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RESUME

Les grandes algues brunes sont des espéces clés dans les écosystemes marins des latitudes
tempérées ou elles forment les foréts marines, parmi les écosystémes les plus productifs et
diversifiés au monde. En Méditerranée, elles sont représentées par les espéces du genre Cystoseira
sensu lato, pour la plupart endémiques et caractérisées par leur longue durée de vie et faible
dispersion. Cependant, les impacts anthropogéniques causent leur régression, entrainant des
changements abruptes vers des communautés moins complexes (communautés gazonnantes et
déserts marins), rendant 1’écosystéme potentiellement plus vulnérable aux phénoménes émergents,
tels que les efflorescences de microalgues benthiques nuisibles. Les efflorescences de dinoflagellés
benthiques du genre Ostreopsis, se développant sur les communautés macroalgales ont augmenté
au cours des derniéres décennies dans les régions tempérées, y compris la Méditerranée. Elles sont
connues pour leurs effets néfastes sur la santé publique, les écosystémes et 1’économie qui en

dépend.

Les objectifs de cette thése sont d’évaluer (i) les causes abiotiques (température et acidification) et
biotiques (herbivorie, facilitation écologique) potenticllement a 1’origine de la régression des foréts
marines Meéditerranéennes, et (ii) les éventuelles conséquences de cette régression dans la
facilitation des efflorescences d’Ostreopsis spp. Les deux premiers chapitres de cette thése sont
focalisés sur les causes de la régression de Cystoseira s.I. Dans le Chapitre 1, les effets du
changement climatique et de la facilitation écologique sur le recrutement de Cystoseira compressa
ont été étudiées par des expériences en laboratoire. Un effet interactif du réchauffement et de
I’acidification de 1’océan, qui affecte négativement les recrues de C. compressa, a été observé, ainsi
qu’un effet négatif de la présence d’algues corallines incrustantes. Dans le Chapitre 2, la pression
herbivore de différents invertébrés sur les recrues de C. compressa a été étudiée par des expériences
sur le terrain et en laboratoire. Les résultats montrent une forte pression herbivore de plusieurs
espéces d’invertébrés (mollusques, décapodes et isopodes) sur les recrues de C. compressa, qui
pourraient représenter une menace pour les populations a long terme et une cause d’insucces des

actions de restauration.

Les chapitres 3 et 4 se focalisent sur le lien entre la perte de foréts marines et les efflorescences
d’Ostreopsis spp. Dans le Chapitre 3, une revue bibliographique s’intéresse au role de 1’habitat dans
la facilitation/régulation des efflorescences. Malgré un évident manque d’informations a 1’échelle
globale sur les méso- et macrohabitat plus propices aux efflorescences, les connaissances actuelles
démontrent que les substrats les plus échantillonnés pour étudier ces espéces sont des macroalgues
formant des communautés peu complexes, suggérant que ces communautés hébergent les
efflorescences les plus importantes. Dans le Chapitre 4, la relation entre les efflorescences

d’Ostreopsis et les communautés macroalgales a été étudiée par des expériences sur le terrain en

Vil
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Italie et en France. Des différences significatives ont été observées sur un des deux sites d’étude
tandis que dans le deuxiéme on estime que la forte variabilité puisse avoir caché les éventuelles
préférences d'Ostreopsis spp. Mais, des études a plus grande échelle seraient nécessaires pour

conforter ces résultats.

Les résultats de cette thése représentent d’importantes avancées sur les causes et les effets de la
régression des foréts de Cystoseira s.l., confortant I’importance de leur conservation et (ou
nécessaire) restauration, en contribuant a la conception de stratégies de gestion, non seulement pour
préserver un des écosystemes les plus productifs en Méditerranée, mais aussi dans le but de limiter

d’éventuelles conséquences inattendues, telles que les efflorescences d’Ostreopsis spp.

Mots clé : foréts marines, Cystoseira compressa, communautés de macroalgues, réchauffement des
océans, acidification des océans, changement climatique, changements de régime, efflorescences

algales nuisibles, dinoflagellés benthiques, Ostreopsis
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ABSTRACT

ABSTRACT

Large brown forest-forming macroalgae are dominant foundation species, ecosystem engineers of
marine macroalgal forests. In the Mediterranean Sea, they are mainly represented by Cystoseira
sensu lato spp. most of wich are endemic. They are also characterized for being long-lived species
with short dispersal of the zygotes. Marine forests are one of the most productive and diverse
ecosystems on earth. However, anthropogenic impacts are pushing them to the edge, causing regime
shifts towards less complex communities such as shrubs, turfs, or even barren grounds. Marine
forest loss affects the whole ecosystem, eventually making it more vulnerable to emergent
phenomena such as benthic harmful algal blooms (BHABs). BHAB of the genus Ostreopsis spp.
have been expanding in recent decades through temperate regions such as the Mediterranean Sea,
where they have important public health, ecological and economic consequences. Major blooms
are generally observed on macroalgal turfs and shrubs, suggesting that less structurally complex

macroalgal communities could have an active role in promoting the proliferation of blooms.

The main objectives of this thesis are (i) to assess some abiotic (climate change) and biotic
(herbivory) causes of marine forests loss in the Mediterranean Sea and (ii) the potential
consequences this loss can have in the context of BHABs proliferation. In the first two chapters,
the causes of Cystoseira s.l. spp. loss were assessed. In Chapter 1, the effects of climate change and
species facilitation on the recruitment of Cystoseira compressa were studied in controlled
laboratory experiments. The major results from this chapter show that the interactive effects of
ocean warming and acidification negatively affect C. compressa recruits, which are also negatively
affected by the presence of crustose coralline algae. In Chapter 2 the grazing pressure and the effects
of different invertebrates on recruits of C. compressa were assessed through field surveys and both
field and laboratory-based experiments. The results obtained show a high grazing rate of several
common invertebrate species (molluscs, decapods et isopods) on recruits of C. compressa,
representing a threat to natural populations in the long term, but also affecting the success of

restoration actions.

In chapters 3 and 4 the consequences of forest loss and in particular, the facilitation of Ostreopsis
spp. blooms was approached by a literature review and field experiments. The review, reported in
Chapter 3, focussed on the role of habitat in the facilitation of Ostreopsis spp. blooms. Despite an
evident lack of information at the global scale on the meso- and macrohabitat fostering Ostreopsis
spp. blooms, the present knowledge suggests a relationship between the abundance of Ostreopsis
spp. and the complexity of the macroalgal communities. In Chapter 4 Ostreopsis spp. blooms have
been studied in relation to macroalgal communities in field experiments in Italy and in France. A

high variability on Ostreopsis spp. abundances was observed in the different macroalgal species



ABSTRACT

and communities sampled, in some cases likely hiding other potential patterns of Ostreopsis spp.

preferences. Larger scale studies would be needed to confirm these results.

These findings provide important insights into the causes and effects of Cystoseiras.l. spp. loss and
are of major interest for the conservation of Mediterranean marine forests, contributing to the
development of effective management measures. The results presented support the importance of
marine forests restoration in the Mediterranean Sea, as recommended by the 2030 European
Biodiversity Strategy, the United Nations Decade on Ecosystem Restoration and the 2030 Agenda
for Sustainable Development objectives. Such restoration actions will not only increase the
productivity and biodiversity of coastal ecosystems but could potentially mitigate the public health,

ecological and economic consequences of Ostreopsis spp. blooms.

Keywords: marine forests, Cystoseira compressa, macroalgal communities, ocean warming, ocean

acidification, climate change, herbivory, regime shifts, HABs, benthic dinoflagellates, Ostreopsiss
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GENERAL INTRODUCTION AND OBJECTIVES

THE MARINE ENVIRONMENT

A threatened biodiversity

Oceans constitute the largest volume of life on the planet covering 70.8 % of the Earth's surface
(Boeuf, 2011). They host an important number of species but also play an important role in climate
regulation and provide major ecosystem services for humans (Mcleod et al., 2011). However, the
increasing number of human populations ( reaching 8 billion in November 2022; United Nations
Department of Economic and Social Affairs, Population Division, 2022) is changing global
biodiversity at unprecedented rates (Zalasiewicz et al., 2011). A large and rising proportion of the
population lives close to the coast (three times more people than the global average is living less
than 100 km from the sea; Small and Nicholls, 2003; Todd et al., 2019), negatively impacting the
coastal environment, which constitutes an important zone with a lot of spatial heterogeneity

influencing the temperature, salinity, and primary production of coastal ecosystems.

Different types of anthropogenic stressors can impact marine ecosystems, some at a global scale,
such as global warming and ocean acidification; and others at a regional or local scale, such as
urbanisation, sedimentation, overfishing, invasive species and water pollution. As a consequence
of these impacts and their interactions, reductions in habitat structure, biodiversity and trophic
complexity are expected (Doney et al., 2012; Duarte, 2014; Hall-Spencer and Harvey, 2019).
Among the anthropogenic pressures, climate change is expected to be the strongest force of
biodiversity change at the global scale (Bellard et al., 2012). In the present, climate change is
already producing changes in demographic rates and forcing the redistribution, adaptation and
acclimation of species (Mooney et al., 2009; Doney et al., 2012, 2020; Bernhardt and Leslie, 2013).
All these impacts will probably influence the communities composition and interactions among
species (Bakker et al., 2016; Pagés et al., 2018), producing cascade effects at the ecosystem level,
with ecological and socioeconomic consequences (Hoegh-Guldberg and Bruno, 2010; Pecl et al.,
2017; Doney et al., 2020). At present there is not a single marine ecosystem unthreatened by
anthropogenic stressors (Halpern et al., 2008b, 20118), but the hard-bottom coastal areas and rocky
reefs are the highest impacted (Halpern et al., 2007, 2019). To assess the ongoing impacts of climate
change, the Intergovernmental Panel on Climate Change (IPCC) prepares Assessment Reports
about the state of scientific, technical and socio-economic knowledge on climate change using the
Shared Socioeconomic Pathways (SSPs). The SSPs are scenarios of projected socioeconomic
global changes up to 2100 used to derive greenhouse gas emissions scenarios from different climate
policies (IPCC; 2022). The last IPPC report is the Sixth Assessment Report (AR6 Climate Change
2022: Mitigation of Climate Change — IPCC).
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The key role of macroalgae dominated communities

Macroalgae or seaweeds are key organisms in temperate coastal ecosystems functioning around the
globe, largely contributing to benthic primary production (Steneck et al., 2002; Cheminée et al.,
2013; Teagle et al., 2017; Piazzi et al., 2018). Macroalgae also participate in carbon sequestration
by capturing, storing, and potentially sequestering CO; in the ocean through transportation to deep
marine sediments (Krause-Jensen and Duarte, 2016; Krause-Jensen et al., 2018; Filbee-Dexter and
Wernberg, 2020; Filbee-Dexter et al., 2022; Wright et al., 2022). Furthermore, they provide other
invaluable ecosystem services such as supporting fisheries and mariculture, nutrient cycling and
protecting the shoreline (Bennett et al., 2015a; Blamey and Bolton, 2018; Eger et al., 2021a).
Consequently, changes in the macroalgal composition may sway coastal ecosystems (Sala et al.,
1998; Shears and Ross, 2010; Mineur et al., 2015; Smale et al., 2022). The diverse macroalgal
species thriving on rocky reefs can be characterised by their sizes, shapes, structure and architecture
of their thallus. Based on these factors, we can differentiate turf, erect and forest-forming or canopy-
forming macroalgae. Turf-forming macroalgae are represented by species with tightly packed
fronds and filamentous thin axes, usually forming dense and compact mats (Stewart, 1983; Sala et
al., 2012; Connell et al., 2014; Thiriet et al., 2016; Mauffrey et al., 2020). Erect macroalgae are
described as foliose laminar, ribbon-like, massive or fan-like thallus and erect arborescent tufts,
which do not form a canopy but a shrub (Sala et al., 2012; Thiriet et al., 2016; Bertolini, 2019).
Forest-forming macroalgae include the most structurally complex macroalgae with cylindrical axes,
branched and tree-like ramifications (Sala et al., 2012; Thiriet et al., 2014; Bertolini, 2019;
Shelamoff et al., 2019; Assis et al., 2020). The macroalgae from this group are considered habitat-
forming species able to create three-dimensional habitats with a canopy and understory, which
supports distinct communities of fish, invertebrates and other plants (Cheminée et al., 2013, 2017;
Thiriet et al., 2016; Shelamoff et al., 2019; Wernberg and Filbee-Dexter, 2019). Analogically to
terrestrial environments, the physical traits of the dominant species are used to classify macroalgal
communities into turfs, shrubs and forests, indicating the functional similarities between habitats

on land and in the sea (Figure 1; Wernberg and Filbee-Dexter, 2019).

b
" Understory

Figure 1: Different types of marine macroalgal habitats in function of the structural characteristics
of the dominant species: marine forest, shrub and turf. Modified from Thiriet (2014).
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MARINE FORESTS

Macroalgal marine forests are constituted by large brown forest-forming macroalgae of the orders
Laminariales, Tylopteridales, Desmarestiales and Fucales (Wernberg and Filbee-Dexter, 2019) and
are considered among the most productive and biodiversity-rich ecosystems on Earth (Wernberg
and Filbee-Dexter, 2019; Pessarrodona et al., 2022). They form the tallest biotic component of the
seascape, altering the physical and biological environment in the understorey (Thiriet et al., 2014;
Veiga et al., 2014). These foundation species dominate intertidal and subtidal rocky shores in
temperate and polar regions worldwide (Figure 2; Feldmann, 1934; Boudouresque et al., 2016;
Wernberg and Filbee-Dexter, 2019). They provide functions very similar to terrestrial forests such
as: (i) habitat, food and shelter to a multitude of species at different life stages, (ii) supporting a
high biodiversity of primary and secondary producers and decomposers, and (iii) playing an
important role in the functioning and structure of the ecosystem maintaining food-webs and
enhancing the secondary production (Ballesteros et al., 2009; Smale et al., 2013; Teagle et al., 2017;
Wernberg et al., 2019a; Fragkopoulou et al., 2022).

=
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Figure 2: Distribution of marine forests of large brown macroalgae for different regions. Figure
from Wernberg and Filbee-Dexter (2019).

The structure and productivity of marine forests are influenced by many environmental factors that
drive the growth, survival, reproduction and metabolism of forest-forming macroalgae, which in
turn affect the whole habitat or ecosystem (Irving et al., 2009; Cardona et al., 2013; Pessarrodona
etal., 2022; Smale et al., 2022; Smith et al., 2022). A variety of anthropogenic impacts are altering
the environmental parameters that drive the functioning of ecosystems (Krumhansl et al., 2016;
Pessarrodona et al., 2019), and as a result negatively affect marine forests that at the present are in
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regression worldwide (Filbee-Dexter and Wernberg, 2018; Pessarrodona et al., 2021). Several local
and global impacts are involved in the regression of marine forests such as urbanisation, marine
farming, local pollution and herbivory (Steneck et al., 2002; Krumhansl et al., 2016; Orfanidis et
al., 2021), but also ocean warming (OW) and potentially ocean acidification (OA; Wernberg et al.,
2011; Connell et al., 2013; Friedlander et al., 2020; Smale, 2020). These stressors are putting marine
forests to the limit, confining them to refuge locations characterized by less unfavourable conditions
(Straub et al., 2019; Verdura et al., 2021); and making them less resilient against future impacts
(Capdevila et al., 2019; Straub et al., 2019).

Global change effects on marine forests can vary according to the location, the population
characteristics and the species (Krumhansl et al., 2016; Hollarsmith et al., 2020; Verdura et al.,
2021). There is evidence that early-life stages of these species are more vulnerable than adults and
this, together with a very high natural mortality rate during early-life stages (Ang, 1991; Vadas et
al., 1992; Capdevila et al., 2015), could lead, in the long term, to their loss (Coelho et al., 2000;
Schiel and Foster, 2006; de Caralt et al., 2020).

MEDITERRANEAN MARINE FORESTS

The Mediterranean Sea is the largest (more than 2 500 000 km?) and deepest (average and maximum
depth of 1 500 m and 5 267 m, respectively) enclosed sea on Earth (Coll et al., 2010). Nowadays
the Mediterranean coasts support a high density of inhabitants and represent one of the first touristic
destinations in the world, with the consequent environmental cost that it entails (Segreto et al.,
2009; Coll et al., 2010). The Mediterranean Sea, characterized by small tides, oligotrophic waters
and high salinity and mean water temperature (Ros et al., 1985), is one of the major hotspots of
biodiversity, especially on coastal areas (Coll et al., 2010). Some of these unique communities are
the meadows of the endemic phanerogam Posidonia oceanica, the coralligenous community built
up by crustose coralline algae, the vermetid platforms, the Litophyllum brissoides algal reef and the
Fucales forests (Ros et al., 1985; Boudouresque, 2004).

Macroalgal marine forests in the Mediterranean Sea are represented mainly by species belonging
to the orders Fucales; in particular to the genera Cystoseira, Gongolaria and Ericaria, from now
referred as Cystoseira sensu lato species (Box 1; Wernberg and Filbee-Dexter, 2019; Molinari -
Novoa and Guiry, 2020). There are more than thirty different species, most of them endemic to the
Mediterranean Sea (Molinari - Novoa and Guiry, 2020), they are the dominant forest-forming
species in intertidal and sublittoral rocky bottoms and despite showing smaller average size have
functional traits comparable to those of larger kelps (Wernberg and Filbee-Dexter, 2019). Only two
species of Laminariales are found in the Mediterranean Sea forming marine forests: Laminaria

ochroeluca, in the immediacies of the Strait of Gibraltar, western coast of Africa and the Strait of
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Messina (Drew, 1974; Flores-Moya, 2012); and the critically endangered and endemic deep-water
Laminaria rodriguezii (Feldmann, 1934; Bo et al., 2011).

BOX 1: Cystoseira sensu lato species

Cystoseira s.l. spp. have a high morphological plasticity that makes their identification complex using
morphological traits only (Rozi¢ et al., 2012; Orellana et al., 2019). Analysis of DNA demonstrated the
multiple phylogenic origin of the Mediterranean genus Cystoseira (Draisma et al., 2010) leading to its
division in three clades (Bruno de Sousa et al., 2019). A few years ago, Orellana et al. (2019) assigned
three different genera to the clades based on their morphological characteristics: Cystoseira C. Agardh,
1820; Treptacanta Kitzing, 1843; and Carpodesmia Greville, 1830. More recently, Molinar-Novoa and
Guiry (2020) revised this proposition concluding that Gongolaria Boehmer, 1760 and Ericaria
Stackhouse, 1890 have priority over the ones proposed by Orellana et al. (2019), and now Cystoseira,

Ericaria and Gongolaria are the accepted names for the three clades (Molinari - Novoa and Guiry, 2020).

Shallow Cystoseira s.l. forest in Saint Honorat Island (Lérins Islands, Cannes, France) composed by

Ericaria amentacea, Ericaria brachycarpa and Cystoseira compressa.

Cystoseira s.l. spp. form canopies up to 1 m height in exposed or sheltered locations from the upper
littoral to the circalittoral zone, down to 50 m depth, and represent the highest level of
Mediterranean macroalgae complexity (Giaccone, 1973; Ballesteros, 1990a, 1990b; Sala et al.,
2012). Cystoseira s.l. spp. are considered habitat-forming as they generate a three-dimensional
structure from which it is possible to differentiate different strata: an arboreal layer, on the upper
part of the canopy made by the forest-forming species (i.e. Cystoseira s.l.) and the epiphytes; a
middle shrubby layer on the middle canopy, formed by erect shrub-forming macroalgae; a turf
layer, formed by turf-forming calcareous and sciaphilic macroalgae; and a basal layer, mainly
formed by crustose calcifying algae (Ros et al., 1985). Cystoseira s.1. forests are one of the most
productive habitats in the Mediterranean Sea (Figure 3; Ballesteros, 1989a; Sales and Ballesteros,
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2012; Duarte et al., 2022; Pessarrodona et al., 2022) and provide habitat to a large number of
associated species, supporting trophic networks (Ballesteros, 1992; Ballesteros et al., 2009; Thiriet
et al., 2016; Piazzi et al., 2018).

In function of their distribution and vertical zonation (that is influenced by many factors such as
depth, light intensity, hydrodynamics, resistance to breaking, temperature, nutrient availability and
herbivory pressure; Feldmann, 1934; Vergés et al., 2009; Sant and Ballesteros, 2020a, 2021), the
forests are dominated by different Cystoseira s.l. spp. Some species are widely distributed along
the Mediterranean Sea and others restricted to very specific locations, being most of the species

found on shallow sheltered or exposed locations (Ribera et al., 1992).
Threats and status of Cystoseira sensu lato forests

Many anthropogenic impacts are pushing Mediterranean marine ecosystems to the edge (Coll et al.,
2010). The overexploitation and habitat loss (e.g. urbanisation) have been affecting the ecosystems
for centuries and at present, together with fishing impacts, pollution, eutrophication and climate
change, represent the most important threats to almost all species, including Cystoseira s.l. forests
(Mangialajo et al., 2008b; Coll et al., 2010; Giakoumi et al., 2012; Orfanidis et al., 2021). The
Mediterranean Sea is very sensitive to climate change (Belkin, 2009; Lejeusne et al., 2010; Tuel
and Eltahir, 2020) and the seawater temperature is already increasing (Lionello and Scarascia,
2018) as well as the intensity and frequency of marine heatwaves (Oliver et al., 2018, 2019). In
addition, global biodiversity scenarios also predict that invasive species will be an increasing
problem in the Mediterranean Sea, which seems to be more threatened than other ecosystems (Sala
et al., 2000). Therefore the introduction and the establishment of alien species of herbivores,
macroalgae and microalgae can represent an additional stressor for marine forest (Vergés et al.,
2014a, 2014b; Marampouti et al., 2020; Ivesa et al., 2021).

As many other foundation species, Cystoseira s.l. spp. are very sensitive to both local and large
scale variations on environmental conditions (Irving et al., 2009; Cardona et al., 2013; Mancuso et
al., 2019; de Caralt et al., 2020) and, in some cases, the unfavourable conditions are restricting
Cystoseira s.l. populations to refuge locations where requisites for their survival are ensured
(Verdura et al., 2021). Because of the high sensitivity to human disturbances (Mangialajo et al.,
2008b; Sales and Ballesteros, 2009) these species are used in many protocols with the objective of
characterising coastal habitats (De La Fuente et al., 2018; Bahbah et al., 2020). Since decades,
declines of Cystoseira s.l. forests have been reported all along the Mediterranean Sea (Cormaci and
Furnari, 1999; Thibaut et al., 2005, 2015; Bianchi et al., 2014; Buonomo et al., 2018; Mariani et
al., 2019). Consequently, most of the Cystoseira s.l. spp. are included in the Annex Il of the

Barcelona Convention (UNEP/MAP, 2013) and considered threatened or endangered and in need
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of protection measures (Verlague et al., 2019). The only Cystoseira s.l. spp. not included in the
annex is the shallow widely distributed Cystoseira compressa (Verlaque et al., 2019).

Declines in marine forests are attributed mainly to anthropogenic factors, local stressors seem to
have a strong direct and indirect impact (Russell et al., 2009; Leal et al., 2018; de Caralt et al., 2020;
Gissi et al., 2021), but global stressors such as OW and OA are also affecting these ecosystems
(Celis-Pla et al., 2015; Fernandez et al., 2020; Smale, 2020; Verdura et al., 2021). Locally, the
proliferation of herbivores is believed to be one of the most important biological factors controlling
the mortality of early-life stages of Cystoseira s.l. spp. and responsible for the degradation and
maintenance of post-regime shifts communities, such as turfs or barren grounds (Giakoumi et al.,
2012; Vergés et al., 2014a; Gianni et al., 2017). Alongside, eutrophication and pollution affect the
biomass, growth and photosynthetic yield of Cystoseira s.I. spp. and have been responsible for the
regression of the populations in many locations (Thibaut et al., 2005; Pinedo et al., 2013; Blanfuné
et al., 2019; de Caralt et al., 2020). Globally, OW has already been signalled as a thread for the
survival of both adults and recruits of Cystoseira s.I. spp., affecting their phenology, recruitment
and growth (Celis-Pla et al., 2017a; Bevilacqua et al., 2019; Falace et al., 2021; Verduraet al., 2021;
Bennett et al., 2022; Orlando-Bonaca et al., 2022). Instead, the effects of OA are expected to favour
the growth of Cystoseira s.l. spp. when other environmental conditions, such as temperature and
nutrients, are optimal (Celis-Pla et al., 2015, 2017a). However, the interactive effects of local and
global stressors, need to be further investigated to better understand the causes of such declines
(Hepburn et al., 2011; Connell et al., 2013; Celis-Pla et al., 2017a; Leal et al., 2017).

The substitution of marine forests by structurally less complex macroalgal communities such as
shrubs and turfs, and even barren grounds or deserts, has been observed and studied in the
Mediterranean Sea (Chemello et al., 2018; Benedetti-Cecchi et al., 2019; Alvarez-Losada et al.,
2020) and the miniaturisation of the habitats is a common event on temperate areas worldwide
(Filbee-Dexter and Wernberg, 2018; Pessarrodona et al., 2021). The loss of these habitat forming
species involves a series of cascade effects with profound changes on the ecosystem function
together with the loss of ecosystem services (Airoldi et al., 2008; Hall-Spencer and Harvey, 2019;
Pessarrodona et al., 2019; Smale et al., 2022).

The characteristics of Cystoseria s.l. spp., long-lived species with a short dispersal capacity
(because of the large size of their zygotes, 100 — 120 pum), make very difficult the natural recovery
of the forests, especially considering that populations are in many cases fragmented (Clayton, 1990;
Capdevila et al., 2018; Riquet et al., 2021). Even if the improvement of environmental conditions
has been attained in some locations (e.g. improvement in water quality) allowing the regeneration
of some populations (Thibaut et al., 2005, 200; Perkol-Finkel and Airoldi, 2010; Blanfuné et al.,

2019), natural recovery is rare (Ivesa et al., 2016). In most cases, the only solution for restoring
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locally extinct or highly endangered populations is the active restoration (Gianni et al., 2013; Eger
et al., 2022). Recently, great efforts have been done to explore innovative restoration techniques
for recovering or improving the status of endangered populations (Falace et al., 2018; De La Fuente
et al., 2019; Cebrian et al., 2021). So far, successful restoration actions of Cystoseira s.l. forests in
the Mediterranean Sea are scarce (Falace et al., 2018; Verdura et al., 2018; De La Fuente et al.,
2019; Savonitto et al., 2021). The next main issues that need to be addressed and further studied for
the accomplishment of restoration actions are herbivory and climate change (Gianni et al., 2013;
Tamburello et al., 2019; Medrano et al., 2020).

BENTHIC HARMFUL ALGAL BLOOMS PROLIFERATION

The same factors that are driving Cystoseira s.l. forests to the edge (e.g. degradation of natural
habitats due to pollution, urbanisation, overfishing and climate change) and are promoting regime
shifts could also make ecosystems more vulnerable to new biological threats. Recently, an increase
in harmful algal blooms (HABs) has been recorded in temperate locations around the globe
including the Mediterranean Sea (Anderson et al., 2019). Anthropogenic activities and climate
change are considered the main contributors of alien invasions and main enablers of HAB events
(Marampouti et al., 2020). In the global change context, ocean warming is expected to promote the
expansion and growth of tropical and sub-tropical harmful algal dinoflagellates, including the
genera Ostreopsis, Gambierdiscus and Fukoya (Tester et al., 2020). A significant proportion of
studies concerning benthic HABs are focused on tropical benthic dinoflagellate ecology, primarily
as a result of the incidence of ciguatera fish poisoning (CFP) in tropical and subtropical areas
(Litaker et al., 2009) and the expansion of toxic species in temperate waters (Rhodes, 2011). To the
present, no CFP episodes have been reported in the Mediterranean Sea, but the recent findings of
species of Gambierdiscus in Crete (Aligizaki and Nikolaidis, 2008) and in Balearic Islands (Laza-
Martinez et al., 2016; Tud6 et al., 2018, 2020), are rising the alert. Still, Ostreopsis spp. (Box 2) are
already widely distributed in the Mediterranean Sea, where their blooms are frequent and important
in magnitude (Mangialajo et al., 2011; Accoroni et al., 2012; Accoroni and Totti, 2016; Agaf et al.,
2020). The increasing rate of Ostreopsis spp. blooms and the hazardous impacts that they have on
the environment, economy, and human health make it important to have accurate knowledge about
its development (Berdalet et al., 2016, 2022). The increased seawater temperatures in the
Mediterranean Sea, predicted to become the norm in the mid-21% century, should stimulate more
intense Ostreopsis spp. blooms in the future (Tester et al., 2020) and both Gambierdiscus and
Ostreopsis populations are expected to increase, especially in warm locations (Acaf et al., 2020;
Tester et al., 2020).

10
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Proliferation of Ostreopsis species
BOX 2: Ostreopsis Johs.Schmidt, 1901

The genus Ostreopsis, belonging to the family of Ostreopsidaceae (Gonyaulacales, Dinophyceae,
Dinozoa) includes several species largely distributed from tropical to temperate marine coastal areas

worldwide.

Ostreopsis is a benthic dinoflagellate that develop in close relationship with a biotic or abiotic substrate
(Totti et al., 2010). Ostreopsis spp. are usually epiphytic on macrophytes (Rhodes, 2011), but can also be
found on dead corals, sediments or rocks, constituting the stock of cells (A; Bomber et al., 1989; Vila et
al., 2001; Shears and Ross, 2009; Totti et al., 2010). Also, due to a combination of physical and biological
processes Ostreopsis spp. cells can be found in the water column (B) or forming aggregates on the water
surface (C; Mangialajo et al., 2011; Pavaux et al., 2021; Berdalet et al., 2022).

Ostreopsis spp. have been reported for a long time in tropical ciguatera endemic areas and, since some
decades, have become common in temperate areas as well (Litaker et al., 2009; Rhodes, 2011). Recurrent
Ostreopsis spp. blooms have been recorded throughout the globe (Chang et al., 2000; Rhodes et al., 2000;
Lenoir et al., 2004; Shears and Ross, 2009; Nascimento et al., 2012b; Yamaguchi et al., 2012b; Gomaa et
al., 2018; Tibirica et al., 2019; Solino et al., 2020; Zou et al., 2020) and in the Mediterranean Sea (Vila et
al., 2001; Penna et al., 2005; Chiantore et al., 2008; Ismael and Halim, 2012; Acaf et al., 2020; Gémin et
al., 2020).

Within the eleven species of Ostreopsis identified (Fukuyo, 1981; Norris et al., 1985; Quod, 1994; Faust
and Morton, 1995; Faust, 1999), at least five produce palytoxin-like compounds, known for being among
the most toxic marine compounds (Usami et al., 1995; Ukena et al., 2001; Ciminiello et al., 2010; Suzuki
etal., 2012; Varela et al., 2021). Humans can be affected by Ostreopsis spp. blooms by the inhalation of
marine aerosols which can lead to respiratory disease (Tichadou et al., 2010; Tubaro et al., 2011; Vila et
al., 2016). The most important human intoxications in temperate locations were recorded in the
Mediterranean Sea, in Italy in 2001 and 2005 (Brescianini et al., 2006) and in Spain in 2004 and 2006
(Barroso Garcia et al., 2008), affecting hundreds of locals swimmers and beach goers, mainly affected by
respiratory intoxications caused by the inhalation of seawater aerosols containing toxins (Mangialajo et
al., 2011). Recurrent events of symptoms on humans due to Ostreopsis spp. blooms have been observed
in several parts in the Mediterranean Sea (Tubaro et al., 2011; Illoul et al., 2012) and in 2021 an important
event was recorded for first time in the Atlantic French coast (in Biarritz; Drouet et al., 2021; Chomérat
et al., 2022). The whole ecosystem is also affected by Ostreopsis spp. blooms (Turner et al., 2021), and
potentially macroalgae (Ivesa et al., 2021). Most intense blooms of Ostreopsis spp. can result in mass
mortalities of invertebrates such as bivalves, gastropods, crustaceans, and echinoderms (Shears and Ross,
2009; Ramos and Vasconcelos, 2010; Guidi-Guilvard et al., 2012; Parsons et al., 2012; Accoroni and
Totti, 2016; Migliaccio et al., 2016; Neves et al., 2018).

11
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Surface seawater temperature is thought to be one of the cardinal factors affecting the development
of Ostreopsis spp. blooms, while the role played by other abiotic factors such as hydrodynamics,
salinity and nutrients is still unclear (Accoroni and Totti, 2016). This lack of knowledge highlights
that, as reported in Pavaux et al. (2020), only a small part of the studies on Ostreopsis spp. focus
on its ecological aspects. Nevertheless, it seems that the synergic effect of more than one of these
factors could influence the development of blooms (Accoroni and Totti, 2016). On one hand, most
studies relate larger abundances of Ostreopsis spp. to sheltered or low hydrodynamic conditions
(e.g. Chiantore et al., 2008; Shears and Ross, 2009; Richlen and Lobel, 2011; Mohammad-Noor et
al., 2016; Asnaghi et al., 2017; Boisnoir et al., 2018; Hachani et al., 2018), while others suggest
larger abundances of Ostreopsis spp. in higher or slightly higher levels of water motion (Vila et al.,
2001; Selina et al., 2014). The relationship between blooms of Ostreopsis spp. and hydrodynamics
could be related to the dense mucilaginous aggregations formed by cells of Ostreopsis spp. covering
different substrates (e.g. macrophytes), that can be released due to wave action and suspended in
the water column or on the sea surface (Vila et al., 2001; Aligizaki and Nikolaidis, 2006; Chiantore
et al., 2008; Shears and Ross, 2009; Totti et al., 2010; Tester et al., 2020).

On the other hand, the inshore occurrence of Ostreopsis spp. has raised the question concerning
their association with nutrient enrichments due to human activities (Faust et al., 1996), but there
are mixed conclusions on how nutrient concentrations influence population dynamics of Ostreopsis
spp. (Ungano et al., 2010; Cohu et al., 2011b; Accoroni et al., 2012). In some studies dinoflagellate
abundances were positively correlated with several nutrient parameters, such as nitrates, nitrites,
phosphates and silicates (Delgado et al., 2006; Parsons and Preskitt, 2007; Skinner et al., 2013;
Accoroni et al., 2020), while other studies found no significant relationship (Okolodkov et al., 2007;
Asnaghi et al., 2012; Nascimento et al., 2012a). Nevertheless, abundances of Ostreopsis spp.

12
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decrease with depth (Richlen and Lobel, 2011; Cohu and Lemee, 2012), maybe because of the light
availability, even if, again, there are controversial results between light intensity and the growth of
Ostreopsis spp. in experimental conditions (Accoroni and Totti, 2016).

Preferences for Ostreopsis species proliferation

Due to the benthic nature of Ostreopsis spp. is expected that the substrate plays a major role in the
development of blooms. However, substrate preferences for Ostreopsis spp. are still ambiguous
sometimes giving discordant patterns (Monti et al., 2007; Totti et al., 2010; Cohu et al., 2013;
Blanfuné et al., 2015; Moncer et al., 2017; Meroni et al., 2018; Gémin et al., 2020; Ternon et al.,
2020). The abundances of Ostreopsis on different substrates are highly variable and linked to
several assessment limitations that make comparisons difficult. The comparisons usually depend
on the type and characteristics of the substrate (e.g. surface for rocks and fresh weight for
macrophytes), ideally not allowing direct comparisons (Mangialajo et al., 2017; Tester et al., 2022).
In order to avoid the technical issues linked to the measurements different techniques have been
proposed such as the use of artificial substrates (Tester et al., 2014; Jauzein et al., 2016; Yong et
al., 2018; Fernandez-Zabala et al., 2019; Carreira-Flores et al., 2020), the syringe method (Abbate
et al., 2012) and the benthic dinoflagellate integrator device (BEDI; Mangialajo et al., 2017) to
obtain comparable estimates of number of cells at multiple sites. However, these techniques are not
yet widely used. The high variability on abundances of Ostreopsis spp. among substrates and the
discordant patterns, could be due to several biotic and abiotic factors acting at a larger scale than
the substrate itself, such as the morphology, palatability, and microbial community associated to
the substrate and the herbivory and allelopathic interactions due to the production of secondary
metabolites (Cruz-Rivera and Villareal, 2006; Totti et al., 2010; Accoroni et al., 2015; Pavaux et
al., 2020; Ternon et al., 2020).

Recent studies focusing on CFP are suggesting that the sea bottom complexity and heterogeneity
could affect the development of benthic harmful dinoflagellates (Meroni et al., 2018; Yong et al.,
2018; Boisnoir et al., 2019; Bravo et al., 2020; Lee et al., 2020). Some studies suggest that
Ostreopsis spp. prefer habitats with high coral cover (Yong et al., 2018) while others associate
Gambierdiscus and Ostreopsis spp. with turf algal communities, suggesting an effect of the
architecture of the thallus of the macrophyte on hosting benthic dinoflagellates (Totti et al., 2010;
Catania, 2017; Mustapa et al., 2019; Bravo et al., 2020; Lee et al., 2020). Furthermore, lower
abundances of Ostreopsis spp. could be related to Cystoseira s.l. forests (Catania, 2017; Meroni et
al., 2018). These results are consistent with observations of higher abundances of Ostreopsis spp.
at sites heavily impacted by humans where healthy macroalgal communities are replaced by
opportunistic and fast-growing turf macroalgae (Rhodes, 2011; Fraga et al., 2012; Meroni et al.,

2018; Roselli et al., 2022). According to some authors, the continued and extensive destruction of
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natural habitats and large metropolitan areas could promote Ostreopsis spp. and Gambierdiscus
spp. blooms (Rhodes, 2011; Fraga et al., 2012; Meroni et al., 2018; Mustapa et al., 2019; Tester et
al., 2020; Roselli et al., 2022). The artificialisation of the coast and the miniaturisation and
degradation of macroalgal communities due to regime shifts could, therefore, favour the expansion
of Ostreopsis spp. (Fraga et al., 2012; Mangialajo et al., 2017; Meroni et al., 2018; Lee et al., 2020;
Tester et al., 2020; Roselli et al., 2022).

OBJECTIVES

The main objective of this thesis is to assess the causes and some potential effects of marine forests
loss in the Mediterranean Sea. As causes of loss we assessed the effects of abiotic (climate change)
and biotic (species facilitation and herbivory) factors. As effects of loss, we investigated for the
first time the relationship between the present regression of marine forests and the proliferation of

benthic harmful algal blooms.

This thesis focuses on Cystoseira s.I. forests from shallow coastal areas, mainly inhabiting
rockpools and shallow sheltered locations, usually very impacted by human activities (e.g.
urbanisation, recreational activities, climate change) which could be magnified due to the low
turnover rate conditions of these locations. In view of the new restoration techniques developed for
Mediterranean Cystoseira s.I. forests (see Cebrian et al., 2021 for a review), we consider necessary
to further study the causes that could negatively impact Cystoseira s.1. spp. in the future (e.g. climate
change and species interactions) and compromise the success of such restoration actions. In
addition, despite the efforts done in understanding the mechanisms compromising Cystoseira s.1.
forests in the Mediterranean still little is known on how the interactive effects of climate change
(i.e. ocean warming and acidification) affect this species, especially its early-life stages. We have
selected Cystoseira compressa (Box 3) as a target species for several reasons. First, this macroalgal
species is considered the most resistant Cystoseira s.l. spp. and, still at the present time, can be
found in both cosmopolitan and pristine locations in many coastal areas (including the French
Riviera; Thibaut et al., 2015; Verlaque et al., 2019). Second, there are currently no specific studies
on the effect of climate change on adults and recruits of C. compressa, nor results of restoration
attempts for this species. Thus, the first objective is to study the causes of loss, assessing how

climate change and species interactions affect the recruits of C. compressa.
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BOX 3: Cystoseira compressa (Esper) Gerloff & Nizamuddin 1975

Caespitose macroalgae, light brown colour, very variable in size, from several centimetres to 80 cm
in maximum height according to the degree of wave action. Some specimens are perennial but often
present an annual development. Cylindrical or flattened axes of several centimetres high (2-3 cm),
almost inexistent in juveniles (A). Apices of the axes are smooth (B). Tophules are absent. Primary
branches totally flattened, at least at their base. No spiny appendages. Aerocysts usually associated
with the receptacles. Receptacles in the apices of the terminal branches, simple or more frequently
branched, sometimes located on an aerocyst. Male and female gametangia in conceptacles grouped
in receptacles (C and D). They present a monophasic diploid life cycle (Garreta, 2000; Rodriguez-
Prieto et al., 2013).
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The disappearance of Mediterranean marine forests and their substitution by less structurally
complex macroalgal communities could lead to profound changes on ecosystems, facilitating
emergent phenomena such as harmful algal blooms. Thus, as an effect of Mediterranean marine
forests loss, we selected the emergent phenomena of benthic harmful algal blooms proliferation of
the genus Ostreopsis. Benthic harmful algal blooms are causing growing concerns in the
Mediterranean Sea given their catastrophic impacts on coastal ecosystems and humans, and their
economic consequences (tourism, fishing, etc.; Berdalet et al., 2022). While Ostreopsis spp. are
well studied, not much is known about their ecology (Pavaux et al., 2020) and since they settle on
benthic surfaces, a better understanding of their relationship with marine vegetation could improve
the risk assessment and management of toxic blooms. Therefore, the second objective of this thesis
is to study the proliferation of toxic benthic dinoflagellates from the genus Ostreopsis as potential

consequence of Cystoseira s.l. forests loss.

The chapters presented hereafter combine field surveys, experiments in the field, controlled
experiments in the laboratory and a systematic review. The specific objectives of each chapter are
detailed below:

— Chapter 1. Climate change and species facilitation affect the recruitment of macroalgal
marine forests. In this chapter we assess the effects of ocean warming, acidification and
species facilitation on the recruitment of C. compressa in controlled experiments in the
laboratory. We determine how future climate change scenarios could affect recruitment and
growth of C. compressa and how the presence of crustose coralline algae can facilitate the

recruitment under the different treatments of temperature and pH.

— Chapter 2. Grazing effects on recruits of the forest-forming fucoid Cystoseira compressa.
Here we examine the effects of different herbivorous species on recruits of C. compressa
through (i) field surveys, to characterise the herbivores present in our experimental
locations; (ii) experiments in the field, to study the effect of the in-situ herbivory on recruits
obtained using different restoration techniques; and (iii) in the laboratory, specifically

testing the potential of some selected species to graze on recruits of C. compressa.

— Chapter 3. The role of habitat in the facilitation of Ostreopsis spp. blooms. This chapter is
the first step to collect information and better understand the relationship between blooms
of Ostreopsis spp. and marine vegetation. In this literature review, we collect information
on Ostreopsis spp. blooms at the substrate, habitat, and ecosystem scale, in order to assess

eventual preferences and trends for the development of blooms of Ostreopsis spp.

— Chapter 4. Ostreopsis spp. blooms in relation to macroalgal communities. In this chapter

we collect information on abundances of Ostreopsis spp. at the substrate, habitat and
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ecosystem scale during an annual bloom in Rochambeau (Villefranche-sur-Mer, France)

and Vernazzola (Genova, Italy), to assess the preferences and trends of Ostreopsis spp. on
different types of substrates (macroalgal and artificial substrates) at different spatial scales.
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CHAPTER 1

ABSTRACT

Marine forests are shrinking globally due to several anthropogenic impacts including climate
change. Forest-forming macroalgae, such as Cystoseira s.l. spp., can be particularly sensitive to
environmental conditions (e.g. temperature increase, pollution or sedimentation), especially during
early-life stages. However, not much is known about their response to the interactive effects of
ocean warming (OW) and acidification (OA). These drivers can also affect the performance and
survival of crustose coralline algae, which are associated understory species likely playing a role in
the recruitment of later successional species such as forest-forming macroalgae. We tested the
interactive effects of elevated temperature, low pH and species facilitation on the recruitment of
Cystoseira compressa. We demonstrate that the interactive effects of OW and OA negatively affect
the recruitment of C. compressa and its associated coralline algae Neogoniolithon brassica-florida.
The density of recruits was lower under the combinations OW and OA, while the size was
negatively affected by the temperature increase but positively affected by the low pH. The results
from this study show that the interactive effects of climate change and the presence of crustose
coralline algae can have a negative impact on the recruitment of Cystoseira s.l. spp. While new
restoration techniques recently opened the door to marine forest restoration, our results show that
the interactions of multiple drivers and species interactions have to be considered to achieve long-

term population sustainability.

Keywords: Macroalgal forests, Coralline algae, Climate change, Ocean acidification, Ocean

warming, Species facilitation, Neogoniolithon brassica-florida, Cystoseira compressa

1. INTRODUCTION

The ocean plays an important role in the regulation of climate and offers numerous ecosystem
services for humans. However, the ocean is affected by multiple anthropogenic impacts including
climate change (IPCC, 2022). Ocean warming (OW) and ocean acidification (OA) are expected to
affect most marine ecosystems with consequences to humans (Doney et al., 2012; Gattuso et al.,
2015; Hall-Spencer and Harvey, 2019). Ecosystems all around the globe are expected to experience
reductions in habitat structure, biodiversity and trophic complexity as sea temperature rises (Straub
et al., 2019) and oceanic pH decreases (Kroeker et al., 2011; Connell et al., 2013). At the same
time, an expansion of opportunistic and turf-forming species is foreseen, with the consequent loss

of ecosystem services (Wernberg et al., 2016; Sunday et al., 2017; Harvey et al., 2021).

Large brown forest-forming macroalgae (which include the orders Laminariales, Tylopteridales,
Desmarestiales, and Fucales) are dominant foundation species on intertidal and subtidal rocky
shores in temperate and cold regions (Steneck et al., 2002). They form what is known as marine
forests, which (Schiel and Foster, 2006; Wernberg and Filbee-Dexter, 2019) provide important

ecosystem functions (Cheminée et al., 2013; Smale et al., 2013; Carbajal et al., 2022). However,
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marine forests are shrinking globally (Filbee-Dexter and Wernberg, 2018; Pessarrodona et al.,
2021) due to several impacts such as urbanisation, marine farming, local pollution and herbivory
(Steneck et al., 2002; Krumhansl et al., 2016; Orfanidis et al., 2021); making these habitats more
sensitive to global change (Capdevila et al., 2019; Straub et al., 2019). The structure and
productivity of marine forests are influenced by many environmental factors that drive the growth,
survival, reproduction and metabolism of the organisms, which in turn affect the whole habitat or
ecosystem (Irving et al., 2009; Smale et al., 2022; Smith et al., 2022). Global change effects on
marine forests can vary according to the location, the population characteristics and the species
(Krumhansl et al., 2016; Hollarsmith et al., 2020; Verdura et al., 2021). As a result, in several cases,
marine forests are constrained to locations with the most favourable conditions which could act as
a refuge (Mariani et al., 2019; Smale, 2020; Verdura et al., 2021). There is evidence that early-life
stages of these species are more vulnerable than adults which could lead, in the long term, to the
loss of marine forests (Coelho et al., 2000; Schiel and Foster, 2006; de Caralt et al., 2020). A high
mortality rate is naturally observed during the early stages and the resilience of a population to
future impacts can be largely dependent on efficient recruitment and development of juveniles
(Vadas et al., 1992; Capdevila et al., 2015).

The shift in carbonate chemistry associated with OA causes an increase in dissolved CO- that could
favour photosynthesis and then the growth of photosynthetic organisms (Connell et al., 2013; Koch
et al., 2013). The increase in CO, modifies the dissolved CO, to O, ratio at the RuBisCO active
site, i.e., the key enzyme in carbon fixation metabolism. Because the latter emerged in an oxygen
poor environment, it is characterised by a higher affinity for O, than CO; (Shih et al., 2016).
Therefore, the current increase in dissolved CO; to O, ratio favours RuBisCO carbon fixation
efficiency and then can favour the growth of photosynthetic organisms. To increase the RuBisCO
carbon fixation efficiency, many algae also developed carbon concentration mechanisms (CCM),
that increase the CO, to Oz ratio in front of the RuBisCO fixation site (Connell et al., 2013; Cornwall
etal., 2017a). Still, despite having or not having CCM it is not clear if most algae respond positively
to an increase of CO, (Hepburn et al., 2011; Connell et al., 2013; Cornwall et al., 2017a). OA might,
therefore, have beneficial effects for some species like large brown forest-forming macroalgae, that
are thought to thrive at high CO; concentrations (Hepburn et al., 2011; Porzio et al., 2011; Connell
etal., 2013). However, calcifying organisms (e.g. foundation species like corals and coralline algae)
are expected to be particularly affected by OA (Kroeker et al., 2013a). In particular, crustose
coralline algae, which are important components of the understory of marine forests, are among the
organisms potentially the most susceptible to OA (Kroeker et al., 2010; Rindi et al., 2019). This
species can be directly and indirectly impacted by OA due to reduced calcification rates and
increasing competition with algae which benefit from elevated CO, (James et al., 2014; Comeau

and Cornwall, 2016; Cornwall et al., 2017a). Crustose coralline algae are among the first colonizers

22



CHAPTER 1

of bare rock on euphotic marine habitats and are quickly overgrown by later successional species
such as the more structurally complex large brown forest-forming macroalgae (Airoldi, 2000;
Asnaghi et al., 2015). Some authors (Bulleri et al., 2002b) report that crustose coralline algae could
help in the maintenance of alternative habitat states by preventing the recruitment of later colonizers
(e.g. large brown macroalgae), even if this could be species-specific (Villas Boas and Figueiredo,
2004). While other studies suggest that crustose coralline algae could, in contrast, enhance
biodiversity by facilitating the settlement of later colonists, including invertebrates (Bulleri et al.,
2002a; Maggi et al., 2011; Asnaghi et al., 2015) and by creating a positive association with the
forest-forming macroalgae (Melville and Connell, 2001; Irving et al., 2004, 2005). Thus, a
reduction of crustose coralline algae cover, because of climate change, may affect the recruitment
of forest-forming macroalgae and therefore the maintenance of marine forest habitats (Breitburg,
1984; Bulleri et al., 2016) and their resistance against climate change (Comeau and Cornwall, 2016;
van der Heide et al., 2021).

In Mediterranean rocky bottoms, Cystoseira sensu lato species (including the genera Cystoseira,
Ericaria and Gongolaria, hereafter referred to as Cystoseira) are the main representatives of marine
forests (Wernberg and Filbee-Dexter, 2019; Molinari - Novoa and Guiry, 2020). However, only a
few studies have investigated the effect of climate change on this taxon and even fewer have
focused on their early stages (Celis-Pla et al., 2017a; Hernandez et al., 2018; Capdevila et al., 2019;
Falace et al., 2021). Most studies show a negative impact of OW for both recruits and adults of
Cystoseira on their survival (Falace et al., 2018, 2021; Verdura et al., 2021), resilience (Capdevila
et al., 2019) and phenology (Bevilacqua et al., 2019; Savonitto et al., 2021). In contrast, decreasing
pH increased the productivity, antioxidant activity and production of photoprotective compounds
of adult Cystoseira (Celis-Pla et al., 2017a; Hernandez et al., 2018). Despite that, some species of
Cystoseira (including Cystoseira compressa and Cystoseira foeniculacea) are considered CCM
species whose CCM does not downregulate due to additional CO- and, thus, could not benefit from
increasing CO; (Cornwall et al., 2017a). To our knowledge, there are no studies on the combined
effects of OW and OA on early-life stages or recruits of Cystoseira, and only one study (Celis-Pla

et al., 2017a) has investigated the effects of both drivers on adults.

Here, we tested the interactive effects of temperature, pH and species facilitation on the recruitment
of Cystoseira compressa. This species is a common forest-forming macroalgae that can create dense
populations on shallow and sheltered rocky shores around the Mediterranean Sea (Mangialajo et
al., 2012). It is considered one of the most resistant Cystoseira species and it is the only one that is
not protected under the Barcelona Convention (Annex II; United Nations Environment
Programme/Mediterranean Action Plan-UNEP/MAP; Verlaque et al., 2019). We designed two
separate experiments to test the effects of elevated temperature, low pH and the presence of crustose

coralline algae on the early-life stages of C. compressa. The first experiment focused on the effects
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of the temperature on the recruits of C. compressa. Based on the results of the first experiment, we
ran a second complementary experiment to assess the role of the interactive effects of temperature,
pH and species facilitation (crustose coralline algae) on the recruitment of C. compressa. Because
coralline algae are sensitive to OA and are a potentially favourable substrate for the recruitment of
Cystoseira, we assessed the recruitment of C. compressa on living and dead Neogoniolithon
brassica-florida, one of the most common species in association with shallow Cystoseira forests
(Benedetti-Cecchi and Cinelli, 1992; Asnaghi et al., 2015). We also compared the recruitment of
Cystoseira on abiotic artificial clay substrates that have been proposed as an efficient substrate for
restoration (Falace et al., 2018; De La Fuente et al., 2019; Orlando-Bonaca et al., 2021b). The main
hypothesis of this study is that climate change will negatively affect the recruitment of C.
compressa. Our hypotheses are that OW may have a direct negative impact on the recruits of C.
compressa while OA may increase their growth and productivity. We also hypothesize that the
settlement and survival of C. compressa might be indirectly affected by the effects of climate

change on its associated understory species (crustose coralline algae) that act as a substrate.

2. MATERIALS AND METHODS

2.1. Experiment 1: Effects of ocean warming on the recruitment of Cystoseira compressa

2.1.1. Collection and obtention of recruits

Apical fertile branches of Cystoseira compressa were hand-collected on the 13th of July 2020 from
a donor population situated in a rockpool (between the surface and 1m depth) in Sainte Marguerite
Island (Lérins Islands, France). This site is a Nature 2000 site situated in front of the coast of Cannes
and it is one of the last locations with healthy Cystoseira populations in the French Riviera (Thibaut
et al., 2015). After visually checking that the receptacles contained fertile conceptacles, about 140
gram fresh weight (FW) of apical fertile branches were manually collected and transported in cool
and dark conditions in plastic bags to the laboratory. The sampling was non-destructive, as only
apical branches (roughly 5 cm long) were collected. A temperature data logger (HOBO Pendant
MX Temp, ONSET), that took measurements every hour, was installed in the rock pool to monitor
the temperature in the donor population site. The receptacles were conserved at 4°C in the dark
overnight before placing them in experimental tanks filled with filtered seawater (20 pum) and
marble substrates that acted as settlement substrates (Falace et al., 2018; Verdura et al., 2018;
Orlando-Bonaca et al., 2021b). In each tank, 159 FW of receptacles were placed in a net on the
surface allowing the zygotes to fall on the substrates. The receptacles were kept in the tanks for 72
hours without water circulation to facilitate the settlement of the zygotes. The temperature was
maintained during the releasing and the settlement of the zygotes at the target temperature

treatment. After opening the water system, the receptacles were removed and the recruits were kept
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in tanks for 96 days. Submersible water pumps (NEWA) provided water motion in each

experimental tank.
2.1.2. Experimental set-up and treatments

Three independent 5 L tanks (n=3) were set up for each temperature (24, 28 and 32°C; Table 1),
for a total of 9 experimental tanks, with three square marble substrates of about 25 cm? placed inside
each tank. Filtered seawater (20 um) pumped from Villefranche Bay at 3 m depth was continuously
delivered into the experimental tanks at a rate of 7 L h't. The experimental tanks were placed inside
a thermoregulated bath to maintain the temperature at the targeted value. The temperature was
controlled in two thermoregulated baths per treatment with a temperature controller (T
CONTROLLER TWIN AQUA MEDIC). Light was provided by 37 W LED light bars (PRO? LED,
Aquaristik) and the irradiance gradually increased from 0 pmol photons m ™ s~ at 06:30 to a
maximum of 110 pmol photons m*? s between 12:00 and 14:00, and gradually decreased to 0 umol
photons m™ s™* at 21:00 (LI-185B with an LI-190SB quantum sensor, LI-COR Biosciences,
Lincoln, USA). The three temperature treatments were selected according to the temperatures
registered in the donor population during the reproductive season of C. compressa and the expected

increase in temperature due to global warming.

Table 1: Measured (regular characters) and expected (bold characters) seawater physico-chemical
parameters (temperature in °C, pHr~ in total scale, calculated pCO; in patm, and total alkalinity in
umol Kg - with mean + SD) according to different treatments.

Total alkalinity
Temperature pHT pCOz2 (patm) 1
Treatment °C) n=15 n=15 (unr:ol l;g )
24°C 2415+ 0.43 - - -
n=23
28°C 28.310.41 - - -
n=23
32°C 31.47 £ 0.60 - - -
n=23
28°C pH 8.07 28.ﬁ2:ilg.71 8.04 + 0.04 434.23 £42.63 2564.32 £ 5.80
28°CpH 7.8 28'?;?3” 7.83+0.12 795.89 £ 170.97 2568.73 £ 22.51
32°C pH 8.07 31'26:1%47 8.01+0.03 468.05 £ 45.53 2564.96 £ 6.23
32°C pH 7.8 31'21:12'70 7.83+0.063 788.17+135.69 | 2563.26 + 5.50

2.1.3. Measurements

The density and size of C. compressa recruits were selected as response variables. The density of
recruits was calculated by taking pictures every 10 or 15 days and counting from the picture the

total number of recruits on a 3x3 cm area in the middle of each substrate using the software ImageJ

25



CHAPTER 1

(Imaged, NIH US Department of Health and Human Services). The size of recruits (um) was
determined monthly on 5 recruits that were removed from each substrate (n = 45). Their total length
was measured using a microscope equipped with a graduated eyepiece.

2.2. Experiment 2: Effects of climate change and species facilitation on the recruitment

of Cystoseira compressa

2.2.1. Collection and obtention of recruits

Apical fertile branches of C. compressa were collected on the 4™ of August 2021 from the same
donor population as mentioned above and following the same protocol (see section 2.1.1.). For this
experiment, about 500 g FW of apical fertile branches were manually collected and transported in
cool and dark conditions in plastic bags to the laboratory. The receptacles were conserved at 4°C
in the dark overnight before placing them under the experimental conditions, in the experimental
tanks, to obtain recruits on the different substrates and under the different conditions of temperature
and acidification. In each tank, 10 g FW of receptacles placed inside a net were kept on the surface
for 72 hours. During this period, the temperature and pH were maintained at the target treatment
conditions. Afterwards, the receptacles were removed and the recruits were kept in tanks for 75

days.
2.2.2. Experimental set-up and treatments

The recruitment of Cystoseira compressa was assessed in two different conditions of temperature,
28 and 32°C, and two pH levels, ambient (pHt = 8.07) and low pH (pHt = 7.8). In order to
investigate the potential facilitation effect of Neogoniolithon brassica-florida, three different
substrates were used for the settlement of recruits: 1) living and 2) dead N. brassica-florida
(respectively factors “coralline” and “dead coralline”) and 3) artificial clay substrates (factor
“artificial substrate™). The temperatures were selected according to the results obtained during the
first experiment (experiment 1). The low pH condition (pHt = 7.8) corresponds to the pH value
expected by the end of the century under the SSP2 - 4.5 CO, emissions scenario (Celis-Pla et al.,
2015; Kwiatkowski et al., 2020). The surface of the three substrates was about 10 cm? (3 ¢cm
diameter and 1 cm height for the artificial substrates). The coralline algae were collected in April
2021 from Anse des Fossés (Saint-Jean-Cap-Ferrat, France) between 0.5 and 1 m depth. Samples
that were the most homogeneous and the least colonized by other organisms were selected. Then,
they were cleaned and epiphytes were removed using brushes and tweezers. Dead coralline
substrates were obtained by putting the N. brassica-florida substrates in freshwater with bleach
(1:50) for 24 hours. They were then rinsed several times with freshwater and dried, before placing

them in the tanks. All the substrates were placed in the experimental tanks at ambient seawater
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temperature and pH and gradually brought to the experimental temperatures and pH levels over 3
months before the start of the experiment.

The experimental set-up consisted of four independent 1.8 L tanks (n=4) for each of the 12
conditions (Substrate type x pH x Temperature) for a total of 48 experimental tanks. Each tank
contained five replicates of a substrate (either artificial, coralline or dead coralline substrates). One
substrate from each experimental tank was used as a control and was not seeded with zygotes of C.
compressa. Seawater from the Bay of Villefranche was continuously delivered into eight 20 L
header tanks that then gravity fed six 1.8 L independent experimental tanks each with a water rate
of 3 L h* (Figure 1). Seawater pH was manipulated inside 4 20 L header tanks. pH was maintained
at the target value using pH controllers (APEX, Neptune Systems) that controlled the bubbling of
pure CO: in the header tanks. The experimental tanks were placed inside thermoregulated baths
(four per temperature) connected to the same control system (APEX, Neptune Systems; Figure 6)
to maintain the temperature at 28 and 32°C. Submersible water pumps (NEWA) provided water

motion in each experimental tank.

Light was provided by 89 W LED light bars (Aqualumix, Aquaristik) and irradiance gradually

-2 2 -1

increased from 0 pmol photons m™* s™* at 06:30 to a maximum of 175 pmol photons m™* s
between 12:00 and 14:00, and gradually decreased to 0 umol photons m ™~ s™* at 21:00 (LI-185B

with an LI-190SB quantum sensor, LI-COR Biosciences, Lincoln, USA; Verdura et al., 2021).

Header
+ Artificial Artificial «— — tankpH — Artificial Artificial e————
7.8
= Cor. Dead Cor. Cor. Dead Cor.e— |
S \u o
Header
tank pH i .
+——=Dead Cor. Cor. ambient ea or,| or. -
y‘ .‘\‘ g /f..
Bath at 28°C Bath at 32°C

Figure 1: Experimental set-up used to test the effects of temperature (28 and 32°C), pH (ambient
8.07, and low 7.8) and species facilitation (artificial, coralline and dead coralline substrates) on the
recruits of C. compressa. The experimental set-up was repeated 4 times, resulting in 8 header tanks,
and 48 experimental tanks in which the different types of substrates were randomly assigned.
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2.2.3. Carbonate chemistry

pH in the header and experimental tanks was measured weekly using a handheld pH-meter (826 pH
mobile, Metrohm) calibrated with TRIS buffer (batch #T33 provided by A. Dickson, Scripps
Institution of Oceanography). Total alkalinity was measured weekly in eight randomly selected
tanks and was determined by potentiometric titration using a Metrohm 888 Titrando following the
method of Dickson et al. (Dickson et al., 2007), the samples were measured three times and the
mean value was used. Certified reference material (Batch #186) provided by A. Dickson was used

to assess the accuracy of the measurements and was within 7.73 pmol kg™*. The seawater from the
Bay of Villefranche was 2565.41 + 12.1 pmol kg™ (mean + SD; Table 1; Appendix A: Chapter 1

Supplementary material S1).
2.2.4. Measurements

The density and size of recruits of C. compressa and calcification rate of the living coralline algae
substrates were selected as response variables. The density of recruits was assessed by counting
directly in the tanks the total number of recruits on the substrates using a magnifying table lamp.
The total number of recruits was normalized by the surface of the substrate. The size of the recruits
was determined by measuring the length of ten individuals randomly picked from each substrate (n
= 160). When ten or fewer individuals were present on the substrate, all of them were measured.

The measurements were done using graph paper under a magnifying table lamp.

Total calcification rate of N. brassica-florida was assessed using the buoyant weight technique
(Davies, 1989). Weighing was done before obtaining C. compressa recruits and at the end of the
experiment, 64 days later. Changes in wet weight were converted to dry weight using the following

equation:

Wet weight

(1 _ Water density )
Calcite density

Dry weight =

with a calcite density of 2.73g cm=. Calcification rate was determined as the change in dry weight
normalized by the surface of coralline algae at the moment of the weighting and the number of days
(64 days). Surfaces of coralline substrates were determined on photographs using the software

ImageJ (ImageJ, NIH US Department of Health and Human Services).

All experiments were carried out according to relevant regulations and guidelines concerning
Cystoseira compressa and Neogoniolithon brassica-florida sampling. The latter were collected
under prefectoral order No. 277, delivered by the Interregional Directorate of the Mediterranean
Sea, Regulatory/Control Service, authorizing the ECOSEAS Laboratory to sample fauna and flora

for scientific purposes only.
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2.3 Data analysis

Experiment 1: A Generalized Linear Mixed-Effects Model (GLMM), with a Poisson link log
distribution function was used to test the effect of the temperature on the density of recruits, with
temperature (three levels) and time (seven levels) as fixed factors, and substrate nested within tank
as random. A two-way ANOVA was used to test the effect of temperature on the size of the recruits,
with temperature (three levels) and time (three levels) as fixed factors. The assumptions of
normality and equality of variance were evaluated through graphical analyses of residuals using
QQ plot functions. An alpha of 0.01 was used when the assumption of equality of variance was not

achieved.

Experiment 2: A GLMM with a Poisson distribution was used to test the effect of temperature, pH
and substrate type on the density of recruits, with temperature (two levels), pH (two levels),
substrate type (three levels) and time (five levels) as fixed factors and substrate nested within tanks
as random, to account for the lack of independence between observations (repeated measures over
time). The response of the variable size to the treatments was analysed using a GLMM with a
Gamma error distribution function and the logit link function ‘inverse’, with temperature (two
levels), pH (two levels), substrate type (three levels) and time (three levels) as fixed factors and
tank as random. The total calcification rate of the coralline algae was analysed with a Linear Model

(LM), with temperature (two levels) and pH (two levels) as fixed factors.

GLMM and LM models were fitted to analyse the effect of the variables and the AICs likelihood
minimum was used to select the best model among the possible combinations. The different models
were fitted using the functions “glmer” and “lm” from the package Ime4 (Bates et al., 2015) in the
statistical environment R (R: The R Project for Statistical Computing). P-values were obtained by
means of a Wald y? test using the “ANOVA” function from the CAR package (Fox and Weisberg,
2018). Finally, the function “emmeans” from the package emmeans (Lenth et al., 2022) was used
to perform the post-hoc analysis of the LM and GLMM models while the test “snk” (Student-

Newman-Keuls) was used to perform the post-hoc analysis for the two-way ANOVA.

3. RESULTS

3.1 In-situ temperatures at the donor population location

The temperatures at the Cystoseira compressa donor population site during the periods that cover
the first (14" July-13™ October 2020) and second experiment (10" August — 20" October 2021)
varied between minimums and maximum values of 15.2°C (27" October) and 29.5°C (2™ August)
in 2020 and between 19.4°C (14" July) and 29.0°C (22" July) in 2021 (Figure 2).

29



CHAPTER 1

® 1 2021
' 2020
| n
it 1110 i
Q
. W |
— ™ | '
@ {1
| = Rit
=3 |
3
©
Q
[e %
2
|_
0 |

T T
Aug. Sept. Oct.

Figure 2: In-situ mean seawater temperature at the donor population site.

3.2 Experiment 1: Effects of ocean warming on the recruitment of Cystoseira compressa

The temperature negatively affected the density of recruits since the beginning of the experiment
(GLMM, P-value < 0.001; Appendix A: Chapter 1 Supplementary material S2). Recruit density
was significantly lower at 32°C than at 28°C and 24°C since the first sampling dates (day 10; Figure
3a), while from day 36 densities at 24°C remained higher than the ones at 28°C and 32°C (Figure
3a). The temperature also affected the size of the recruits at the end of the experiment, recruits at
24°C being significantly larger than the ones grown at warmer temperatures (ANOVA, P-value <

0.001; Appendix A: Chapter 1 Supplementary material S2 and Figure 3b).
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Figure 3: Density (a) and size (b) of recruits of C. compressa as a function of temperature during
the first experiment (96 days). The errors bars show the confidence intervals.
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3.3 Experiment 2: Effects of climate change and species facilitation on the recruitment

of Cystoseira compressa

3.3.1. Recruits of Cystoseira compressa

The temperature and pH, separately and together with substrate type and time, had an interactive
effect on the density of recruits (GLMM, P-value < 0.001; Appendix A: Chapter 1 Supplementary
material S3). There was a strong negative effect of the temperature on the density of recruits,
especially in presence of Neogolithon brassica-florida (Figure 4). Low pH negatively affected the
density of recruits in absence of N. brassica-florida, but no differences in density between pH levels
were detected in presence of the coralline algae (Appendix A: Chapter 1 Supplementary material
S3 and S4). The presence of the living and dead coralline algae negatively affected the density of
recruits of C. compressa, compared to the higher densities found on artificial substrates. The
interaction among temperature, pH and time (Temperature x pH x Time) also affected the density
of recruits (GLMM, P-value < 0.001; Appendix A: Chapter 1 Supplementary material S3). Higher
densities of recruits were found at low temperature-ambient pH while no differences between pH
levels were detected at elevated temperature (Appendix A: Chapter 1 Supplementary material S3).
In general, higher densities of recruits were found at low temperature, ambient pH and in absence
of N. brassica-florida. The density of recruits decreased with time which led to a homogenization
of results for most of the considered factors at the end of the experiment (significant differences in
pH and temperature were found only in absence of the coralline algae and at low temperature,
Appendix A: Chapter 1 Supplementary material S4). This is because only a few recruits survived

until the end of the experiment (Figure 4).
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Figure 4: Densities of recruits on living and dead Neogoniolithon brassica-florida and on artificial
substrates, as a function of temperature and pH under the different treatments. The errors bars show
the confidence intervals.
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Several interactive effects involving temperature, pH, presence of coralline algae and time affected
the size of recruits (GLMM, P-value < 0.001 for the interactions pH x Substrate Type x Time,
Temperature x pH and Temperature x Substrate type, Appendix A: Chapter 1 Supplementary
material S3). The size of recruits was larger at low temperature and low pH. The size of recruits
was also larger in absence of N. brassica-florida in all the t