and covering the last
54 years to: (i) identify the main types of microborers and if
shifts in their trace assemblage composition could be observed
over time, (ii) better understand the relationship between the
abundance of microborers and the presence of green bands,
(iii) determine microborers abundance variability over the last
five decades, and (iv) identify the main abiotic and/or biotic
factors that could influence such variability. To reach those
goals, we developed an innovative approach based on machine
learning, allowing the identification of the different main types
of microborings (microborer traces), the estimation of their
relative abundance, and a precise, continuous, and rapid
quantification of the area of the coral skeleton they colonized
along the core (proxy of their abundance). To determine the
possible abiotic and biotic factors influencing the variability of
microborers abundance over the last decades, we also
measured the main coral skeleton parameters (vertical
extension and bulk density) along the core and collected the
following environmental data from available databases: Sea
Surface Temperature (SST), Sea Surface Temperature
Anomalies (SSTA), precipitations, instantaneous maximum
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wind speed (instant max wind speed), and the cumulative
insolation duration over the last 54 years.

2 Material and methods

2.1 Study site

Mayotte, a french tropical island located in the northern part
of the Mozambique Channel (Western Indian Ocean, Figure 1),
is dominated by a monsoonal wind system although two seasons
can be distinguished: a hot windy and rainy monsoon season
from November to April, and a dry season from May to October
(Zinke et al., 2008; Jeanson et al., 2014; Vinayachandran et al.,
2021). Vinayachandran et al. (2021) showed that Mayotte
experiences hot and humid winds stress predominantly from
the north to northeast during the austral summer and cool, dry
winds from south to southeast winds during the austral winter.
Mayotte is also located at the northern part of the vortex zone
generated in the Mozambique Channel (Chevalier et al., 2017),
and on the northwest extension of the South Equatorial Current
(SEC) that branch out northward into the East African Coastal
Current (EACC) and southward into the Northeast Madagascar
Current (NMC, Schott and McCreary, 2001; Vinayachandran
et al., 2021). Historically, Mayotte island is subject to
temperatures around 26.4 to 27.6°C in winter and 27.5 to 29°C
in summer (Zinke et al., 2008). To determine the possible main
abiotic drivers that could influence microborers abundance in
the studied coral core, the following environmental parameters
were collected: Monthly SST (in °C), SSTA (in °C), precipitation

rate (in mm), the maximum instantaneous wind speed (in km*h"

10.3389/fmars.2022.899398

1Y and the cumulative insolation (in hours; see Table 1). Monthly
SST were extracted from the National Oceanic and Atmospheric
Administration (NOAA) database from the “Extended
Reconstructed Sea Surface Temperature” v5 (ERSST) (https://
www.ncei.noaa.gov/products/extended-reconstructed-sst), and
then averaged to get yearly dataset at a spatial resolution of
2.0° x 2.0°. SSTAs were reconstructed from SST measured in situ
by buoys and ships, and Argo observations (https://argo.ucsd.
edu/) also at a resolution of 2° x 2° (Table 1, Huang et al., 2015;
Huang et al,, 2017). The other environmental data were collected
via Meétéo France, at two different stations: one located at the
meteorological station of M’Tsamboro for the period 1993-2018
(northern part of Mayotte near the study site) and one located at
the meteorological station of Pamandzi for the period 1964-1992
as it was the only station which recorded environmental data for
the considered period in the northeastern part of Mayotte
(https://publitheque.meteo.fr/okapi/accueil/okapiWebPubli/
index.jsp).

2.2 Coral sampling

The studied coral core was collected from a massive slow-
growing coral of the genus Diploastrea (Figure 2A) on the outer
slope of the barrier reef at 15 m depth near the M'Tsamboro pass
(northeastern part of the lagoon of Mayotte Lat. 12°37°19.4”S -
Long. 45°06’42.7”E; Figure 1) in October 2018. We selected this
site to focus on the influence of oceanic conditions on
microboring assemblages in living corals instead of local
disturbances, although these cannot be discarded. The coral

core was collected with an 8 cm compressed air driller and

TABLE 1 Considered environmental parameters that could potentially influence microborers abundance over the last five decades (1964-2018) in

the living coral Diploastrea sp. (Mayotte).

Parameter Unit Definition

Microborer Context

Known as a stress factor (Reyes-Nivia et al., 2013)

Sea Surface °C  Measure of the temperature close to the ocean’s surface. The surface is defined between

Temperature 1 mm and 20 m below the sea surface.

(SST)

Sea Surface °C  Temperature anomaly refers to a departure from the long-term average temperature

Temperature value. SSTA are obtained by subtracting the SST climatology (1971-2000) from the in

Anomalies situ SST location, with a spatial resolution of 2° x 2° horizontal grid with statistically

(SSTA) enhanced spatial completeness and at a monthly scale (Huang et al.,, 2015; Huang et al.,
2017)

Precipitation ~ mm  Rainfall rate is the measure of the intensity of rainfall over a given interval of time

Rate expressed in millimeters.

Max Instant ~ km*h™ The instantaneous wind is measured at very short time intervals (e.g. half a second for

Wind Speed ! example). The maximum instantaneous wind speed measures an instantaneous peak in
speed when it exceeds at least 10 knots (19 km.h™).

Cumulative ~ hours Insolation is the amount of solar radiation received on a given surface in a given time

Insolation period (W.m™). The term cumulative insolation is commonly used to designate the

Period overall time during an object is subjected to insolation.

Averages and standard deviations were calculated for each parameter per year.
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Putative stress factor

Indicator of the rainy season, potential proxy of
nutrient influx, turbidity, low salinity and pH from
terrigenous inputs which are known as stress factors
(Tribollet, 2008b; Carreiro-Silva et al., 2009; Tribollet
et al.,, 2009)

Indicator of potential mixing and nutrient transport in
the water column

Light availability (and intensity) is a main stress factor
(Tribollet, 2008a; Galindo-Martinez et al., 2022)
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Spb-slab

Slab

FIGURE 2

Studied Diploastrea coral colony at Mayotte. (A) Diploastrea colony at 15 m depth. The black arrow indicates where the colony was sampled.
(B) Diploastrea core with visible green bands (green arrows). (C) X-ray radiograph of one middle slab cut out of the Diploastrea core
measuring 19.5 cm long showing the annual density banding pattern. The studied area is indicated by the white rectangle. (D) Ten samples
were cut from the radiographed slab of Diploastrea core. Only the first nine samples from the top were analyzed to estimate the microborer
traces’ abundance. Green arrows indicate green bands. (E) Resin impregnation of the 9 samples. Horizontal white and green arrows
represent the horizontal transects where measurements of microborings abundance were realized (i.e. within white vs green bands). The
black arrows represent the vertical transects studied in each sub-sample. (F, G) Different resin casts of microborings observed under
scanning electron microscope after resin impregnation of coral samples and partial decalcification

measured 19.5 cm in length. It presented 10 green bands visible
by the naked eye (Figure 2B). Quickly after cutting the coral core,
the position and the thickness of each green band along the core
were recorded with a Vernier caliper under a dissecting
microscope (NIKON Eclipse LV100, Bondy, France)

2.3 Coral growth variables

Two coral variables were measured along the coral core: the
vertical linear extension (mm*y ) and the skeletal bulk density
(g*cm™). Prior to measurements, the Diploastrea core was sliced
along the main vertical growth axis into four different slabs (the
middle slabs being ~ 1 cm thick). All slabs were well preserved as
no diagenetic nor macrobioerosion traces were observed either by
eye or under Scanning Electron Microscopy (SEM), except in one
area in the bottom part of the core (i.e. the last 4.5 cm of the core).
We thus avoided this area and studied only the first 15 cm of the
core (see Figure 2C). The 4 slabs were scanned together on a
Discovery CT750 HD CT scanner (GE Healthcare) set at 120 kV
at the DOSEO ‘Radiography and Imaging Technology Platform R
and D center’ (CEA-Saclay, Paris) with three coral standards to
obtain a 3D image of the coral core (reconstructed from
hundreds of 2D images). The 3D image revealed the pattern of
the coral skeleton structure and its density variation over time.
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Three coral standards cut from massive colonies of Porites sp. (n
= 2) and Diploastrea sp. (n = 1) were prepared manually with a
band saw to produce coral geometric blocks (cubes and cylinders)
of different sizes. The bulk density of those coral standards was
measured with both the buoyant weight technique (Bucher et al,,
1998) and a recently developed method applying a Gaussian
Mixture Model (Coulibaly, 2021). The GMM model allowed
distinguishing the different voxels of the 3D image of the coral
standards. Voxels corresponded to either one of the following
categories: ‘coral’, ‘air’ (entrapped in coral pores for instance), or
‘table’ (on which the core was placed in the CT scanner). Coral
standards were thus used for calibration to obtain Gaussian
distributions of the different categories in Hounsfield units
(HU). By comparing coral bulk densities of standards
measured by buoyant weight vs the GMM, the following linear
regression was obtained: Density = 0.00084 + HU + 0.51 where
HU is the Gaussian distribution of voxels corresponding to the
0.99, p-value< 0.001). The
uncertainty of the bulk density measurement with this method

‘coral’ in Hounsfield units (r =

was less than 1%. This is only true when the GMM is applied to
samples of massive Porites sp. or Diploastrea sp. with skeletal
densities comprised between 1.0 and 1.7 g*tcm™ (Coulibaly,
2021). We thus applied the GMM every 0.625 mm on the 3D
image of our Diploastrea coral core, and then applied the linear
regression to determine its annual bulk density. To estimate the
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vertical extension rate along the main growth axis of the coral
core, a 2D image of one of the two middle slabs (image obtained
by CT scan) was analyzed. We assumed that an eye visible low-
density band together with a high-density band corresponded to
one year of growth (Figure 2C, Knutson et al., 1972; Buddemier,
1974). The estimated vertical extension rate was then confirmed
by the analysis of a 2D X-radiograph of the same middle slab
obtained with a scanner VERITON-CT at the Jean-Verdier
hospital (Bondy, France). Finally, the annual coral calcification
rate (gfcm™y™") was calculated by multiplying the estimated
annual bulk density by the annual vertical extension rate (see
Taylor and Jones, 1993 and DeCarlo and Cohen, 2017).

2.4 Observation and estimation of the
abundance of microborer traces

A sub-slab of 1.5 cm width (Figure 2C; white rectangle) was
cut along the middle slab of the coral core and then cut into 10
coral samples (Figure 2D). The first 9 coral samples were
observed under an SEM operating at 15kv (Zeiss EVO LS15)
on the platform ALYSES (Bondy, France), to study the diversity
and abundance of microborer traces as well as their distribution
within the coral skeleton. Before SEM observations, each coral
sample was bleached using concentrated sodium hypochlorite
(8%) for 3 days to remove all traces of organic matter, rinsed
with Milli-Q water for 3 days, and then dried at 50°C for an
additional 48h. Dried coral samples were then embedded in the
Specifix-40 epoxy resin from Struers Inc. (Cleveland, United
States, 2 parts of resin: 1 part of curing agent, Figure 2E) to allow
the observation of resin casts of microborings (traces) under
SEM (Figures 2F, G). To perform good resin impregnation,
samples were placed in a Cytovac vacuum chamber (Struers) for
several minutes prior to polymerization (Wisshak, 2012; Golubic
et al, 2019). Resin polymerization took place at 40°C in an oven
for at least 24h. Embedded coral samples were then sectioned
(sections of about 1 cm thick) along the vertical growth axis of
the coral with a diamond saw (Isomet1000 from Buehler) and
sonicated to remove potential sediments from sectioning for a
few seconds. The surface of each thin section (n=9 i.e. one per
coral section) was then etched with a 10% hydrochloric acid
solution for 15 seconds to remove tens of micrometers of coral
carbonate, then rinse in Milli-Q water for a few seconds and
dried at 40°C in the oven prior gold metallization for the
observation of resin casts of microborings under SEM
(Figures 2F, G). The different types of microborings were
determined based on their diameter, their morphology and
their distribution within the coral skeleton. Along the coral
core, 4 SEM images were randomly selected per coral section
(n=36 images per sample) within the pool of SEM images taken
for the analysis of microborings abundance, to measure the
diameter of the different types of microborings using the Image]J

software (https://imagej.nih.gov, v1.53) and to observe their
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distribution within the coral skeleton. Ten measurements of
diameter (um) were performed per type of trace and per SEM
image. This analysis allowed us to distinguish a total of three
types of microborings based on their diameter for the
application of our machine learning approach to estimate the
percentage of coral skeleton colonized by microborers (proxy of
their abundance): those with a diameter comprised between 1
and 2 um, those with a diameter comprised between 2 and 5 um,
and those with a diameter higher than 5 pm.

2.5 Innovative approach to study
microboring assemblages in living corals

2.5.1 Data collection design

To study the variability of the relative abundance of the
different types of microborings composing the assemblage and
the percentage of coral skeleton they colonized (ratio between
the surface area of microborer traces in a given coral skeleton
section and the total surface area of the coral skeleton section x
100; a proxy of microborer abundance) over the last decades, two
complementary approaches were applied to the studied thin
sections collected along the coral core: a ‘vertical approach’
comprising the study of SEM images taken continuously along
3 vertical transects parallel to the main coral growth axis
(Figure 2E, black arrows), and a ‘horizontal approach’
(perpendicular to the main coral growth axis) comprising the
study of SEM images taken continuously within 8 out of 10
visible green bands and 10 white bands selected along the coral
core (Figure 2F, white and green arrows). Green bands on coral
samples 3 and 9 were too close to each other to separate them so
we considered one green band in each of these samples. Per
vertical transect, 16 to 55 SEM images were taken depending on
the height of the coral section while on each horizontal transect,
about 30 SEM images were taken. At several periods along the
coral core, the vertical transects crossed the horizontal transects
(intersections shown in Figure 2E) allowing a comparison of the
estimated average percentages of coral skeleton colonized by
microborers obtained by the two approaches. This comparison
was important as the estimated average percentages of the coral
skeleton colonized by microborers via the vertical approach were
based on the analysis of 3 SEM images per period
(corresponding to the 3 vertical transects) while that obtained
via the horizontal approach was based on the analysis of 30 SEM
images. More importantly, as the main goal of the vertical
approach was to highlight possible assemblage shifts, the
variability in microborers abundance over the last decades,
and the possible influence of abiotic and/or biotic factors, it
was crucial to show that trends obtained based on the vertical
approach were reliable and accurate. In addition to validating
the vertical approach, the horizontal approach aimed at
determining the possible link between the presence of green
bands and certain microborers and their abundance. To
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highlight the possible influence of abiotic and/or biotic factors,
the average percentages of coral skeleton colonized by
microborers were calculated along the vertical growth axis per
year as the physical studied factors and coral parameters were
calculated per year. This involved first estimating the rate of the
vertical extension of the coral colony over the past decades and
adjusting the number of SEM images collected along the vertical
transects to match each year of coral growth.

2.5.2 Machine learning

To determine the relative abundance of the different types of
microborings and the area of the coral skeleton they colonized
per period of time (based on hundreds of SEM images taken
along our coral core), we modified the Convolutional Neural
Network (CNN) model called U-NET, which allows the
recognition of various cellular structures in biomedical images
(Ronneberger et al., 2015). This type of neural network belongs
to the family of deep learning methods producing systems with
interconnected nodes that can recognize patterns and
correlations in datasets and can classify them. It is commonly
applied to two-dimensional images (Krizhevsky et al., 2017).
Here, our modified CNN model comprised 10 convolutional
layers with each layer representing a linear operation involving
the product of a set of parameters with a 2D input feature map
(see Supplementary Figure 1 and Supplementary Material). The
various parameters involved in our CNN model were optimized
to improve the identification of the four defined categories:
‘resin’, ‘coral skeleton’, ‘thin microborings’, ‘wide
microborings’ (Figure 3). Here only two types of microborings
were considered due to the difficulty to distinguish some galleries

FIGURE 3

Illustration of the manual vs machine learning image analysis. (A) Original SEM image displaying the four classes of items that the Convolutional
Neural Network model had to recognize: resin, coral skeleton, thin microborings, and wide microborings. (B) Result of the manual quantification
of the area of coral skeleton colonized by thin (dark blue) and wide microborings (brown), uncolonized coral skeleton (orange), and resin (black)

(C) Result of the machine learning approach
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by the CNN model (see Supplementary Material). This approach
led to the highest probability of the neural network correctly
attributing a pixel to its right class (=accuracy, 93%). Providing
all details of each component of the model would be out of the
scope of this article, so we invite the reader to refer to
Goodfellow et al. (2016) for a detailed explanation and to
Supplementary material for the description of our CNN neural
model structure and its three main steps (dataset constitution
step, training step and model tuning and post-processing step,
Supplementary Figure 2).

2.6 Statistical analysis

The present machine learning approach was conducted
using Python (v3.8) through JupyterLab (https://jupyter.org).
The manual analysis of a set of SEM images (n=60) used for the
training step was performed with the image manipulation
software GIMP (v2.10.14; https://www.gimp.org) and Image]J
(v1.53a; https://imagej.nih.gov/ij/) to detour shapes and then
measure the area of coral skeleton colonized by microborers per
SEM image. Coral bulk densities over time were calculated
through the GMM model on Python, then averaged to be
consistent with the coral growth rate per year. Linear
regressions on environmental data and coral variables were
generated from the library ggpubr on RStudio (v1.4.17; https://
www.rstudio.com). The Non-parametric Mann-Kendall test was
then performed to assess if the observed trend on each time
series was significant. The areas of coral skeleton colonized by
microborers (thin + wide microborings) measured along the
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three vertical transects were compared using an ANCOVA.
Although no significant differences were obtained between two
pairs of two transects (p-values > 0.2) the third one showed a
significant difference (p-value< 0.001). Despite such slight
variability, and because the three transects showed the same
trend over the studied period (i.e. 54 years), we chose to average
values from the 3 vertical transects per period (year) to
determine the possible main factors driving the overall
temporal variability of microborers abundance. Pearson
correlations were carried out to detect the potential effects of
the environmental and/or coral variables studied on the traces’
abundance (i.e. the abundance of thin microborings, wide, or all
microborings) obtained over the last five decades (vertical
transects). These correlations were performed on detrended
variables to focus on their possible interannual and decadal
variability and to avoid spurious correlations due to linear
trends. To estimate the possible differences between means of
the area of the coral skeleton colonized by microborers
(microborings’ abundance) obtained on vertical vs horizontal
transects (at the intersections in Figure 2E), a student t-test was
performed. A non-parametric Pettitt test was then applied to
means to determine a potential breakpoint in the trend over the
last 54 years. Finally, binary logistic regressions were generated
using the library glm in RStudio (generalized linear models) to
determine the possible factors influencing the presence or
absence of green bands along the coral core. The selection of
these factors was done using a so-called backward procedure:
first, the binary logistic regressions were carried out using all
studied variables over the period 1964-2018 (i.e. the area of coral
skeleton colonized by all microborers or just thin or wide trace
makers, coral growth variables and environmental data). When a
nonsignificant link between the presence of green bands and any
of our variables was observed, the variable presenting the highest
p-value from the dataset was removed. This was done until all
remaining variables were significant (i.e. presented a significant
effect on the presence or absence of green bands).

3 Results

3.1 Mayotte’'s environmental conditions
over the last 54 years

The SST and SSTA which are dependent variables showed a
similar and significant annual variability over the last five
decades (p< 0.0001, Mann Kendall test, Table 1 in Suppl
Material). SST varied between 25.2°C + 0.7 and 26.7 + 0.6 in
winter and 28.1°C + 0.2 and 29.7°C + 0.4 in summer. Since the
60’s, Mayotte reefs experienced significant warming with an
estimated SST increase of +0.11°C per decade (p< 0.0001, Mann
Kendall test; Figure 4A and Supplementary Figure 3A). They
also experienced increasingly positively SSTA over time,

especially in the recent years (down to -0.84°C in winter 1964
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towards up to +0.9°C in summer 2016, p< 0.0001; Figure 4B and
Supplementary Figure 3B). Similarly, the max instant wind
speed increased significantly since the 60’s by a factor of 0.3
per year (p< 0.0001, Mann Kendall test; Figure 4C and
Supplementary Figure 3C). In contrast, precipitations did not
change significantly over time (Figure 4D and Supplementary
Figure 3D) and the duration of the insolation period significantly
decreased by 6.4 hours per decade over the last 54 years (15%
diminution over the considered period, p< 0.0001, Mann
Kendall test; Figure 4E and Supplementary Figure 3E).

3.2 Coral growth parameters

Based on the density bands of the Diploastrea coral core which
allowed the reconstruction of the colony vertical linear extension
rate, we estimated that our study covered a period of 54 years from
1964 to 2018 (Table 2 in Supplementary Material). The vertical
extension rate did not vary significantly over time and was
comprised between 2.1 (in 1997-1998) and 4.9 mm“yf1 (in
2017), with an average of 2.6 mm*yr’ + 0.5 (Figure 5A). In
contrast, the coral bulk density decreased significantly and
nonlinearly since the 60’s (40% decrease, p< 0.001, Mann
Kendall test; Figure 5B). The calcification rate also varied slightly
significantly (p< 0.05, Mann Kendall test) and was comprised
between 0.25 + 0.002 in 2009 and 0.55 + 0.023 in 2017 g*cm >*yr
(Figure 5C). A strong negative correlation was found between the
detrended data of bulk density and the cumulative insolation
period whatever the considered period (p< 0.01 with a Pearson
correlation coefficient r = -0.39 for the whole studied period) and to
a lesser extent to SSTA (p< 0.05, r = - 0.39, Table 2). When
considering the raw data sets (both coral and environmental
parameters), SSTA was again negatively correlated to the bulk
density, especially after the breakpoint (Table 3 in Supplementary
Material). Precipitations were the only other environmental factor
with a significant correlation with both the vertical coral extension
(before the breakpoint) and calcification rates (after the
breakpoint) whether we considered raw or detrended data sets
(Tables 2, 3 in Supplementary Material).

3.3 Diversity of microborings

Based on morphological criteria including the diameter of
microborer traces, and their distribution within the coral
skeleton, we were able to identify three different types of
microborings. Most microborings with a diameter comprised
between 1 and 2um, with branches perpendicular to the main
traces and with a random distribution within the coral skeleton
were indicative of fungi. However, within those thin traces,
some appeared to follow the main coral growth axis and
therefore could be attributed to other trace makers such as

the cyanobacterium Plectonema (Figure 6A) or exploratory
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FIGURE 4

Interannual variability of the different environmental parameters at Mayotte between 1964 and 2018. (A). Sea Surface Temperature (SST in °C) (B) Sea
surface temperature anomalies (SSTA in °C). (C) Maximum instantaneous wind speed (km*h™). (D) Precipitation rate (mm). (E) Annual cumulative
insolation period (hours). Errors bars (SE) for each variable were calculated after averaging monthly data.

filaments of the chlorophyte Ostreobium sp. (Wisshak et al.,
2011). Microborings with a diameter between 5 and 10 um
were either in the form of a zigzag pattern typical of
Ostreobium quekettii (chlorophyte; Figure 6B), or in the form
of vertical tubules parallel to the main growth axis of the coral
with specific branching, a few bulges and club-shaped apices
indicating the presence of other chlorophytes such as Epicladia
testarum or Gomontia sp. (Figures 6B, C; Bornet and Flahault,
1888; see Figure 51 in Wisshak et al., 2011). Finally, very large
traces with bulges, cross-wall constrictions and branches were
observed with sometimes a diameter higher than 30 pm,
indicating the presence of another microboring chlorophyte.
They were mainly distributed along the main coral growth axis
(Figure 6D). The analysis of a few SEM images randomly
chosen along the coral core revealed that microborings with
the largest diameters were more often observed in the bottom
part of the coral core, i.e. between the 60’s and the early 80’s,
than near the coral tissues where microborings with the

smallest diameter dominated (Figure 7). The composition
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change in the trace assemblage lasted about ten years
(Figure 7). In the most recent years (2014-2018), trace
makers of thin microborings clearly dominated the assemblage.

3.4 Variability of microborings
abundance over the last 54 years

3.4.1 Representativeness of data obtained
along the main vertical coral growth axis
Comparison of means of the percentage of coral skeleton
colonized by microborings, a proxy of microborers abundance,
at the intersections between vertical and horizontal transects
along the coral core revealed no significant differences (paired
Student test, p > 0.05; Figure 8). Both approaches highlighted a
significant decrease of microborings abundance over the last 50
years (p< 0.001, Mann Kendall test). Although the variance on
vertical transects was higher than that of means obtained on
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FIGURE 5

Evolution of the different coral growth parameters of the studied Diploastrea colony over the last 54 years. (A). Annual linear vertical extension
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TABLE 2 Pearson'’s correlations between the detrended coral growth variables and detrended environmental variables over the last 50 years and
per period before or after the breakpoint.

VARIABLES

SST

SSTA

Precipitations

Max Instant Wind Speed

Cumulative insolation

SST

SSTA

Precipitations

Max Instant Wind Speed

Cumulative insolation

SST

SSTA

Precipitations

Max Instant Wind Speed

Cumulative insolation

Vertical extension rate

NS

NS
r=-0324"*

NS

NS

NS

NS
r=-0563*

NS

NS

NS
NS
NS
NS
NS

**: p-value < 0.1; *: p < 0.05; **: p-value < 0.01; NS, non-significant.
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WHOLE DATASET (1964 - 2018)

Skeletal bulk density

NS

NS

NS

NS
r=-0.391**

DATASET between 1964 and 1985

NS

NS

NS

NS
r=-0.639 **
DATESET between 1986

NS
r=-0385*
r=-0328*

NS
r=-0318*

10

and 2018

Calcification rate

NS

NS
r=-0379*

NS
r=-0.378**

NS

NS

NS

NS
r=-0.567 **

NS
NS

I = -0.423*
NS

r = -0.320%"
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horizontal transects due to the difference in the number of
measurements per approach (3 versus 30, respectively), our
results showed that means of microborings abundance
calculated from 3 measurements along the vertical coral
growth axis were well representative of those obtained on a
horizontal band of about 1.5 cm width of the coral sub-slab
(Figure 2C). To study the interannual variability of microborings
abundance and to identify the main factors that may influence it,
we thus chose to focus on data obtained continuously along the
vertical coral growth axis.

3.4.2 Variability of microborings abundance
and assemblage shift

Based on data obtained along the main vertical coral growth
axis, we estimated that the decrease in microborings abundance
was 91% over the last 54 years. The highest abundance of
microborings (thin + wide) was observed in the mid 70’s (51%
+ 3.9% of the coral skeleton was colonized by microborers),
while the lowest was found in the very recent years 2017-2018
(1.3% + 1.2%; Table 4 in Supplementary Material). This trend
was confirmed by the horizontal approach although this latter
did not cover the whole coral core, with the highest abundance
estimated in 1972-1973 (45.6% * 3.5%) and the lowest
abundance in 2015-2016 (4.3% + 1.2%; Table 5 in
Supplementary Material). We also noticed a major step in the
80’s. This breakpoint was identified between 1985 and 1986
(Pettit test, p< 0.001). Comparing separately the two periods,
1964-1985 and 1986-2018, our results showed that not only the
abundance of microborings drastically decreased after the
breakpoint, but a shift in the assemblage composition was also
observed. Before 1985-86, the trace assemblage was dominated
by borers making wide traces and to a lesser extent thin traces,
while in recent years it was clearly dominated by microborers
making thin traces (Figures 7, 9). Interestingly during the shift
which lasted a few years, the diversity of microborings increased
as shown by the more important diversity of measured trace
diameters (Figure 7).

3.4.3 Main factors influencing microborings
abundance over time

Considering raw data sets, our results showed that the
decrease of microborings abundance (total abundance as well
as the abundance of both thin and wide microborings; see
Table 3) was positively correlated to the decrease of both the
coral bulk density and the cumulative insolation. In contrast,
microborings abundance was negatively correlated to SST, SSTA
and the max instant wind speed (Table 3). When focusing on the
period before the breakpoint, we could observe that the
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abundance of thin trace makers was for instance positively
correlated to SST and precipitations (p< 0.05), while the
abundance of wide trace makers was negatively correlated to
the max instant wind speed (p< 0.05; Table 3). After the
breakpoint (1986-2018), thin trace makers were surprisingly
negatively correlated to precipitations and to the vertical coral
growth extension rate (p< 0.05). In contrast, the wide trace
makers were positively correlated to precipitations and the
cumulative insolation but negatively correlated to SSTA (p<
0.05; Table 3). A similar analysis was conducted but on
detrended data sets to reveal the main biotic and abiotic
factors that could affect the interannual variability of the
microboring assemblage. This analysis confirmed that the
coral bulk density was significantly correlated to microborings'
abundance (total, wide, and thin microborings’ abundance,
Table 4). It also confirmed the positive correlation between the
decreasing cumulative insolation and the abundance of the thin
trace makers (p< 0.05, Table 4). SST had also a relatively positive
effect on the abundance of the thin trace makers (p< 0.1).
Interestingly, after the breakpoint, precipitations had the
opposite influence. The analysis of detrended data also
confirmed the negative correlation between the abundance of
the wide trace makers and precipitations, especially before the
breakpoint as well as the strong influence of the max instant
wind speed (Table 4).

3.5 Characteristics, drivers and
occurrence of green bands

We distinguished a total of 10 green bands extending in
parallel to the coral tissue within the upper 15 cm of the coral
core. Their thickness varied between 3 and 5 mm (Figures 2B, D,
and Table 5) covering on average a period of 1.5 years. The
largest green bands were observed between 1991 and 1997. In
general, green bands appeared during the winter season or at the
end of the summer season. While only 3 green bands were
observed between 1964 and the mid-80’s, 7 bands were observed
between the mid-80’s and 2018 indicating an increase in the
occurrence of these events by 233% after the breakpoint. The
interval between two green bands over the studied period varied
greatly with a remarkable long period of 8 years and 4 months
without any green band between the early 80’s and early 90’s
(Table 5). A binary logistic regression on the detrended data
showed that the variability of SSTA and the max instant wind
speed seemed to be the most significant parameters influencing
the green bands’ presence (p = 0.028 and p = 0.021, respectively).
This model presented an accuracy of 65% and was better at
predicting the absence of green bands than their presence
(Figure 10). The model confidence was also greater before the
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FIGURE 6
SEM pictures presenting the diversity of traces (microborings) observed along the coral core. (A) SEM image from the top of the core showing

traces of Scolecia filosa (produced by the cyanobacterium Plectonema sp.; red arrow). (B) Picture from the bottom of the core showing a great
abundance of the typical Ichnoreticulina elegans trace (work of the chlorophyte Ostreobium sp.quekettii.; black arrows). (C) Picture from the
bottom of the core showing wide microborings oriented towards the coral tissue layer. Tubules presenting branches (yellow arrow) and club
shape apexes (white arrow) indicative of microboring algae. In the center of the picture, traces of Ichnoreticulina elegans can be observed. (D)
Picture from the middle of the core showing very wide microborings (> 20 pm) oriented towards the coral tissue layer. Those traces are
cylindrical tubules, sometimes with bulges and visible cross-wall constrictions (yellow arrows), as well as branches (blue arrow).
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FIGURE 7
Violin plot showing the temporal variability in microborer traces’ diversity identified based on their diameter.
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FIGURE 8

Variability of the percentage of coral skeleton colonized by microborer traces (microborings) obtained at the intersections between the studied
vertical and horizontal transects along the coral core. Means obtained on horizontal transects are shown by blue dots, with their confidence
interval (95%; indicated by the blue area). Means obtained on vertical transects are shown by green dots, together with their SE (dotted green
line). Green parentheses indicate the presence of the studied visible green bands within the coral core.

breakpoint (black dotted box) than after as it identified only 3
green bands out of 7 after 1985 (Figure 10).

4 Discussion

4.1 Microboring assemblage of
Diploastrea sp.: Study method
and composition

The machine learning approach developed here to quantify the
abundance of microborers in a living coral colony over the last 54
years allowed the study of thousands of SEM images in a few hours
with an accuracy of 93%. This is noteworthy because other
quantitative methodologies including the total decalcification of
coral skeleton to estimate the ash-free dry weight of endoliths
(Fordyce et al,, 2021) or the number of microboring filaments
(Lukas, 1973) implied several biases and/or were time-consuming.
Measurements of endolith dry weight include the biomass of the
organic matrix of the coral skeleton (about 1%; Cuif et al., 2004)
and potentially that of other organisms such as boring sponges,
mollusks and/or other endolithic microorganisms (Golubic et al,
1981; Cuif et al., 2004; Kobayashi and Samata, 2006; Tribollet and
Golubic, 2011; Yang and Tang, 2019), conducting to an
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overestimation of microborers biomass. Moreover, such method
do not allow microborers observation in their original spatial
orientation. The estimation of microborer filaments (Lukas,
1973; Priess et al, 2000) or traces (Chazottes et al., 1995;
Carreiro-Silva et al., 2005) depends also on the observer, thus
limiting comparisons of results. In the light of the new techniques
developed recently by Salamon et al. (2019) and Schitzle et al.
(2021) which combine specific fluorescent dyes and SEM or
Confocal Laser Scanning Microscopy (CLSM) we believe that
our method could be improved to quantify the abundance of a
larger variety of microboring traces as here only two types were
studied with the machine learning approach. Our method was
limited by the grayscale SEM images reducing the ability of the
CNN model to distinguish properly the various types of traces.
Other hyperparameters of the machine learning process, such as
different loss functions, could furthermore improve the accuracy of
the analysis but were not tested in the present study.

Although only three types of traces were determined based on
their diameter and orientation along the main coral growth axis,
we were able to identify the main common trace makers colonizing
live coral skeletons, i.e. Ostreobium quekettii with its typical zigzag
pattern, Plectonema sp. with its typical ‘spaghetti-like’ pattern and
very narrow fungi (Lukas, 1973; Le Campion-Alsumard et al,
1995a; Masse et al., 2018). In addition to those ubiquitous
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FIGURE 9

Variability of the percentage of coral skeleton colonized by microborings (thin and large traces) over the last 54 years. (A) Histogram reporting
the variability obtained along horizontal transects (white vs green bands). (B) Histogram reporting the variability obtained on vertical transects

(each bar represents a year and it is the mean of the 3 vertical transects for each year). Standard errors are indicated by bars at the top of each
box. Green arrows specify the position of the visible green bands within the coral core. The black dotted line indicates the breakpoint or traces

assemblage shift.

microborers, we observed wide traces (10-30 um) in abundance
forming tubules with specific ramifications, bulges, and/or cross-
wall constrictions and club shape apices, all of them mainly
oriented towards coral tissues in the central and bottom part of
the coral core (light; Figures 6B, D). The trace makers of those
tubular microborings were most probably eukaryotic phototrophs
due to their shapes and orientation (light-dependent organisms;
see also Kolodziej et al,, 2012). They could be attributed to other
Ostreobium species (Lukas, 1974; Marcelino and Verbruggen,
2016) or other chlorophytes such as Ulvella sp., Gomontia sp.,
Phaeophila sp., or Epicladia testarum (Bornet and Flahault, 1888;
Wisshak et al., 2011; Nielsen et al., 2013; Marcelino and
Verbruggen, 2016). We do not believe that they were traces of
the Conchocelis stage of bangialean red algae as the typical reddish
color was not observed when the coral core was collected (Pica
2016) and the large tubules lasted over decades. The
Conchocelis stage is known to be a transient phenomenon in the

et al,

life cycle of bangialean red macroalgae (Tribollet et al,, 2017). Large
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tubular traces and filaments similar to ours were observed by
Kolodziej et al. (2012) and Salamon and Kolodziej (2021) in fossil
corals from Eastern Europe (from Paleogene to Jurassic) and were
interpreted as those of Ostreobium sp., suggesting that such pattern
was maintained over millions of years. We cannot exclude however
that some of the observed large traces were made by fungi as they
are well known in marine carbonates including coral skeletons (Le
Campion-Alsumard et al., 1995b; Bentis et al., 2000; Priess et al.,
2000; Wisshak et al., 2011) but based on our observations, the
majority of tubules presented a typical shape and orientation of
eukaryotic phototrophs.

4.2 Microboring assemblage shift and
abundance decrease

For the first time here, we highlight a major shift in the
microboring assemblage composition over the life span of a
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TABLE 3 Pearson’s correlations between the raw abundance of microborers (wide, thin or total) and raw environmental or coral growth variables

over the last 50 years and per period before or after the breakpoint.

WHOLE DATASET (1964 - 2018)

VARIABLES Wide microborings
Vertical Extension Rate NS
Skeletal Bulk Density r=0.538 ***
Calcification Rate r=10.360 **
SST r = -0.440 ***
SSTA r=-0.536 ***
Precipitations NS
Max Instant Wind Speed r = -0.736 ***
Cumulative insolation r=0.422**
Vertical Extension Rate NS
Skeletal Bulk Density 0.455%
Calcification Rate NS

SST NS
SSTA NS
Precipitations r=-0.382*"
Max Instant Wind Speed r=-0.558 **
Cumulative insolation NS
Vertical Extension Rate NS
Skeletal Bulk Density NS
Calcification Rate NS

SST NS
SSTA r =-0.396*
Precipitations r=0.362*
Max Instant Wind Speed NS
Cumulative insolation r=0.403*

**: p-value< 0.1 ; *: p< 0.05 ; ** : p-value< 0.01 ; *** : p-value< 0.001 ; NS , non-significant.

slow-growing massive coral in the Western Indian Ocean
(Figures 7, 9). This shift occurred around 1985 and was
coupled with a decrease of more than a half of the initial
microborer’s abundance (Figure 9). Before the identified
breakpoint in 1985-86, the microboring assemblage was
dominated by wide tubular traces, and to a less extent by thin
ones. After the breakpoint, the assemblage became more
diversified over about 10 years and increasingly dominated by
thin traces. We strongly suggest here that the decreasing
cumulative insolation together with rainfall and rising SST
over the studied period (Figure 4 and Table 4) selected thin
trace makers at the expense of wide trace makers. Before 1985,
wind stress and rainfall may have enhanced the general
reduction of light reaching the wide trace makers within the
coral skeleton by re-suspending sediments on the barrier reef
(Vacelet et al., 1996) and/or increasing terrigenous inputs in the
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Thin microborings Total microborings

NS NS
r=0311* r=0.529

NS r=0245*

NS r=-0251*

NS r=-0.393 *

NS NS

NS = -0.524 %%
r=0.359 ** = 0.492 ***

DATASET between 1964 and 1985

NS NS

NS NS

NS NS
1= 0.458* NS

NS NS
r=0425*% NS
r=0416* NS

NS NS

DATESET between 1986 and 2018

r=-0414* = -0.485 **
r=0388* r=0411*

NS NS

NS NS

NS NS
r=-0355* NS

NS NS

NS 1= 0.350%

lagoon (Risk et al, 1995; Tribollet, 2008b) accelerating the
assemblage shift. Moreover, terrigenous inputs enriched in
nutrients in the northern lagoon of Mayotte (Vacelet et al,
1996) may have also enhanced the growth of the thin trace
makers. Carreiro-Silva et al. (2009) showed indeed that
inorganic nutrients stimulate Ostreobium’s growth as well as
that of other bioeroding green algae and cyanobacteria.
Although we did not study the genetic diversity of microborers
in our coral core, we strongly suggest that the advantaged thin
trace makers were dominated by the phototrophic Ostreobium
sp. Those bioeroding algae are known to be sciaphile
phototrophs, i.e. low-light extremophiles (Shashar and
Stambler, 1992; Gektidis, 1999; Tribollet et al., 2006; Tribollet,
2008a), to form green bands in living corals (Odum and Odum,
1955; Lukas, 1973; Le Campion-Alsumard et al., 1995a; Fine and
Loya, 2002; Carilli et al, 2010) and to be also stimulated by
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TABLE 4 Pearson'’s correlations between the detrended abundance of microborers (wide, thin or total) and detrended environmental or coral
growth variables over the last 50 years and per period before or after the breakpoint.

WHOLE DATASET (1964 - 2018)

VARIABLES Wide microborings Thin microborings Total microborings
Vertical Extension Rate NS NS NS

Skeletal Bulk Density r=0243* NS r=0.268*
Calcification Rate r=0252* NS NS

SST NS r=0255% r=0251%

SSTA NS NS NS
Precipitations r=-0291"* NS NS

Max Instant Wind Speed r = -0.404 ** NS NS
Cumulative insolation r=-0263*" NS NS

DATASET between 1964 and 1985

Vertical Extension Rate NS NS NS
Skeletal Bulk Density NS NS NS
Calcification Rate NS NS NS
SST NS r=0370* NS
SSTA NS NS NS
Precipitations r=-0476* r=0462* NS
Max Instant Wind Speed r=-0.565 ** NS NS
Cumulative insolation NS r=0.559 ** r=0475*

DATESET between 1986 and 2018

Vertical Extension Rate NS r=-0305* NS
Skeletal Bulk Density r=0365% r=0429* r=0.523**
Calcification Rate r=0.404* NS NS
SST NS NS NS
SSTA NS NS NS
Precipitations NS r = -0.485"* r=-0.444**
Max Instant Wind Speed NS NS NS
Cumulative insolation r=-0293* NS NS

**: p-value< 0.1 ; *: p< 0.05 ; ** : p-value< 0.01; NS , non-significant.

elevated SST in dead corals (Reyes-Nivia et al., 2013; Grange and Tribollet, unpubl.data). If thin fungi were stimulated instead of

TABLE 5 Periods at which eye visible green bands were observed along the 15 cm coral core of Diploastrea sp. (Mayotte).

Periods of presence Starting Period covered by Interval between
of green bands season a green band (year) two green bands(year)
June 2015 - November 2016 Winter 1.4 291

March 2011 - July 2012 End of Summer 1.3 2.58
September 2007 — July 2008 Winter 0.8 0.08

March 2006 - July 2007 * End of Summer 13 433

August 2000 - September 2001 Winter 1.08 2.66
September 1995 — October 1997 Winter 2.08 2

April 1991 - September 1993 End of Summer 2.4 8.25
December 1980 — December 1982 Summer 2 2

June 1967 - November 1968 Winter 1.33 1.5

May 1964 - October 1965 Start Winter 1.4

* : Two green bands with only one month interval. They were considered as one green band.

Frontiers in Marine Science 16 frontiersin.org

162



Biotic and Abiotic Factors on Microbioeroding Communities

Paper Diploastrea

Alaguarda et al.

10.3389/fmars.2022.899398

14

...
>
)

~
d

3
S

Green band prediction (%)
b3

I Green band
© Prediction for a green band

Prediction for a white band

—— SSTA o
0.5 — Wind Speed [10 £
=3
— (=9
& 025 5 £
= 2
7 N A A g
2 0.0 7 \ 0 a
T \/ o
o =]
5 8

53
A -0.25 5 A
g
05 -10 %

1970 1980 1990 2000 2010 2020
FIGURE 10

Logistic regression showing the most significant variables used in the prediction model for the presence of green bands. (A) Green band
prediction model. Red dots suggest the absence of green bands while blue dots suggest the presence of green bands. Green boxes represent
the different green bands observed along the coral core. The black dotted rectangle represents the breakpoint period. (B) Panel showing the
most significant variables (detrended instantaneous maximum wind speed and SSTA) explaining the presence/absence of green bands. The

black dotted on each panel represents the breakpoint period

thin phototrophic microborers, black bands would have been
eventually observed (Priess et al., 2000).

The positive correlation between bulk density and
microborers abundance over decades, especially after 1985,
appears counterintuitive as the active removal of calcium
carbonate by microborers (dissolution process driven by
2010; Tribollet et al.,
2019) would normally conduct to a less dense coral skeleton.

photosynthesis; Garcia-Pichel et al,

Here such an inverse relationship was not seen probably because
the bulk density was studied instead of the microdensity.
Fordyce et al. (2021) reported that corals with a low skeletal
microdensity are more colonized by phototrophic microboring
communities as they would benefit from greater and easier
access to nutrients (organic matrix: see Masse et al., 2020; Tha
et al,, 2021) than corals with a high density. Interestingly and
similarly to microborers abundance, the coral bulk density,
calcification and linear extension rates in our study were
strongly correlated to SSTA, rainfall and cumulative insolation
(Table 2); factors reported previously by Lough and Barnes
(1997) and Lough and Cantin (2014). Ocean acidification
might have also been involved in the Diploastrea bulk density
decrease (Mollica et al.,, 2018) but this factor was not studied
here. Tribollet et al. (2009), Tribollet et al. (2019) and Reyes-
Nivia et al. (2013) showed that Ostreobium sp. growth is
stimulated by elevated pCO, in dead corals, so we hypothesize

Frontiers in Marine Science

17

that this factor might have also contributed to the selection of the
thin trace makers (mainly Ostreobium sp.) over the last 54 years,
especially over the last two decades as Lo Monaco et al. (2021)
reported accelerated acidification in the Mozambique channel.
The unclear relationship between the coral bulk density and
microborers abundance needs further investigation as it may not
be a direct causal and effect relationship or it could vary
depending on the coral species, microboring assemblage, and
environmental conditions. In the very recent years (2015-2017)
when major consecutive positive SSTA occurred (Hughes et al.,
2017), the accelerated decrease of microborers abundance
probably resulted from the suddenly important vertical
extension rate of Diploastrea sp. (4.9 mm*yr" + 1.05). Lough
and Barnes (1997) and Kleypas and Langdon (2006) showed that
corals can invest more in their vertical extension rate than in
their skeletal strength (bulk density) under thermal stress (see
Figure 5). The average vertical extension rate for the studied
Diploastrea sp. was 2.6 mm.y-1 over the last 54 years, which is
similar to that measured on Diploastrea sp. from Palau (2.7 - 6.0
mm*yr'l; Canesi, 2022) and in New Caledonia (2.68 + 0.64
rnm"yr'l, Wu et al., 2018). But between 2015 and 2017 the coral
growth extension of our Diploastrea sp. was twofold more
important (49 mm*yr") while the bulk density was reduced
by about 40% (1.13 g*cm™ while in the 60’s it was above 1.6
g*cm'3). Godinot et al. (2012) showed that a rapid vertical coral
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growth can ‘dilute’ microborers as they cannot keep up with
their host’s fast growth. The possible consequences of such a
drastic decrease in microborers’ abundance in massive corals
such as Diploastrea sp. may be important as several authors
suggested that Ostreobium sp. may play a key role in coral health,
especially during coral bleaching recovery, by both providing
photoprotection (Galindo-Martinez et al., 2022) and
photoassimilates (Schlichter et al., 1995; Schlichter et al., 1997;
Sangsawang et al., 2017; Massé et al., 2020; Tha et al., 2021). More
coral cores should thus be studied to confirm the observed
trends in order to better understand the possible implications of
an important decrease of microborers abundance in living corals
especially the stress-tolerant ones such as Porites sp. (Schoepf
et al., 2019; DeCarlo et al., 2019).

4.3 Possible explanatory factors for
green bands

Interestingly, our logistic regression model highlighted that
the absence of green bands was strongly correlated to an increase
in max instant wind speed and positive SSTA (Figure 10). Due to
the low number of green bands in our coral core, it was not
possible to run our logistic regression model on detrended data
before and after the breakpoint to reveal the possible role of
different factors on green band formation. However, although no
significant correlation was found between the abundance of
microborers and the presence of green bands over the studied
period (due to the continuous decrease of microborers
abundance over the last 54 years), we suggest that wide trace
makers before 1985 were a major component of green bands as
their abundance was also strongly negatively correlated to the
interannual variability of the max instant wind speed (Table 4).
Lukas (1973) showed that green bands result from both a greater
abundance of microborers, especially Ostreobium sp., and
pigment content compared to white bands (see also Fine and
Loya, 2002; Galindo-Martinez et al., 2022). Although we cannot
exclude that green sulfur bacteria or other endolithic
phototrophic microbes may have contributed to green band
formation (Yang and Tang, 2019), our correlations computed on
raw data tended to confirm the assumption of the influence of
the temperature warming on the abundance of microborers,
(Table 3). Nevertheless, this should be considered with caution,
as the existence of a trend can induce significant correlations
with no direct causal links. After 1985 the occurrence of green
bands greatly increased, similarly to positive SSTA. The SSTA
can either be the trigger for green bands, but with some delay as
green bands seem to have formed generally during the winter
season, or limit their expansion as most green bands have
stopped when the summer season started. Anomalously warm
temperatures are known to cause major coral bleaching events
(Hughes et al, 2017). In the Western Indian Ocean, several
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bleaching events have been reported: in 1983, 1998, 2005, 2007,
2010, and 2016 (Obura et al., 2018). It is interesting to note here
that no green band was recorded at those periods except in 2016
(Table 4). The hypothesis stating that more light reaching boring
microflora in corals during bleaching periods would lead to a
bloom of these microorganisms and thus the formation of green
bands (Fine and Loya, 2002; Carilli et al., 2010), is not supported
by our results. The time scale is also different since bleaching
events occured over a few weeks while green bands lasted several
months or years (Table 4). More coral cores from contrasted
environments should be investigated to better understand the
controlling factors of microborers abundance, their community
composition, and the presence of green bands in living corals.
Environmental factors such as seawater pH, DIC, and metal
trace pollution could be good targets as these factors are known
to affect microborer’s abundance in dead carbonates (Tribollet
et al,, 2009; Cherchi et al., 2011; Reyes-Nivia et al.,, 2013).

5 Conclusion

The study of a coral core of the very slow-growing massive
coral Diploastrea sp. revealed an unprecedented decrease in
microborers abundance and a major shift in community
composition over the last decades. Possible explanatory factors
are ocean warming (both SST and SSTA), wind stress,
precipitations, and cumulative insolation more or less
combined, as well as the bulk density of the coral host. The
direct or indirect effects of those factors on microboring
communities need to be explored, especially that of global
warming. The main cause of the shift and major decrease in
microborers abundance in 1985 needs also to be determined.
Mayotte showed a rapid increase in its demography since the
80’s, especially since 2012 (+3.8%/year; INSEE), which may have
greatly impacted the quality of the lagoon. Additionally, Gupta
et al. (2020) reported an important marine heat wave in the
Mozambique Channel around 1983. Other factors such as
seawater pH and metal trace pollution which influence
microborers abundance could also be involved. More coral
cores of Diploastrea sp. and other massive species such as
Porites from contrasted environments in the Western Indian
Ocean should be studied to confirm the general trends observed
here and to better understand their possible implications for
coral health and resilience.
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4.3 Effects of pH on the Abundance and Composition of

Microbioeroding Communities in Diploastrea sp.

4.3.1 Introduction

Over the pre-industrial era, one-third of the anthropogenic CO, emissions have been
absorbed by the ocean, driving a decline of about 0.1 units in seawater pH Feely et al.,
2009; Friedlingstein et al., 2022, a phenomenon commonly known as OA, a process that
affects and changes the seawater carbonate chemistry (Kleypas and Langdon, 2006;
Guinotte and Fabry, 2008). These major changes in seawater carbonate chemistry and
saturation state Q) for aragonite (or calcite) would lead to serious damage in calcify-
ing organisms’ biomineralization processes that need carbonate ions to secrete their
calcareous skeleton. For corals, the overall documented impacts are the lowering of
their skeletal density (soft calcareous skeleton), reduced rates of their calcification or
their vertical extension (Gattuso and Hansson, 2011; M. McCulloch et al., 2012; T. M.
DecCarlo et al., 2015; D’Olivo et al., 2019). Nonetheless, all corals are not affected the
same way by increased levels of OA with tolerant taxa and sensitive ones (e.g., mas-
sive vs. branching corals, Hughes et al., 2017; T. M. DeCarlo et al., 2019). Scleractinian
corals precipitate their calcium carbonate skeleton from an extracellular CF (Allemand
et al., 2004) located at the interface between the living polyp and the aragonite skele-
ton (Tambutté et al., 2011; Comeau et al., 2017). Evidence suggests that seawater is
the initial source of the CF (Cohen and McConnaughey, 2003; Tambutté et al., 2011;
Gagnon et al., 2012), also strongly influenced by biological processes (Ca?* ATP-ase
pump) that regulate the carbonate chemistry of the calcifying medium (Cohen and
McConnaughey, 2003; Allemand et al., 2004). Skeletal geochemical analyses enable
us to evaluate the corals’ ability to calcify and grow over time. The CF reflects ambi-
ent seawater properties (e.g., temperature, pH), the chemical composition (i.e., boron
abundance and speciation), and physiological ‘controls’ exerted by the coral. Labo-
ratory experiments and field measurements show a wide variation in the response of
corals to calcify at species and ecosystem levels (Fabricius, 2011; Chan and Connolly,
2013). This large variability observed at the inter-species level shows that the carbon-
ate chemistry properties of seawater are not the only factors that affect the calcification
process in corals. The chemical composition of the coral CF is sensitive but not iden-

tical to that of the surrounding seawater due to the species-dependent physiological
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regulation (M. McCulloch et al., 2012; Comeau et al., 2018).

The boron isotopic composition (51! B) and B/Ca ratio of aragonite skeletons can be
used as a powerful tool (i.e., proxies) to determine and reconstruct carbonate chem-
istry changes in the CF (e.g., pHcr, DICcr, Qcr) by using established relationships
(Holcomb et al., 2014; T. DeCarlo et al., 2018). Tropical corals have been successfully
utilized to reconstruct ocean pH at seasonal to millennial timescales (Wu et al., 2018;
H.-Z. Wei et al., 2021). Species of massive Porites corals have been widely investigated
for reconstructing seasonal changes in the composition of their CF since they are long-
lived. More importantly, the architecture of their skeleton has a relatively straightfor-
ward chronology that facilitates well-constrained timing of their skeletal growth at sea-
sonal resolution (J. Lough and Cantin, 2014; M. T. McCulloch et al., 2017). Only Wu et
al. (2018) investigated a very long record of the massive coral Diploastrea heliopora
of New Caledonia in the South Pacific Ocean, providing more than 300 years of (0 11 By
with estimated seawater pH decreasing trend since the Industrial Revolution. Recently,
in her thesis, Canesi (2022) investigated the responses of CF composition and growth/-
calcification parameters of two genera of massive corals (Porites and Diploastrea) ex-
posed to various natural seawater changes across the tropical Pacific Ocean over the
period 2010-2016. The geochemical analyses of the modern coral skeleton (B/Ca and
61 B) were used to reconstruct the chemical properties of the CF of both massive corals
(pHcr, DICcE, Qcr; CO3%~cr). Her results suggest that both genera modulate the
chemical composition of their CF compared to ambient seawater carbonate chemistry
with biological genus-specific mechanisms (e.g., metabolic efficiency, photosynthetic
rates, tissue thickness, reproduction cycles, growth). Such results were also previously
mentioned by authors that proved that corals’ physiological regulation to modulate
their CF chemistry was species or genus-dependent (Ross et al., 2019; Comeau et al.,
2019). Though 6! B pH records were limited to a few oceanic regions/sectors in the
Pacific Ocean, the increasing number of coral records in recent years from the Atlantic
Ocean and the Indian Ocean offer an excellent opportunity to address OA as regional
perspectives between the different oceanic basins vs. global trends (Tarique and Ra-
haman, 2022). For instance, Lauvset et al. (2015) estimated that the fastest seawa-
ter pH decline occurred in the Indian Ocean over the 1991-2011 period compared to
the different oceanic basins (i.e -0.0024.yr). Additionally, Lo Monaco et al. (2021) ob-
served a large decrease in seawater pH (mean decrease of -0.104, period 1963-2019)

for all sectors of the MC (e.g., Mayotte), including near coral reef areas in the Eparses
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Islands (Europa, Juan de Nova), which might put coral reef ecosystems of the area at
risk. Therefore, as the chemical properties of the CF are coral genus-dependent, they
are also dependent on the seawater carbonate chemistry of the oceanic region consid-

ered.

Scleractinian corals have diverse ecological micro-niches shaped by physico-chemical
gradients across the various tissue and skeleton compartments (Shashar and Stambler,
1992; Kiihl et al., 2008; M. Magnusson et al., 2010). These gradients are affected by the
environment surrounding the coral holobiont (Reyes-Nivia et al., 2013; Massé et al.,
2018), the skeletal microstructure (Falini et al., 2015; L. A. Marcelino et al., 2013), and
the physiology of holobiont members, such as microbioeroding communities. For in-
stance, the autotrophic metabolism of photosynthetic endoliths such as Ostreobium
sp. can be responsible for increasing pH in the medium. This process substantially
influences the internal skeletal pH more than the outside environment (Shashar and
Stambler, 1992), where the dissolution process of the calcium carbonate by microbio-
eroding communities increases pH and the total alkalinity of the system (Tribollet et
al,, 2019). Recently, Alaguarda et al., 2022 investigated a well-preserved coral core of
the slow-growing coral Diploastrea sp. from Mayotte in the WIO but did not look into
the carbonate chemistry of the coral (e.g., pHcr). Based on the investigations of sea-
water pH in the Indian Ocean, and mainly from the MC, one primary hypothesis would
be to find a decrease within the internal pH¢r of the Diploastrea sp. coral due to the
increased OA observed over the years in the area (Monaco et al., 2021). On the other
hand, some studies have investigated the effects of OA on CaCO3 dissolution rates and
how it could enhance bioerosion processes from different agents. For instance, in dead
carbonate substrates, OA can positively drive the activity of some bioeroding agents
(e.g., micro and macroborers (Tribollet et al., 2009; Enochs, Manzello, Tribollet, et
al., 2016; Tribollet et al., 2019)). Microborers employ exclusively chemical bioerosion,
where OA is thought to ease this latter process via reduced alkalinity and pH directly. It
is furthermore assumed to indirectly accelerate bioerosion by stimulating energy cap-
ture in phototrophic bioeroders and making mechanical bioerosion more effective by
“softening” the carbonate substrate (e.g., Tribollet et al., 2009). Nonetheless, investi-
gations were only performed in dead carbonate substrates and bear the limitation of
short-term data. Alaguarda et al. (2022) were the first to provide a long record (i.e. 54

years) of the abundance and composition of microbioeroding traces over the lifespan
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of a coral host. The main results were to observe a significant decrease in the abun-
dance of microbioeroding traces over time with a community shift identified. Possible
explanatory factors were the combination of various environmental influences (e.g.,
SST, wind stress, cumulative insolation) and the significant decrease in the coral host
bulk density. Therefore, to supplement the findings published by Alaguarda et al., 2022
on the abundance of microbioeroding traces over the last 54 years, the pHcr from the
living coral Diploastrea sp. from Mayotte was investigated : (i) to determine the evolu-
tion of the internal pH¢r over time within Diploastreain this context of OA recently as-
sessed within the MC (Monaco et al., 2021) (ii) to identify the interactions of the pHcp
with the environment and coral variables previously discussed by Alaguarda et al., 2022
and (iii) to understand the potential effects of the internal pH¢r on the decrease of the
abundance of microborers in the coral Diploastrea sp. over time (e.g., thin, wide or all

microbioeroding traces).

4.3.2 Methodologies

Here two paleo pH reconstructions were assessed. One reconstruction was based on
the instrumental SST dataset from the ERSST (v5) corrected with an offset of SST of the
Parc Marin from Mayotte (Appendix Section 8.2 Table 6 and 7). The second pH recon-
struction was based on paleo-SST reconstructions developed by Canesi et al. (2022) at
the LSCE, defined with the proxy Sr/Ca and Li/Mg (Equation 2.2).The methodologies
of the reconstruction of pHc¢r are explained in the Chapter 2 section 2.2.3 through the
boron isotope systems with the equation presented (Equation 2.3). Regarding pH in-
vestigations, statistical analyses were performed. The non-parametric Mann-Kendall
test was performed on each pH¢r reconstruction (instrumental and reconstructed) to
assess if the observed trend was significant. Linear regressions on pH data were gener-
ated from the library ggpubr on RStudio (v1.4.17; https://www.rstudio.com). Pearson
correlations were carried out to detect the potential interactions of pH with the envi-
ronmental and/or coral variables and the effects with the traces’ abundance (i.e., the
abundance of thin microborings, wide, or all microborings) obtained over the last five
decades. These correlations were performed on un-detrended and detrended variables
to focus on their possible interannual and decadal variability and to avoid spurious
correlations due to linear trends. Finally, a non-parametric Pettitt test was applied to
both pH reconstructions to determine a potential breakpoint in the trend over the last

54 years.
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4.3.3 Results

4.3.3.1 Evolution of the internal pH of Diploastrea over 54 years

As mentioned in the Section 2.2.3, two approaches were investigated for analyzing the
variability of the internal pH of the Diploastrea sp. coral. First, pH reconstructions
were based on instrumental SST from the ERSST dataset(v5) (called pHcr Instrumen-
tal later) and then from SST reconstruction with the multi-element SST calibration for
multi-genera Porites sp. and Diploastrea sp. developed by Canesi et al. (2022) (called
pHcr Paleo-Proxy later). The internal pH¢r of Diploastrea sp. coral from both recon-
structions showed a similar and significant annual variability over the last five decades
(p< 0.0001, Mann Kendall test; Figure 4.1). Both reconstructed pHs calculated from

the different SST products display the same variability over time.

3 52 pHcr Diploastrea sp. p <0.0001
8.48
8.441
________ Breakpoint identified between 1983-1984
2.40 pHcp calculated from Intrumental SST data
. pHcp calculated from Paleo-Proxy

1966 1971 1976 1981 1986 1991 1996 2001 2006 2011 2016

Figure 4.1: Interannual variability of the internal pH¢r of Diploastrea sp. at Mayotte between 1964 and
2018 reconstructed based on the instrumental SST (red line) and the paleo-proxy (blue line). The black
dotted line indicates the pH¢r breakpoint.

Mayotte Diploastrea sp. coral experienced a significant increase in its pHcr with
an estimated pHc¢r increase of +0.001 per decade (p< 0.0001, Mann Kendall test). The
pHcr was comprised between 8.39 (in 1965) and 8.52 (in 2014) with an average value
of 8.46 + 0.02 (Figure 4.1). Interestingly, a breakpoint in the pH¢cr’ evolution over the
last five decades in the Diploastrea sp. coral was also highlighted. This breakpoint was

identified between 1983 and 1984 (Pettit test, p< 0.001).

172



Biotic and Abiotic Factors on Microbioeroding Communities PH Investigations

4.3.3.2 Internal pH and Abiotic Variables

Correlations were investigated between the environmental variables discussed by Ala-

guarda et al. (2022) and the reconstructed pHc¢r for different periods based on the

breakpoint identified of the community shift of microbioeroding communities. Firstly,

the environmental variables’ raw dataset (no detrended) was investigated with both

reconstructed pHcr. Considering the period 1964-2018, both reconstructed pH¢r (in-

strumental and paleo-proxy) were positively correlated with the instrumental SST/SSTA
and the Max Instant Wind Speed (p < 0.001). Reconstructed pH¢cr were also negatively

correlated to the Cumulative Insolation (p < 0.01 and 0.05) (Table 4.1).

Table 4.1: Pearson’s correlations between the raw reconstructed pHscr and the environmental variables

over the last 54 years, per period before or after the breakpoint investigated by Alaguarda et al., 2022.
Code for significance: # 20.1; * <0.05; ** < 0.01; *** < 0.001; NS is for non significant.

. . . pHcr Instrumental pHcr Paleo-proxy
Abiotic Variables Period 1 S‘) 642018
Instrumental SST (ERSST v5) 0.425** 0.522***
Instrumental SSTA (climatology 1971-2001) 0.439*** 0.513***
Precipitations NS NS
Max Instant Wind Speed 0.484*** 0.496™**
Cumulative Insolation -0.378** -0.340*
Period 1964-1985
Instrumental SST (ERSST v5) NS 0.458*
Instrumental SSTA (climatology 1971-2001) NS 0.424*
Precipitations NS NS
Max Instant Wind Speed NS NS
Cumulative Insolation 0.497* 0.578**
Period 1986-2018
Instrumental SST (ERSST v5) 0.326*" 0.395*
Instrumental SSTA (climatology 1971-2001) NS NS
Precipitations NS NS
Max Instant Wind Speed NS NS
Cumulative Insolation -0.427* -0.333*

Interestingly, for the period 1964-1985, reconstructed pHcr were positively corre-
lated to the cumulative insolation (p < 0.01 and 0.05). The positive correlation with the
instrumental SST/SSTA was still observed but only for the pH¢r from the paleo-proxy
(p <0.05).

When considering the period 1986-2018, the SST was positively correlated with recon-
structed pHcr (p < 0.05). Again a negative correlation was observed between the pHcrp
and the cumulative insolation (p <0.05 and p <0.1). Some events might have happened
before and after 1985 that could be responsible for the changing correlation with the
cumulative correlation (to discuss later). Surprisingly, no correlations were observed
between the Max instant wind speed and pH¢r when both periods are considered sep-

arately.
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A similar analysis was conducted on the detrended environmental variables dis-
cussed by Alaguarda et al. (2022) and the detrended reconstructed pH for the differ-
ent periods. Considering the period 1964-2018, the pH¢r instrumental was correlated
to neither environmental variables. Only the detrended pH¢r instrumental was posi-
tively correlated with the detrended instrumental SST (p < 0.5).

Interestingly, for the period 1964-2018, a positive correlation was still observed be-
tween the detrended cumulative insolation and the detrended reconstructed pHcr (p
< 0.05). For the period 1986-2018, no correlations were to be observed between de-
trended environmental variables and the pH¢r (see Table 4.2).

Table 4.2: Pearson’s correlations between the detrended pH reconstructions and the detrended environ-

mental variables over the last 54 years, per period before or after the breakpoint investigated by Ala-
guarda et al., 2022. # 20.1; * < 0.05; ** < 0.01; *** < 0.001; NS is for non significant.

. . . pHcr Instrumental pHcr Paleo-proxy
Abiotic Variables Period 1 L 64-2018
Instrumental SST (ERSST v5) NS 0.275*
Instrumental SSTA (climatology 1971-2001) NS NS
Precipitations NS NS
Max Instant Wind Speed NS NS
Cumulative Insolation NS NS
Period 1964-1985
Instrumental SST (ERSST v5) NS NS
Instrumental SSTA (climatology 1971-2001) NS NS
Precipitations NS NS
Max Instant Wind Speed NS NS
Cumulative Insolation 0.534* 0.616*
Period 1986-2018
Instrumental SST (ERSST v5) NS NS
Instrumental SSTA (climatology 1971-2001) NS NS
Precipitations NS NS
Max Instant Wind Speed NS NS
Cumulative Insolation NS NS

4.3.3.3 Internal pH and Biotic Variables

Correlations were also investigated between the coral variables, the abundance of the
microbioeroding traces (total, wide, and thin) discussed by Alaguarda et al. (2022), and
the reconstructed pH¢r for different periods based on the breakpoint identified of the
community shift of microbioeroding communities. Firstly, the coral and abundance
variables’ (not detrended) raw dataset was investigated with both reconstructed pHcr.
Considering the period 1964-2018, reconstructed pH¢cr was negatively correlated with
the abundance of total microbioeroding traces (p < 0.01), even more with the abun-
dance of wide microbioeroding traces (p < 0.001) (see Table 4.3. No correlations were

observed with the abundance of the thin traces or the vertical extension of the coral. A
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negative correlation was observed between reconstructed pHcr and the coral skeletal
density (p <0.01). A slight negative correlation was also observed with the calcification
rate (p < 0.05 and p <0.1).

When focusing on the period 1964-1985, the negative correlation between reconstructed
pHcr and the abundance of wide microbioeroding traces was still observed (p < 0.01
and p < 0.05). Interestingly, a slight positive correlation was observed between the re-
constructed pH¢r and the abundance of the thin microbioeroding traces (p < 0.05 and
p <0.1). Negative correlations were still present between reconstructed pHcr with the
coral skeletal density (p < 0.01) and the calcification rate ( p < 0.05).

When considering the period 1986-2018, no correlations were observed between re-

constructed pH¢r and coral variables and the abundance of microbioeroding traces.

Table 4.3: Pearson’s correlations between the raw pH reconstructions and the abundance of microborers
(wide, thin, or total) and coral growth variables over the last 54 years, per period before or after the
breakpoint investigated by Alaguarda et al., 2022. # < 0.1; * < 0.05; ** < 0.01; *** < 0.001; NS is for non
significant.

.. . pHcr Instrumental pHcr Paleo-proxy
Biotic Variables Period 1 .“) 642018
Abundance total microbioerodings traces -0.430%* -0.424**
Abundance wide microbioerodings traces -0.662*** -0.676***
Abundance thin microbioerodings traces NS NS
Vertical Extension Rate NS NS
Skeletal Bulk Density -0.351%* -0.345%*
Calcification Rate -0.247*% -0.277*
Period 1964-1985
Total microbioerodings Abundance NS NS
Wide microbioerodings Abundance -0.519* -0.543**
Thin microbioerodings Abundance 0.396*" 0.472*
Vertical Extension Rate NS NS
Skeletal Bulk Density -0.541** -0.542%*
Calcification Rate -0.444" -0.474*
Period 1986-2018
Total microbioerodings Abundance NS NS
Wide microbioerodings Abundance NS NS
Thin microbioerodings Abundance NS NS
Vertical Extension Rate NS NS
Skeletal Bulk Density NS NS
Calcification Rate NS NS

A similar analysis was conducted on the detrended coral and abundance variables
discussed by Alaguarda et al. (2022) with the detrended reconstructed pH for the dif-
ferent periods. Considering the period 1964-2018, the pH¢r was slightly negatively
correlated to the abundance of the wide microbioeroding traces (p < 0.05 and p < 0.1).
The opposite was observed with the abundance of the thin microbioeroding traces,
slight negatively correlated with reconstructed pH¢cr (p < 0.05 and p <0.1).

For the period 1964-2018, only a slight positive correlation was observed between re-
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constructed pH¢r and the abundance of the thin microbioeroding traces (p < 0.1).
For the period 1964-2018, only a slight negative correlation was observed between re-
constructed pHcr and the abundance of the wide microbioeroding traces (p < 0.1).
Finally, considering all different periods, no correlations were observed between both
reconstructed pHcr and any of the coral growth variables (see Table 4.4).

Table 4.4: Pearson’s correlations between the detrended pH reconstructions and the detrended abun-
dance of microborers (wide, thin, or total), coral growth variables over the last 54 years, per period be-

fore or after the breakpoint investigated by Alaguarda et al., 2022. # 2 0.1; * < 0.05; ** < 0.01; *** < 0.001;
NS is for non significant.

L. . pHcr Instrumental pHcr Paleo-proxy
Biotic Variables Period 1 ‘L 642018
Total microbioerodings Abundance NS NS
Wide microbioerodings Abundance -0.253** -0.285*
Thin microbioerodings Abundance 0.259*% 0.290*
Vertical Extension Rate NS NS
Skeletal Bulk Density NS NS
Calcification Rate NS NS
Period 1964-1985
Total microbioerodings Abundance NS NS
Wide microbioerodings Abundance NS NS
Thin microbioerodings Abundance 0.390** 0.420*%
Vertical Extension Rate NS NS
Skeletal Bulk Density NS NS
Calcification Rate NS NS
Period 1986-2018
Total microbioerodings Abundance NS NS
Wide microbioerodings Abundance -0.295** -0.331*%
Thin microbioerodings Abundance NS NS
Vertical Extension Rate NS NS
Skeletal Bulk Density NS NS
Calcification Rate NS NS

4.3.4 Discussion

4.3.4.1 Comparison of Instrumental and Paleo-Proxy pH Reconstructions

The internal pHcr investigations provided supplemental information regarding the
study of Alaguarda et al. (2022) of the coral Diploastrea sp. and its possible influence
on microbioeroding communities. First, two methods were investigated for the recon-
struction of the pH. One was based on instrumental SST of satellite data, and the other
from the combination of geochemical proxies Sr/Ca and Li/Mg (Canesi, 2022). Both
pHcr signals (instrumental and paleo-proxy) described the same trends and evolution
over time with small variations (Figure 4.1). The quality of the coral-based calibrations
used to reconstruct past seawater temperatures, used later for the pH reconstructions,
depends on different factors such as the analytical uncertainty from the machine (ICP-

MS), and the choice of the SST database used for the calibrations (here ERSST v5). The
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variations observed between both pH¢r signals can also be explained by the geochem-
ical signal of the aragonite skeleton of modern corals can be altered by different early
and post-depositional diagenetic processes (e.g., bioerosion, dissolution, secondary
aragonite, and calcite precipitation, replacement of aragonite by calcite). Also, it can
be explained by the presence of organic matter, as in the green bands often observed in
massive tropical corals, indicative of microborers (Lukas, 1973; Nothdurft and Webb,
2009; Cuny-Guirriec et al., 2019). For instance, early diagenetic intra-skeletal calcite
has a lower Sr/Ca and Li/Mg composition than that of skeletal aragonite (Sayani et
al., 2011; Lazareth et al., 2016), which could significantly impact the temperature re-
constructions and could explain part of the uncertainties/variations associated with
the pH reconstruction via SST estimated with the paleo-proxy compared to the instru-
mental one. Also, one potential source of error in the proxy calibration is the difference
between the real temperature experienced by the coral during its life and the tempera-
ture selected for the calibration. The in situ temperatures are usually the best approach
since the temperature of the sensor is located nearby the coral colony and reflects the
ambient temperature of the reef (Castillo and Lima, 2010; Canesi, 2022). Overall, pH re-
constructions based on two different SSTs products described the same evolution over
time, showing the relevance of the multi-element proxy approach Sr/Ca and Li/Mg for

robust paleo reconstructions (Canesi, 2022).

4.3.4.2 Diploastrea sp. Internal pH : A Particular Signal ?

Surprisingly, one result that was not expected was to assess an increase of the pHcp
of the coral Diploastrea sp. from Mayotte over the last 54 years. Such findings repre-
sent a very particular signal as oceanic regions around the globe displayed an overall
decrease in the seawater pH (Feely et al., 2004; Doney et al., 2009). An even more signif-
icant decrease in the seawater pH was estimated within the Indian Ocean compared to
the other oceanic regions (Lauvset et al., 2015). Even closely within the area where the
coral Diploastrea sp. was collected, Lo Monaco et al. (2021) reported oceanic carbon-
ate system observations (pH, alkalinity, DIC, fC0,) in the MC and estimated long-term
pH trends over the period 1963-2019 (in the range of the coral chronology reconstruc-
tion). Their results highlighted overall changes in the carbonate system in the MC at
a regional scale. They concluded that the anthropogenic CO, emissions were respon-

sible for the significant acidification in surface waters. The authors reconstructed pH
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changes back to the pre-industrial period and estimated that pH in the MC was about
8.18 (+0.014), i.e., 0.13 higher than in 2019. Even if the focus of their study was not
on the island of Mayotte, they concluded with a general decrease in the seawater pH
within the MC. Nonetheless, as a hypothesis, the reconstructed seawater pH would
also show an increasing trend over time as seawater pH is estimated through a calcula-
tion implying pH¢r (D’Olivo et al., 2019; X. Chen et al., 2019). Most of the reconstruc-
tion of seawater pH is based on massive Porites sp. corals (M. McCulloch et al., 2012).
In the absence of a general calibration equation, species-specific calibration for Porites
cylindricahas been used in several studies from the Atlantic, Pacific, and Indian oceans
(G. Wei et al., 2015; S. Fowell et al., 2018; Tarique and Rahaman, 2022). On the other
hand, reconstruction of seawater pH based on Diploastrea sp. is scarce and has only
been investigated by Wu et al. (2018) from a coral of the South Pacific Ocean. A prelimi-
nary result (not presented here) has consisted in reconstructing the seawater pH based
on the equation from Wu et al. (2018) for the Diploastrea helipora of the South Pacific
Ocean. The results of the supposed reconstructed seawater pH for the Diploastrea sp.
of Mayotte ranged from 7.70 and 8.01, characterizing important acidic conditions of
the seawater (7.70 being pH prediction for the worst scenario of the IPCC, Allan et al.,
2021). Therefore, this calibration and equation for seawater pH based on Diploastrea
heliopora suggest limitations when applied to the Diploastrea sp. from Mayotte. First,
calibrations based on Diploastrea sp. are too scarce and need further investigations
to be robust as Porites sp. Such variations observed in the reconstructed seawater pH
might also come from the oceanic region considered. As the surface ocean pH is influ-
enced by multiple parameters such as atmospheric CO2, temperature, biological pro-
ductivity, the ocean circulation, and oscillations specific to the basin (e.g., ENSO, IOD
for the Indian Ocean), upwelling and mixing of the water column, it is imperative to
have species-specific calibration in regard of the coral investigated and also adapted
to the oceanic region considered, to calculate the seawater pH from the pH¢r accu-
rately. The WIO is characterized by a wind-driven circulation where the warming and
cooling of SST play an important role in pH seasonality (Cao et al., 2007 Kapsenberg
et al., 2017). The dominance of SST in the seasonal pH cycle in this region indicates a
clear role of the solubility pump in the carbon cycle as opposed to the biological pump
(Valsala et al., 2012). Such regions also display important monthly pH variability from
one season to another (+0.04 see R7 in Figure 3 from Madkaiker et al., 2023). This can

be explained by the mixed layer deepening of these regions during austral winter. The
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deepening of the mixed layer entrains the subsurface DIC to the surface, modifying
the pH seasonal cycle. The maximum enhancement happens in the southernmost re-
gions (Eparses Islands) where mixing is further expected to be important (i.e., eddies
circulation, upwelling) (Mawren, Hermes, et al., 2022; Vinayachandran et al., 2021).
Nonetheless, such potential explanation here may apply to seasonal/annual pH varia-
tions and might differ for decadal and long-term pH’ variability (e.g., 54 years), where
such changes in pH within this area remain to be further explored. Investigations re-
garding pH changes in the open ocean of the WIO but also near coastal areas where
coral reef ecosystems are present need to be realized to predict the latter’s resilience in
this rapidly changing climate (i.e., OA and warming).

Hence, one question to address now would be to understand better the reasons for
such elevation of the pH¢r of the coral Diploastrea sp. in Mayotte over the last 54 years.
Additionally, to assess if such elevation could have been observed in other oceanic re-
gions. Recently, Chen et al. (2019) investigated century-long temperature (Sr/Ca and
Li/Mg) and CF carbonate chemistry (§'! B and B/Ca) records for a long-lived (1919 to
2016) Porites coral from the Kimberley Region (Eastern Indian Ocean, Australia). They
investigate how increasing temperatures and OA were manifested in the carbonate
chemistry of coral’s CF and the impacts of climate change on calcification processes.
Interestingly, they highlighted for the period 2000-2016 between summer and winter
that the coral’s pHcr and Q¢ remain elevated and even show an increasing trend over
this period (only for the pHcp). Therefore, the saturation state and calcification rate
exhibited only relatively small disturbances from increasing temperatures (see Figures
5 and 6 in X. Chen et al., 2019). This is consistent with previous field and culture ex-
periment observations that corals can regulate CF carbonate chemistry to maintain
a favorable metabolism environment under extreme temperatures or acidic seawater
carbonate chemistry conditions (Comeau et al., 2018; Ross et al., 2019). Overall, over
the period 1919-2016, the pH¢F of Porites coral decreased and could be a result of OA,
induced by lower pH in the external seawater environment ( Holcomb et al., 2014; T.
DeCarlo et al., 2018; Kubota et al., 2017). Nonetheless, pHcr remained at an elevated
level even under the influence of OA, helping to keep elevated and near constant levels
of Q.r, highlighting the ability of coral to continue to manipulate its physiological con-
trol of the internal carbonate chemistry to promote calcification process (see Figures
5 and 6 in X. Chen et al., 2019). Hence, based on these findings from Porites sp., re-
garding the Diploastrea sp. coral from Mayotte, one hypothesis could be that the coral
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maintains and even elevates its internal pH¢r for metabolism purposes (calcification,
growth). Maintaining elevated pH in the extracellular CE where precipitation of cal-
cium carbonate occurs, is a critical step to initiate and sustain the biomineralization
process (i.e., calcification) (M. McCulloch et al., 2012). Nonetheless, the skeletal bulk
density of Diploastrea decreased for more than 40% over the last 54 years as well as the
calcification rate of this latter (see Figure 5 in Alaguarda et al., 2022). When looking at
the period 1964-1985 of the coral growth parameters of Diploastrea sp., a first decrease
of skeletal bulk density and calcification rate is observed while this period represents
where the pH increased the fastest. From the literature, by elevated level of pH¢p, pro-
cess of calcification can be maintained ; Comeau et al., 2015; T. DeCarlo et al., 2018).
Therefore, even if the internal pH of Diploastrea sp. rose over this period, other factors
seem to have influenced the observed decrease of the coral growth parameters. Fur-
ther investigations are needed to understand better what might have triggered both

the increase in pH¢r and the decrease in coral density and calcification of Diploastrea

sp.

4.3.4.3 Internal pH and the Evolution of the Abundance of Microbioeroding Traces

Based on the reconstructed pH over the last five decades from the coral Diploastreasp.,
opposite correlations were observed with the abundance and composition of micro-
bioeroding communities. These correlations highlighted that the abundance of wide
microbioeroding traces might have been impacted by the increase of the pH¢r. In
contrast, it might have been more suitable for the abundance of thin microbioerod-
ing traces. Nonetheless, no clear evidence showed that such relations could be estab-
lished (p < 0.1 for both correlations; Table 4.4). Interestingly, the breakpoint identified
within the pH occurred one year before the observed breakpoint of the microbioerod-
ing abundance estimated by Alaguarda et al., 2022. This finding could suggest that
the potential shift of microbioeroding communities observed in 1985-1986 could have
been linked to the pH changes occurring one year before (1983-1984). pH variations
are known to be an active parameter that can influence the activity of microbioeroding
communities. For instance, in dead coral substrates (Porites sp. skeletons), Tribollet
et al. (2009) demonstrated that increased levels of seawater pCO, enhanced dissolu-
tion rates of carbonates. Additionally, Reyes-Nivia et al., 2013 investigated the level of
dissolution rates from photosynthetic microborers. They highlighted that the skeletal

dissolution was higher in the increased pCO;, and warming scenarios. She also showed
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enhanced dissolution rates were associated with elevated endolithic biomass, mainly
dominated by Ostreobium sp. Similarly, Tribollet et al. (2019) also showed increased
net biogenic dissolution from microborers of dead coral substrates (Porites lobata) in
New Caledonia under elevated pCO,. Nonetheless, these studies focused only on dead
coral substrates over a few months or a year of experiments focusing on how seawater
pH modulations influence microbioeroding communities’ activity. They did not con-
sider the implications of the coral physiology (e.g., regulation of its internal pH of the
CF generally higher than the pH seawater, its growth parameters..) that may influence
the coral holobiont (including microbioeroding communities living within). Among
living corals, a dynamic, endolithic microbiome lives within the coral skeleton orga-
nized with different gradients of physico-chemical properties (Kiihl et al., 2008; Ricci
etal., 2019). These gradients might determine the stratification of the endolithic com-
munity, where O, and pH gradients can be linked to heterotrophic and autotrophic
metabolism of microbiome members (Bellamy and Risk, 1982; Shashar and Stambler,
1992; Kiihl et al., 2008). Recently, Ricci et al. (2023) investigated how physico-chemical
gradients such as O, and pH can affect the coral skeleton microbiome of two reef-
building corals Porites lutea and Paragoniastrea benhami. For comparison, the skele-
ton of Paragoniastrea benhami can be similar to Diploastrea sp. with its perforated and
porous skeleton compared to Porites sp. In their study, each coral skeleton was char-
acterized by ecological micro-niches shaped by dynamic O, and pH gradients, har-
boring microbial communities that varied in composition and abundance with depth
in the skeleton. Oxygenic phototrophs inhabiting the skeleton can induce oxygena-
tion and alkalinization of this latter (an increase of the pH) through photosynthesis,
but this is not the only functional group influencing the O, and pH gradients through
their metabolism. For instance, denitrifiers and sulfate reducers can also induce alka-
linization (Rust et al., 2000); Tran et al., 2021). Nonetheless, photosynthesis through
the alternate cycle of day and night showed important pH variations within the coral
skeleton (i.e., CO, removal during the day; respiration during the night, Shashar and
Stambler, 1992 in Porites compressa; Ricci et al., 2019; Tha et al., 2021) is not a poten-
tial reason that can explain the increase of the pHc¢r of Diploastrea sp. over the last 54
years. As the abundance of these communities decreases over time (90%, Alaguarda
et al., 2022), microbioeroding communities might not be responsible for such an in-
crease in the pH¢r of the coral. Overall, no causality can be determined on whether

the pH¢r directly influenced the microbioeroding communities or whether the coral
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holobiont (including microbioeroding communities) has modified the internal coral
pH. One suggestion could be that the pHcr might have played an accelerating role
in the observed microbioeroding community shift but do not seem to be the primary
factor influencing the abundance and composition of these latter. Thus, the signifi-
cant decrease in the abundance of microbioeroding traces over time, as discussed by
Alaguarda et al., 2022, might have been from co-factor influences, including environ-
mental pressures (SST/SSTA, Wind stress, and potentially the internal pH¢r) and biotic

coral interactions (e.g., skeletal bulk density, calcification rate).

4.4 Conclusion

In this chapter, the machine-learning approach was developed to quantify the abun-
dance of microbioeroding communities in a living coral colony over the last 54 years.
While acquiring the SEM images for Diploastrea sp. took months, the ML approach
allowed the study of thousands of SEM images in a few hours with an accuracy of 93%.
This is noteworthy because other quantitative methodologies, including the total de-
calcification of coral skeleton to estimate the ash-free dry weight of endoliths (Fordyce
etal., 2021), or the number of microbioeroding filaments (Lukas, 1973) implied several
biases and/or were time-consuming. For the first time here, a major shift in the micro-
bioeroding assemblage composition over the lifespan of a slow-growing massive coral
in the WIO was highlighted with a significant decrease in the abundance of micro-
bioeroding traces (90%). Reasons for the major decrease in the abundance of micro-
bioeroding traces could be linked to multiple co-factors influence, including thermal
stress (SST/SSTA), wind, insolation, biotic parameters of the coral with its density and
calcification rate and potentially the increase of the coral’ pHcr over time. Nonethe-
less, the increase of the internal pH might not be the main reason for the decrease of
microbioeroding traces over time in Diploastrea sp. It should be further investigated in
different coral cores to assess whether this factor can control the variability and distri-
bution of microbioeroding communities in living corals. Overall, such augmentation
in the internal pH of the coral underlines the question of the seawater pH in Mayotte,
where progressive acidification from 1963 to 2019 has been assessed in the WIO (MC,
Monaco et al., 2021. More coral cores should be studied to confirm the observed trends
to understand better the possible implications of a significant decrease in microbor-

ers abundance in living corals, especially the stress-tolerant ones such as Porites sp.
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(Schoepfetal., 2019; T. M. DeCarlo et al., 2019). Also, coral cores from contrasted envi-
ronments should be investigated to understand better the controlling factors of micro-
borers’ abundance, their community composition, the presence of green bands in liv-
ing corals, and their possible implications for coral health and resilience. Environmen-
tal factors such as nutrients, DIC, and metal trace pollution could be promising targets
as these factors are known to affect microborer’s abundance in dead carbonates (Tri-
bollet et al., 2006; Cherchi et al., 2012; Reyes-Nivia et al., 2013). Nowadays, it remains
to be understood whether corals living in naturally extreme thermal/acidic environ-
ments may be better adapted to withstand the increasing effects of global warming or
OA, especially on decadal and longer time-scale warming and acidification occur. Also,
a specific need must be addressed to understand better the roles of microbioeroding
communities in reef carbonate budgets, coral health, and their resilience states for the

following decades.
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5.1 Introduction

The great variety of coral growth forms and skeletal features are likely to contribute
to shaping the physico-chemical characteristics of the colony skeleton. Among them,
massive corals have been widely used as proxies for paleoclimate studies (Gagan et al.,
2000; Watanabe et al., 2003; Bagnato et al., 2004). Most studies have utilized core sam-
ples from the genus Porites and have been most successful in reconstructing past vari-
ability on interannual timescales. On the other hand, the coral genus Diploastrea has
been less utilized, however, it presents 2 to 3 times as many annual density bands than
Porites, resulting in a longer paleoclimatic record for the same length of core (Watan-
abe et al., 2003). Diploastrea corals present slower extension rate of few mm/years
(Bagnato et al., 2004) compared to few cm/years for Porites. For instance, Canesi (2022)
estimated averaged growth rate of Diploastrea sp. from Palau of 2.7 mm.y~! and an av-
erage of 1.2 cm.y~! for the Porites sp. Diploastrea present also a denser structure than
Porites corals. Watanabe et al. (2003) showed that Diploastrea can have bulk densities
of 1.8 g.cm™3, which are 50% greater than densities typical for Porites (1.2 + 0.2 g.cm™3,
as measured throughout the Great Barrier Reef, Australia (J. Lough and Barnes, 1997).
Nonetheless, Tribollet et al. (2002), in her experiments with coral blocks from mas-
sive Porites sp of Snapper and Lizard Island (GBR, Australia) estimated coral density
between 1.15 and 1.73 g.cm™3, in the range of the density of Diploastrea sp. Differ-
ences between the two massive corals are also noticed in their skeletal architecture,
particularly the size of the corallites (Figure 5.1). Diploastrea sp., corallites are 4-5
times larger than Porites and visible on X-radiographs (Figure 5.1 A and B). Corallites
in Diplaostrea are plocoid and typically between 7.1 and 9.3 mm in diameter (Todd
et al., 2004) (Figure 5.1 C to E). The different corallites in Diploastrea have their walls
separated by a common skeleton (coenosteum) which is more or less developed and
sometimes not easily conspicuous (Todd et al., 2004; Budd and Stolarski, 2011; Sadler
etal,, 2014). On the other hand Porites corals have thinner polyps and corallites. Coral-
lites in Porites have a typical diameter of 0.8 to 1.1 mm, P mayeri; 1.0 to 1.5 mm, P
Iobata P, lutea; 1.5 to 2.0 mm, P, solida, (Veron, 1986; Darke and Barnes, 1993) (Figure
5.1 G to N). The different corallites in Diploastrea have their walls separated by a com-
mon skeleton (coenosteum) which is more or less developed and sometimes not easily

conspicuous (Todd et al., 2004).
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Figure 5.1: (A) X-Radiograph showing the coral Diploastrea sp. (B) X-Radiograph showing the coral
Porites sp. (C to E) SEM photographs of the colony Diploastrea with its corallite and micro-structure.
(F) SEM photograph on the studied Diploastrea sp. from Mayotte showing one skeletal unit colonized
by microbioeroding traces. Image taken at 150x magnification. (G to I) SEM photographs showing the
coral colony, corallites structures of Porites lutea. ((J to L) SEM photographs showing the coral colony,
corallites structures of Porites lobata. ((M to N) SEM photographs showing the coral colony, corallites
structures of Porites solida. ((0) SEM photograph on the studied Porites sp. from Mayotte showing
multiple skeletal unit colonized by microbioeroding traces. Image taken at 150x magnification.

Colonization and distribution of euendolith assemblages are intrinsically influenced

by the nature and physical properties of the substrate, such as its mineralogy, poros-

188



Microbioeroding Communities within Porites Introduction

ity, translucency, density, or architecture (C. T. Perry, 1998; Chacoén et al., 2006; Massé
et al., 2018; Tandon et al., 2023). For instance, Massé et al. (2018) showed coloniza-
tion of euendoliths in the branching coral Pocillopora damicornis as soon as the pri-
mary polyp forms its carbonate basal plate. She was the first to show this early colo-
nization of microborers in living young coral recruits and that early colonization did
not slow the host extension rates. In fast-growing branching corals, euendoliths abun-
dance decreases from the base towards the tissue layer (Difference of factor 6 described
by Massé et al., 2018, also shown by Godinot et al., 2012). Moreover, she did not find
any green band upon the skeleton of Pocillpora damicornis compared to this pattern
of green bands observed in slow-growing massive corals, permitting dense growth of
multiply ramified euendolith filaments (e.g., Ostreobium; Le Campion Alsumard et al.,
1995). She also showed that colonization of euendoliths (i.e., Ostreobium was higher
in dead skeletons of Porites compared to calcite spar (non-porous) or non-carbonates
substrates showing a variability of colonization from euendolith depending on the na-
ture (e.g., porosity) of the substrate. Recently, Fordyce et al. (2021) investigated the
possible correlations between coral inter-specific patterns in skeletal morphology and
the variability in the biomass of endolith (dominated by Ostreobium sp., in their study
the eundo, crypto, and chasmoendoliths were considered). They showed that mas-
sive or mounding corals, whose microbial endoliths are most commonly studied, have
a large volume of substrates to colonize leading to a greater biomass of endoliths for
these corals. For instance in their study, the massive coral Goniastrea retiformis pre-
sented a significant and higher biomass of endoliths (= 85 mg.cm™3) than the branch-

3; see their Figure 2

ing species Montipora digitata and Isopora palifera (= 28 mg.cm™
in Fordyce et al., 2021). Such findings let suggest that parameters linked to the nature
of the coral skeleton, the growth physiology of the coral (e.g., extension rate, skeletal
density), variations in the macro and microstructure of the coral skeleton are key fac-
tors that can shaped the colonization and distribution of euendolith taxa in this latter
(e.g., differences between branching and massive species) (Golubic et al., 1975; Vogel

et al., 2000; Reyes-Nivia et al., 2013; Fordyce et al., 2021).

Concomitantly, abiotic factors such as light may control the distribution of euendoliths
(e.g., phototrophs) within coral skeletons. Light in the skeleton is scattered and influ-
enced differently by the skeletal microstructure within the different coral species (L. A.

Marcelino et al., 2013), impacting the coral symbionts and their associated microbiota
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(e.g., phototroph compartment). Enriquez et al. (2005) showed that multiple scat-
tering by the skeleton enhances the local light field efficiency of coral symbionts and
plays a key role in the regulation of their internal diffuse light field (also supported
by Teran et al., 2010). More recently, Enriquez et al. (2017) investigated the scatter-
ing abilities of different coral skeletons for 74 Indo-Pacific species. Their results high-
lighted that flat, extraplanate, and branching corals showed the most efficient struc-
tures for scattering light, while massive-robust species were less efficient (see Figure
2a in Enriquez et al., 2017). Their results also suggest significant differences regarding
scattering light properties between forms of corallites (see Figure 2b in Enriquez et al.,
2017). Regarding the influence of light on microbioeroding communities, Fordyce et
al. (2021) also proposed that the specific density of a coral’s skeleton and its capac-
ity for capturing and scattering incident light are the main parameters influencing the
biomass of endoliths. Larger and more complex corallites seem to be considered more
effective “photon traps,” which increase light availability for tissue-associated zooxan-
thellae and the associated microbiota within the skeleton (Enriquez et al., 2005; L. A.

Marcelino et al., 2013; Swain et al., 2018).

Nonetheless, long-term variability of the abundance and composition of euendolithic
communities among coral genera or species remains to be understood. Alaguarda et
al. (2022) first investigated the variability of the abundance, distribution, and com-
position of microbioeroding communities in a coral core of a massive Diploastrea sp.
from Mayotte between 1964 and 2018. Their main results showed an important shift in
the trace assemblage composition in 1985 and a loss of 90% of microbioeroding traces
over the last five decades. The objective is to confirm or infirm this trend by studying
different massive coral: Porites sp. Here, a remarkably well-preserved coral core of a
slow-growing colony of Porites sp. was collected next to the Diploastrea sp., in Mayotte
(on the outer slope of the NE barrier reef), covering the period 1990-2018 (29 years/
3 last decades) to: (i) determine if the same microbioeroding communities colonized
Porites sp over the last 3 decades, (ii) confirm that the abundance of microbioerodings
decreased over time and (iii) identify the main abiotic and/or biotic factors that could
influence the variability of the abundance observed in Porites sp. The innovative ML
approach described in Chapter 3 trained with the focal loss was used to reach those

goals.
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5.2 Material and Methodologies

5.2.1 Study Site

Mayotte, a French tropical island located in the northern part of the MC (WIO, see Fig-
ure 2.8), is dominated by a monsoonal wind system with two seasons identified: a hot,
windy and rainy monsoon season from November to April, and a dry season from May
to October (Jeanson et al., 2014). Historically, Mayotte island is subject to tempera-
tures around 26.4 to 27.6°C in winter and 27.5 to 29°C in summer (Zinke et al., 2008).
To determine the possible main abiotic drivers influencing microborers’ abundance
in the Porites sp. coral core, the same environmental parameters that were collected
for the Diploastrea sp. (Alaguarda et al., 2022) were analyzed (e.g., SST/SSTA, max in-
stant wind speed, precipitation rate, cumulative insolation and pH¢r). The internal
pH investigation of Porites sp. was studied the same as Diploastrea sp with the two
approaches (instrumental and multi-proxy) explained in the section 2.2.3. Here, the

period considered was 1990-2018.

5.2.2 Coral Sampling

The core studied here from a massive Porites sp. was sampled in a healthy coral colony
nearby the Diploastrea sp. colony, on the outer slope of the NE barrier reef of the
M’Tsamboro Pass at 15 m depth (Alaguarda et al., 2022; Mayotte, WIO). For recall, this
site was selected to focus on the influence of oceanic conditions on microboring as-
semblages in living corals instead of local disturbances, although these cannot be dis-
carded. The core was collected with an 8 cm compressed air driller and measured 29.5
cm long. Compared to the Diploastrea sp., one major difference is that no green bands

were identified on the coral skeleton of Porites sp.

5.2.3 Coral Growth Variables

The Porites sp. core was treated according to the same protocol as the one used for
the Diploastrea sp. (Alaguarda et al. 2022). Before measurements, the Porites core was
sliced along the main vertical growth axis into four slabs (the middle slabs being = 1
cm thick). All slabs were well-preserved. Macrobioerosion traces were identified under
X-radiographs but were avoided for measurements (red square in Figure 5.2 A). Thus,

the right part of the core was studied (white square in Figure 5.2 A).
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Figure 5.2: Studied slab of Porites sp. coral from Mayotte. (A) The X-ray radiograph of one middle slab
cut out of the Porites sp. core measuring 29.5 cm long shows the annual density banding pattern. (B) and
(C) 14 samples were cut from the radiographed slab of Porifes sp. core. (D) Example of an SEM image
collected from the Porites sp. core showing microbioeroding traces colonizing the coral skeleton. Scale
is 100pm

The 4 slabs were scanned together on a Discovery CT750 HD CT scanner (GE Health-
care) setat 120 kV at the DOSEO ‘Radiography and Imaging Technology Platform R and
D center’ (CEA-Saclay, Paris) with three coral standards. Two coral variables were mea-
sured: The vertical linear extension (mm.y‘l) and the skeletal bulk density (g.cm_3). To
prevent redundancy, please refer to Alaguarda et al. (2022) or the section 2.2.2 for fur-
ther details regarding their estimation. The annual coral calcification rate (g.cm 2.y 1)
was calculated by multiplying the estimated annual bulk density by the annual verti-
cal extension rate (P. D. Taylor and Jones, 1993; T. M. DeCarlo et al., 2017). The age
chronology reconstructed for Porites sp. coral went from 1990 to 2018 (representing

the entire core).

5.2.4 Observation and Estimation of Microbioeroding Traces

Then, a sub-slab of 1.5 cm width was cut along the middle slab of the Porites sp. core
(Figure 5.2 B) and then cut into 14 coral samples (Figure 5.2 C). Then, they were ob-
served under an SEM operating at 15kv (Zeiss EVO LS15) on the platform ALYSES (Bondy,

France) to study the diversity and abundance of microbioeroding traces and their dis-
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tribution within the coral skeleton (Figure 5.2 D). To prevent redundancy, please refer
to Alaguarda et al. (2022) or the section 2.3.1 for further details regarding their esti-
mation. To estimate the relative abundance of microbioeroding traces colonizing the
coral skeleton of Porites sp., | hypothesized that the approaches performed in Diploas-
trea sp. by Alaguarda et al. (2022) could be translocated to the thin coral sections of
Porites sp. Therefore, here the vertical approach was applied, comprising the study of
SEM images taken continuously along 3 vertical transects parallel to the main coral
growth axis (black arrows in Figure 5.2 C). No horizontal approach was performed for
the Porites core as no green bands were identified. Per vertical transect, 17 to 58 SEM
images were taken depending on the height of the coral section. As investigated in
Diploastrea sp., the main goal of the vertical approach was to highlight possible as-
semblage shifts, the variability in microborers’ abundance over the last decades, and
the possible influence of abiotic and/or biotic factors on this latter. To highlight the
possible influence of abiotic and/or biotic factors, the average percentage of the thin
sections of coral skeletons colonized by microborers were calculated along the vertical
growth axis per year as the physical studied factors and coral parameters were calcu-
lated per year. First, this involved estimating the rate of the vertical extension of the
coral colony over the past decades and adjusting the number of SEM images collected

along the vertical transects to match each year of coral growth.

5.2.5 Machine Learning Application

To estimate the relative abundance of microbioeroding traces colonizing the coral skele-
ton, I modified the ML application developed for the Diploastrea sp. For this study, a
CNN was re-trained based on the dataset of SEM images collected from the Porites sp.
(n = 1422 SEM images). The manual analysis of 74 SEM images was used to develop
the CNN model of Porites sp. 67 SEM images were used for the training set, 4 for the
validation, and 3 to test the final parameters of the Porites sp. CNN model. The CNN
originally developed for Diploastrea sp. was modified, adjusting one hyper-parameter
of the CNN: the loss function. Here, the Porites sp. model was coupled with the Focal
loss function. The various parameters involved in this CNN model were optimized to
improve the identification of the three defined categories: 'resin’, 'coral skeleton’, and
"all microborings. This CNN developed with Porites sp. led to the highest probability of
the neural network correctly attributing a pixel to its right class (=accuracy, 95%). Fur-

ther details regarding the structure of the CNN, the investigations of the different loss
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functions, and comparisons with the previous model Diploastrea sp. are presented in

Chapter 3.

5.2.6 Statistical Analysis

The image manipulation software GIMP (v2.10.14; https://www.gimp.org) was used
to detour shapes of the different classes to constitute the dataset (n=74) of Porites sp.
Coral bulk densities over time were calculated through the GMM model on Python,
then averaged to be consistent with the coral growth rate per year. Linear regressions
on environmental data and coral variables were generated from the library ggpubr on
RStudio (v1.4.17; https://www.rstudio.com). The Non-parametric Mann-Kendall test
was then performed to assess if the observed trend on each time series was signifi-
cant. Same as investigated within the coral Diploastrea sp., the areas of coral skeleton
colonized by microborers (total microbioerodings) measured along the three vertical
transects were compared using an ANCOVA. Although no significant differences were
obtained between the first two transects (p-values > 0.2), the third one showed a signifi-
cant difference (p-value< 0.001; see Figure 8.1 in Appendix 8.3). Despite such variabil-
ity, and because the three transects showed the same trend over the studied period (i.e.,
29 years), we chose to average values from the 3 vertical transects per period (year) to
determine the possible main factors driving the overall temporal variability of micro-
borers abundance (see. Pearson correlations were carried out to detect the potential
effects of the environmental and/or coral variables studied on the traces’ abundance
(i.e., the abundance of total microbioerodings) obtained over the last decades (verti-
cal transects). These correlations were performed on detrended variables to focus on
their possible inter-annual and decadal variability and to avoid spurious correlations
due to linear trends. Finally, a non-parametric Pettitt test was applied to the different

variables to determine potential breakpoints in the trend over the last 29 years.

5.3 Results

5.3.1 Variability of Environmental Conditions in Mayotte Over the

Last 30 Years Among the Two Studied Coral Genera

As the coral core of Porites sp. was collected close to the Diploastrea sp., environmental

parameters were already presented in Alaguarda et al. (2022). Here, the environmental
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parameters were adapted to fit the chronology age reconstruction of Porites coral from
1990 to 2018. The objective was to analyze which factors might influence the variabil-
ity of microbioeroding communities within Porites sp. The evolution of the environ-
mental parameters in Mayotte is already presented in the section 2.1.1.1: Figure 2.4.
Reconstructions of the pH¢r from instrumental data (ERSSTv5) and the multi-proxy
by Canesi et al. (2022) for the coral Diploastrea sp. and Porites sp. described the same
variability (see Appendix 8.3 Table 1 and 2). The correlation between the instrumen-
tal and paleo-proxy pHcr was r = 0.93 for Porites sp. and r = 0.97 for the Diploastrea
sp. Thus, only the signal from the reconstructed pHcr based on the instrumental data
ERSST was plotted (instrumental SST is usually the best approach that reflects the am-
bient temperature of the reef). The variability of the pH¢r overtime was too important
to identify trends in both corals (Mann Kendall Test p > 0.05; Figure 5.3). Nonetheless,
between 1990 and 2002, pH¢r for both corals increased before decreasing and stabi-
lizing until 2018. The average pHcr for Porites sp. was 8.48 + 0.02 and for Diploastrea
was 8.47 + 0.015. Comparison of means of the reconstructed pH¢r of both corals re-
vealed significant differences between Porites and Diploastrea sp. (Student T-Test, p <
0.05). Overall, the Porites sp. internal pH¢r was higher than Diploastrea pHcr over the
period 1990-2018 (Figure 5.3). Interestingly, a breakpoint was found in the evolution
of the pH¢r over the last three decades in the Porites sp. coral. This breakpoint was

identified between 1995 and 1996 (Pettit test, p < 0.1; black arrow in Figure 5.3).

8.55 pPHcr pHcr calculated for Diploastrea sp.

pHcr calculated for Porites sp.

i Breakpoint in Porites sp.
! pHer (p<0.1) 1995-1996

1992 1996 2000 2004 2008 2012 2016

Figure 5.3: Interannual variability of the internal pH¢r of Diploastrea and Porites sp. at Mayotte between
1990 and 2018.
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5.3.2 Comparison of Coral Growth Parameters between Diploastrea

sp. and Porites sp. Over the Last 30 Years

When considering the Diploastrea sp. coral, all three growth parameters did not vary
significantly from 1990 to 2018 (Mann Kendall Test p > 0.05). The vertical extension
was comprised between 0.19 (in 2009) and 0.49 cm.yr™! (in 2017). The average growth
rate for Diploastrea sp. was 0.26 + 0.06 cm.yr .

prised between 1.11 + 0.03 (2018) to 1.75 + 0.03 (2003), averaging 1.47 + 0.03 g.cm 3.

The coral bulk density was com-

Finally, the calcification rate was comprised between 0.25 + 0.002 (in 2009) and 0.55 +
0.023 g.cm™2.y"! (in2017), averaging 0.39 + 0.01 g.cm 2.y~ ! (Figure 5.4). Regarding the
correlations between the Diploastrea sp. coral growth parameters and environmental
variables, the analysis was only performed on the detrended dataset (Appendix section
8.3 Supp Table 3). A strong positive correlation was identified between the detrended
data of bulk density and the pH¢r (r = 0.530; p < 0.01; see Appendix section 8.3 Supp
Table 3 and Fig.1). A negative correlation was found between the calcification rate and
the precipitations (r = -0.373; p < 0.05). The vertical extension rate was not correlated

to any environmental parameters.

When considering the Porites sp. coral, all three growth parameters did not vary sig-
nificantly over the last three decades (Mann Kendall Test p > 0.05). The vertical ex-
tension rate was comprised between 0.7 (in 1998) and 1.3 cm.yr~! (in 2010). The av-
erage growth rate for Porites sp. was 0.96 + 0.14 cm.yr~ . The coral bulk density was
comprised between 1.01 + 0.02 (in 2006) to 1.26 + 0.02 (in 1991), averaging 1.14 + 0.03
g.cm_3. Finally, the calcification rate was comprised between 0.79 + 0.02 (in 1998) and
1.48 + 0.03 g.cm™2.y"! (in 2010), averaging 1.10 + 0.03 g.cm 2.y~ ! (Figure 5.4 and Ap-
pendix 8.3 Table 4). Regarding the correlations between the Porites sp. coral growth
parameters and environmental variables, the analysis was only performed on the de-
trended dataset (Appendix section 8.3 Supp Table 5 and Fig.2). interestingly, the skele-
tal bulk density was positively correlated with the precipitation rate for the period (r =
0.42; p< 0.05; see Appendix section 8.3 Supp Table ). The detrended calcification rate
was positively correlated to detrended SST and SSTA (p < 0.05, r = 0.39). The detrended
extension rate was slightly positively correlated to both detrended SST and SSTA (p <
0.1;r=0.35).
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Figure 5.4: Evolution of the different coral growth parameters of the studied Diploastrea sp. and Porites
sp. colony over the last 29 years. The different panels compared each different growth parameter be-
tween both corals.

5.3.3

Microbioeroding Community Composition in Porites sp.

Based on morphological criteria and their distribution within the coral skeleton of

Porites sp., three different types of microbioeroding traces could be identified. Mi-

crobioeroding traces with a diameter between 1 and 2um were identified with a ran-

dom distribution within the coral skeleton, most probably resulted from the activity of

fungi as observed in Diploastrea sp (Figure 5.5 A). Then, microbioeroding traces with
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a diameter between 2 and 5um were observed in the middle part of the core, which
was orientated parallel to the coral growth axis (Figure 5.5 B). Finally, microbioerod-
ing traces between 5 and 10 ym were mainly observed within the bottom of the core
and formed in patches, orientated vertically and parallel to the main growth axis of
the coral (Figure 5.5 C). When zooming on a particular patch (Figure 5.5 D), the net-
work present cell constrictions and ramifications, orientated along the coral growth
axis. This particular assemable suggests the presence of the chlorophytes Phaeophila

sp. or Eugomontia sp. or the ichnotaxa Rhopalia (Wisshak et al., 2008).

Figure 5.5: SEM pictures presenting the diversity of microbioeroding traces observed along the coral
core of Porites sp. (A) SEM image from the top of the core showing traces measuring less than 2um,
most probably belonging to fungi .(B) SEM image from the middle of the core showing traces measuring
between 2 and 5um, orientated within the coral growth axis. (C) Picture from the bottom of the core
showing traces measuring between 5 and 10um, organized in a patch, also orientated towards the coral
growth axis.(D) Zoom of C showing the network of microbioeroding traces with a morphology indicative
of the potential ichnotaxa Rhopalia.

Nevertheless, compared to the coral Diploastrea sp., no very wide microbioeroding
traces with a diameter higher than 30um were observed in Porites sp (Figure 5.5). As
previously observed in Diploastrea sp., a pattern of succession of communities seems
also to occur within Porites sp. with larger traces in the bottom of the core and thin-

ner galleries near the top of the core. Nonetheless, compared to Diploastrea sp., no
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qualitative measurements of the temporal distribution of the different types of traces
were assessed for Porites sp. (cf Figure 7: Violin Plot in Alaguarda et al., 2022 for the

Diploastrea sp.).

5.3.4 Effects of the Coral Genus on the Abundance of

Microbioeroding Traces over the Last 30 Years

Abundance of microbioeroding traces for Diploastrea sp. and Porites sp., obtained
along the vertical coral growth axis, showed a significant decrease over the last 29 years

(p < 0.05 Mann Kendall test; Figure 5.6).

30%— A. Diploastrea Abundance

. Thin microborings
25% i I Wide microborings
Breakpoint (only for

' the wide microborings)
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Surface area of coral skeleton colonized by microboring traces (%)
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Figure 5.6: Variability of the percentage of coral skeleton colonized by microbioeroding communities
over the last 29 years. (A) Histogram reporting the variability averaged (%) of the thin and wide micro-
bioeroding traces and obtained along the Diploastrea sp. core. (B) Histogram reporting the variability
(%) of the total microbioeroding traces obtained along Porites sp. core.

In Diploastrea sp., the highest abundances of microbioeroding traces were observed
in 1995 (28% + 3.4% of the coral skeleton colonized by microborers), while the lowest

abundances were found in 2017-2018 (1.3 to 2.7 % + 0.35%; Figure 5.6 A). In Porites sp.,
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the highest abundances of microbioeroding traces were observed in 1991-1992 (5.5 to
7% + 2% of the coral skeleton colonized by microborers) and 1995 (5.6 + 2.5%), while
the lowest abundances were found in 2001-2002 (< 1% + 0.7%; Figure 5.6 B Appendix
8.3 Table 6). The level of infestation of microbioeroding communities in Diploastrea
sp. reached 3 to 4 times the level observed within the Porites sp. core. In Diploastrea
sp., colonization of the coral surface by microbioeroding communities reached near
30%, while in Porites sp., the maximum of colonization was near 7% (Figure 5.6 A and
B). In both corals, breakpoints were identified. For the Diploastrea sp., the identifi-
cation of a breakpoint occurred in 1996-1997 (Pettit test, p < 0.05), concerning only
the wide microbioeroding traces, while it occurred in 1995-1996 when considering the

total microbioeroding traces in Porites sp (Pettit test, p < 0.05).

5.3.5 Main Factors Influencing the Abundance of Microbioeroding

Traces Over the last 30 Years in Massive Corals

5.3.5.1 Main Factors Influencing the Abundance of Microbioeroding Traces in

Diploastrea sp.

Considering raw data sets over the last 30 years, results showed that the decrease in
the abundance of microbioeroding traces (total and thin abundance) was negatively
correlated to the vertical extension rate (p < 0.01) but positively correlated to the skele-
tal bulk density (p < 0.01; Table 5.1 and Appendix 8.3 Supp Fig.3). Interestingly, the
abundance of the wide microbioeroding traces was not correlated to any coral growth
characteristics. The abundance of wide microbioeroding traces was negatively corre-
lated to the SSTA, Max instant wind speed, and the pHc¢r (p < 0.05), while positively
with the precipitations and the cumulative insolation (p < 0.05; Table 5.1). On the
other hand, the abundance of thin microbioeroding traces was negatively correlated
with the precipitations (p < 0.05). Overall, compared to the period 1964-2018 investi-
gated by Alaguarda et al. (2022, see their Table.3), correlations with the environmen-
tal parameters and the abundance of the different microbioeroding traces were still
present or less important. For the correlations with coral parameters, the skeletal bulk
density for 1964-2018 presents the same correlations observed in the present study.
Alaguarda et al. (2022) highlighted correlations between the abundance of the total
and thin microbioeroding traces with the vertical extension rate when considering the

period 1986-2018. They were also observed in the present study.
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A similar analysis was conducted on detrended data sets to reveal the main biotic
and abiotic factors that could affect the inter-annual variability of the different mi-
crobioeroding assemblages (see Appendix 8.3 Supp Fig.4). This analysis confirmed
that the growth rate and the skeletal density were significantly correlated to the total
and mainly to the abundance of thin microbioeroding traces in Diploastrea sp. Inter-
estingly, the abundance of wide microbioeroding traces showed no correlations to the
different variables (growth and environmental). When comparing with the detrended
period 1964-2018 investigated by Alaguarda et al. (2022, see their Table.4), the main dif-
ferences concern the abundance of wide microbioeroding traces where in the present

study, no correlations were highlighted.

Table 5.1: Pearson’s correlations between the raw abundance of total microborers and raw environmen-
tal or coral growth variables over the last 30 years within Diploastrea sp., (upper part of the table). Pear-
son’s correlations between the detrended abundance of total microborers and detrended environmental
or coral growth variables over the last 30 years within Diploastrea sp.,(lower part of the table). Code for
significance: *** < 0.001; ** < 0.01; * < 0.05; * < 0.1.

Raw Dataset (1990-2018)

Variables Total Microbioerodings Wide Microbioerodings Thin Microbioerodings
Vertical Extension Rate -0.491** NS -0.416*
Skeletal Bulk Density 0.491** NS 0.437*
Calcification Rate NS NS NS
Instrumental SST NS NS NS
(ERSSTv5)
Instrumental SSTA -0.323* -0.440* NS
(climatology 1971-2001)
Precipitations NS 0.394* -0.344*
Max Instant Wind Speed NS -0.367* NS
Cumulative Insolation 0.388* 0.483** NS
pHcr Instrumental NS -0.385* NS
pHcr Paleo-Proxy NS NS NS
Variables Detrended Dataset (1990-2018)
Total Microbioerodings Wide Microbioerodings Thin Microbioerodings
Vertical Extension Rate -0.370* NS -0.370*
Skeletal Bulk Density 0.330* NS 0.404*
Calcification Rate NS NS NS
Instrumental SST NS NS NS
(ERSSTv5)
Instrumental SSTA NS NS NS
(climatology 1971-2001)
Precipitations -0.354* NS -0.434*
Max Instant Wind Speed NS NS NS
Cumulative Insolation NS NS NS
pHcr Instrumental NS NS NS
pHcr Paleo-proxy NS NS NS
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5.3.5.2 Main Factors Influencing the Abundance of Microbioeroding Traces in

Porites sp.

Considering raw data sets over the last 30 years, results showed no correlations be-
tween the decrease of the total abundance of microbioeroding traces with any coral
growth characteristics. The total abundance of microbioerodings was only signifi-
cantly and negatively correlated to the pH¢r (Table 5.2, Appendix 8.3 Supp Fig.5). A
similar analysis was conducted on detrended data sets to reveal the main biotic and
abiotic factors that could affect the inter-annual variability of the microbioeroding
assemblage. Interestingly, the detrended analysis showed a negative correlation be-
tween the pH¢r and the abundance of total microbioeroding traces (Table 5.2). The
detrended analysis revealed a slight positive correlation with the calcification rate and

the SST (p < 0.1) (see Appendix 8.3 Supp Fig.6).

Table 5.2: Pearson’s correlations between the raw abundance of total microborers and raw environmen-
tal or coral growth variables over the last 30 years within Porites sp., (upper part of the table). Pearson’s
correlations between the detrended abundance of total microborers and detrended environmental or
coral growth variables over the last 30 years within Porites sp., (lower part of the table). Code for signifi-
cance: * < 0.1; * < 0.05; ** < 0.01; *** < 0.001; NS is for non significant.

Variables Raw Dataset (1990-2018)
Total Microbioerodings
Vertical Extension Rate NS
Skeletal Bulk Density NS
Calcification Rate NS
Instrumental SST (ERSSTv5) NS
Instrumental SSTA (climatology 1971-2001) NS
Precipitations NS
Max Instant Wind Speed NS
Cumulative Insolation NS
pHcr Instrumental -0.566**
pHcr Paleo-proxy -0.570**
Variables Detrended Dataset (1990-2018)
Total Microbioerodings
Vertical Extension Rate NS
Skeletal Bulk Density NS
Calcification Rate 0.330*
Instrumental SST (ERSSTV5) 0.356*"
Instrumental SSTA (climatology 1971-2001) NS
Precipitations NS
Max Instant Wind Speed NS
Cumulative Insolation NS
pHcr Instrumental -0.609***
pHcr Paleo-proxy -0.598***
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5.4 Discussion

5.4.1 Effect of Abiotic Parameters on the Abundance of

Microbioeroding Traces in Massive Corals

Compared with the results of Alaguarda et al., 2022, the studied period 1990-2018 in the
two massive corals highlighted much fewer correlations between the detrended abun-
dance of microbioeroding communities and detrended coral and environmental vari-
ables than observed over the period 1964-2018. This might also be because considering
a smaller time interval (e.g., 29 years) makes significant links between variables more
difficult, whereas a longer timescale can reveal trends more significant. When looking
at the coral Diploastrea sp., before 1990, the abundance of microbioeroding traces was
correlated to the cumulative insolation (positively) and the precipitations essentially
(negatively). After 1990, the correlation that lasted was only with the precipitations,
and interestingly the sign changed. The major environmental difference between both
periods is the influence of cumulative insolation on the abundance of microbioeroding
traces. Therefore, the influence of environmental forcings on the abundance of micro-
bioeroding traces in Diploastrea sp. differed between periods. Moreover, in Diploas-
trea, the abundance and composition of microbioeroding communities might be in-
fluenced by multiple factors such as SST/SSTA and also the precipitations (Table 5.1).
SSTAs were negatively correlated to the skeletal density (r = -0.385, p-value < 0.05), and
precipitations both negatively to skeletal density and calcification rate of Diploastrea (r
=-0.328 and -0.425, p-value < 0.05). In contrast, for Porites sp. coral, the skeletal density
was positively correlated to the precipitations (r = 0.383, p-value < 0.05), and the calci-
fication rate as well with the pair SST/SSTA (r = 0.390, p-value < 0.05). These findings
suggest that even if both massive corals came from the same location (i.e., Mayotte),
under identical environmental forcings, corals and their growth characteristics have
responded differently to the environment from 1990-2018. Secondly, one hypothesis
would be that microbioeroding communities within both massive corals could be dif-
ferent and adapted to the skeletal environment shaped by the coral, influenced by the
environmental parameters. One primary difference concerns the influence of both
corals’ internal pH¢r on the abundance of microbioeroding communities. The signif-
icant correlation with the detrended pHcr (Table 5.2) indicated that it might be one

factor influencing the abundance and composition of microbioeroding communities
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in Porites sp. In contrast, no correlations were observed with Diploastrea sp., (Table
5.1). It has been proven that the physiological regulation exerted by corals to mod-
ulate their CF chemistry is species or genus-dependent (Ross et al., 2019; Comeau et
al., 2019). As pH¢r remains always above seawater pH (M. T. McCulloch et al., 2017;
Schoepf et al., 2019, the magnitude of the up-regulation seemed species-specific with
pHcr significantly different between both corals, and was higher for Porites (8.483 +
0.02) than for Diploastrea (8.472 + 0.015; Figure 5.3). From the findings of Canesi (2022)
of the "Tara Expedition" in the Pacific Ocean, she highlighted higher values of the re-
constructed carbonates system (e.g. pHcr, [CO%‘]Cf and Q) in Porites corals com-
pared to the Diploastrea corals from the South Pacific Ocean. She hypothesized that
Diploastrea sp. might be less adapted than Porites sp. to important changes (SST, OA)
and could consequently impact its skeletal development. In this study, even if both
corals seemed to have maintained elevated levels of pH¢r (Figure 5.3), progressive
warming and OA within the area (Lauvset et al., 2015; Monaco et al., 2021) could have
led to changes in their physiology and growth conditions, such as decreased skeletal
density (i.e., Diploastrea sp.) or reduced calcification rates (i.e., Porites sp. (see Figure
5.4; Anthony et al., 2011; Gattuso et al., 2013). Important differences between corals
can be noticed in the period 2006-2018, where each growth characteristic seemed to
describe an opposite "trend". This suggests that both corals, due to the influence of
the environment, might have been impacted differently in their skeletal compartment,
favoring one process compared to another (i.e., skeletal bulk density or calcification
process). These biologically species-dependant characteristics and how they are in-
fluenced by the environment could be one of the reasons that potentially explain the
differences in abundance and composition of microbioeroding communities of both
corals. Reyes-Nivia et al. (2013) investigated that euendolithic microborers (e.g., Ostre-
obium) growth and dissolution activities of coral skeletons were stimulated under pro-
jected ocean acidification (also supported by Tribollet et al., 2019) and warming sce-
narios. Nonetheless, even if Mayotte experienced important warming over the years
and potentially lower seawater pH conditions (Monaco et al., 2021), no increase in the
abundance of microbioeroding traces in both corals was found. It may be possible that
massive corals exert genus-specific physiological control that is not only driven by sea-
water chemistry and temperature but also by other biotic parameters. The metabolic
efficiency of corals, photosynthetic rates, and growth characteristics may impact mi-

crobioeroding communities in both corals differently and might also explain the differ-
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ences observed in their abundance and composition within both corals (Priess et al.,
2000; Massé et al., 2018; Pernice et al., 2020; Ricci et al., 2023). Overall, environmen-
tal forcings may affect microbioeroding communities differently and are not the same
factors between both massive corals over the last two decades. One hypothesis, based
on findings from Canesi (2022), could be that values of the other variables of the car-
bonate system of Porites sp from could be higher than the ones of the Diploastrea from
Mayotte. Therefore, an interesting approach would require further investigations re-
garding both corals’ other carbonate system variables. If validated in another oceanic
basin than the Pacific Ocean, these new findings could support that corals from the ex-
act location exert different species-dependent regulation of their calcifying fluid prop-
erties and could have a different influence on the microbioeroding communities living

within.

5.4.2 Effect of Skeletal Properties on the Abundance of

Microbioeroding Traces in Massive Corals

A major finding that differentiated both massive corals was the percentage of colo-
nization by microbioeroding communities. Colonization of the coral surface skele-
ton by microbioeroding traces within Porites sp. reached up 8% at maximum, while
it was nearly 30% in Diploastrea sp. Differences in colonization might come from dif-
ferences in the skeletal architecture of massive corals. Diploastrea possess large and
complex corallite systems that might indicate that they may be more effective "photon
traps" than other coral species ( Teran et al., 2010; L. A. Marcelino et al., 2013; Swain
et al., 2018), and subject to increase in abundance of microbioeroding phototrophs.
Even if estimates suggested that up to 99% of the incident PAR were absorbed by the
coral symbionts or scattered before reaching the endoliths (Halldal, 1968; Shibata and
Haxo, 1969; Schlichter et al., 1997), similar values were derived from more recent in
situ measurements, with 0.1-10% of incident PAR reaching the endolithic communi-
ties (S. H. Magnusson et al., 2007). Internal irradiance scattered within the coral skele-
ton is strongly influenced by coral species through variations in tissue thickness and
skeletal morphology, as well as water depth. Several studies have described the impor-
tant implications of coral structural complexity for light distribution (Ow and Todd,
2010; Wangpraseurt et al., 2012) and also have demonstrated the effectiveness of two-
dimensional models for investigating the interaction between light and coral architec-

ture on a colony scale (Muko et al., 2000; Anthony et al., 2005) and on a single corallite
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scale. Fordyce et al. (2021) also found that large corallites and coenosterum width
in Goniastrea retiformis favored the greatest endolithic biomass. In contrast, in their
study, other corals with low corallite complexity and low calice/coenosteum width ra-
tios had significantly lower microbial biomasses. Moreover, the authors found that the
coral species with the highest skeletal micro-densities recorded the highest endolithic
biomass. Nonetheless, they considered all endoliths and not only the euendoliths or-

ganisms.

Recently, Kramer et al., 2022 investigated how the micro-skeletal coral features of the
coral Stylophora pistillata enhance light capture under low-light environments. They
aimed to compare shallow (4-5 m) and mesophotic (45-50 m) corals. They found that
microstructural features of corallites from mesophotic corals provided a greater ability
to use solar energy under light-limited conditions. In contrast, corals associated with
shallow morphotypes avoided excess light through self-shading skeletal architectures.
Thus, their results suggest that corals’ corallite constitutes a dominant structural com-
ponent, influencing light harvesting, and is species-specific (Crabbe and Smith, 2006;
Studivan et al., 2019). Moreover, as shown by Todd et al. (2004) in Dipsastraea speciosa
(formerly Favia speciosa) and Diploastrea heliopora, the corallites expand and deepen,
but are more spaced under shallow-water conditions. Thus, light scattering proper-
ties differ from one species to another, shaping the coral holobiont and its associated
microbiota within the skeleton (Enriquez et al., 2005; L. A. Marcelino et al., 2013). Ef-
fective light capture at the external surface of the coral skeleton could either increase
the light intensity in the coral skeleton for euendolithic development or decrease it by
scattering light more effectively in the photo-symbiont coral tissue. Higher light inten-
sity inside the habitat might increase phototrophic euendolith growth. Hence, despite
the higher skeletal density of Diploastrea sp. compared to Porites sp., one hypothesis
could be that the skeletal architecture composition and the structure of its large coral-
lites and coenosteum make it more porous and effective in scattering light in the coral
skeletal compartment than Porites sp. Such differences in the amount of light pene-
trating the coral skeleton of Diploastrea sp. vs Porites sp. may also explain the differ-
ent microbioeroding community composition with species more adapted to low-light

conditions in Porites than Diploastrea.
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5.4.3 Evolution of the Abundance and Composition of

Microbioeroding Traces in Massive Corals

Although only the total abundance of microbioeroding traces was quantified within
Porites sp., different assemblages of trace makers colonizing the coral skeleton were
identified. For instance, some microbioeroding traces were assembled in patches at
the bottom of the core (Figure 5.5). The trace makers of these microbioeroding patches
were probably eukaryotic phototrophs due to their shapes and orientation (light-dependent
organisms; see also Kotodziej et al., 2012). They could also be attributed to different
Ostreobium species (Lukas, 1974; V. R. Marcelino and Verbruggen, 2016). Nevertheless,
assemblages of those microbioeroding traces were not observed in the Diploastrea sp.,
coral. On the other hand, no wide traces (10-30 um) with specific ramifications, bulges,
and/or cross-wall constrictions were observed in the Porites sp., coral. These differ-
ences in microbioeroding assemblages could suggest that both corals present different
microbioeroding communities in their skeletons.

For the second time here, a significant decrease in the abundance of microbioeroding
traces was highlighted over the life span of another slow-growing massive coral in the
WIO: Porites sp. Also, a breakpoint in the total abundance of microbioeroding traces
occurred around 1995-1996, coupled with a decrease of more than half of the initial
abundance of microbioeroding traces (Figure 5.6). Interestingly, for the coral Diploas-
trea sp., statistical analysis confirmed the significant decrease in the abundance of
microbioeroding traces whatever the period considered (here 1990-2018, and see Ala-
guarda et al., 2022). It also highlighted a second breakpoint (the first breakpoint was
1985-1986 but included 54 years) that occurred in the period 1996-1997 but concerned
only the abundance of wide microbioeroding traces. The difference in identifying the
breakpoint in both massive corals (i.e., one year difference) could be explained due to
the precision when reconstructing the coral growth rate. Therefore, I suggested that
both breakpoints for Porites sp. and Diploastrea sp. might be the same and defined for
the period 1995-1997. Also, based on the visual observations of the SEM images from
the Porites sp., the microbioeroding traces with a diameter comprised between 5 and
10 pm were mainly observed within the bottom of the core associated with the coral
samples 14 to 12. From the coral chronology reconstruction, coral sample 12 corre-
sponded to 1995-1996, when the breakpoint was identified in the total abundance of

microbioeroding traces in the Porites sp. Therefore, one hypothesis could be that the
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breakpoint identified at that time was related to a shift in the microbioeroding com-
munity. This shift could have concerned the microbioeroding traces with a diameter
comprised between 5 and 10 pm toward traces measuring less than 5 um. Therefore,
based on these results, shifts in abundance, distribution, and composition of micro-
bioeroding communities seemed to be identified in both massive corals from Mayotte.
Nevertheless, it is necessary to provide a qualitative and accurate characterization of
the evolution of microbioeroding communities colonizing Porites sp., to understand

better the potential shift observed.

5.5 Conclusion

In this chapter, the ML approach from the Diploastrea sp. was enhanced to quantify
the abundance of microbioeroding communities in another living coral colony Porites
sp. over the last 29 years. The ML approach allowed the study of thousands of SEM
images in a few hours with an accuracy of 95%. The study of a coral core of the very
slow-growing massive coral Porites sp. confirmed a significant decrease in microbor-
ers’ abundance and potentially a major shift in community composition over the last
decades. Possible explanatory factors regulating the composition and abundance of
microborers in Porites sp. are essentially the coral’s internal pHcr. Comparing both
massive corals from the same location showed that the abundance of microbioerod-
ing traces in both massive corals was influenced differently by the environment and
the different coral growth characteristics. In both massive corals, a decrease of more
than 50% of the initial abundance of microbioeroding traces was highlighted over the
last two decades. Species-dependant coral skeletal micro-environments that influ-
ence scattering light properties most probably influenced the abundance and com-
position of microbioeroding traces between Porites sp. and Diploastrea sp. More coral
cores of massive species presented different corallite architecture from contrasted en-
vironments should be investigated to understand better the controlling factors of eu-
endoliths’ abundance and their community composition to (i) confirm the observed
trends found in Porites and Diploastrea sp. to (ii) understand better the possible impli-
cations of a significant decrease in microborers abundance in the health and resilience
of living corals. Other environmental factors such as nutrients, DIC, and metal trace

pollution could be again promising targets as these factors are known to affect mi-
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crobioeroder’s abundance in dead carbonates (Tribollet et al., 2006; Reyes-Nivia et al.,
2013; Enochs, Manzello, Tribollet, et al., 2016). Further exploring how and why the
abundance and composition of euendolith vary between coral species is vital in defin-
ing the role of microbioeroding communities within living corals, both now and in the

future, for reef carbonate budgets.
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6.1 Why Use Lipid Biomarkers in Marine Ecology?

6.1.1 Whatis a Biomarker?

A biomarker represents a measurable molecular, biochemical, cellular, or physiolog-
ical change of an organism, community, or environmental substrate (Depledge and
Fossi, 1994). Biomarkers are specific organic molecules that can be traced back to their
natural source organism in the environment. During the last few decades, molecular
markers revealing polymorphism at the DNA level have been playing an increasing part
in environmental sciences and genetics studies (Vignal et al., 2002; Kumar et al., 2009).
For instance, molecular genetic analyses can provide important insights into the evolu-
tionary biology of marine organisms and the understanding of the origin and mainte-
nance of biodiversity in marine ecosystems (Junior et al., 2006). In marine ecosystems,
chlorophyll a (photosynthesis pigment and its degradation products) can be used as
a biomarker to estimate phytoplankton biomass and productivity and represents the
most frequently performed analysis in aquatic ecology (Mantoura and Llewellyn, 1983;
Stauber and Jeffrey, 1988). Nevertheless, pigments undergo chemical changes after the
death of the cells in which they were contained. They ultimately oxidize to colorless
compounds (Moss, 1968) and are rarely preserved for extended periods (Sanger, 1988).
To overcome this constraint, other organic biomarkers in various materials (soils, sed-
iments, and plant/animal products) make it possible to measure and reconstruct geo-
chemical parameters, record past variations of ocean surface properties like salinity,
temperature, and redox state in marine sediments (Brocks and Banfield, 2009; Luo et
al., 2019). This is the case with lipids, which have been used in many different ar-
eas, including petroleum geology, paleoclimatology, oceanography, meteorology, geo-
biology, environmental science, and food-web dynamics (Alfaro et al., 2006; Luo et
al., 2019). Lipids are well preserved over time (= molecular fossil), so they can also
be used to reconstruct highly ancient microbial diversity. Lipids also present different
functions within living organisms, separated into (i) reserve lipids, (ii) structural lipids,
and (iii) metabolic lipids. The lipid biomarker approach refers to structural lipids (e.g.,
membranous for studying lipid functions in biological processes) and their hydrocar-
bon derivatives in geological materials containing diverse information such as biotic
sources (composition and biomass of dead and/or alive (micro)organisms) or envi-
ronmental conditions (Luo et al., 2019). In marine ecosystem studies, lipid biomarkers

analyses focus on different classes represented by the phospholipids, hydrocarbons
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Lipid Biomarkers

(alkanes), ketones, alcohols and sterols and fatty acids (C. Parrish et al., 2000; Table

6.1).

Table 6.1: Main classes of lipid biomarkers and their interest in marine geochemistry.

Lipid Biomarker Class | Source Interest Degradation References
Phospholipids (PL) Essential components of mem- | Phospholipids can indicate | Intact phospholipids White et al.,
branes in plants and animals. | freshly bio-synthesized ma- | are known to be hy- 1979; Harvey

Share a structural function with | terial. PL may be used to dis- | drolyzed within weeks etal., 1986;

sterol. tinguish bacteria and phyto- | after cell death. Their Goutx et al.,

plankton presence in sediments 1990; Guérin

is thus a good indica- etal., 1993;

tor of the presence of
alive biomass.

De Silva et al.,
1998; Riitters

et al., 2002
Hydrocarbons Minor components of zoo- | Hydrocarbons act as suit- | Alkanes are trace con- Lee and
(alkanes) planktonic species (3% dry- | able markers for distinguish- | stituents of biological Loeblich III,
weight). A major component of | ing different source inputs | lipids. Alkanes have 1971; Barrick
certain microalgae. Hydrocar- | in marine sediments and for | excellent preservation etal., 1980;
bon markers include alkanes | investigating the cycling of | characteristics (highly Saliot, 1981;
derived from algae or plant | organic matter in the marine | resistant). Bouloubassi and
leaves. environment. Saliot, 1993;
Gonzalez-Vila,
1995; C. Parrish
etal., 2000
Ketones In marine systems, ketones | Interest in their use as | Ketones have excellent Conte and
are essentially present in | paleo-temperature indi- | preservation charac- | Eglinton, 1993;
phytoplanktonic  algae be- | cators. Ketones could be | teristics. Sikes and
longing to the class of the | excellent water column Volkman, 1993;
prymnesiophytes (family Coc- | markers of productivity in Sicre and
colithophyceae). Ketones can | some areas. For example, Ternois, 2006
also be found in higher plants | alkenones can inform on
(terrestrial systems). the paleo-productivity of
continental and marine
vegetation and animals.
Alcohols Generally minor compounds in | They can be used as an | Alcohols have excel- Sargent et al.,
the marine environment. Ter- | organic matter source and | lent preservation char- | 1977; Mudge and
restrial higher plants are major | degradation index. acteristics. Norris, 1997
sources of wax esters and fatty
alcohols.
Sterols Essential constituents of mem- | Excellent biomarker com- | They are known J. K. Volkman,
branes in all eukaryotes, | pounds due to the stability | for their chemical | 1986;]. Volkman
including microalgae. They | and diversity of their struc- | resistance to bio- etal., 1989;
share with PL a structural func- | tures. Sterols can be highly | degradation in the | Pattersonand
tion in membranes (unique | specific to a class of organ- | marine environment | VanValkenburg,
hydrophobic and steric prop- | isms (e.g., dinosterol for | (Long term valuable | 1991; Teshima,
erties). They act as specific | dinoflagellates). In algae | biomarkers = paleo- 1991; Barrett
internal regulators of mem- | and many invertebrates, | proxies of organisms etal., 1995
brane fluidity and influence | various sterols are used for | productivity).
various membrane functions | chemo-taxonomic purposes
and membrane-associated | and food web tracing.
enzymes.

Fatty Acids Fatty acids are present in an- | They are biomarkers to infer | FA signatures remain Galloway and
imal and vegetable fats and | trophic relationships in | adequately reliable Budge, 2020;
vegetable oils. Fatty acids | aquatic and soil food webs. | for long periods even | C.Parrish etal.,
play a fundamental struc- | FAs are used to determine | without preservation | 2000; Budge and

tural role in all known life
forms, structuring all biological
membranes (cell membrane,
endoplasmic reticulum mem-
brane..). Fatty acid biomarkers
are common to determine gen-
eral micro-organism sources in
marine samples (micro-algae,
aerobic/anaerobic bacteria).

phytoplankton sources in
marine samples. Long-chain
(> 24 carbons) fatty acids
are often used as terrestrial
plant indicators, compare
to short ones, which are
more characteristic of phy-
toplankton sources

in the deep freeze.

Parrish, 1998;
J. Taylor and
Parkes, 1983;
Caudales and
Wells, 1991;
Nieminen et al.,
2018; Claustre
etal., 1988
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6.1.2 Corals and Known Lipid Composition

Lipids are involved in many biochemical and physiological processes in corals, repre-
senting 10 to 40% of their dry biomass (Conlan et al., 2017). Variability in lipid compo-
sition reflect thus change in environmental conditions, nutrition or coral health status.
Recently, coral lipid investigations have gained attention to understand current and fu-
ture climate change impacts on coral reefs’ physiology (Baumann et al., 2014). Specifi-
cally, coral lipid reserves can be used as a universal proxy for coral health status, given
their ubiquitous nature (Anthony et al., 2009; Lesser, 2013). Coral lipid profiles vary sig-
nificantly in response to physiological processes such as photosynthesis, respiration,
cell replenishment, and reproduction, and these processes, in turn, are influenced by
external physico-chemical factors such as water chemistry, rainfall, temperature, and
food availability (Leuzinger et al., 2003; Imbs, 2013). Overall, bibliographic analysis re-
vealed that 560 publications on coral lipids have been published since 1970 (ISI Web
of Science; see Table 6.2). Nonetheless, various compartments in the coral holobiont
should be distinguished: polyp tissue (which includes the animal itself and all mi-
crobes present within tissues), the isolated endosymbionts (i.e., zooxanthellae), which
are located in coral tissues, the mucus layer (which comprises organic matter from
the coral, zooxanthellae and bacteria) and the aragonite skeleton. The coral holobiont
includes dinoflagellates, bacteria, archaea, fungi, and viruses (V. R. Marcelino and Ver-
bruggen, 2016; Hernandez-Agreda et al., 2017; Ricci et al., 2019), but also a range of
euendolithic communities (Schonberg et al., 2017; Yang and Tang, 2019). The coral mi-
crobiome plays a key role in host health by being involved in energy metabolism, nu-
trient cycling, immune system formation, and the host’s ability to cope with complex
and changing marine environments (Foo et al., 2017; Zhang et al., 2021). It was shown
that abiotic stressors (e.g., SST) alter the coral holobiont, resulting in a breakdown of
host-symbiont relationships and a shift in the diversity of resident microbes (Hoegh-
Guldberg, 1999; Banin et al., 2000; Bourne et al., 2008). Within the coral holobiont,
the aragonite skeleton is known to comprise a wide range of several taxa (bacteria, ar-
chaea, micro-algae, fungi, as well as well as macroborers), and a broad distinction is
made among organisms that can bore into the coral skeletal compartment (Golubic et
al., 1981; Tribollet and Golubic, 2011). Chasmo-endoliths can colonize existing cracks
and fissures in the coral skeleton. Crypto-endoliths can colonize pre-existing cavities
within porous coral skeletons. Euendoliths can actively penetrate carbonate skeletons

and reside partially or totally inside cavities of their own making (Golubic et al., 1975);
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Tribollet, 2008). Among the coral holobiont, much more attention has been given to

studying lipid compositions of polyp tissues and isolated endo-symbionts than other

compartment of the coral (Zhukova and Titlyanov, 2003; Tchernov et al., 2004; Table

6.2).

Table 6.2: Lipid biomarkers studied within the different coral compartments, their known functional
roles, and the degree of attention, they received.

ter vs. coral skeleton).

Coral Compartment | Lipid Biomarker Class Role of Lipids Investigation References
Polyp Tissue with Triacylglycerols (TG), Wax | Storage lipids and determine +++ Seemann et al.,
symbionts (WX), Sterol esters (SE) the energy balance of corals. 2013; Towle
etal., 2015;
Crandall et al.,
2016
Isolated Zooxanthellae | Polar lipids (PL), Sterols | Polar lipids (PL) and sterols +++ Grottoli et al.,
(Symbiodinium) (ST), Polyunsaturated FA | (ST) are the structural ba- 2004; Bachok
(PuFA). sis of cell membranes in et al., 2006;
corals and their symbionts. Zhukova and
Some polyunsaturated Aizdaicher, 1995;
FA (PuFA) were shown to Zhukova and
be specific biomarkers of Titlyanov, 2003;
zooxanthellae. High PuFA Tchernov et al.,
content protects thylakoid 2004; Imbs,
membranes from oxidative 2013; Kneeland
damage by reactive oxy- etal, 2013
gen species (ROS) during
thermal stress. Utility as
an indicator of taxonomic
sensitivity to thermal stress.
Coral Mucus Layer Composition of the mu- | Lipids in mucus exuded +++ Crossland et al.,
(ML) cus in 1/3 of dry tissue | by corals serve as food 1980; Crossland,
was lipids. Phospholipids | resources for many reef 1987; Daumas
constitute a large fraction | organisms, including fishes. etal., 1981;
of lipids in floating mucus | Mucus constituents have Johannes, 1967;
aggregates. Sterols are not | a role in energy transfer in Coles and
abundant in the mucus | marine communities Strathmann,
present at the polyp surface. 1973; B. Brown
Mucus from various reefs and Bythell,
was found to contain wax 2005; Bythell and
ester and triglycerides. Wwild, 2011; Rix
etal, 2016
Coral Skeleton Triacylglycerol, Fatty acid, | potential in coral calcifica- + Isa and Okazaki,
Amino acid composition, | tion?  (known mostly for 1987; Ingalls
proteins (aspartic, glutamic | amino-acids). etal., 2003;
acid. Conlan et al,,
2017
Bioeroding microflora: | Fatty acids with a majority of | Involved in biological mem- - Massé et al.,
monocultures of saturated FA within the mi- | branes fluidity, permeabil- 2020 Focus on
free-living vs crobioeroding forms and a | ity, and cellular signaliza- the physiology of
microbioeroding majority of PuFA in the free- | tion. Variability in the mem- Ostreobium
forms of Ostreobium | living forms. brane FAs composition sug- (free-living vs.
sp. gests adjustments due to microbioeroding
lifestyle constraints (seawa- form)

Comprehensive quantification, identification, and role of lipids retained by the

skeleton need to be better documented. Coral skeletons provide an ideal archive to ex-

tract climate and environmental information and the physiological responses of corals

to changes, as shown in the previous Chapters (4 and 5. While inorganic geochemi-

cal appraoch in coral skeletons are intensively used as paleo-oceanographic and cli-
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matic proxies (Druffel, 1997), organic geochemical approach in coral skeletons has
been overlooked. The organic matter in coral skeletons can be well preserved over
long term. Ingalls et al. (2003) investigated lipid concentrations in 0-300-year-old an-
nual corals fromMontastraea annularis (Florida Keys) and Porites lutea (Red Sea). They
highlighted the preservation of lipids in coral aragonite skeletons at concentrations
greater than 1 umol C.g™! providing the potential for reconstructing paleo-environmental
records. Fatty acids, and sterols, which are often highly specific molecule (e.g., Badwey
et al., 1984), have the potential to be preserved as intra-crystalline lipids for centuries
(Ingalls et al., 2003). To date, no studies focused on analyzing lipid biomarkers com-
position of microbioeroding communities within living coral skeletons to understand
better the effects of long-term environmental changes on microbioeroding commu-
nities. Algae including microalgae, synthesize many specific compounds (long-chain
alkanes, distinctive sterols, or unsaturated fatty acids) that can be used as biomark-
ers for sources of organic matter in marine ecosystems (Han et al., 1968; Jeffries, 1970;
J. K. Volkman, 2006). Bacteria and marine fungi can also synthesize specific fatty acids
that can be used as biomarkers for micro-organisms’ chemotaxonomy (Mukwaya and
Welch, 1989; De Silva et al., 1998; Madan et al., 2002). This can give access to infor-
mation related to germination, sporulation, and physiological processes (Weete and
Weber, 1980). Concerning the microbioeroding flora in reef environments, only Massé
et al. (2020) published results on fatty acids composition from monoalgal cultures of
Ostreobium sp., maintained as microbioeroding and free-living forms. Saturated fatty
acids (SFA) dominated microbioeroding forms versus PuFA in free-living forms. The
major difference between both forms concerned the arachidonic acid that could reach
concentrations 30x higher in some free-living lineage of Ostreobium sp. compared to
microbioeroding ones. This FA is a constituent of phospholipids in biological mem-
branes, involved in fluidity, permeability, and cellular signalization (Maulucci et al.,
2016). For instance, variations of arachidonic acid concentrations could be used as
an indicator to understand the variability of the abundance of Ostreobium sp. among
coral skeletons over the long term. In their study, Massé et al.(2020) did not aim to
study the chronological evolution of fatty acids composition or other classes of lipid
biomarkers of Ostreobium sp. over time. Hence, there is still a gap in understanding
the lipid biomarker composition of Ostreobium sp. and microbioeroding communities

in general over the long term.
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6.1.3 Objectives

To identify the potential variability of lipid biomarker composition and concentration
of the most abundant microbioeroding organism within living corals, the siphoneous
chlorophyte Ostreobium sp. along the coral core, I first analyzed a strain of Ostreobium
sp. named 010, as a ‘reference’. This strain was provided by Anais Massé and Isabelle
Domart-Coulon from MNHN (Paris, Massé et al., 2020). It was initially isolated from
coral colonies of Pocillopora acuta growing in closed-circuit at the Aquarium Tropi-
cal du Palais de la Porte Dorée (Paris, France; Massé et al., 2018) and cultivated on a
medium of Provasoli Enriched Seawater medium (PES; Provasoli, 1968; see Massé et
al., 2020) under non-axenic conditions. The studied monoalgal strain O10 here, was
a free-living form (not microbioeroding) of Ostreobium sp., conserved at -20°C before

analysis. For this study, one main objective was to:

- Analyze the lipid biomarker composition and abundance of a monoalgal strain
of a free-living form of Ostreobium sp. cultivated under controlled conditions at the
MNHN, Paris. I used N. Chevalier et al., 2015 protocol as I wanted to study FA like
Massé et al. (2020) but also to focus on other fractions: F1 (hydrocarbons), F3 (alco-
hols/sterols), and FA (fatty acids). Those different fractions can indicate the presence
of various organisms such as bacteria, cyanobacteria and fungi, and are the most rep-
resented fraction to study biological precursors that consequently accumulate in envi-

ronmental substrates (e.g., sediments, carbonates; Meyers, 2003; Ranjan et al., 2015).

Then, I intended to study:

- The variability of the lipid biomarker composition of the skeleton of a living mas-
sive slow-growing coral of the genus Diploastrea, as it was the only coral core present-
ing visible green bands upon the skeleton. The lipid fractions investigated were the
same as in the mono-algal strain O10 (F1, F3, and FA). This core served as a “test” to
estimate if the lipid geochemistry approach would give exploitable and relevant results

before applying it to other coral cores.
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6.2 Materials and Methods

The approach of lipid biomarker analysis comprised different chemical steps (lyophiliza-

tion, extraction, separation, visualization...) summarized in the Figure 6.1. Each step

is described and detailed in the following sections. The analyses were performed at

the campus Pierre et Marie Curie (Paris, France) on the organic geochemical platform

(GEORG).

Step 1 -
| Collection of Samples |
l Freezer for the monoculture
Step 2 - of Ostreobium
| Conservation of Samples | Sealed box for the coral core
l of Diploastrea
Step 3 K
Cutting strategy (coral core) |
Step 4 e
Lyophilization
Step 5 | Grinding and Weighing |
Step 6
P | Internal Standards |
Step 7 | Extraction Procedure |
Step 8 l Step 9
[ pp— | Aliquoting (total lipid extract) | — %
Step 13 1 l Step 10

| Saponification |

Step 14 1

| Separation Silica Column |

Step 15 l

| Transmethylation (BF;/MeOH) |

Step 16 1

| Evaporation (20 to 30 minutes) |

l

| Analysis FA fraction on GC-MS |

N

Step 17

Separation Silica Column |

| | |

F1 F2 F3

l Step 11

Sylilation (BSTFA)

l Step 12

| Evaporation (20 to 30 minutes) |

|

Analysis F1, F3 fractions on GC-MS

/

Identification and
Quantification of lipid
biomarkers

Step 18

Figure 6.1: Schematic representation of the organic geochemistry protocol applied on samples of the
coral core Diploastrea sp from Mayotte and the monoalgal strain of Ostreobium
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6.2.1 Sampling Strategy

The studied coral core was collected from a well-preserved massive slow-growing coral
of Diploastrea sp (outer slope of the NE Mayotte barrier reef; Lat. 12°37°19.4”S - Long.
45°06’42.7”E; Alaguarda et al., 2022). Among the sampled coral cores, it was the only
core presenting an alternate banding pattern of white and green bands. The coral core
measured 19.5 cm in length (Figure 6.2). At the sampling time (October 2018), 10 green
bands were eye visible. The coral core was preserved and dried under dark conditions
in a box at the Center IRD of Bondy (LOCEAN). Nevertheless, at the time of analysis for
lipid biomarker investigation, only 7 green bands remained easily eye-visible and were
used to collect sub-samples to analyze microbioeroding traces exposing pigments to
light (and thus degradation; Figure 6.2). The coral core was thus cut according to the
visible alternate banding pattern. Thirteen sub-samples were cut in total (Steps 1 to 3

in Figure 6.1).

Coral sample 1 i “HI}}/&
L. ( ¥

Coral sample 2 - lf‘%

Coral sample 3

Coral sample 4

Coral sample 5

Coral sample 6
Coral sample 7

Coral sample 8
Coral sample 9

Coral sample 10

Coral sample 11

Coral sample 12
Coral sample 13

Figure 6.2: Schematic representation of the slab’s cutting pattern Diploastrea coral core for quantifica-
tion of the lipid biomarkers of microborers comparing white and green band.
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6.2.2 Samples Preparation

The 13 coral sub-samples and the monoalgal strain culture O10 were freeze-dried at
-50°C. The lyophilization is essential: Lipids are hydrophobic compounds, so this step
eliminates any water molecules within the samples for better organic extraction. Then,
each sub-sample of the coral skeleton was ground to obtain a very thin powder. Each
grounded sub-sample was then weighed to get a dry-weight of each sub-sample (Steps
4 to 5 in Figure 6.1; Table 6.3).

Table 6.3: Dry-weight of each sample used for the lipid biomarker analysis.

Sub-sample identification Band Characteristics Dry Weights (g) Sub-sample Length (cm)
Monoalgal strain Ostreobium 010 No bands 3mg X
sub-sample 1 Green bands 39 1.5
sub-sample 2 White bands 3.7 1.3
sub-sample 3 Green bands 3.2 1.1
sub-sample 4 White bands 4 1.5
sub-sample 5 Green bands 3.4 1.1
sub-sample 6 White bands 6.5 2.3
sub-sample 7 Green bands 33 1.2
sub-sample 8 White bands 6.5 2.3
sub-sample 9 Green bands 4.2 1.6
sub-sample 10 White bands 3.2 1.3
sub-sample 11 Green bands 4 1.5
sub-sample 12 White bands 2.3 0.9
sub-sample 13 White bands 45 1.8

Before the extraction of total lipids in each sample with the organic solvent, step 6

(Figure 6.1) consists of the addition of internal standards.

- A classical external calibration: during an external calibration, a range of stan-
dards with a known concentration(s) are prepared for the chemical molecules of inter-
est. The obtained signal of each standard(e.g., intensity of the signal) is thus correlated
to the concentration of the standard. A calibration curve is then realized, giving the
signal’s intensity compared to the standard’s concentration. Thanks to the calibration
curve (and the calibration equation), the concentration of the studied molecule in a
sample can be calculated from the signal intensity. Nonetheless, in our study, uncer-
tainties are possible with external calibration. Imprecision on the volume of the ana-
lyzed sample solution may result in potential errors in the real concentration of lipid
biomarkers in a sub-sample. Moreover, yield losses can occur during the different steps

of the protocol, which would imply an underestimation of lipid concentrations.

- An “internal” quantification was used here to eliminate these biases. This consists

of the addition of “internal” standards (lipids here) in a known amount in each sample
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at the beginning of the protocol (before extraction, after grinding and weighing, see
Step 6 in Fig.6.1). For our study, solutions with internal standards are prepared with a
known concentration. For each lipids class, the internal standard’s chemical behavior
must be equivalent to the lipid biomarkers of interest during all protocol steps. Thus,
three different internal standards for the quantification of the different lipid biomark-
ers were added in the three fractions:

1) 10uL of Cholestane (Cy7Hyg) were added for the quantification of lipids in the F1
fraction in (Alkanes).

2) 10uL of Androstanol (C;9H300) were added for the quantification of lipids in the F3
fraction (Alcohols and Sterols).

3) 20uL of Cholanic Acid (Cp4 Hy9O2) were added for the quantification of lipids in the
FA fraction (Fatty Acids).

6.2.3 Extraction and Separation Procedure

The seventh step consists of extracting the total lipids with organic solvents. Total
lipids in each coral sub-sample as well as the monoalgal strain O10 were extracted
three times with a mixture of two volumes of Dichloromethane (DCM; CH,Cl,) and one
volume of methanol (MeOH; ratio 2:1) (Poole and Poole, 2003; Romero and Feakins,
2011) (Step 7 in Figure 6.1). The total lipid extract was then separated into two aliquots:
A V4 aliquot (Step 8 in Figure 6.1) was dedicated to the analyze of Fatty Acids (see de-
tails below), and the %4 aliquot was dedicated to the analysis of the fractions F1 and F3
(Step 9 in Figure 6.1). The total lipid extract of the 3 aliquot is separated into three
different fractions. This separation step was carried out on a silica chromatography
column, using different organic solvent solutions characterized by different polarities.
First, the total lipid extract of the 34 aliquot was evaporated under a stream of nitrogen
and reconditioned with 200 ul of pure hexane (the most apolar organic solvent) The
200 pl was deposited on the silica column, and then 4 mL of hexane was eluted on the
silica column to obtain the first fraction (F1). Secondly, the sample was reconditioned
in 5 mL of a Hexane and DCM mixture (50/50) and deposited on the silica column to
obtain a second fraction (F2). Finally, the silica column was washed with a solvent rep-
resenting a mix of DCM and Acetone (90/10) to elute and obtain the F3 fraction (Step
10 in Figure 6.1). The separation procedure allows obtaining more "clean" fractions:
this is a step of purification to decrease the number of lipids detected during the analy-

sis. Indeed, better identification and quantification of the lipids is thus possible in each
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fraction compared to the total lipid extract. After the separation in three fractions, the
F3 fraction was derivatized (silylation) with N, O-bis(trimethylsilyl) trifluoracetamide
(BSTFA, Thermo Scientific), and pyridine to form trimethylsilyl-(TMS)ethers (Born-
stein, 1980). This reaction (Step 11 in Figure 6.1) allows for better detection of alcohols
and sterols during the analysis on Gas Chromatography-Mass Spectrometry (GC-MS).
Concerning the analysis of FA fraction, the aliquot % was saponified with 6% KOH in
methanol (80 °C, one hour; Step 13 in Figure 6.1) to convert esters into carboxylate
ions and alcohols. This reaction allows the production of total fatty acids. The total FA
fraction was taken, evaporated, and reconditioned in Toluene (solvent). The fraction
was deposited on a silica column to obtain a clean fraction with FAs (Step 14 in Figure
6.1). FAs were trans-methylated using Boron Trifluoride with Methanol (BF3/MeOH,
Regis; Nordby and Nagy, 1971) (Step 15 in Figure 6.1). As for the alcohols and sterols,
this reaction allows fatty acid methyl esters to be formed for better detection during
the GC-MS analysis (FAMEs; Eder, 1995). Finally, all the fractions were evaporated un-
der a stream of nitrogen between 20 to 30 minutes, reconditioned in 100 pl of analysis

solvent (hexane or toluene), and stored at -20°C before GC-MS analysis(Steps 12 and
16 in Figure 6.1).

6.2.4 Identification and Quantification of Lipid Biomarkers on Gas

Chromatography-Mass Spectrometry (GC-MS)

For the identification and quantification of lipid biomarkers, the three fractions (F1,

F3, FA) were analyzed on GC-MS using an Agilent 7890 A (Figure 6.3).

Relative Intensity (mA)

Y [ P I

Retention time (min)

Figure 6.3: (A) Photograph of the Agilent 7890 A GC-MS used for the quantification and identification of
the lipid biomarkers. (B) Example of a chromatograph showing the relative intensity compared to the
retention time of lipid biomarkers from the FA fraction of Ostreobium

GC, equipped with a fused silica capillary column (30m x 0.25mm inner diameter, 0.25

pm film thickness) for separating lipids, was coupled to an Agilent 5975 C MS instru-
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ment (for identification) at the laboratory LOCEAN (Step 17 in Figure 6.1). The F2 frac-
tion was directly stored at -20°C for later further investigation. GC-MS operated with
an ionization energy of 70 eV with a scanning mass range of m/z 50-800. The temper-
ature program of the GC oven was as follows (Akhoudas et al., 2018):

(i) For alkanes (F1): increase from 50 to 120 °C at a rate of 30 °C/min, then to 320 °C at
arate of 5 °C/min. The temperature was held at 320 °C for 7 min.

(ii) For alcohols and sterols (F3): increase from 50 to 100 °C at a rate of 30 °C/min, then
to 150 °C at a rate of 15 °C/min followed by an increase to 300 °C at a rate of 3 °C/min.
The temperature was then kept constant for 45 min.

(iii) For Fatty acids (FA): increase from 50 to 100 °C at a rate of 30 °C/min, then to 310
°C at 2 °C/min, and finally maintained at 310 °C for 35 min.

A chromatogram is thus obtained for each fraction of the sub-samples. On the
axis of retention time of the obtained chromatogram (Figure 6.3), one peak gener-
ally represents one lipid. Lipids are identified by comparing their mass spectrum and
a data bank of mass spectra of known lipids. Quantification of lipid biomarkers is
based on the GC response (peak area) relative to internal standards as indicated above
(cholestane, androstanol, and cholanic acid) within the respective lipid fraction. To
obtain the mass of a lipid biomarker present in the sub-samples, the following calcu-

lation is realized:

LBM =12~ "1 (6.1)
P

i
where LBM represents the lipid biomarker biomass estimated with P;b that repre-
sents the peak’s area of lipid biomarker identified in the chromatogram, m; represents
the mass of the internal standard (ng), and P; represents the peak’s area of the internal
standard. Finally, to obtain the lipid biomarker concentration (per dry weight of the

sub-sample considered):

LBM
DWS

LBM) represents the lipid biomarker biomass per sub-sample and DWS the dry

LBM); = 6.2)

weight of each sub-sample (g). The concentrations of FA were calculated based on the
cholanic acid (internal standard for FA; Equation 6.2). The concentrations of F3 were
calculated based on the androstanol (internal standard for F3; Equation 6.2). Regard-

ing statistical analysis used in this study, the non-parametric Mann-Kendall test was
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performed to assess the observed trend on each profile of lipid biomarker from the
coral core of Diploastrea sp was significant. Multiple visible green bands were identi-
fied on the coral core of Diploastrea sp. (n=7). Concentrations were averaged regarding
the band’s nature for each lipid biomarker detected. The first two bands (1 green + 1
white) were not used as they might reflect the coral tissue’s lipid biomarkers compo-
sition and signals from the zooxanthellae and not reflect the lipid biomarker compo-
sition of the coral skeleton. Thus, the concentrations of lipid biomarkers identified
within the coral skeleton were averaged for all white bands (n=5) and all green bands
(n=6). A non-parametric Wilcoxon Mann-Whitney test was adapted to low-size sam-
ples to estimate the possible differences in lipid biomarker concentrations between

green and white bands.

6.3 Results

6.3.1 Lipid biomarkers Composition: Monoalgal Culture
Ostreobium sp. 010

6.3.1.1 F1 Fraction: Hydrocarbons Composition

No lipid biomarker was detected regarding the lipid biomarkers composition of the F1

fraction of the monoalgal strain O10.

6.3.1.2 F3 Fraction: Alcohols and Sterols Composition

The representative alcohols/sterols profile obtained by gas chromatography (GC-MS)
was illustrated in Figure 6.4. No alcohol lipid biomarkers were identified in the monoal-
gal strain O10. In contrast, a total of 4 sterols were detected. The presence of choles-
terol and campesterol was detected in relatively low abundance (147 and 151 ug/g re-
spectively) compared to the presence of cholestanol (619 ug/g) and R-Sitosterol (1043
ug/g) detected in high abundance. The [-Sitosterol was 7x higher than the cholesterol
and campesterol (Table 6.4).
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Figure 6.4: Chromatogram of the alcohol/sterol fraction (F3) from the monoalgal strain culture Ostreo-

bium 010 free-living form

Table 6.4: Sterols composition and their respective concentrations observed in the monoalgal culture

strain Ostreobium 010 free-living form.

Sterols Composition (F3) Sterols Concentration (ug/g)
Internal Standard = Androstanol X
C,y7H460 = Cholesterol 147
CogHy4g0 = Campesterol 151
Cy7H460 = Cholestanol 620
C29Hj500 = p-Sitosterol 1043

6.3.1.3 FA Fraction: Fatty Acids Composition

The representative fatty acid profile obtained by gas chromatography (GC-MS) was il-

lustrated in Figure 6.5. A total of 6 FAs were detected in the monoalgal strain culture

Ostreobium 010 (free-living form). Only two saturated FAs were found (C16:0 at 408
ug/gand C18:0 at 20 ug/g), while unsaturated fatty acids with UFA 18:1, 18:2, 18:3, and

20:4. A significant observation was due to the high concentration of arachidonic acid

content (20:4w6; 2091 ug/g), main FA detected in the monoalgal strain culture Ostreo-

bium 010 with a concentration 13x higher than the other UFAs, and 5x higher than the

C16:0 (Table 6.5).
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Figure 6.5: Chromatogram of the FA fraction from the monoalgal strain culture Ostreobium 010 free-
living form

Table 6.5: Sterols composition and their respective concentrations observed in the monoalgal culture
strain Ostreobium 010 free-living form.

Fatty Acids Composition (FA) Fatty Acids Concentration (ug/g)
Internal Standard = Cholanic Acid X
C16 (SFA) = Palmitic Acid 408
C18 (SFA) = Stearic Acid 32
C18:1 (UFA) = Oleic Acid 158
C18:2 (PuFA) = Linoleic Acid 124
C18:3 (PuFA) = a-Linolenic Acid 30
C20:4w6 (PuFA) = Arachidonic Acid 2091

6.3.2 Lipid biomarkers Composition: Diploastrea sp.

6.3.2.1 F1 Fraction: Hydrocarbons Composition

No lipid biomarker was detected regarding the lipid biomarkers composition of the F1

fraction from the different coral sub-samples of Diploastrea sp.

6.3.2.2 F3 Fraction: Alcohols and Sterols Composition

Concerning the alcohol and sterol (F3) composition, no alcohol lipid biomarkers were
detected along the coral core of Diploastrea sp (Figure 6.6). In contrast, four main
sterols (F3) were detected along the coral core of Diploastrea sp. cholesterol, campes-
terol, and [3-sitosterol were detected but in lower concentrations (5.41, 4.99, and 12.2

uglg respectively at the top of the core; Table 6.6), compared to the concentrations
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observed in the monoalgal strain 010 (147, 150 and 1043 ug/g respectively). Interest-
ingly, brassicasterol was detected in higher concentrations at the top of the coral core
(55.3 ug/g). No differences in cholesterol, campesterol and brassicasterol concentra-
tions were identified between green and white bands (Wilcoxon Test; p = 0.5). Inter-
estingly, lipid concentrations of -Sitosterol were significantly different between green

and white bands (p < 0.05).
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Figure 6.6: Chromatogram of the F3 fraction from the top of the coral core of Diploastrea sp.

Table 6.6: Main sterols and their respective concentrations observed along the different samples of the
coral core of Diploastrea sp. The green color in the values corresponds to the green bands.

Sub-sample identification Band Characteristics Cholesterol (ug/g) Campesterol (1g/g) Brassicasterol (ug/g) B-Sitosterol (ug/g)
sub-sample 1 Green bands 5.41 4.99 55.3 12.2
sub-sample 2 White bands 0.085 0.026 0.52 0.57
sub-sample 3 Green bands 0.012 0.0 0.06 0.04
sub-sample 4 White bands 0.0 0.0 0.0 0.0
sub-sample 5 Green bands 0.042 0.001 0.03 0.057
sub-sample 6 White bands 0.045 0.0006 0.005 0.0006
sub-sample 7 Green bands 0.009 0.0 0.0 0.0
sub-sample 8 ‘White bands 0.019 0.0007 0.002 0.0
sub-sample 9 Green bands 0.011 0.001 0.0 0.04

sub-sample 10 White bands 0.015 0.001 0.0025 0.0
sub-sample 11 Green bands 0.025 0.003 0.0004 0.001
sub-sample 12 White bands 0.006 0.0002 0.0 0.0
sub-sample 13 Green bands 0.05 0.002 0.006 0.0004

A significant observation in fraction F3 was the detection of the group of amide
lipid biomarkers along the coral core that was not detected within the monoalgal strain
010. Four main amides were identified: C16, C18, C18:1, and C20:1. A F3 profile from
the coral sub-sample 13 (bottom-core) is illustrated in the Appendix 8.4 Figure 8.2
showing better the amides group. The amide group of lipid biomarkers (in F3 frac-
tion) was mainly observed at the bottom of the core from the sub-sample 13 to 8 and

dominated by the C18:1(Table 6.7).
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Table 6.7: Main amides and their respective concentrations observed along the different samples of the
coral core of Diploastrea sp, here presented in ng/g. The green color in the values corresponds to the
green bands.

Sub-sample identification Band Characteristics C16 Amide (ug/g) C18 Amide (ug/g) C18:1 Amide (ug/g) C20:1 Amide (ug/g) Amide Total (ug/g)
sub-sample 1 Green bands 0.0 0.0 0.0 0.0 0.0
sub-sample 2 White bands 0.0 0.0 0.133 0.0 0.133
sub-sample 3 Green bands 0.0 0.0 0.0 0.0 0.0
sub-sample 4 White bands 0.0 0.0 0.0 0.0 0.0
sub-sample 5 Green bands 0.0 0.0 0.0 0.0 0.0
sub-sample 6 White bands 0.0 0.0 0.0 0.0 0.0
sub-sample 7 Green bands 0.0 0.0 0.0 0.0 0.0
sub-sample 8 White bands 0.593 0.245 9.93 0.358 11.12
sub-sample 9 Green bands 0.337 0.103 6.26 0.109 6.81

sub-sample 10 White bands 0.508 0.235 9.73 0.374 10.84
sub-sample 11 Green bands 0.641 0.278 11.51 0.410 12.84
sub-sample 12 White bands 0.315 0.147 6.20 0.27 6.93
sub-sample 13 Green bands 0.657 0.403 14.71 0.723 16.5

One major finding from this figure was the significant decrease of the amides’ con-
centration over time (Mann-Kendall test; p-value < 0.01). The Figure 6.7 described the
relative total concentration of the amides groups (C16, C18, C18:1, C20; Fig 6.8) within
the coral core. No differences in amides concentrations were identified between green

and white bands (Wilcoxon Test; p = 0.9)
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Figure 6.7: Histogram of the concentration of total amides lipid biomarker group among the coral core
of Diploastrea. Green arrows indicate the position of the green bands within the coral core. CS for the
x-axis stands for "Coral Sample”.

6.3.2.3 FA Fraction: Fatty Acids Composition

The fatty acid (FA) composition observed among the coral core of Diploastrea sp. pre-

sented three main FAs (Fig 6.9). Two saturated FAs (16:0, 18:0) and only one unsatu-
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rated fatty acid (UFA; 18:1) were detected along the coral core of Diploastrea sp. The
present study does not provide all representative fatty acid profiles obtained by gas
chromatography (GC) along the coral core. For example, a fatty acid profile is repre-

sented from the coral sub-sample 2 (top-core; Figure 6.8).
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Figure 6.8: Chromatogram of the FA fraction from the top of the coral core of Diploastrea sp.

Interestingly, SFA C16 and C18 were most abundant at the top of the core. Concen-
trations of the C16 and C18:1 were relatively abundant from sample 13 to 7 (between 6
and 29 ug/g for C16, between 30 and 290 ug/g for C18:1; Table 6.8). A F3 profile from
the coral sub-sample 13 (bottom-core) is illustrated in the Appendix 8.4 Figure 8.3.
There were no differences in FA lipid biomarkers concentrations between green and
white bands (Wilcoxon Test; p-value = 0.5). No significant changes regarding the con-
centration of the C16 and C18 were identified over time (bottom toward the top of the
core; Mann Kendall Test, p-value = 0.6). Interestingly, the concentration of the C18:1
decreased significantly over time (Mann-Kendall test; p-value < 0.1).

Table 6.8: Main detected Fatty Acids and their respective concentrations calculated along the different
samples of the coral core of Diploastrea sp. The green color in the values corresponds to the green bands.

Sub-sample identification Band Characteristics SFA C16 (ug/g) SFA C18 (ug/g) SFA C18:1 (ug/g)
sub-sample 1 Green bands 820 107 47.7
sub-sample 2 White bands 7.5 4.0 28.6
sub-sample 3 Green bands 10.5 5.9 67.5
sub-sample 4 White bands 2.0 2.1 12.1
sub-sample 5 Green bands 1.7 1.9 14.2
sub-sample 6 White bands 7.9 4.1 54
sub-sample 7 Green bands 29.5 15.3 287
sub-sample 8 White bands 21.9 9.8 204
sub-sample 9 Green bands 5.8 2.7 31.7

sub-sample 10 White bands 18.4 8.4 145
sub-sample 11 Green bands 25.6 11.2 211
sub-sample 12 White bands 21.7 11.1 190
sub-sample 13 Green bands 13.5 6.8 109
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6.4 Discussion

6.4.1 Lipid Biomarkers Profile: Monoalgal Strain 010

The analysis of the monoalgal culture strain of Ostreobium 010 showed the presence of
the FA arachidonic acid and the sterol -Sitosterol in important concentrations (Tables
6.4; 6.5)). In 2020, Massé et al. observed similar results, especially for the arachidonic
acid, on the same strain 010 free-living forms, although two different protocols were
used. Differences in FA composition might be explained by the different GC-MS pa-
rameters used for quantification and identification relative to the detection threshold
and differences in dry-weight samples before extraction. Massé al. (2020) found that
free-living forms had 3.5 more arachidonic acid than the bioeroding forms. Such dif-
ferences in this specific FA between both forms suggest that Ostreobium sp. proceed
to important adjustments of fluidity and permeability of its membrane, possibly for
the adaptation to the extreme environment provided by the coral skeleton. A shifting
in arachidonic acid content between both phenotypes may reflect differential signal-
ization activity (De Carvalho and Caramujo, 2018) and a shift in communication with
associated microbes. Here, the fatty acid composition of the monoalgal culture strain
010 was typical of chlorophytes. Ostreobium belongs to the order Bryopsidales, which
is most commonly classified in the Ulvophyceae, a class within the phylum Chloro-
phyta (Tandon et al., 2022). The Ostreobium clade is one of the three main lineages of
Bryopsidales and has been assigned to its suborder Ostreobineae (Verbruggen et al.,
2017; Cremen et al., 2019). Like Massé et al. (2020), the monoalgal strain O10 dis-
played a high abundance of palmitic acid (16:0), a saturated FA reported in several
green macroalgae (Kumar et al., 2009; Pereira et al., 2012). Also, it displayed high con-
tents of C18 mono-or polyunsaturated FA (PuFA), which are characteristic of chloro-
phytes (Jamieson and Reid, 1972; Khotimchenko and Svetashev, 1987). Nonetheless,
some common FA found in other algae of order Bryopsidales were not detected in the
monoalgal strain O10. Indeed, Bryopsidales are characterized by high quantities of
16:3w3 combined with low quantities of 16:4w3 and 18:4w3 (Aknin et al., 1992). The
absence of these w3 fatty acids in the monoalgal strain O10 supports the statement
from Massé et al. (2020) of its absence in the suborder Ostreobinae. Finally, the detec-
tion in the culture of C18:1 and C18:2 was surely indicative of fungal presence (Mikola
and Setild, 1998; Méziane et al., 2006; Massé et al., 2018) and confirms that cultures

were not axenic as also mentioned by Massé et al. (2020). Indeed, fungi may have
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been isolated within the microbiome and the coral skeleton. Moreover, morpholog-
ical structures as fungal hyphae are indeed known to colonize Ostreobium filaments
in carbonate substrates (Le Campion-Alsumard et al., 1995; Tribollet and Payri, 2001;
Golubic et al., 2005) and may explain the presence of such PuFA in the coral skele-
ton. Fatty acids are essential for the physiological adaptation of algae to environmental
stress, for instance, high PuFA content may provide more protection from temperature
changes (De Carvalho and Caramujo, 2018), or salinity (Zhila et al., 2011). Fatty acids
can be essential in energy storage, cell membrane structure, and overall fitness (Bergé
and Barnathan, 2005; Farre et al., 2010). Within this context, fatty acids may be used
to understand the nutritional value of Ostreobium to the coral host (suggested by Fine
and Loya, 2002) and as a potential trophic marker to trace food sources in reef organ-
isms (Clements et al., 2017). Nonetheless, in this study, only 6 FA were detected in the
monoalgal strain O10 whereas Massé et al. (2020) investigated more than 30 FA within
the different lineages of Ostreobium, suggesting further investigations from these pre-

liminary results to assess better Ostreobium FA composition.

From the F1 fraction (hydrocarbons), no lipid biomarker was detected in the monoal-
gal strain O10. Two explanations are possible. (i) It could be associated with a lack of
sensitivity of the GC-MS that cannot detect, even in very low concentrations of hy-
drocarbon lipid biomarkers, or (ii) it is due to an insufficient quantity of dry samples
weighed at the beginning of the protocol. For instance, in sediment, for F1 fraction
(alkane analysis), dry weight samples are often between 3 to 15g, and for primary pro-
ducer biomass, around 0.3 to 1g to obtain enough material for detection and quantifi-
cation (N. Chevalier et al., 2015). Here, the dry weight of the monoalgal strain O10 was
less than 0,005g.

For the first time, our study presents sterol profiles in an Ostreobium monoalgal
strain O10. Sterols are essential components of lipid membranes and play important
roles in signaling molecules (Nes et al., 1990), regulating membrane fluidity (e.g., D. J.
Brown and DuPont, 1989), and permeability in microalgae (J. K. Volkman, 2003). The
sterol synthesis pathway has been thoroughly studied in vertebrates, fungi with choles-
terol, and ergosterol (Desmond and Gribaldo, 2009). On the other hand, a greater
variety of terrestrial plant sterols can be found, such as campesterol, sitosterol, and

stigmasterol (Desmond and Gribaldo, 2009). Sterols are particularly well-suited as
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biomarkers for nutrient acquisition in heterotrophic corals because their origin can be
identified (Crandall et al., 2016). Here, cholesterol was detected and is characterized as
a lipid biomarker ubiquitous in animal, fungi, and plant cells (Behrman and Gopalan,
2005; Voshall et al., 2021). Thus, it cannot be used as a “specific” biomarker to investi-
gate the abundance of microbioeroding flora, and especially Ostreobium sp. in living
coral skeletons. At the same concentration, campesterol was detected and is one of
the main phytosterols observed in plants/algae, which is coherent to detect it in the
micro-alga Ostreobium. Still, as it is ubiquitous in many different vegetal systems, like
cholesterol, it cannot be used as a “specific” biomarker to investigate the abundance
of Ostreobium sp. in living coral skeletons as its signal might originate from different
sources (e.g., symbionts; Babcock-Adams et al., 2016. Interestingly, in the monoalgal
strain 010, the presence of 3-sitosterol and cholestanol was detected in high concen-
trations. Hence, such lipid biomarkers and mostly the -sitosterol could potentially be
used as a biomarker of the presence of Ostreobium sp. in living coral skeletons or other
micro-alga sources colonizing the coral skeleton. Nonetheless, if high contents were
to be observed in the top part of the coral skeleton, the signal might originate both
from Ostreobium sp. (as it is mainly present underneath the tissue layer, indicated by
a green band; Lukas, 1973) and the coral symbionts (C. Parrish, 2013). Overall, based
only on these preliminary findings on the sterol composition of one monoalgal strain
of Ostreobium sp., it is complicated to conclude in the potential use of the sterol frac-
tion as a biomarker for the presence ofOstreobium in living coral skeletons and need
further investigations. However, the high abundance of the f-sitosterol detected in
the monoalgal 010 is interesting. One objective would be to investigate other lineages
of Ostreobium sp (free-living and bioeroding forms) to detect and quantify concen-
trations of f-sitosterol to identify it or not as a major sterol. If validated in other lin-
eages, such sterol could represent a potential lipid biomarker characterizing the pres-
ence of Ostreobium in living coral skeletons. For recall, the monoalgal strain culture
of Ostreobium 010 was obtained in non-axenic conditions, suggesting that biomark-
ers detected can also potentially reflect a fungal influence and not Ostreobium lipid
biomarker composition alone. Finally, mono-strain cultures of other microbioeroding
communities should be investigated to be used as reference standards providing infor-
mation on their lipid biomarker composition (sterols, fatty acids) with the objective of
better understanding the lipid biomarker composition observed in living corals’ skele-

ton and serving as potential proxies of the abundance of these communities.
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6.4.2 Lipid Biomarkers Profile: Diploastrea sp.

Detailed records of lipid biomarker profiles (FA and sterols) were also investigated for
the first time among a coral core of the massive coral Diploastrea sp., highlighting their
concentration and variability over time. Disparities were observed within the core
when focusing on the coral’s bottom or top part. The dominant fatty acids identified
in Diploastrea sp. were the saturated FA (C16:0 and C18:0). These FA presented the
highest concentrations at the top of the core. Here, the first top sample was ground in
bulk. Thus, the top included a mix of coral tissue (polyp + zooxanthellae + microbes)
and organisms from the top green band (e.g. Ostreobium). Such concentrations of
both compounds might indicate a potential multi-signal from the coral holobiont at
the top of the coral core. High concentrations might be more influenced by the coral
tissue than the organisms in the skeleton, as it was not observed at important con-
centrations at the bottom of the core. Previous reports of fatty acids in corals indicate
that there is usually more C16:0 (palmitic acid) than C18:0 (stearic acid) in coral tissue
(zooxanthellae) and coral skeletons (Meyers et al., 1974; Isa and Okazaki, 1987; Harland
et al., 1993). Treignier et al. (2008) showed in the scleractinian coral Turbinaria reni-
formis that C16 FA was predominant in zooxanthellae and that C16, C18, and C20:4:6
were the dominant FAs compounds of the total FAs within the animal tissue. They
also represent the main FAs transferred between the zooxanthellae and the animal (for
metabolic purposes; Treignier et al., 2008). Interestingly, the FA (C18:1) was observed
and detected throughout the entire coral skeleton, with the highest concentrations at
the bottom of the core. Specific studies on Symbiodinium spp. showed that the most
abundant saturated fatty acids were palmitic (C16:0) and stearic (C18:0) acids and the
unsaturated fatty acids, including palmitoleic (C16:1), oleic (C18:1) (Zhukova and Ti-
tlyanov, 2003; Tchernov et al., 2004; Kneeland et al., 2013). A hypothesis could be that
the FA C18:1 might originate from another potential source of the coral holobiont, i.e.,
from a bacteria origin, as it was mainly observed through the entire coral skeleton and
not only the coral tissue (symbionts). Moghrabi et al. (1995) showed an increase in
fatty acids from the scleractinian coral Galaxea fascicularis, in dark incubation (C16:1,
C18:1), which might indicate a microbial source of nutrition. Indeed they showed that
oleic acid (C18:1) was considerably in higher concentrations in bacteria, served as a

source of energy for the coral, and might be considered a useful marker for bacteria
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(Joint and Morris, 1982; Wakeham and Canuel, 1988; Al-Moghrabi et al., 1995). This FA
could also originate from euendolithic communities as coral skeletons present an im-
portant diversity of associated microborers (Yang and Tang, 2019; see Table 4.1 in their
paper). The lipid biomarker investigation of the coral core Diploastrea sp. showed that
no FA characteristic of Ostreobium sp. was found in abundance (e.g., arachidonic acid
C20:4) in the coral skeleton, especially in green bands as no difference was identified
with white bands, indicating that it might not be a dominant organism within the coral

skeleton of Diploastrea sp.

No lipid biomarker from the F1 fraction (hydrocarbons) was detected in the massive
coral Diploastrea sp., with two explanations already mentioned about the lack of sen-
sitivity of the GC-MS or due to the insufficient quantity of dry samples at the begin-
ning of the protocol (cf. amount of dry samples in N. Chevalier et al., 2015. To counter
this last limit, one objective could have been to pool samples from the top altogether
(e.g., the first 6 samples) and the samples from the bottom of the core to detect lipid
biomarkers in the F1 fraction (could also apply to the other fractions). Still, this method
was not performed as it did not suit the initial objective to study the lipid biomarker
composition between the alternate pattern of green and white bands upon the coral
skeleton. One possibility could be to pool samples corresponding to all green bands
and, on the other hand, to pool the white bands altogether to understand and quantify

differences in lipid biomarkers composition between the two kinds of bands.

Regarding the sterol fraction within the coral core of Diploastrea sp., no cholestanol
was detected in the coral core, while it was one of the major sterols observed in the
monoalgal strain O10 (Table 6.6). Only the §-sitosterol was detected in abundance
within the first few centimeters of the top coral core, similarly observed with the monoal-
gal strain O10. Nevertheless, a hypothesis is that g-sitosterol could originate from the
symbionts of the coral (Carre6n-Palau et al., 2020) or remains left in the upper part of
the coral skeleton as it was nearly not detected in the bottom of the core. Carréon-
Palau et al., 2020 showed that shallow tropical cnidarians from the southwest Gulf of
Mexico (shallow tropical coral reefs) presented both zooxanthellae sterols in their tis-
sues, mainly campesterol and f-sitosterol. Interestingly, only for the lipid concentra-
tion of f-sitosterol, there was a significant difference in concentration between green

and white bands ( p < 0.05). When excluding the first white band (remaining traces of
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coral tissue), B-sitosterol concentrations are nearly close to 0, while §-sitosterol is de-
tected in green bands. Such findings suggest that -sitosterol in the green bands might
be synthesized from organisms (e.g., Ostreobium) that are possibly not present in white
bands or are in higher abundance in green bands than white ones, which permits de-
tection of §-sitosterol. Also, brassicasterol was detected in high abundance only from
the top of the coral core (Table 6.6). Babcocks-Adams et al. (2016) showed that choles-
terol, campesterol, and brassicasterol were the main sterols observed in zooxanthellae
and that the bleaching-resistant clade D symbionts contained higher levels of sterols
compared to corals with non-resistant symbionts. This supports that in the findings,
the highest abundance of sterols was observed only within the first cm of the coral core
and may originate from the coral symbionts. Other sterols might be present within the
coral skeleton, but quantities of samples may not be enough to be detected along the
coral core. Moreover, the sterol fraction analyzed in the Diploastrea coral skeleton,
compared with the monoalgal strain 010, confirms that Ostreobium presence might

be limited within the coral skeleton of Diploastrea sp.

6.4.3 Amide Lipid Biomarkers: Proxies of microborers ?

In the coral core of Diploastrea sp, one interesting result was the detection of the lipid
biomarkers corresponding to the amides. Significant differences existed between the
concentrations observed at the core’s top and the bottom, as amides were only de-
tected from samples 13 to 8 (Figure 6.7; except C18 in sample 2). This significant de-
crease in lipid biomarker composition, especially in the amides group, over time in the
massive slow-growing coral Diploastrea sp. could result from a shift in the community
composition within the coral skeleton responsible for the synthesis of the amides. Con-
comitantly, a similar decreasing trend of the estimated abundance of microbioeroding
communities within Diploastrea sp. (Alaguarda et al., 2022) was estimated along with
a rupture over time (1985-1986). Alaguarda et al. (2022) reconstructed the growth rate
of the coral belonging to the 15 first cm until 1964. In this study, all core (19.5 cm)
was investigated. Thus, for the last 4.5 cm, if an average growth rate of 3 to 4 mm.y™!
(Bagnato et al., 2004; Wu et al., 2018) is considered, the remaining 4.5 could cover up
to 15 years (so early 1950s). Based on this assumption and from the coral reconstruc-
tion for the period 1964-2018 (Alaguarda et al., 2022), the last concentration observed
of the amides group (sample 8 corresponds to 9cm if started from the bottom) could

correspond to the period 1982-1984, and match potentially the breakpoint observed
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(1985-1986) of the community shift of microbioeroding communities in Diploastrea sp.
The potential gap between both periods might be explained by the uncertainties of the
growth reconstruction of the last 4.5 cm, but it might only be for a few years. More-
over, Alaguarda et al.(2022) investigated only the first 15 cm because the coral core
presented a hole below, characteristic of macrobioerosion signs (Figure 2.10). One hy-
pothesis could have been to attribute the amides’ origin to potential macrobioeroders
present at that time within the coral skeleton of Diploastrea. Nonetheless, as the mac-
robioerosion hole was only present at a specific location of the core and the amides
signal was present from the bottom of the core until above the macrobioerosion mark,
the possible attribution of the amides to macrobioeroding agents could be excluded.
Such findings could suggest that the group of amides could represent a potential proxy
of microbioeroding communities comprising cyanobacteria, microalgae, and fungi in
the coral skeleton. Fatty-acid amides are widespread and synthesized by many organ-
isms and taxa (Hannun et al., 1996). They are incorporated into lipid classes such as ce-
ramides, glycosphingolipids, and N-acylated molecules (Bergé and Barnathan, 2005).
For instance, ceramides are fatty acids that usually have an even number (16 to 24) of
carbon atoms and are saturated or monounsaturated, corresponding to what was ob-
served in the coral core of Diploastrea, suggesting that ceramides could be the lipid
biomarkers present within the coral. Such molecules are abundant in cell membranes
but can also have lipid signaling functions (Castro et al., 2014). For instance, cyanobac-
teria of the genus Lyngbya are a rich source of bioactive secondary metabolites, in-
cluding fatty-acid amides (Dembitsky and Srebnik, 2002). Some ceramides were also
isolated from epiphytic dinoflagellate (Tanaka et al., 1998), in different bacteria (Keck
et al,, 2011; Lorenzen et al., 2014) as well as in various marine sponges (Hattori et al.,
1998), red algae (Lo et al., 2001), even the starfish Acanthaster (Inagaki et al., 1998).
Ceramides have also been highlighted in marine-derived endophytic fungi (Sallam et
al., 2021). Li et al. (2017) quantified and identified ceramides from 17 strains of mi-
croalgae (diatoms, dinoflagellates, and haptophytes). They showed that the compo-
sition in ceramides significantly differed among the micro-algal categories highlight-
ing the potential of a new basis for microalgae chemotaxonomy. As many taxa can
synthesize amides, their origin within the coral skeleton of Diploastrea could orig-
inate from a large range of organisms, including the microbioeroding communities
such as cyanobacteria, micro-algae or fungi that colonized the coral skeleton. From

the findings established by Alaguarda et al. (2022), three main classes of microbor-
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ers, regarding their size, were present colonizing the coral skeleton of Diploastrea sp.
The authors suggested that there were potentially phototrophs with large diameters
(up to 30 um), fungi, the cyanobacteria Plectonema, and the presence of Ostreobium.
Nonetheless, the non-bioeroding euendolithic compartment was not studied in their
research. Thus, as the amides were identified and quantified from a bulk signal, it
might be that the entire euendolithic compartment (bioeroding and non-bioeroding)
could have shifted over some decades with a strong assumption for the microbioerod-
ing communities due to their abundance that also decreased over time. Also, findings
from Alaguarda et al. (2022) emitted the hypothesis that a combination of environ-
mental factors (e.g., SST/SSTA, pH, wind ..) had potential effects on the abundance
of microbioeroding communities and was responsible for the decrease over time. The
authors hypothesized that the massive coral Diploastrea sp. might have been under
heat stress around 1982-1983 from a critical MHw event in the MC (Sen Gupta et al.,
2020; Mawren, Blamey, et al., 2022). Such stress might have triggered the shift in mi-
crobioeroding communities’ abundance observed by the authors. Another hypothesis
could be that the environmental forcings have also impacted the coral microbiome
and its lipid biomarker composition, especially in the amides group at that period.
Tisthammer et al. (2021) investigated Porites lobata corals from near and off-shore
reefs and highlighted significant changes in protein profiles and lipid metabolism be-
tween near/offshore corals. Nearshore corals presented higher concentrations of lipids
such as ceramides and mostly higher concentrations of one enzyme, ceramidase, that
might explain the resilience activity of nearshore corals and a higher ability to han-
dle stress conditions than offshore corals. Thus, higher concentrations of ceramides
might be related to a better-facing ability of corals to stress conditions such as poor wa-
ter quality, OA, or increased temperatures (e.g., marine heat waves; Tisthammer et al.,
2021). No amides were observed from the top of the core, whereas the last decade, for
instance, has surely gathered higher stress conditions for corals than the last decades
where the amides were observed. Environmental forcings might have only affected the
microbioeroding communities and have not influenced the amide concentrations over
time or indirectly through the abundance’ decrease of these communities. Suppose a
correlation could be established between the decrease in the amides’ concentrations
and the decrease in the abundance of microborers, such lipids biomarkers could be de-
fined as proxies of the presence, even the abundance of microbioeroding communities

in living coral skeletons. However, further studies are needed to understand better the
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origin of the amides and why they decreased over time and establish the link between

the amides group and microborers.

6.5 Conclusion

The lipid molecular organic geochemical approach allowed identifying and quantify-
ing lipid biomarker composition of a monoalgal strain culture of Ostreobium sp. and
a massive living coral core of Diploastrea sp. Based on a different protocol, this study
first confirmed the understanding of the already known fatty acids lipids composition
of the monoalgal strain Ostreobium 010 (free-living form, Massé et al., 2020), but also
provided comprehension of another lipid biomarker fraction, the sterols. As Massé et
al. (2020) highlighted, the main dominant FA also found in this study was the arachi-
donic acid, and for the sterol fraction, the fBsitostérol. On the other hand, this study
enhanced the understanding of the long-term lipid biomarker composition of a mas-
sive coral core of Diploastrea sp. for the first time. The different FA and sterols iden-
tified in high concentrations were at the top of the coral core, suggesting a potential
signature of the coral symbionts and not from microbioeroding communities. For in-
stance, no arachidonic acid was found in the Diploastrea sp. Interestingly, the lipid
biomarker composition of Diploastrea sp. highlighted a specific group of the amides
that decreased over time. Moreover, the decrease in the concentration of the amides
was found to potentially match the observed community shift in the composition of
microbioeroding communities in Diploastrea sp. (Alaguarda et al., 2022). Nonethe-
less, exploring the origin of the amides and the breakpoint observed in the microbio-
eroding communities from the Diploastrea sp. from Mayotte need further investiga-
tion. Further information obtained from the analysis of the lipid biomarker compo-
sition in the coral holobiont (especially the coral skeleton) could be used to assess
the presence/abundance of the coral-associated microbiota and potentially micro-
bioeroding communities within corals. One critical step in this approach would be
to access mono-strain cultures of various microborers (going from fungi, algae, and
cyanobacteria). Cultures must be obtained for free-living forms and bioeroding strains
before any analysis in carbonate materials (corals, shells, sands, rocks) to provide an
accurate dataset of the lipid biomarkers composition from those specific organisms.
On the other hand, as mentioned for the F1 fraction, the total dry weight of some coral

samples was maybe insufficient (less than 5g) for precise detection and quantification
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of lipid biomarkers in GS-MS chromatography. Such limitations can also be applied to
the other fractions where some lipid biomarkers could not have been detected due to
poor carbonate quantity. Also, the threshold of the GC-MS for lipid biomarkers identi-
fication could be insufficient to detect the potential presence of lipid biomarkers, even
at a low concentration. For instance, no amides lipid biomarkers were found in the
monoalgal strain O10 potentially because (1) they are naturally absent or (2) unde-
tected. Despite promising results, this approach was based only on 13 samples and
from only one core. The number of samples must be significantly increased to be rep-
resentative and confident. Nevertheless, I did not pursue the geochemistry analyses of
the following coral cores. However, based on these preliminary results, this approach
seeks future investigations. It could represent a promising tool for understanding func-
tional diversity, physiology, and traits of microbioeroding communities within massive

coral skeletons and should be extended to other massive species.
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My Ph.D. project was motivated and structured to understand the impacts of global
environmental changes on the variability of the composition and the abundance of
microbioeroding communities over the long term. This work aims to better predict the
future of coral reefs over the long term and improve climate models (CMIP-6). Four
main questions were raised in the introductive chapter and addressed in the results
of the different chapters. I will now attempt a general conclusion of these different

results.

7.1 Synthesis

Coral reefs’ production and accumulation of reef framework carbonate are controlled
by the relative rates and the interactions between ecologically, physically, and chem-
ically driven production and erosion processes (constructive vs. destructive forces)
(Tribollet, 2008; Andersson and Gledhill, 2013; Schonberg et al., 2017). Among the
erosion processes, natural biological erosion (termed bioerosion) is the main path-
way of reefs’ erosion. Bioerosion is associated with a natural diversity of bioeroding
agents interacting with each other and the environment. Among bioeroders, micro-
bioeroding communities are probably the main agents of reef bioerosion. Bioeroding
microflora regroups autotrophic (cyanobacteria, and red and green microalgae) and
heterotrophic (fungi) euendolithic microorganisms that actively penetrate the hard
substrates in which they live (Golubic et al., 1981). The filamentous green alga Os-
treobium is described as the dominant microborer in tropical coral reefs (Lukas, 1973;
Le Campion Alsumard et al., 1995; Priess et al., 2000; Tribollet, 2008), with more than
99% of presence in living corals (Lukas, 1974), that can form visible green bands upon
the skeleton of massive corals. Research on microbioeroding communities has mainly
focused on biogenic dissolution rates of dead substrates, the bioerosion loop inter-
actions with grazers and macroborers (Schonberg et al., 2017), the succession of mi-
crobioeroding communities over the short-term (Chazottes et al., 1995; Grange et al.,
2015), and how environmental forcing can enhance such rates in the context of global
changes ( Tribollet et al., 2019). Overall, only some authors documented the abun-
dance of microborers such as Ostreobium and fungi in living corals to study the al-
ternate pattern of green or black bands and the differences of abundances between
colored bands (Lukas, 1973; Le Campion Alsumard et al., 1995; Priess et al., 2000).

However, these studies never implied chronological context and investigation of their
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variability over time. Massive living corals represent an interesting alternative to study-
ing microbioeroding communities over time. They are sources of valuable information
that are characterized as natural archives used in paleoclimatology as they can record
environmental variability over time within their skeleton (J. Lough and Cantin, 2014;
Wu et al., 2018; Reed et al., 2021). Moreover, such archives are known to be heavily col-
onized by microbioeroding communities. As no previous quantitative methodologies
were available to answer the primary objective of this work, there was a need to develop
a tool/application to study the variability of microbioeroding communities within liv-

ing massive corals.

To address this need, I developed, in collaboration with Julien Brajard, a new quan-
titative application for estimating microbioeroding communities (i.e., their traces) within
living massive coral skeletons based on a machine-learning approach. This approach
permitted the identification of a maximum of two classes of microbioeroding com-
munities, and its overall accuracy was more than 93% in identifying microbioerod-
ing traces colonizing the coral skeleton. Moreover, through the development of this
method, for both corals, I found that tuning some hyper-parameters of the CNN model,
such as the loss function, can enhance the overall model performances to identify bet-
ter the different traces. As the dataset of SEM images between both corals presented
heavily imbalanced classes, finding a dedicated and optimized loss function signifi-
cantly changed the model’s capacity to identify the different classes within an image.
Thus, two different CNN models, specific to each massive coral, were developed in this
study. With this method, I analyzed more than 3000 SEM images to identify the differ-
ent microbioeroding traces between the Diploastrea and Porites coral core accurately
and continuously. Nonetheless, even if the ML approach saved hours of manual anal-
ysis, there was the obligation to take manually the different SEM images for different
transects to analyze enough coral surface, which took months of acquisition that still
cannot be avoided yet (future automatized SEM acquisition ?).

Following the successful development of the ML application, I first studied a remark-
ably well-preserved coral core of a slow-growing colony of Diploastrea sp. from May-
otte (WIO), presenting several green bands and covering the last 54 years. From this
first core, I studied the influence of biotic and abiotic factors on the decadal variability
of the composition and abundance of microbioeroding communities observed within

Diploastrea sp. The study of this coral core showed a decrease of the coral bulk density
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over the last 5 decades (40%), a significant warming observed over the last 5 decades
in Mayotte (+0.11/decade), a significant increase of the internal coral pHcr over the
last decades. Overall, within the Diploastrea sp. coral core, there was a significant
decrease in the abundance of microbioeroding communities over the last 5 decades
(90%). Three microbioeroding communities were identified colonizing the coral skele-
ton of Diploastrea sp. Still, the CNN model only identified two classes: the thin and
wide microbioeroding traces. Additionally, a community shift was identified in 1985-
1986 with a dominance of a mix of thin and wide microbioeroding traces before this
period towards a dominance of the thin traces after it, yet in lower abundance. The
investigation of the green bands and their potential link to higher microbioeroding
abundance was only performed in the coral core Diploastrea sp. No green bands were
identified within the other coral cores. Based on these findings, there was no direct
evidence that green bands may reflect a high abundance of microbioeroding traces, as
suggested by previous studies (Lukas, 1973; Le Campion Alsumard et al., 1995; Tribol-
let, 2008). Instead, green bands may be explained by both the abundance of microbio-
eroding traces and the influence of environmental factors like SSTA and the maximum
instantaneous wind speed (e.g., potential season effect between austral summer and
winter) that can trigger the formation of green bands, but this subject needs further in-
vestigation. Overall, the findings from this first coral core highlighted that the variabil-
ity, composition, and abundance of microbioeroding communities within Diploastrea
sp. might be explained by the co-action of biotic (with the skeletal bulk density, calci-
fication rate) and abiotic (SST/SSTA, pH¢r) factors that have impacted both microbio-

eroding communities differently that live within the Diploastrea skeleton.

Concomitantly to the ML application for estimating the abundance of microbio-
eroding communities in Diploastrea sp., this coral was also studied under a geochem-
istry approach to analyze the lipid biomarkers composition present within the coral
skeleton. The goal was to highlight potential specific lipid biomarkers of microbio-
eroding communities, especially Ostreobium, based on the alternate pattern of green
and white bands as green bands characterize the presence of Ostreobium sp. I expected
a potentially higher concentration of lipid biomarkers in green compared to a white
band and to identify some lipids that might be considered a proxy of the presence or
abundance of Ostreobium in the coral skeleton. Within this work, the study of the fatty

acid lipid biomarker composition of one monoalgal strain culture of Ostreobium sp.
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(010) was similar to what has been observed by Massé et al. (2020), showing that even
with different protocols, the main lipid biomarkers within this fraction were similar.
On the other hand, I completed information by providing for the first time the sterol
composition of one monoalgal strain culture of Ostreobium (010). Nonetheless, no
lipid biomarkers of the monoalgal strain culture of Ostreobium sp. were to be found
in abundance in the coral skeleton of Diploastrea sp., suggesting that Ostreobium sp.
might not be the dominant microborer in the coral skeleton. Overall no differences
were found in microbioerodings’ abundance between a green and white band. I ob-
served only a significant difference in lipid biomarker concentrations between a green
and white band for the -sitostérol. Overall, the largest differences observed were more
between the core’s top and bottom, where the highest sterols and fatty acids concen-
trations were observed essentially at the top of the coral skeleton (Carre6n-Palau et
al., 2020) but might belong and reflect the signal from the coral symbionts (Symbio-
dinium). One major finding from this approach was the detection and identification
of a group of lipid biomarkers: the amides and I showed a significant decrease of the
amides biomarkers group among the coral core of Diploastrea sp. over time. This de-
crease in the concentration of the amides could potentially match the decrease in the
abundance of microbioeroding communities, and potentially the abundance of the
wide microbioeroding traces. Nonetheless, a clear link between both decreases is still
hard to establish from the preliminary findings of the geochemistry, as the origin of
these lipid biomarkers remains to be explored. More research, specifically analytical
chemistry, will be necessary to identify the lipid biomarkers composition compounds
in corals to understand their specific roles in regulating the physiology of the coral

holobiont and its associated microbiota.

The trends and assumptions obtained from only one coral core are insufficient to
identify relevant trends to a larger group of corals. Therefore, I studied the variability
of the composition and abundance of microbioeroding communities in another type
of massive coral also collected in Mayotte, the Porites sp. This Porites sp. coral pre-
sented no visible green bands upon the skeleton and a mid-term record reconstruction
of 29 years. As for Diploastrea sp, three microbioeroding communities were identified
colonizing the skeleton of Porites sp. Nevertheless, differences were observed, as the
skeleton of Porites sp did not present very wide traces (up to 30um). The investiga-

tion focused only on the total abundance of microbioeroding traces as the objective
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was first to focus on the total abundance to reconstruct the history of the abundance
of microborers in Porites sp. I decided to re-train and optimize (through loss function
adjuments) a dedicated CNN model for the coral Porites sp. because the model trained
on Diploastrea sp. was introducing errors. Interestingly, I also noticed a decrease in
the microbioerodings’ abundance over time and in a different massive coral. Nonethe-
less, the abundance of microbioeroding traces in Porites sp. was significantly lower
than observed in Diploastrea sp. When considering the same period for both corals
(1990-2018), one breakpoint was highlighted at the same period (1995-1997), with a
decrease in abundance observed then. One very interesting result highlighted from
the Porites sp. coral core was the significant negative correlation of the abundance
of microbioeroding traces with the pH¢r indicating that it might be one of the main
factors that have regulated the variability of microbioeroding communities in Porites
sp. over time. In contrast, in Diploastrea sp. the observed abundance decrease could
be associated with a multi-factor explanation (biotic and abiotic influences). Addi-
tionally, differences in the abundance of microbioeroding traces in both corals might
be explained by their different skeletal properties. Even if Diploastrea sp. presents a
denser skeleton than Porites sp., it is much more porous. As Diploastrea sp. presents
bigger corallites, it may allow it to better scatter light in the skeletal compartment than
Porites sp. This could allow the growth of euendolith phototrophs more easily than in
Porites sp. skeleton. Overall, investigating two massive distinct coral cores has high-
lighted a decrease in the microbioeroding communities compartment within the coral
skeleton. Despite their known biogenic dissolution activities, some studies highlighted
the potential role of microborers acting as ecto-symbionts (e.g., Ostreobium; Fine and
Loya, 2002) that represent a key-organisms for sustaining the physiology of corals un-
der extreme stress events. Hence, such a decrease in the composition and abundance
of microborers over time underlines the question of their role in the holobiont and how

they might be involved in corals’ health and resilience states in a near future.

Finally, this Ph.D. could be summarized in this schematic representation, present-
ing our overall first knowledge of microbioeroding communities and how here in this
work, I provided for the first time a better understanding of the long-term dynamics of
these communities in living massive corals. Environmental archives such as massive
corals are key to studying the evolution of the diversity, distribution, and abundance of

microbioeroding communities over the coral host’s lifespan and provide a better un-
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derstanding of which biotic or abiotic factor can control their variability over the long

term.

247



General Conclusions and Perspectives

Synthesis

(9 1o1dey)) ¢, senIUNIUIOd
Suipoisoiqoomuu  Jo SIoyIewolq [enudjod
‘90uEpUNge  SIAJOQOIOIW Ul PIAIISQO  OSBAIOIP
Ay Ajrenuorod Juryojewr ‘(soprwe ‘3-9) SIAIBWOIQ
pidi] jJo dnoiS orjroods & wWoI 95BAIOAP JUBOYIUSIS
5 & paqspopdiq [B109  QAISSewl  JUIAll dy) U] «

L[N

B [}

I 5

- I
[T —

(G pue
 101dey))) 'sosea1dop oouepunge ur d[ol e pakerd
oAy JUSIW SI0J0BJ [EJUSWIUOIAUD JO dOoUdN[JUI
-0) ‘uonisodwod oy} Ul PYIYS & S[BI0D JAISSBUL
qjoq Ul dWN IOAO SIUIUNWIWOD FUIPOIAOIQOIdTW
JOo oouepunge oy} JO  9SBAIIP JuBOPIUTIS <«

(¢ 'SEECV/

"SUOTIIPUOD JBUI[O JUSIJJIP O} 100[qns
SJOOI JUQIJJIP Ul SANIUNTUIOD OSoy)
Jo A10JSTY 91} JONNSU0OI pue pazA[eue
9q 0} S2I09 [BI0D AIOW JO UOISUDIXS A}
mou syrured UONBZIUO[0O SIdI0QOIOTUX
Ajnuopt 03 uonesijdde Surures] suryoewt
oy} jo Juowdo[oAdp [nysseodns oy <«

-

:owo.z_%« 9&?5:«:0 MIN V /I1 K

*S[RI00 QAISSEW
FuImoI3-mo[s SUIAI] Ul SARIUNUWIIOD
SurporoorqoIorr  Jo  oduepunqge
pue uonnqLysip ‘uonrsoduwiod
Jo sorweukp oy} Jo  SAIpnmIs
wo) Suoj JSI1 SIMIISUOD oM SIY], «

UonNjosAY uLId) M-—O‘.— /1

ﬁ SISOY T, STY) WIOIJ UIBI[ SEA JBYAN g

¢ Senrunutod
9SOy} uo WY} Juo| JI9A0  sAZueyd  [eqO[D)
J0 10edUI] & UOISOID JIOMAIWRI) JOOI PIJRID[AIOR
® 9)enIul UBd SsyudL)NU pasedrdur ‘(uoneosrydonno)
Kyenb 101eM poonpai ‘A[reuonippy
‘sojensqns  [e10d pedp ur uonenoudd sjuowe[y
‘SSRWIOIQ  JOIOQOIOIW  “(4-4++) $OJBI  UONN[OSSIP

Nou omagoIq oje[nuIs & Julurem [eqo[3 puB VO <«

SIIPOIIOIQOIIIIA] pue saSueyd [eqo[o /[II

JO UONEDIJIIUAPI 2JRIN0OE PUB )se] 10] onbruyao) B Jo OB & SONIUNUIIOd SUIPOIA0IqOIOTUI
JO uonnjoAd oy} jo 310adse [eoISO[OUOIYD B puB Snonunuod e papraoid IOAdU suonesnsdAul
Yons “IGAOQIOJA "S90BI} UOISOIS0IQOIONW AJIUSPI 0) IOAISSqO-940 oy uo spuadop onbruyosy syl «

A13s090 pue (syjuour)
Surumnsuoo-own A[uSiy sem onbiuyoo] & soSewn NS JO SISA[eue [enuewl uo paseq AJurewr
QJoM sonIUNUIIOd SUIPOISOIqOIOI JO uonedyynuenb ay) ssasse 0) posn sanbruyod) JUSISHIIP YL <

/ $399dsV [€2130[0POYIIN /T K

*S[e109 SUIAI[ Ul JOPOIIOIQOIOT /

"POSSAsSE 2UBPUNQER 121} JO UONEIIIUEND SNONUNU00 0N & (U0JI[YS [BI0O0 MEI) SPURq )IYM UL
(uonezZIuo[09 SUIPOISOIqOIdIW JO J0JBIIPUL) SPUB] UIAIS USIMIIQ IJUIJJIP AU} UO SNO0J & S[BI0I
SurA1] ur (sooex) SUIPOIY/SJUSWIE[LY) SIAIOGOIdU JO douepunqe dy) paynuenb Ay sioyme Moy A[U) <«

110)-5U0] 91 10A0 der) & ULId) 110YS J10A0 A[UQ) & SOIeXsSqns [2100 PeIP Ul SONIUNIIOI
SuIpoIo0IqOIdII  QdUBpPUNGE PUE WONNQINSIP  ‘UONISOdWIOd  ‘SONIANOE  UONN[OSSIP  OruafoIq
UO UOIBULIOJU] & S[BI0D PEIP UO SNJ0J & SANIUNUIOD SUIPOIS0IqOIdIU WOTf $9ssa001d UoIso1001g <«

1Y 313 Jo 8IS /]

ﬁ SISYL, SIY) A.10J3Q MIUY SEM JBYAN _

248

. project.

Schematic summary of the Ph.D

Figure 7.1



General Conclusions and Perspectives Perspectives

7.2 Perspectives

The processes between microbioeroding communities and living massive corals are
complex, as this work highlights. Thus, from these findings emerge new scientific
questions that require future work. This thesis opens the way for many perspectives
on the application of the ML method, the identification of more classes of microbio-

eroding communities, and the inclusion of various types of corals.

7.2.1 Machine Learning Application

In this thesis, developing an ML application allowed me to identify accurately and con-
tinuously the colonization of coral skeletons of microbioeroding communities through
the lifespan of different massive corals. Within this work, I developed two applications
trained on SEM images specific to each massive coral. Both models gathered more
than 90% accuracy in identifying microbioeroding traces colonizing the coral skele-
ton. Nonetheless, this ML application could be improved in many different ways:

- The ML application could be enhanced and trained to identify more different classes
of microbioeroding communities. Nonetheless, this will require an important pre-
processing period by manually labeling the different microbioeroding classes the ap-
plication must identify. The more classes to be identified, the more complex and di-
verse the dataset will need to be for the network to train, which implies a longer train-
ing phase.

- Through this work and the will to improve the performances of the ML application,
I only focused on modifying one specific hyper-parameter (e.g., loss function) during
the training phase. Such modification from one application to another showed better
performances at identifying the class of interest. I strongly believe that by modifying
other hyper-parameters mentioned in the Chapter 3, the performances of the model

could be even better than the ones already assessed.

In the future, one interesting objective would be to realize one training that gathers
the SEM images collected from both massive corals. It will create one ML application
that will identify first the total abundance of microbioeroding traces in massive corals
(Diploastrea and Porites) and then fine-tune the application to identify more commu-
nities. To push even further, one objective will be to collect and label SEM images from

different branching corals to quantify and identify microbioeroding communities col-
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onizing their skeletons. Then, it would be interesting to realize an ML training adapted
to branching corals and fit to identify the microbioeroding communities in these types
of skeletal architectures. Finally, one key prospect would be to define a multi-coral
model application to identify microbioeroding communities in diverse corals, such as

massive and branching.

7.2.2 Additional Results of a Coral Core of La Réunion

The coral core of la Reunion offers an understanding of the evolution of microbioerod-
ing communities in a healthy massive coral colony Porites sp. It is of great interest as
it is located in the very shallow waters (= 1m) of the lagoon at la Saline in la Reunion,
which might be subject to anthropogenic impacts. I, therefore, analyzed the variabil-
ity of the total abundance of microbioeroding traces colonizing the Porites sp. coral
skeleton from la Reunion (Figure 7.2).

20%7

EEEE Total microborings

15%-

Hailies

1994 - 1997 1999 - 2001 2002 - 2005 2006 - 2009 2010 - 2012 2013 - 2015

Surface area of coral skeleton colonized by microbioeroding traces (%)

Figure 7.2: Histogram showing the variability of the percentage of the Porites sp. coral skeleton col-
onized by microbioeroding communities in la Reunion. The variability of the microbioeroding traces
were obtained along the 3 vertical transects (same methodology as described in corals from Mayotte).

One interesting result is a significant decrease in the total abundance of microbio-
eroding traces colonizing the coral skeleton of Porites in la Reunion (Mann-Kendall
test, p < 0.05). No breakpoints were identified over the last 20 years regarding the colo-
nization history of microbioeroding communities in the Porites sp. Still, between 1997-
1998, I observed a sudden decrease in the abundance of microbioeroding traces from
15% to around 3%. This sudden decrease could match the breakpoint period observed

in both corals from Mayotte (1-year difference). It may be related to the strong el Nifio
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observed at that time. Nonetheless, such assumptions must be further investigated to
identify which factors could explain the decrease in the abundance of microbioeroding

traces in the Porites sp. coral from la Reunion.

7.2.3 Additional Results from Coral Cores of the Scattered Islands

Preliminary results have been obtained on two Porites sp. coral cores from Juan de
Nova (JDN) and Europa, islands located along a north-south gradient in the MC. The
coral cores of Scattered Islands offer an understanding of the evolution of microbio-
eroding communities in massive Porites sp. corals, from contrasted reefs supposedly
free from anthropogenic activities as no human development is present within these
islands and understand the potential environmental effects alone (SST, pH, wind, inso-
lation ...). Moreover, Lo Monaco et al. (2021) observed a large decrease in the seawater
pH in all sectors of the MC, including near coral reef areas in the Eparses Islands (Eu-
ropa, Juan de Nova), with more acidic waters in the southern part of the channel. For
both coral cores, I reconstructed the coral growth variables. The Porites sp. coral core

from Juan de Nova allowed a reconstruction from 1972 to 2018 (Figure 7.3).
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Figure 7.3: Evolution of the different coral growth parameters of the studied Porites sp. colony from Juan
De Nova.

Analyzing the long coral record of Porites sp. from JDN may validate or not the first as-
sumptions observed in the Diploastrea sp. from Mayotte that covered nearly the same

period. Considering the growth parameters of Porites from JDN, the vertical extension
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rate did not vary significantly from 1972 to 2018. While the skeletal bulk density and
calcification rate decreased significantly over this period (Mann-Kendall test p < 0.001)
Figure 7.3), as also observed in the long record of Diploastrea sp. Thus, investigating
the composition and abundance of microbioeroding communities on another mas-
sive coral presenting similar decreasing patterns in density and calcification than the
Diploastrea sp. from Mayotte could reveal valuable information and is now under in-

vestigation.

The Porites sp. coral core from Europa allowed a reconstruction from 1993 to 2018.
When considering the Porites sp. coral, all three growth parameters did not vary sig-
nificantly over the last three decades (Figure 7.4), which can be potentially explained
due to the small interval of time considered (i.e, 25 years). As mentioned, Europa rep-
resents the southern area of the cores studied in this project. It might also represent
the study site with the most acidic conditions (Monaco et al., 2021). Such a site offers
the possibility of studying the variability of the composition and abundance of mi-
crobioeroding communities in a changing and decreasing seawater pH environment.
Moreover, it is known that their biogenic dissolution activities are greatly enhanced in

conditions of OA (Reyes-Nivia et al., 2013;Schoénberg et al., 2017; Tribollet et al., 2019).
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Figure 7.4: Evolution of the different coral growth parameters of the studied Porites sp. colony from
Europa.
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7.2.4 Further Investigations

In this work, I investigated two massive coral cores from Mayotte to study the decadal
variability of the composition and abundance of microbioeroding communities over
the last three to five decades. As mentioned, additional cores are already under inves-
tigation from contrasted reefs of the Indian Ocean. More coral cores from contrasted
reefs from others oceanic regions should be studied to confirm the observed trends
of the decrease in microborers’ abundance. As possible explanatory factors could be
ocean warming (both SST and SSTA), OA (pH), wind stress, precipitations, and cumu-
lative insolation more or less combined, as well as the bulk density of the coral host, in-
vestigations on coral reefs from different oceanic regions (Eastern Indian Ocean, Trop-
ical Pacific, Caribbean Reefs ...), under a different climate variability than the Indian
Ocean, need to be explored to assess how the variability of abundance and composi-
tion of microbioeroding communities answer to climate conditions in such regions.
Other factors, such as seawater pH, other variables from coral carbonate chemistry,
and metal trace pollution, could be involved and explained potentially the variability
of microbioeroding communities and need to be further explored. Additionally, long
and well-preserved coral cores could be investigated for long-term chronology recon-
struction and evolution of microbioeroding communities over centuries. For instance,
Wu et al. (2018) studied the massive coral Diploastrea heliopora from New Caledonia
and reconstructed inter-decadal pH variability from 1689 to 2011 in the South Pacific
Ocean. Access to such long records would allow a better understanding of the long-
term evolution of microbioeroding communities in living massive corals. If the trends
found over the last five decades in our corals were validated on a larger time scale (the
last three centuries, for example), with a large abundance of these communities in the
past and then a decline, this could potentially highlight the presence of a cycle of the
evolution of these communities within living corals. Above all, thanks to these long-
term records of the variability of these communities and the understanding of the cli-
mate situation at that time, this will allow for improving coral model projections in
the future to predict better and forecast coral health and resilience state over the next

decades.
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CHAPTER

8

Appendix

8.1 Cast-Embedding Protocol

Here is a detailed and explained version of the embedding resin protocol for coral sam-

ples and microbioeroders’ visualization under SEM.

1) Chronology reconstruction through the estimation of the coral growth rate. Two
complementary methods, the geochemistry analysis with the proxy Sr/Ca, record the
temperature variations over time. A distance between two peaks indicates a year of
growth. The approach is coupled with the X-ray and tomography of the coral core us-
ing the annual density banding to validate the growth rate reconstruction. A year of

growth is characterized by adding one high and one low-density band.

2) Cutting the coral core in sub-samples in adequation with the chronology recon-
struction model. Avoid cutting through the middle of one year. The maximum size for
sub-samples does not exceed 2 cm (representing the size of the container for the em-
bedding).

3) Label the sub-samples according to their sampling area and indicate an arrow to

show the upward direction of the coral growth (taking pictures can help).

4) Bleaching treatment of the sub-samples with sodium hypochlorite (NaClO) for 3

days to remove all organic matrix (tissue layer of the coral). Sub-samples are placed in
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small beakers and under a fume hood.

5) After the 3 days of bleaching, rinse the sub-samples with distilled water (or Milli-
Q) for 2-3 days. Importance of changing the bath regularly (use the same beakers after

rinsing them well with distilled water to eliminate any bleach left).

6) Dry the sub-samples in the oven at 40°C-50°C. Leave for at least 24 to 48 hours.

7) Impregnation in epoxy resin as shown below:

(A): Several tests were performed to determine the proportion of epoxy resin and
curing agent required for a solid and clean sub-sample. The final mix comprises 30 gr

epoxy resin and 15 gr curing agent (ratio 1/0.5).

(B): Mix gently for 5 to 10 minutes, avoiding the formation of bubbles. The mixture

must be homogeneous.

(C): The mixture is then placed within a mold to create a layer that is not too liquid
so that the sub-sample does not touch the bottom (a problem for the following cutting
if the sub-sample is at the bottom). Also not too hard so that it does not remain on the
surface. Put the mold in the oven at 50°C for about 10 minutes (check every 2 minutes).

The resin must remain sticky, allowing the sub-sample to sink within a few millimeters.

(D): Once the mixture is half hardened, put the sub-samples in the molds, and if
there is still some mixture (if not, repeat according to A.), immerse the sub-samples
completely and note on the edges of the mold the name of each sub-sample, the di-
rection of the upward growth rate, and remove the potential bubble formation using

wooden sticks.

(E): Place the molds in the vacuum chamber configured at 0.1 bar. Moisten the
edge of the chamber so that the glass pane sticks and the air is drawn out. Open and
pop the bubbles as soon as they form on the surface of the embedded sub-samples.

Leave under vacuum for about 15-20 minutes.
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F): Place the molds in the oven at 50°C for 24 hours (nevertheless, 6 to 7 hours can

be enough).

8) Unmold the blocks and cut the included sub-samples with a diamond saw (Isomet1000
from Buehler), and then stick the thin coral section on a microscopic slide. Finally,
coral sections are sonicated to remove potential sediments from sectioning for a few

seconds.

9) Decalcification with Hydrochloric acid (HCI 10%) for 10 seconds. Put a few drops
on the surface of the thin section (Same time for each coral section). Stop the reaction

by immersing the samples in a beaker with distilled water.

10) Dry the thin coral sections in the oven at 40°C-50°C. Leave for 1 to 2 hours.

11) Gold metallization of the coral sections for observing the different microboring

traces under SEM.

12) Observation of the different microborings depends on the study and objectives
of the authors. Here, 3 vertical transects were investigated along each coral section,
one on the left, one on the right, and one in the middle, applied over the length of the
entire core. Additionally, horizontal transects can be established if the visual presence

of green bands is spotted.

Materials for Impregnation:

- SpeciFix Epoxy Resin

- SpeciFix Curing Agent

- Rectangular Molds

- Plastic Cups (for the mix)

- Wooden Sticks

- Beakers (2 to 3, 250-500 mL)
- Vacuum chamber

- Aluminium Paper
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8.2 Supplementary Materials Diploastrea sp. Coral

Investigation
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Supplementary Material

Supplemental material related to the article entitled “54 years of microborings community
history explored by machine learning in a massive coral from Mayotte (Indian Ocean)” by

D. Alaguarda, J. Brajard, G. Coulibaly, M. Canesi, E. Douville, F. Le Cornec, C. Lelabousse,
A. Tribollet (2022)Front. Mar. Sci. 9:899398. doi: 10.3389/fmars.2022.899398

Machine Learning Approach
We present here the code used to defined the CNN model. The full implementation of the
model using the Keras library is provided on an open access database:

https://gist.github.com/brajard/ad809dbbcf9ba723320a47b89d26e1d4

from tensorflow.keras.models import *

from tensorflow.keras.layers import *

from tensorflow.keras.optimizers import Adam
n filters = 32

input size = (256, 256, 1)

inputs = Input (input size)

convl = Conv2D(n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (inputs)

convl = BatchNormalization () (convl)

convl = Conv2D(n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (convl)

convl = BatchNormalization () (convl)

pooll = MaxPooling2D(pool size=(2, 2)) (convl)

conv2 = Conv2D(2 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (pooll)

conv?2 = BatchNormalization () (conv2)

conv2 = Conv2D(2 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv2)

conv?2 = BatchNormalization () (conv2)

pool2 = MaxPooling2D(pool size=(2, 2)) (conv2)

conv3 = Conv2D(4 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (pool2)

conv3 = BatchNormalization () (conv3)

conv3 = Conv2D(4 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv3)

conv3 = BatchNormalization () (conv3)

pool3 = MaxPooling2D(pool size=(2, 2)) (conv3)

conv4 = Conv2D(8 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (pool3)
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conv4d = BatchNormalization () (conv4)
conv4d = Conv2D(8 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv4)
conv4d = BatchNormalization () (conv4)

260

poold = MaxPooling2D(pool size=(2, 2)) (convi4)

conv5 = Conv2D(1l6 * n filters, 3, activation='relu', padding='same'
kernel initializer='he normal') (pool4)

conv5 = BatchNormalization () (conv5)
conv5 = Conv2D(16 * n filters, 3, activation='relu', padding='same'
kernel initializer='he normal') (conv5)

conv5 = BatchNormalization () (convb)

up6 = Conv2D(8 * n filters, 2, activation='relu',6 padding='same',
kernel initializer='he normal') (UpSampling2D(size=(2, 2)) (convb))
merge6 = concatenate([conv4, up6], axis=3)

convée = Conv2D(8 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (merge6)

conv6 = BatchNormalization () (convé6)

convé = Conv2D(8 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv6)

conv6 = BatchNormalization () (conv6)

up7 = Conv2D(4 * n filters, 2, activation='relu', padding='same',

kernel initializer='he normal') (UpSampling2D(size=(2, 2)) (convé6))
merge7 = concatenate([conv3, up7], axis=3)

conv’7 = Conv2D(4 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (merge7)

conv7 = BatchNormalization () (conv7)

conv’7 = Conv2D(4 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv7)

conv/ = BatchNormalization () (conv7)

up8 = Conv2D(2 * n filters, 2, activation='relu',6 padding='same',
kernel initializer='he normal') (UpSampling2D(size=(2, 2)) (conv7))
merge8 = concatenate([conv2, up8], axis=3)

conv8 = Conv2D(2 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (merge8)

conv8 = BatchNormalization () (conv8)

conv8 = Conv2D(2 * n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv8)

conv8 = BatchNormalization () (conv8)

up9 = Conv2D(n_ filters, 2, activation='relu', padding='same',
kernel initializer='he normal') (UpSampling2D(size=(2, 2)) (conv8))
merge9 = concatenate([convl, up9], axis=3)

conv9 = Conv2D(n_filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (merge9)

conv9 = BatchNormalization () (conv9)

conv9 = Conv2D(n filters, 3, activation='relu', padding='same',
kernel initializer='he normal') (conv9)

conv9 = BatchNormalization () (conv9)

conv9 = Conv2D(3, 3, activation='relu', padding='same',

kernel initializer='he normal') (conv9)

convl0 = Conv2D (4, 1, activation='softmax') (conv9)

’
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model = Model (inputs=inputs, outputs=convl10)
model.compile (optimizer = Adam(lr = le-3), loss =
'categorical crossentropy', metrics = ['accuracy'])

model.summary ()

Neural network structure
The structure of the CNN model is detailed in the Suppl Fig.2. Each feature map (gray or orange
blocks in the figure) represents a 3-dimensional matrix, also called tensor. Each tensor is
transformed using a parametrized function whose output is called a layer. Our CNN model was
built with 10 convolutional layers, one convolution representing a linear operation involving
the product of a set of parameters with the 2D input feature map. Here, the first convolutional
layer was related to the input SEM images, i.e. the original images obtained using the SEM
ZEISS from the Platform ALYSES in Bondy (Suppl Fig 2). Note that, convolutional layers are
invariant by translation, which means in our case that the classification of a microborer trace
for instance does not depend on its location on the SEM image, which is the desired behavior.
The “trainable” parameters of the convolutional layers need to be optimized during a training
process, so the output predicted by the CNN model corresponds to the desired output SEM
image. The optimization process involves a reference dataset mapping input SEM images with
the desired output classification comprising our four defined categories: ‘resin’, ‘coral’,
‘skeleton’, ‘thin microborings’ and ‘wide microborings’. This reference dataset was here
obtained by manually analyzing 68 original SEM images (input, see described below). Once
the parameters of the CNN model were optimized during a training phase and some tuning of
the model has been performed the CNN model could be used to process any input SEM images
in the so-called inference phase. In addition to the convolutional layers that contain most of the
trainable parameters, the CNN model contained bath normalization layers (loffe and Szegedy,
2015) and max-pooling layers (Supp Fig 2; Yamaguchi et al. 1990; loffe and Szegedy, 2015).

Those trainable parameters made the CNN model more stable and prevented overfitting. Such
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262

overfitting can occur when a model gives results fitted on the dataset used in the training phase
but failed to give a correct prediction for any other inputs. To enable a non-linear model,
rectified linear units were applied after each convolutional layer (ReLU; Romanuke, 2017).
ReLU is a function that takes a scalar input x and returns max(0, x). For each image, the CNN
model determined thus which pixel was a thin or a wide microboring, part of the coral skeleton
or resin. The last layer was defined as a so-called softmax function converting output values of
the previous layer into probabilities (the sum of those probabilities equal 1; Goodfellow et al.,
2016). The model thus attributed a probability for each pixel to belong to each predetermined
category (resin, skeleton, thin or wide microborings). The final category attributes
corresponded to the highest determined probability. All the components of our approach were

common for a machine learning model used to classify objects.

Dataset constitution step
As explained in the previous section, a reference dataset was needed to determine the best
possible model by optimizing the parameters of the CNN model. Two types of parameters were
determined: the parameters of each layer and the so-called hyper-parameters that need to be
specified beforehand such as the size of the layers and the type of the used optimizer. To
constitute this reference dataset, we randomly selected 68 SEM images from our database and
processed them manually, i.e. that each pixel was associated to one of the four predetermined
categories for ground truthing. This was very time consuming and could not be applied to all
the available SEM images (>1500). This dataset was then randomly split into 3 sub-datasets:
the training set composed of 60 images and which allowed determining the trainable
parameters, the validation set composed of 5 images and which allowed determining the
hyperparameters, and the test set composed of the last 3 images in order to assess the
performance of the final model (Suppl. Fig. 2A & B). For technical reasons, the original SEM

images of 1024x768 pixels, were cut into 12 sub-images of size 256x256. Once the model
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analyzed all input sub-images, the original output SEM images were formed again based on
their 12 corresponding sub-images. The number of validation sub-images was thus 60 (i.e.
5x12) and the number of test samples was 36 (i.e. 3x12). To further increase the number of
samples in the training set (which is critical for the machine learning approach) we applied a
data augmentation technique that consisted of multiplying the number of training sub-images
by applying a rotation of 0°, 90°, 180° and 270°. This step allowed the production of training

set of 2880 sub-images.

Training step

Our network aimed at estimating the relative abundance (%) of thin vs wide microborings on
each SEM image via the measurement of the surface area of coral skeleton colonized by each
type of microborings. The training phase of the CNN model thus aimed at optimizing the
trainable parameters of the model. This step was performed by minimizing a loss function using
the Adams algorithm which is based on a gradient descent technique (Kingma et al., 2014). We
used the standard configuration of TensorFlow (version 2.6.0) with a loss function adapted
from the negative log cross-entropy, a common procedure used for classification (Murphy,
2012). This was defined for each set of training sub-images according to the following

L= XN_12¢=1 Wk Pri l0g Pk, Where p,, ;. is the true probability of the pixel n for the class k,
which equals 1 if the true class is k, otherwise it is 0; p,, j is the probability computed by the
CNN model when it attributes the right pixel to a given category; and the coefficient wy, is a
weighted factor used to as our four categories were highly unbalanced , by attributing more
important weights to under-represented classes (here we are much more skeleton pixels than
microboring pixels for instance; see Huang and Wu, 2016). We have thus setw; = w, = 0.66
for the two categories of microborings, w; = 0.11 for the ‘coral skeleton’ and w, = 0.22 for

the ‘resin’. We used a maximum of 130 iterations (epochs). In general we used less iterations

263



Supplementary Materials Diploastrea sp. Coral Investigation Appendix

as we could monitored the loss of accuracy in the validation samples to avoid overfitting
(Goodfellow et al. 2016). The duration of the training step was between 2 and 3 hours due to a
good connection to the IPSL MESRI Mesocenter and the use of its GPU with two graphic cards
NVIDIA GeForce RTX 2080 Ti (11Go). Despite the time spent to collect the original SEM
images and to set the training step once the CNN model was ready, it allowed a rapid

assessment of thousands of original SEM images (a few minutes).

Model tuning and post processing steps
corresponds thus to the best model obtained with the lowest loss during the validation phase ().
To validate the CNN model and to verify that it could be used on new original SEM images,
we used two metrics computed on the test dataset. The test dataset was neither part of the
training nor of the tuning of the CNN model and could be considered as a reliable independent
test for the capacity of the model to generalize the classification to new SEM images. The
dataset allowed thus providing two metrics : the accuracy of the classification, which
corresponded to the ratio between the number of pixels that were correctly classified and the
total number of pixels per SEM image (100% corresponded to a perfect classification), and the
% of the surface area of the coral skeleton colonized by thin or wide microborings. For
example, the following equation was used to estimate the % of the surface area of coral
skeleton colonized by thin galleries : N1/(N1+N2+N3)*100, where N1 is the number of pixels
classified in the class ‘thin microborings’, N2, the number of pixels attributed to ‘wide
microborings’ and N3, the number of pixels attributed to ‘coral skeleton’). Surprisingly, we
observed that our CNN model systematically overestimated the surface area of microborings.
We thus applied a correcting factor of 15% to the whole training dataset of SEM images to
correct the bias (Fig.3A, Suppl. Fig.3A). A linear regression between the percentages of

surface area of coral skeleton colonized by all microborings (thin + wide ones) estimated
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manually on the training set, validation set and test set of SEM images and those obtained by
the CNN model on the same sets of images after application of the correction factor showed
that the correction was efficient (R2 = 0.96, p < 0.0001; Suppl Fig.3B). The estimated accuracy

of the CNN Model was thus 93%.

Suppl Figure 1: Convolutional Neural Network architecture used to determine the surface area
of coral skeleton colonized by microborers on SEM images. Each box represents an SEM
image and its size in pixels is indicated on the side. The two vertical grey boxes indicate the
input (original) and output (analyzed) SEM images The right grey box represents the SEM
image that first enters into the CNN (input data). The left grey box represents the SEM image
but including the differentiation of the different classes (output data). Each orange box
corresponds to multiple channel feature maps. Colored arrows represent the various CNN

operation sand steps.
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Suppl Figure 2: Comparison of the estimated surface area of coral skeleton colonized by

microborers (thin + wide ones) obtained manually and by the CNN model (60 SEM images

were analyzed here). A. The CNN model (blue line) always overestimated the surface area of

coral skeleton colonized by microborers. It was thus corrected by a factor (15%) so the

estimations provided by the CNN model (green dotted line) were very closed to those obtained

manually (red line). B. Linear regression showing the correspondence between the manual and

model estimation. The regression is based on the 68 images used by the CNN splitted in the 3
different dataset (R>= 0,96).
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Suppl Figure 3: Interannual variability of the different environmental parameters between
1964 and 2018 decoupling the two different seasons at Mayotte: the summer season comprises
December to April while the winter season comprises June to October. May and November
were considered transition months (interseasons) and thus were not considered here. A. Sea
Surface Temperature (SST in °C.). B. Sea surface temperature anomalies (SSTA in °C). C.
Maximum instantaneous wind speed (km*h). D. Precipitation rate (mm). E. Cumulative

insolation period (hours). Mean and SE are presented per year for each variable at each season.

267



Supplementary Materials Diploastrea sp. Coral Investigation

Appendix

Suppl Table 1. Environmental parameters collected within the area of Mayotte over the last

50 years. Mean and SE were calculated per year.

SST SSTA Volume of Max Instand Wind Cumulative
Year (°C) (°C) Precipitations (mm) (km*h) Insolation (Hours)
1964 | 26.98+0.19 | -0.48 +0.03 125.46 + 17.82 55.8 £ 2.89 242.97 +5.43
1965 | 26.77+0.17 | -0.69 +0.03 93.19+11.16 43.2+1.23 239.84 + 3.56
1966 | 27.26 £0.21 -0.2£0.02 94.99 + 16.63 42.6 £1.46 248.58 + 4.88
1967 | 27.2+0.21 -0.26 £ 0.03 102.83 £ 9.67 37.8+£0.5 240.32 + 4.86
1968 | 26.92+0.17 | -0.54 +0.03 139.34 £ 21.78 39.3+0.94 239.58 + 4.93
1969 | 27.51+0.23 0.05+0.04 211.63 + 19.52 59.4+3.21 24459 +5.1
1970 | 27.29+0.21 | -0.17+£0.03 160.41 + 30.98 549+131 235.78 £ 5.81
1971 27.1+0.2 -0.56 £ 0.04 212.75 + 38.07 56.7 £ 2.67 239.22 + 4.82
1972 | 27.33+0.17 | -0.05+0.05 134.86 + 15.72 60.9 + 2.89 241.08 +6.11
1973 | 27.54+0.21 0.08 £ 0.03 144.43 £ 21.39 55.2+14 246.51 +5.43
1974 | 27.13+0.19 | -0.33+0.02 168.5 £ 26.16 51 +1.56 239.78 + 5.59
1975 | 27.11+0.19 | -0.41+0.04 139.54 +17.37 53.4+1.31 251.68 +4.41
1976 | 27.41+0.19 | -0.31+0.02 185.17 £ 11.53 50.1 + 3.07 252.85 + 6.28
1977 | 27.86 £0.17 0.11 +0.03 177.44 + 20.5 48 £1.42 250.53 +4.44
1978 | 27.41+0.19 0.03+0.03 167 £ 22.46 41.7+£1.75 236.43 £ 6.2
1979 27.3+0.2 0.09 £ 0.02 107.25 + 12.69 46.5+1.34 247.48 + 4.65
1980 | 27.29+0.19 0.05 £ 0.02 154.77 + 17.82 50.1+1.86 240.63 + 5.61
1981 | 27.48+0.2 0.02 £ 0.02 112.07 +£ 15.62 44.1+£1.23 244,99 + 5.03
1982 | 27.65+0.18 0.19 £ 0.03 120.3+£22.19 49.2 +£1.46 253.96 + 5.38
1983 | 27.73+£0.2 0.27 £ 0.03 141.73 £22.43 49.5+1.23 253.72+5.21
1984 | 26.94+0.22 | -0.52 +0.05 139.24 £ 19.7 58.8 £ 4.02 252.08 + 4.37
1985 275+0.2 -0.28£0.01 145.88 £27.88 53.1+3.29 247.1+6.31
1986 | 27.32+0.2 -0.14 £ 0.04 170.88 + 20.48 54 +1.44 247.08 +4.51
1987 | 27.76 £0.21 0.3+0.04 123.72 + 13.72 52.8 +2.38 259.04 + 4.99
1988 | 27.71+0.21 0.25+0.03 169.89 + 22.92 53.7+211 256.38 + 3.56
1989 | 27.21+0.19 | -0.17 +0.02 196.93 + 26.12 57.9+1.42 236.82 +6.72
1990 | 27.46+0.2 0+0.03 193.53 + 27.79 52.8£1.03 253.99 +5.91
1991 | 27.6+0.21 0.14 £ 0.03 283.01 +43.3 54.3+15 213.58 +5.44
1992 274+0.2 -0.06 £ 0.03 165.45 £ 21.77 54.39 £1.49 244.25 +5.15
1993 | 27.33+£0.2 -0.13+£0.03 94.89 + 19.01 56.82 £ 2.31 255.43 + 3.86
1994 | 27.21+£0.19 | -0.25+0.03 146.64 + 17.82 62.88 + 2.67 246.23 +5.9
1995 | 27.69+0.17 | -0.02 +0.04 106.6 £ 13.83 55.62 £ 1.76 245.73 + 4.88
1996 | 26.87 £0.23 -0.3+£0.04 109.44 +24.13 52.38 £1.77 249.58 + 6.48
1997 | 27.33+0.18 | -0.13+0.04 108.61 + 13.82 59.31 +£2.33 243.35+7.25
1998 | 27.78 £0.23 0.32 £0.05 130.86 + 25.03 57.06 £ 2.02 249.61 + 6.51
1999 | 26.93+0.21 | -0.16 +0.02 117.38 £ 19.42 55.2+1.07 232.02 + 4.63
2000 | 27.07+0.18 | -0.26 +0.02 113.02 + 20.05 57.3+2.29 212.07 £ 8.89
2001 | 27.25+0.21 | -0.21 +0.04 83.98 + 11.16 60.9 + 2.28 231.12 + 4.56
2002 | 27.38+0.2 | -0.08+0.04 160.42 + 25.95 56.4+1.35 211.49 +4.17
2003 | 27.56 £0.21 | 0.09 +0.03 128.19 + 16.63 66.4 £2.25 219.76 £ 5.8
2004 | 27.43+0.21 | -0.01+0.04 157.14 + 19.95 59.4+£2.77 223.88 + 3.35
2005 | 27.66 +0.21 0.2 +0.03 115.72 £ 14.88 58.2 £ 2.45 229.28 + 3.28
2006 | 27.45+0.21 | -0.01+0.03 136.36 + 18.39 60 + 1.57 187.09 £ 6.37
2007 | 27.71+£0.19 0.25+0.02 108.41 + 12.65 62.1+1.92 229.98 +6.14
2008 | 27.29+0.18 | -0.17 £ 0.05 173.25 £ 25.27 61.51.79 223.52 +5.32
2009 | 27.85+0.21 0.39 £ 0.03 124.91 + 15.59 62.7 + 2.45 229.98 +4.43
2010 | 27.99+0.24 | 0.61+0.05 119.06 + 15.15 55.98 +0.84 231.01+ 441
2011 | 27.82+0.19 0.36 £ 0.01 128.93 + 18.21 58.5+2.03 224.01 + 4.38
2012 | 27.68+0.2 0.22£0.01 119.25+17.36 62.43 £2.96 222.41 + 4.63
2013 | 27.46+0.21 0.08 £ 0.05 126.34 + 19.09 58.56 £ 2.19 225.81+7.18
2014 28+0.2 0.35 £0.02 150.12 + 24.88 59.04 £2.02 226.18 + 8.58
2015 | 28.12+0.17 0.47 £ 0.05 121.1+£17.16 57.51+£1.32 194.49 £ 11.36
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2016 | 27.67+0.25 | 0.31+0.07 96 + 20.82 60.78 +1.35 182.61 +12.78
2017 | 27.65+0.19 | 0.47+0.03 114.56 + 18.56 61.14 +1.78 220.5+7.57
2018 | 27.61+0.19 | 0.24+0.03 134.32 + 24.45 62.97+1.91 229.16 +6.2

Suppl Table 2. Coral growth parameters reconstructed in Diploastrea sp. over the last 50 years.

Mean and SDs were calculated per year.

Coral bulk density Calcification rate

Year Growth rate (mm) (g*cm™®) (g*cm >y ?)
1964 2.6 1.58 £ 0.02 0.41 + 0.005
1965 3 1.64 £0.01 0.49 + 0.002
1966 3.1 1.73 +£0.02 0.54 + 0.003
1967 2.8 1.78 £0.03 0.5 +0.008
1968 2.75 1.82 £ 0.01 0.5 £ 0.004
1969 2.6 1.82+0.01 0.47 £ 0.003
1970 24 1.87 £0.02 0.45 £ 0.005
1971 2.25 1.86 £ 0.01 0.42 £ 0.003
1972 2.75 1.87 £0.03 0.51 + 0.008
1973 2.85 1.86 £ 0.01 0.53 + 0.004
1974 2.85 1.87 £0.02 0.53 + 0.006
1975 2.65 1.76 £ 0.05 0.47 £0.014
1976 2.15 1.68 + 0.03 0.36 + 0.005
1977 1.9 1.59 + 0.05 0.3+0.01

1978 2.55 1.59 £ 0.04 0.41+£0.01
1979 2.75 1.56 £ 0.02 0.43 £ 0.005
1980 2.65 1.55+0.03 0.41 + 0.008
1981 2.5 1.43+£0.03 0.36 + 0.009
1982 2.2 1.35+0.03 0.3 +0.008
1983 2.95 1.31+£0.04 0.39+0.01
1984 2.85 1.27 £ 0.01 0.36 + 0.004
1985 3 1.19+£0.02 0.36 + 0.007
1986 2.5 1.19+£0.02 0.3 +0.006
1987 24 1.18 £0.02 0.28 + 0.006
1988 2.6 1.24 £ 0.04 0.32 £ 0.009
1989 2.8 1.24 +0.03 0.35 + 0.009
1990 25 1.33£0.03 0.33+0.007
1991 2.1 1.37£0.01 0.29 + 0.002
1992 2.5 1.34 £ 0.03 0.34 +£0.008
1993 3.1 1.35+0.05 0.42 £0.014
1994 2.15 1.43+£0.05 0.31+£0.011
1995 2.65 1.57 £ 0.04 0.42 £0.011
1996 24 1.58 £ 0.03 0.38 + 0.007
1997 2.05 1.57£0.01 0.32 £ 0.002
1998 2.05 1.63 +£0.03 0.33 £ 0.006
1999 2.1 1.65 + 0.02 0.35 + 0.005
2000 2.8 1.68 + 0.03 0.47 £ 0.007
2001 3 1.71+£0.02 0.51 £ 0.005
2002 2.9 1.74 +£0.05 0.51 +£0.015
2003 2.55 1.75+0.03 0.45 + 0.009
2004 2.8 1.71+£0.08 0.48 £ 0.021
2005 3.3 1.57£0.01 0.52 +0.003
2006 2.15 1.55 +0.02 0.33 £ 0.003
2007 3.3 1.39 + 0.06 0.46 +£ 0.021
2008 2.35 1.33+0.02 0.31+£0.001
2009 1.9 1.32+0.01 0.25 + 0.002
2010 2.35 1.36 £ 0.03 0.32 £ 0.007
2011 2 1.45+0.02 0.29 + 0.004
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2012 3 1.46 +0.03 0.44 +0.01
2013 2.65 1.45 +0.04 0.38 + + 0.009
2014 2.65 1.46 +0.02 0.39 + 0.004
2015 255 1.36 +0.01 0.35+0.003
2016 338 1.25 +0.06 0.47 £0.008
2017 49 1.13+0.05 055 + 0.023
2018 238 111+0.03 0.31+0.008

Suppl Table 3. Pearson’s correlations between the raw coral growth variables and raw
environmental variables over the last 50 years and per period before or after the break point.
*# p-value < 0.1; *: p < 0.05; **: p-value < 0.01; ***: p-value < 0.001 ; NS : non-

significant.
VARIABLES WHOLE DATASET (1964 —2018)
Vertical Extension Rate | Skeletal Bulk Density Calcification Rate
SST NS r=-0.405** r=-0.323 *
SSTA NS r=-0.451 *** r=-0.277 *
Precipitations r=-0.344 * NS r=-0.296 *
Max Instant Wind Speed NS NS NS
Cumulative insolation NS NS NS
VARIABLES DATASET between 1964 and 1985
Vertical Extension Rate | Skeletal Bulk Density Calcification Rate
SST NS NS r=-0.446*
SSTA NS NS NS
Precipitations r=-0.553 ** NS NS
Max Instant Wind Speed NS NS NS
Cumulative insolation NS r=-0.537 ** r=-0.457*
VARIABLES DATESET between 1986 and 2018
Vertical Extension Rate | Skeletal Bulk Density Calcification Rate
SST NS r=-0.311** NS
SSTA NS r=-0.388 ** NS
Precipitations NS NS r=-0.426*
Max Instant Wind Speed NS NS NS
Cumulative insolation NS NS r=-0.329 **
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Suppl Table 4. Mean percentages of coral skeleton colonized by microborers estimated per
year with the vertical approach. SE are indicated.

Abundance of Abundance of Abundance of

Year total traces (%) wide traces (%) | thin traces (%)
1964 29.9 25.7+3 43+0.8
1965 29.6 26+35 3.6+0.8
1966 28.7 23+18 57+13
1967 30.7 26.8+4.6 3.9+0.6
1968 313 241+39 73+£12
1969 26.8 11+2.1 158+1.6
1970 24.3 119+16 124+3.6
1971 34.9 136+13 21.3+33
1972 45.5 195+21 26+34
1973 50.1 156+1.6 34525
1974 40.6 17.7+£21 229+22
1975 51 16.6+1.6 344+23
1976 42.8 20.7+£2.2 22.1+£3.7
1977 50.3 22+18 28.3+4.1
1978 48.6 179+24 30.7+27
1979 37.8 17.1+24 20.7+3
1980 27.8 151+138 126+27
1981 295 16.1+2 134+27
1982 343 13.7+25 205+5
1983 29.5 85+1.1 21+22
1984 30 6.7+0.9 23.3+4.7
1985 319 7.3+0.7 24.6+3.9
1986 10.1 24+04 78+18
1987 17.2 42+0.8 129+17
1988 17.1 53+0.5 118+21
1989 13.3 59+13 74+18
1990 12.8 95+1.2 3305
1991 11.3 82+17 31+0.6
1992 12.7 8.9+0.8 38+0.7
1993 184 82+1 102+14
1994 22 6.1+0.7 159+29
1995 28 75+1.1 20427
1996 233 6+1 173+21
1997 17.9 31+03 148+22
1998 215 54+0.9 16.1+2.2
1999 17.2 41+0.7 13.1+24
2000 10.1 24+03 78+1.6
2001 154 41+07 113+13
2002 204 57+0.8 147+27
2003 16.2 47+07 116+17
2004 15.7 55+0.7 102+1
2005 9.5 5+0.8 45+0.8
2006 10 41+05 59+14
2007 15.7 71+13 86+15
2008 16.4 56+18 10.8+2.2
2009 22.8 43+£17 185+4.2
2010 13.1 21+05 111+3
2011 15.8 35+0.8 124+25
2012 16.6 7+12 96+1
2013 8.6 42+0.9 45+0.7
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2014 12.2 1+0.2 11.2+17
2015 15.2 2105 13.1+23
2016 12.6 1.8+0.5 10.8+23
2017 1.3 02+0 11+0.2
2018 2.7 1+01 1.6+04

Abundance of

Abundance of

Abundance of

Year total traces (%) wide traces (%) thin traces (%)
1964-1966 30.72 21.09+2.4 9.63 £ 0.49
1967-1968 37.59 28.06 + 2.02 9.53+04
1969-1971 38.4 14.44 £1.95 23.96 + 1.53
1972-1973 45.55 21.54 +2.32 24.01+1.24
1974-1975 40.94 19.63 £ 1.67 21.31 +£0.36
1976-1977 43.4 23.33+1.71 20.07 = 0.06
1978-1980 43.17 21.9+1.78 21.27 £0.25
1981-1982 34.39 19.42 +£2.02 14.97 £ 0.83
1983-1985 35.55 8.55+0.97 27+1.03

1986 16.27 4.15+0.59 1212 +1.91

1987 23.92 4.24 £0.56 19.68+1
1988-1989 14.09 7.33+0.74 6.76 +0.15

1990 13.89 6.29 + 0.89 7.6 £ 0.58
1991-1993 23.71 6.01+0.72 17.7+1.68

1994 15.14 2.94+0.38 12.2+1.86
1995-1997 17.43 3.43+0.53 14 +£1.39

1998 16.69 2.75+04 13.94 +£1.83

2000 - 1999 15.5 3.26+£0.72 12.24+1.9
2002 - 2001 19.7 5.13 +£0.62 1457 +1.24
2004 - 2003 12.6 4.15+0.47 8.45+0.97
2006 - 2005 8.31 3.07 £0.59 5.24 £ 0.45
2008 - 2007 13.67 5.51+0.84 8.16 + 1.58
2010 - 2009 12.47 2.76 £0.54 9.7+£22

2011 6.07 2.23+0.35 3.84£0.85

2012 14.32 5.12+0.52 9.2 +0.66

2013 12.93 6.02 + 1.56 6.91+0.5

2014 9.95 23+04 7.65 +0.86

2016 - 2015 4.31 0.91+0.27 3.4+0.92
2018 - 2017 4.78 1.3+0.25 3.48 £ 0.52

Suppl Table 5. Mean percentages of coral skeleton colonized by microborers estimated with
the horizontal approach within white vs green bands SE are indicated.
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Supp Table 6. Geochemical analyses realized at LSCE on the Diploastrea coral core. Each

sample correspond to one year of coral growth for further analysis reconstructing SST or pH.

Delta
11B/

Year Samples 10B Li B Na Mg Mn Sr Cd Ba Pb U

UM | pM/ mM/ | uM/ | pM/ | nM/

/M M mM/M | uM/M | uM/M M M M M nM/M
1964 MAY18D_01.58 23.6 6.6 | 480.4 | 21086.3 | 4484.4 0.1 9.0 2.4 4.5 4.5 1061.8
1965 MAY18D_01.57 22.9 6.4 | 446.5 | 20961.0 | 4591.2 0.1 8.9 2.5 4.5 3.8 1094.1
1966 MAY18D_01.56 23.2 6.6 | 477.2 | 20860.3 | 4259.9 0.1 9.0 2.3 4.4 -1.5 1146.4
1967 MAY18D_01.55 235 6.0 | 456.0 | 20537.5 | 4324.6 0.5 8.9 2.4 4.3 4.1 1098.5
1968 MAY18D_01.54 23.6 6.3 | 485.0 | 20569.5 | 4388.3 0.1 8.9 4.2 4.3 3.3 1072.0
1969 MAY18D_01.53 234 6.3 | 482.3 | 20864.9 | 4332.3 0.1 8.9 2.7 4.4 1.1 1107.8
1970 MAY18D_01.52 23.5 6.2 | 478.6 | 207425 | 4313.7 0.6 8.9 2.3 4.4 26.8 1071.6
1971 MAY18D_01.51 234 6.2 | 473.9 | 20720.3 | 4270.3 0.5 8.9 3.3 4.4 109.6 1094.7
1972 MAY18D_01.50 23.8 6.2 | 483.7 | 20510.8 | 4257.9 0.1 8.9 2.0 4.3 4.3 1100.5
1973 MAY18D_01.49 24.1 6.1 | 487.3 | 20494.1 | 4208.5 0.1 8.9 2.9 4.3 35 1080.7
1974 MAY18D_01.48 23.2 6.3 | 483.4 | 20679.2 | 4253.1 0.1 9.0 2.6 4.4 5.6 1096.4
1975 MAY18D_01.47 235 6.3 | 467.7 | 20882.9 | 4297.2 0.1 8.9 3.5 4.3 35 1128.9
1976 MAY18D_01.46 24.0 6.3 | 492.1 | 20607.9 | 4306.6 0.1 8.9 2.0 4.3 114 1070.2
1977 MAY18D_01.45 23.6 6.2 | 482.8 | 20514.7 | 4260.1 0.1 9.0 2.8 4.3 5.0 1085.3
1978 MAY18D_01.44 23.5 6.2 | 476.3 | 205125 | 43294 0.1 8.9 3.3 4.2 -0.6 1082.0
1979 MAY18D_01.43 24.1 6.0 | 484.9 | 20411.1 | 4208.8 0.1 8.9 3.1 4.2 4.6 1076.7
1980 MAY18D_01.42 23.7 6.1 | 484.2 | 20451.7 | 4267.9 0.1 8.9 2.7 4.2 4.0 1052.8
1981 MAY18D_01.41 23.9 6.0 | 493.5 | 20202.2 | 4198.3 0.1 8.9 2.3 4.3 4.8 1074.1
1982 MAY18D_01.40 24.0 6.0 | 491.1 | 203955 | 4156.1 0.1 8.9 2.8 4.3 5.8 1092.0
1983 MAY18D_01.39 24.0 6.1 | 499.3 | 20264.8 | 42313 0.2 8.9 2.1 4.2 110.1 1071.3
1984 MAY18D_01.38 24.3 6.1 | 4904 | 20621.0 | 44074 0.2 8.9 2.8 4.2 7.1 1040.3
1985 MAY18D_01.37 24.1 6.2 | 506.3 | 20556.9 | 4262.9 0.1 9.0 2.6 4.3 35 1079.4
1986 MAY18D_01.36 23.8 6.3 | 501.9 | 20457.4 | 4258.8 0.2 9.0 3.1 4.4 203.7 1073.7
1987 MAY18D_01.35 24.1 6.3 | 510.1 | 20328.7 | 4206.2 0.1 9.0 4.1 4.2 0.6 1085.9
1988 MAY18D_01.34 24.4 6.2 | 4979 | 20810.4 | 4205.9 0.1 8.9 1.8 4.3 5.9 1079.1
1989 MAY18D_01.33 23.7 6.0 | 476.4 | 20325.9 | 42214 0.1 8.9 2.5 4.2 6.0 1073.9
1990 MAY18D_01.32 23.8 6.2 | 476.8 | 20387.3 | 4311.8 0.2 8.9 2.1 4.2 5.8 1075.7
1991 MAY18D_01.31 23.9 6.3 | 485.6 | 20771.9 | 4307.6 0.1 9.0 2.4 4.3 5.7 1077.8
1992 MAY18D_01.30 24.1 6.3 | 509.9 | 20551.5 | 4218.6 0.1 9.0 2.4 4.3 6.0 1068.3
1993 MAY18D_01.29 23.6 6.1 | 480.7 | 20348.1 | 4207.5 0.1 9.0 1.8 4.3 6.9 1091.2
1994 MAY18D_01.28 23.7 6.2 | 481.4 | 20538.3 | 4286.8 0.1 8.9 2.0 4.2 6.6 1087.6
1995 MAY18D_01.27 24.3 6.3 | 516.3 | 20491.3 | 4264.9 0.1 9.0 1.9 4.3 7.9 1072.0
1996 MAY18D_01.26 23.7 6.3 | 501.8 | 20497.3 | 4238.9 0.1 9.0 1.7 4.3 2.2 1100.5
1997 MAY18D_01.25 24.1 6.1 | 503.3 | 20437.9 | 4148.7 0.1 9.0 2.7 4.2 8.4 1107.5
1998 MAY18D_01.24 23.9 6.2 | 503.6 | 20437.4 | 41384 0.1 9.0 2.6 4.3 7.0 1114.8
1999 MAY18D_01.23 24.0 6.1 | 501.9 | 20577.6 | 4124.8 0.4 9.0 2.8 4.3 9.5 1101.5
2000 MAY18D_01.22 24.1 6.3 | 499.1 | 20661.1 | 4200.0 0.2 8.9 1.6 44 33.7 1057.3
2001 MAY18D_01.21 24.0 6.2 | 512.7 | 20488.6 | 4169.4 0.1 9.0 1.8 4.3 7.9 1122.8
2002 MAY18D_01.20 24.4 6.2 | 513.5 | 20446.2 | 4159.6 0.1 9.0 2.9 4.3 7.5 1070.9

MAY18D_01.18-

2003 19 24.3 6.0 | 511.2 | 20472.8 | 4105.1 0.1 8.9 1.3 4.3 9.7 1100.1
2004 MAY18D_01.17 24.2 6.1 | 528.1 | 20618.7 | 4061.5 0.1 9.0 1.9 4.3 7.7 1107.5
2005 MAY18D_01.16 24.0 6.1 | 516.1 | 20493.0 | 4155.9 0.3 8.9 1.9 4.3 3.9 1105.5
2006 MAY18D_01.15 24.4 6.1 | 495.0 | 20686.5 | 4116.0 0.1 9.0 3.1 4.3 9.3 1123.8
2007 MAY18D_01.14 24.1 6.2 | 507.8 | 20464.0 | 41774 0.1 9.0 3.3 4.3 9.5 1085.1
2008 MAY18D_01.13 24.2 6.3 | 502.6 | 20357.9 | 4313.8 0.1 8.9 3.8 4.3 10.7 1057.5
2009 MAY18D_01.12 24.0 6.1 | 493.9 | 20289.2 | 4242.6 0.2 8.9 2.9 4.2 10.4 1074.4
2010 MAY18D _01.11 24.2 6.2 | 509.2 | 20509.5 | 4279.9 0.4 8.9 2.6 4.2 31.7 1050.3
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2011 | MAY18D 01.10 241 | 6.2 | 5117 | 20413.3 | 43142 | 0.1 8.9 15 | 43 | 39 | 10732
2012 | MAY18D_01.09 242 | 6.2 | 510.6 | 20730.0 | 42418 | 0.1 9.0 16 | 43 | 113 | 10912
2013 | MAY18D_01.08 239 | 6.1 | 486.2 | 20299.2 | 42519 | 0.1 8.9 2.2 4.2 9.8 | 1093.7
2014 | MAY18D_01.07 249 | 6.3 | 523.7 | 20249.6 | 44208 | 0.1 8.9 14 | 42 7.0 | 1066.3
2015 | MAY18D_01.06 244 | 6.1 | 4983 | 20558.0 | 43623 | 0.1 8.8 1.9 41 | 133 | 1025.1
2016 | MAY18D_01.04 242 | 6.1 | 500.8 | 20539.1 | 43566 | 0.2 8.9 15 | 41 | 142 | 1066.0
2016 | MAY18D_01.05 240 | 6.2 | 495.0 | 20453.0 | 43452 | 0.1 8.9 2.1 4.1 9.7 | 1058.3
MAY18D_01.02-

2017 03 242 | 6.1 | 510.9 | 20722.3 | 43964 | 0.1 8.9 10 | 41 | 118 | 10487
2018 | MAY18D _01.01 239 | 6.1 | 506.4 | 20908.9 | 4386.6 | 0.2 89 | 41 42 | 177 | 10139
Supp Table 7. Instrumental SSTs from the ERSST dataset corrected with an offset based on
SST of the Parc Marin of Mayotte and reconstructed SST from the multi coral proxy Li/Mg et
Sr/Ca (Lefts columns). Calculations of the Pkb (Equation. Dickson. 1990) and pHcr (Equation
2.3 in the Manuscript) for the Diploastrea coral core are then realized based on the different

SSTs products (Middle and Right Columns).
Year | ERSST_cor | SST_Multi_Proxy | PkB_ERSST | PkB_Multi_Proxy | pH_ERSST pH_Multi_Proxy
1964 26.63 26.96 8.58 8.57 8.45 8.44
1965 26.42 27.70 8.58 8.57 8.40 8.39
1966 26.91 26.35 8.58 8.58 8.42 8.42
1967 26.85 27.90 8.58 8.56 8.44 8.43
1968 26.57 27.31 8.58 8.57 8.45 8.44
1969 27.16 27.25 8.57 8.57 8.43 8.43
1970 26.94 27.37 8.58 8.57 8.44 8.43
1971 26.75 27.25 8.58 8.57 8.43 8.43
1972 26.98 27.13 8.57 8.57 8.46 8.45
1973 27.19 27.15 8.57 8.57 8.48 8.48
1974 26.78 26.83 8.58 8.58 8.42 8.42
1975 26.76 27.14 8.58 8.57 8.44 8.44
1976 27.06 27.13 8.57 8.57 8.47 8.47
1977 27.51 27.08 8.57 8.57 8.43 8.44
1978 27.06 27.33 8.57 8.57 8.44 8.43
1979 26.95 27.42 8.57 8.57 8.47 8.47
1980 26.94 27.43 8.58 8.57 8.45 8.45
1981 27.13 27.37 8.57 8.57 8.46 8.46
1982 27.3 27.19 8.57 8.57 8.46 8.47
1983 27.38 27.30 8.57 8.57 8.47 8.47
1984 26.59 27.62 8.58 8.57 8.49 8.48
1985 27.15 27.06 8.57 8.57 8.48 8.48
1986 26.97 26.78 8.57 8.58 8.46 8.46
1987 27.41 26.71 8.57 8.58 8.47 8.48
1988 27.36 27.02 8.57 8.57 8.49 8.50
1989 26.86 27.50 8.58 8.57 8.45 8.45
1990 27.11 27.31 8.57 8.57 8.45 8.45
1991 27.25 26.99 8.57 8.57 8.46 8.46
1992 27.05 26.69 8.57 8.58 8.47 8.48
1993 26.98 27.16 8.57 8.57 8.45 8.44
1994 26.86 27.25 8.58 8.57 8.45 8.45
1995 27.34 26.90 8.57 8.58 8.49 8.49
1996 26.52 26.79 8.58 8.58 8.46 8.45
1997 26.98 26.91 8.57 8.58 8.47 8.48
1998 27.43 26.61 8.57 8.58 8.46 8.47
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1999 26.58 26.96 8.58 8.57 8.48 8.47
2000 26.72 26.90 8.58 8.58 8.48 8.48
2001 26.9 26.70 8.58 8.58 8.47 8.47
2002 27.03 26.89 8.57 8.58 8.49 8.49
2003 27.21 27.13 8.57 8.57 8.49 8.49
2004 27.08 26.77 8.57 8.58 8.48 8.48
2005 27.31 26.99 8.57 8.57 8.47 8.47
2006 27.1 26.86 8.57 8.58 8.50 8.50
2007 27.36 26.78 8.57 8.58 8.47 8.47
2008 26.94 27.33 8.58 8.57 8.48 8.48
2009 27.5 27.45 8.57 8.57 8.47 8.47
2010 27.64 27.38 8.57 8.57 8.47 8.48
2011 27.47 27.49 8.57 8.57 8.47 8.47
2012 27.33 27.11 8.57 8.57 8.48 8.48
2013 27.11 27.67 8.57 8.57 8.46 8.45
2014 27.65 27.49 8.57 8.57 8.52 8.52
2015 27.77 27.91 8.57 8.56 8.49 8.48
2016 27.32 27.65 8.57 8.57 8.47 8.47
2017 27.3 27.84 8.57 8.56 8.48 8.47
2018 27.26 271.71 8.57 8.57 8.46 8.45
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8.3 Supplementary Materials Porites sp. Coral

Investigation

A. Vertical Transects in Diploastrea sp.

e=@==| cft Transect ~ ==®==Middle Transect ==®==Right Transect

Abundance of Microbioeroding Traces
—_ [T T T . N
(=] [=) [=] (=] [=} S

e=@==| cft Transect  ==®==Middle Transect ==®==Right Transect

Abundance of Microbioeroding Traces

0 400
Number of SEM photographs

Figure 8.1: Variability of the abundance of microbioeroding traces among the three different vertical
transects for Diploastrea sp. and Porites sp.
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Supp Table 1 Geochemical analyses realized at LSCE on the Porites coral core. Each sample
correspond to one year of coral growth for further analysis reconstructing SST or pH.

Delta
11B/

Year Samples 10B Li B Na Mg Mn Sr Cd | Ba Pb U

UM | pM/ uM/ | M

M M mM/M | yM/M | pMM | MMM | M | /M | nM/M | nM/M
1990 | MAY18P_01.57 58 | 24.0 | 6.3 | 439.4 | 20033.8 | 4190.8 0.2 89445 | 94 | 41 | 88.0 | 11107
1991 | MAY18P_01.55 56 23.7 6.4 | 436.3 | 20130.3 | 4064.3 0.3 8924.1 | 40 | 4.2 52.7 1113.2
1992 | MAY18P_01.53 54 | 24.1 | 6.3 | 457.5 | 19919.2 | 3982.2 0.1 8953.3 | 4.2 | 42 | 420 | 11146
1993 | MAY18P_01.51 52 | 242 | 6.3 | 458.1 | 19695.9 | 3939.6 0.2 89385 | 57 |41 | 969 | 1120.2
1994 | MAY18P_01.49 50 23.7 6.2 | 419.5 | 19755.8 | 4145.9 0.2 8881.0 | 64 | 4.0 37.5 1076.0
1995 | MAY18P_01.47 48 | 240 | 6.2 | 440.9 | 19729.1 | 4028.4 0.3 |8949.0 | 10.2 | 40 | 97.7 | 1108.6
1996 | MAY18P_01.45 46 244 6.0 | 454.3 | 19590.2 | 3964.4 0.2 8906.2 | 47 | 4.1 42.0 1082.0
1997 | MAY18P_01.43 44 241 6.1 | 449.7 | 19716.5 | 3889.6 0.3 8880.3 | 11.1 | 4.1 41.9 1096.0
1998 | MAY18P_01.41 42 24.2 6.1 | 474.8 | 19713.5 | 3766.0 0.2 89913 | 46 | 41 33.1 1132.2
1999 | MAY18P_01.39 40 24.7 6.1 | 485.6 | 19642.2 | 3861.2 0.2 90136 | 39 | 4.2 25.1 1157.3
2000 | MAY18P_01.37_38 | 24.9 | 6.0 | 494.2 | 19745.0 | 3841.3 0.2 89914 | 56 | 42 | 249 | 1163.2
2001 | MAY18P 01.35 36 | 24.9 | 5.9 | 490.8 | 19860.5 | 3894.8 0.2 8977.0 | 53 | 42 | 531 | 11421
2002 | MAY18P_01.33 34 24.6 6.2 | 482.4 | 20018.3 | 3926.1 0.2 8995.8 | 12.0 | 4.1 82.1 1124.0
2003 | MAY18P_01.31_32 | 24.4 | 5.9 | 460.9 | 19900.6 | 4050.9 26 | 88774 | 63 | 41 | 39.2 | 1073.8
2004 | MAY18P 01.29 30 | 24.5 | 6.0 | 468.3 | 19935.8 | 3999.2 0.2 8928.7 | 48 | 42 | 58.8 | 1100.6
2005 | MAY18P_01.27_28 24.3 6.1 | 462.4 | 19930.9 | 4067.0 0.2 8922.0 | 159 | 4.2 514 1096.2
2006 | MAY18P_01.25 26 241 6.1 | 448.6 | 19918.1 | 4136.7 0.3 8861.7 | 10.3 | 4.1 56.1 1073.4
2007 | MAY18P_01.23 24 241 6.1 | 444.9 | 19952.5 | 4159.6 0.2 8859.7 | 6.3 | 4.0 23.7 1061.5
2008 | MAY18P_01.21 22 | 24.2 | 6.3 | 458.0 | 19956.8 | 4135.1 0.2 8909.1 | 54 | 41| 364 | 1072.0
2009 | MAY18P_01.19 20 241 6.2 | 459.6 | 19952.6 | 4050.7 0.3 89175 | 73 | 4.2 39.7 1084.6
2010 | MAY18P_01.17_18 244 6.1 | 484.4 | 19369.8 | 3694.0 0.2 89448 | 49 | 4.1 25.2 1141.0
2011 | MAY18P_01.15 16 24.0 6.2 | 466.5 | 19983.5 | 4056.3 0.3 89442 | 51 | 41 47.8 1084.0
2012 | MAY18P 01.13 14 24.2 6.1 | 4485 | 20112.3 | 4163.2 0.2 88455 | 99.3 | 4.0 | 163.4 | 1051.0
2013 | MAY18P_01.11 12 24.2 6.0 | 468.1 | 20111.8 | 4056.4 0.3 8908.2 | 53.7 | 4.0 | 345.6 | 1079.9
2014 | MAY18P_01.9 10 243 | 6.0 | 459.7 | 20110.6 | 4056.3 0.2 8883.3 | 7.2 | 40 | 442 | 1069.2
2015 MAY18P 01.7_8 24.3 5.9 | 453.2 | 19994.4 | 4009.4 0.2 8843.0 | 3.2 | 4.0 25.7 1064.0
2016 | MAY18P_01.5_6 246 | 6.1 | 482.2 | 20088.1 | 3929.0 0.1 88949 | 21 | 41| 159 | 1096.4
2017 MAY18P_01.3_4 24.0 6.3 | 444.1 | 20294.9 | 4237.1 0.2 88139 | 6.1 | 4.0 36.4 1047.0
2018 MAY18P 01.1_2 24.2 6.9 | 462.8 | 20497.8 | 4155.0 0.4 8913.7 | 96.8 | 4.1 | 298.7 | 1069.7

Supp Table 2. Instrumental SSTs from the ERSST dataset corrected with an offset based on
SST of the Parc Marin of Mayotte and reconstructed SST from the multi coral proxy Li/Mg et
Sr/Ca (Lefts columns). Calculations of the Pkb (Equation. Dickson. 1990) and pHcr (Equation
2.3 in the Manuscript) for the Porites coral core are then realized based on the different SSTs
products (Middle and Right Columns).
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Year | ERSST cor | SST _Multi Proxy | PkB_ERSST | PkB_Multi_Proxy | pH_ERSST pH_Multi_Proxy
1990 27.11 26.83 8.573 8.576 8.47 8.47
1991 27.25 26.43 8.571 8.581 8.45 8.45
1992 27.05 26.16 8.574 8.584 8.47 8.48
1993 26.98 26.16 8.575 8.584 8.48 8.48
1994 26.86 27.15 8.576 8.573 8.45 8.44
1995 27.34 26.53 8.570 8.580 8.46 8.47
1996 26.52 26.78 8.580 8.577 8.50 8.49
1997 26.98 26.64 8.575 8.579 8.48 8.47
1998 27.43 25.80 8.569 8.588 8.48 8.50
1999 26.58 26.07 8.579 8.585 8.52 8.53
2000 26.72 26.22 8.578 8.583 8.53 8.54
2001 26.9 26.60 8.576 8.579 8.53 8.54
2002 27.03 26.17 8.574 8.584 8.51 8.52
2003 27.21 27.31 8.572 8.571 8.49 8.49
2004 27.08 26.96 8.573 8.575 8.50 8.50
2005 27.31 26.84 8.571 8.576 8.48 8.49
2006 27.1 27.32 8.573 8.571 8.48 8.47
2007 27.36 27.29 8.570 8.571 8.47 8.47
2008 26.94 26.83 8.575 8.576 8.49 8.48
2009 27.5 26.63 8.569 8.579 8.47 8.48
2010 27.64 25.75 8.567 8.589 8.49 8.50
2011 27.47 26.56 8.569 8.579 8.47 8.48
2012 27.33 27.41 8.571 8.570 8.48 8.47
2013 27.11 27.08 8.573 8.573 8.48 8.48
2014 27.65 27.13 8.567 8.573 8.48 8.48
2015 271.77 27.44 8.566 8.569 8.48 8.48
2016 27.32 26.61 8.571 8.579 8.50 8.50
2017 27.3 27.32 8.571 8.571 8.46 8.45
2018 27.26 25.76 8.571 8.589 8.48 8.48
Suppl Table 3 and Fig.1. Pearson’s correlations between the detrended coral growth variables
and detrended environmental variables over the last 29 years for Diploastrea sp. coral. *#: p-
value < 0.1 ; *: p < 0.05 ; ** : p-value < 0.01 ; *** : p-value < 0.001 ; NS : non-
significant.
Variables Diploastrea coral core (1990-2018)
Vertical Extension Rate | Skeletal Bulk Density | Calcification Rate
SST NS NS NS
SSTA NS R =-0.329 " NS
Precipitations NS NS R =-0.373"
Max Instant Wind Speed NS NS NS
Cumulative Insolation NS NS NS
pHcr with ERSST NS R=0502" NS
pHcr with Multi-Proxy NS R=0.530" NS
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Suppl Table 4. Coral growth parameters reconstructed in Porites sp. over the last 29 years.
Mean and SDs were calculated per year.

Coral Calcification
Sample Name | Length Growth Density (g.cm-2.y-1)

Year Rate (cm) (9.cm-3)
1990 PorMay18 1.1 1.20+£0.01 1.32 + 0.01
1991 14.1 1.1 1.26 + 0.02 1.38 £0.03
1992 3.3 1.1 1.16 + 0.06 1.28 £ 0.07
1993 PorMay18 1.1 1.10 £ 0.02 1.20 + 0.02
1994 13.1 1.85 0.8 1.09 +0.01 0.87 £ 0.01
1995 PorMay18 1 1.10+£0.01 1.10 £ 0.01
1996 12.1 1.6 0.8 1.10 £ 0.02 0.88 £ 0.01
1997 PorMay18 1.6 1 1.11 £ 0.07 1.11 £ 0.07
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1998 111 0.7 1.12£0.03 0.79 £ 0.02
1999 PorMay18 0.8 1.15+0.01 0.92 +0.01
2000 10.1 1.6 0.9 1.10 £ 0.06 0.99 + 0.06
2001 PorMay18 0.9 1.15+0.01 1.03£0.01
2002 9.1 15 0.7 1.15+0.01 0.80 £ 0.01
2003 PorMay18 0.9 1.13+0.01 1.01+0.01
2004 8.1 18 1 1.17 £0.01 1.17 £0.01
2005 PorMay18 1 1.11+0.08 1.11+0.08
2006 7.1 1.95 1 1.01 £0.02 1.01 £0.02
2007 PorMay18 11 1.04 +0.02 1.14 +0.03
2008 6.1 2 1 1.07 £0.03 1.07 £0.03
2009 PorMay18 1 1.09 £ 0.02 1.09 +£0.02
2010 5.1 2.2 13 1.13+0.03 1.48+0.03
2011 PorMay18 1.2 1.12 £ 0.02 1.35+0.03
2012 4.1 1.95 0.9 1.18 +0.02 1.06 £ 0.02
2013 PorMay18 11 1.21 +0.04 1.34+0.04
2014 3.1 1.95 0.9 1.18 £ 0.02 1.06 £ 0.03
2015 PorMay18 0.9 1.22£0.03 1.10+0.03
2016 2.1 1.95 1.1 1.20 £ 0.03 1.32 £0.03
2017 PorMay18 0.8 1.14 £0.02 0.91+0.01
2018 1.1 1.65 0.9 117 £0.01 1.05 +0.01

280




Appendix

Supplementary Materials Porites sp. Coral Investigation

Suppl Table 5 and Fig.2. Pearson’s correlations between the detrended coral growth variables
and detrended environmental variables over the last 29 years for Porites sp. coral. *#: p-value

<01 ;* p <005
significant.

; ** o p-value < 0.01 ; ***

p-value < 0.001 ; NS : non-

Porites coral core (1990-2018)

Variables

Vertical Extension Rate | Skeletal Bulk Density | Calcification Rate

SST

R =0.349 ™ NS R=0.386"

SSTA

R =0.335 " NS R=0.391"

Precipitations

NS R=0.426" NS

Max Instant Wind Speed

NS R =-0.366 ** NS

Cumulative Insolation

NS NS NS

pHcr with ERSST

NS NS NS
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Suppl Table 6. Mean percentages of the Porites coral skeleton colonized by microborers

estimated per year with the vertical approach. SE are indicated.

Year | Abundance of Total
Microbioeroding
Traces (%)
1990 4.03 + 1.06
1991 5.37 £2.32
1992 6.74 +1.95
1993 4.26 +3.11
1994 5.21 + 1.68
1995 5.60 + 2.57
1996 2.25 +1.53
1997 240+ 1.46
1998 1.39 £ 0.69
1999 1.58 +0.92
2000 2.71+0.67
2001 0.94 £0.58
2002 0.77 £ 0.67
2003 2.76 £0.84
2004 1.53+0.85
2005 1.97 £0.82
2006 2.46 £ 1.07
2007 3.27+221
2008 1.97+£0.79
2009 2.00 £0.96
2010 1.16 £ 0.57
2011 2.58 +1.08
2012 5.21 +0.99
2013 1.92 +£1.32
2014 1.96 £ 0.84
2015 3.80 + 1.47
2016 249 +1.01
2017 1.80 +0.73
2018 1.43+1.02
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Suppl Fig 3: Pearson’s correlations between the raw coral growth variables, microbioeroding
abundances and raw environmental variables over the last 29 years for Diploastrea sp. coral.
*#: p-value < 0.1 ; *: p < 0.05 ; ** : p-value < 0.01 ; *** : p-value < 0.001 ; NS : non-
significant.
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Suppl Fig 4: Pearson’s correlations between the
microbioeroding abundances and raw environmental
Diploastrea sp. coral. *#: p-value <0.1;*: p<0.05 ; **
; NS : non-significant.
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Suppl Fig 5: Pearson’s correlations between the detrended coral growth variables,
microbioeroding abundances and raw environmental variables over the last 29 years for Porites
sp. coral. *#: p-value < 0.1 ; *: p<0.05 ; ** : p-value < 0.01 ; *** : p-value < 0.001 ; NS : non-
significant.
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Suppl Fig 6: Pearson’s correlations between the detrened coral growth variables,
microbioeroding abundances and raw environmental variables over the last 29 years for Porites
sp. coral. *#: p-value < 0.1 ; *: p<0.05 ; ** : p-value < 0.01 ; *** : p-value < 0.001 ; NS : non-
significant.
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8.4 Supplementary Chromatograms
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Figure 8.2: Chromatogram of the F3 fraction from one coral sample of the bottom of the core
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Figure 8.3: Chromatogram of the FA fraction from one coral sample of the bottom of the core
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Diego Alaguarda

Ph.D in Coral Reef Ecology
Coral reef, paleo-oceanography, bioerosion,
LOCEAN, Sorbonne Université, Paris, 75005 — France

D +33 6376527 22 £ 22/01/1994
< diego.alaguarda@Iocean.ipsl.fr

1. Positions & Education
e Ph.D in Coral Reef Ecology 2020 - 2023

LOCEAN, Sorbonne Université, Paris — France P1: Aline Tribollet, Julien Brajard
Research Project: “Effect of Global Changes on Microbioeroding Communities Living in Massive Corals from
the Island of Mayotte (Western Indian Ocean)”

e M.Sc. in Oceanography 2016 - 2018
Aix Marseille Université, Marseille — France PI: Thomas DeCarlo, McCulloch Lab
Research Project: “Skeletal Growth Records of Porites corals from the Great Barrier Reef and the Coral Sea
during consecutive thermal stress events (2016-2017)”

e B.Sc. in Biology of Organisms, Populations and Ecosystems 2014 - 2015
Université Paul Sabatier, Toulouse — France

2. Publications

e Alaguarda, D., J. Brajard, G. Coulibaly, M. Canesi, E. Douville, F. Le Cornec, C. Lelabousse, and A.
Tribollet. 2022. “54 Years of Microboring Community History Explored by Machine Learning in a Massive
Coral from Mayotte (Indian Ocean).” Frontiers in Marine Science 9.

https://doi.org/10.3389/fmars.2022.899398.

e DeCarlo, T. M., Harrison, H. B., Gajdzik, L., Alaguarda, D., Rodolfo-Metalpa, R., D’Olivo, J., Liu, G.,
Patalwala, D., and McCulloch, M. T. (2019). “Acclimatization of massive reef-building corals to
consecutive heatwaves.” Proceedings of the Royal Society B: Biological Sciences 286 (1898).

https://doi.org/10.1098/rspb.2019.0235.
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3. Communications

15" ICRS International Coral Reef Symposium (Poster) Bremen (GE) — 2022
EGU General Assembly (Talk) Vienna (AUT) — 2022
14" ICRS International Coral Reef Symposium (Poster - Virtual) Bremen (GE) — 2021
PhD Meeting (Talk) Paris (FR) — 2021

4. Technical expertise

Coral Growth Reconstruction: X-ray Analysis, Annual density banding reconstruction, Sr/Ca
reconstruction, CT-scan analysis, Density and Calcification Reconstruction, paleo-proxies calculations and
reconstructions (SST, pH)

Microbioeroding Communities: Scanning Electron Microscope, Cast-Embedding Protocol, Identification
through Machine Learning application

Organic Geochemistry: Extraction and separation protocol, Lipid biomarker calculation

Data analysis: Rstudio, Python, Matlab,

5. Scientific outreach
Séminaire BIOECOTROP, la Réunion- (Talk) (February 2023)

Féte de la science 2022, Bondy — (Talk and introduction on climate change, coral reefs) (October
2022)

Future Maores Reef, Bondy — (Talk for school kids on climate change and introduction to coral reefs)
(Mars 2022)

Doctoriales 2021 - (Talk) (October 2021)
Féte de la science 2021, Paris - (Ocean practical experiments for school kids) (September 2021)

Interview for the social media “VRACC” related to the impact of climate change on coral reef
ecosystems (https://www.instagram.com/p/COayHq_oWwf/) (May 2021)

6. Personal Skills

Language: French (mother tongue), English (professional), Spanish (professional)

Dive Certification : PADI Advanced Water (18 Dives)
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Appendix Curriculum Vitae and Scientific Communications

A SORBONNE . . . o e .
S UNIVERSITE Indian Ocean microborers in a living coral: LOCEAN
| How to explore the variability of their abundance over 50 years?
FONDATION
D. Alaguarda™ J. Brajard?, F. Le Cornec’, G. Coulibaly?, M. Canesi?, E. Douville?, A.C. Simon?, A PRINCOE AI.cBgRT 1
g DE MONA
P M. Agelou?, C. Lelabousse*, A. Tribollet!
- & i~ |1. Lab. LOCEAN-IPSL,Sorbonne Université-IRD-CNRS-MNHN, 4 place Jussieu, 75005 Paris Cedex,
2. NERSC, Jahnebakken 3, 5007, Bergen, N
o F B W 3. Lab. LSClg/IIII’eSL (C?A-CNRS-UE\%?;), U(ilriv\::rysité Paris-Saclay, Gif-sur-Yvette, France !!§e§e}ij
SRS e 4. National Marine Park Authority of Mayotte, Pamandzi, Petite-Terre, Mayotte G
MICROBORERS : WHAT ARE THEY ? PROJECT OBJECTIVES:

> Microboring flora are known as one of the main agents of reef dissolution and bioerosion'2. Their > To develop a new method allowing the study of the abundance of traces left by microborers

activity in dead carbonates is greatly sti by ocean idif i warming and (microborings; Fig. 1) in the skeleton of living corals relying on a Machine Learning approach
eutrophication, putting reef resili at risk345,
» To apply this innovative method to a coral core of a living massive coral Diploastrea sp. collected in

» While effects of global change on corals have received wide-spread attention, much less is known about Mayotte in October 2018 and covering the last 50 years (Fig.2)

the ics of bi ing ities driving reef carbonate dissolution over long periods of

time, limiting the understanding of reef resili capacity and projections of reef fate by 21006, » To determine the possible factors influencing microborings’ abundance in the studied coral core
» Only a few studies have investigated dynamics of dead corals colonization by boring flora and their CONCLUSIONS & PERSPECTIVES:

associated dissolution rates over a few months or years’. Running experiments with dead coral substrates

for more than a few years is difficult. > The new developed approach allowed the analysis of a large number of Scanning electron Microscope

e . . . . (SEM) images (>1500) in a very short time with an accuracy of 93 % (number of good
» Living colonies of slow growing corals are thus an opportunity to study the effects of various factors

on microboring flora (corals being natural bio-archives recording environmental variability)*® over predictions/number of total predictions) (Fig.3).
several decades as they are able to colonize skeletons of both dead and living corals.
2 Y LTTEE, 8 1 ; B 7 3 » This innovative method could be applied to other coral species. It needs to be tested and possibly

adapted (ongoing work).

» The analysis of the coral core revealed a significant decrease of microborers’ abundance over the
last 50 years (Fig.4). No correlation with the coral growth extension rate was found. In contrast, a positive

L 2 relationship was found with the coral density and SSTs over the last decades (p < 0.05; Fig. 5). These
ig.1 Optical Microscopy image for the green alga of the genus Ostreobium (left). Scanning electron microscopes

showing the diversity of microborings (ichnocenoses) present within the skeleton of the coral (right). (e b el (1 (52 et 7 (e s iy (e rneres G| G i Wit L Hn @z,

MACHINE LEARNING : GOAL

Fig2 Mozambique Channel (2.A)
with Mayotte located in the north The

red star indicates the M Tsamboro Ma(?ualg/~
Pass (2.B), were the core of produced :
Diploastrea coral ~ colony — was [ 3 to 5 hours

collected. (2.C,2.D). Green arrows
indicated visible green bands due to
endoliths. (2.E) X-ray radiograph of a
middle slab cut out of the core. The
white rectangle indicates the studied
' area (2.F). Ten subsamples were cut
from the slab and only the first nine
* from the top were analyzed. Green
arrows indicate the visible green
bands  usually  attributed  to
Ostreobium sp'?.

M Resin
Skeleton

Il Thin traces

» A 19.5¢cm long core was collected in a massive coral Diploastrea sp. at 15m depth on the outer of the
M’ Tsamboro pass (NE Mayotte) in October 2018 (Fig.2). Only the first 15 cm were studied.

With the

> The core was scanned using computed tomography (GE Discovery CT750 HD, DOSEO-Platform, Machine
CEA-Saclay, Paris) to estimate the coral vertical extension rate (manual analysis) and its skeletal density Fig:A SEM image showing the 4 predefined 1 i
(new image analysis approach, CEA project COR-DENSITE). Calcification rate was then calculated. classes : large & thin traces (microborings), resin ) :
and coral skeleton. 3.B Same image analysed ~ L.€SS than 1
» The 9 core subsamples (Fig. 2F) were included in resin epoxy for observations of resin casts of manually to determine the surface area of each sec.
microborings under SEM. More than 1500 images were collected along 3 vertical transects from the top class. 3.C Same image analysed using the
to the bottom of the core, with a ZEISS SEM on the ALYSES platform (Bondy-LOCEAN; Fig.3) to machine learning approach to determine the
determine the abundance of microboring traces in the Diploastrea sp. over the last decades. surface area of each class. The target of the study
was the estimation of the surface area of coral
» A machine learning approach (Convolutional Neural Network, U-Net, JupyterLab, Keras library) skeleton colonized by microborings.
allowed automatic estimation of the surface areas of 4 predefined classes (resin, coral skeleton, large
and thin traces, Fig.3).
VARIABILITY OF MICROBORINGS ABUNDANCE 50 YEARS OF ENVIRONMENTAL CONDITIONS IN MAYOTTE
0 Fig.4 Variability of the surface area  285{ A sq7 (¢ p<00001

Community
shift

» Since the 60’, Mayotte reefs
experienced a significant increase of
the sea surface temperature (SST),
and ially over the last 10 years

of the coral skeleton colonized by 28
microborings  (thin and large 275

Thinwsces @<sum) galleries) over the last 50 years 27
M Lorge traces (2 >Sum)  (mean of the 3 transect per year + 265
SD) The black dotted ine indicates a0 B s
breakpoint (community shift). 250, cpiation (nm)

» The max instant wind speed also
increased significantly since the 60’s

» Precipitati did not change
€ Max Instant Wind (km ') p<0.0001 significantly over time

20% » In contrast, the duration of the
insolation  period  significantly
d d over the last 5 decades.

Surface of coral skeleton colonized by microborers

300( D Insolation (hours) P00 gig 5 Evolution of the environmental conditions

250] s et e T R over Mayotte over the last 50 years. A. Evolution
200 ! PR e i/ of the Sea Surface Temperature (SST). B.

! | Evolution of the precipitations (mm). C. Evolution
of the wind speed (km/h). D. Evolution of the
insolation period (hours).
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