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Preface

In light of the ongoing climate changes which have already affected the biodiversity
of both marine and terrestrial ecosystems, the concern of scientists and researchers
is increasingly focused on restoring the degraded or lost habitats. The main
purposes of this PhD research project were to investigate on the upper infralittoral
Cystoseira s.l. species which could be potentially more exposed to temperature
fluctuations, identify the most threatened species and promote the natural recovery
of Cystoseira s.l. populations to protect biodiversity and enhance CO2 drawdown.
The starting point of this PhD research was to examine the past and current presence
of upper infralittoral Cystoseira s.l. species along the eastern coast of Sicily though
extensive bibliographic analysis and intensive field activity. After obtaining a
complete overview of the actual distribution of these species, the attention was
focused on four threatened species: E. brachycarpa, E. mediterranea and
Gongolaria montagnei var. tenuior (three regressing species along the lonian coast
of Sicily) and E. giacconei (a cold-affinity endemic species). Their reproductive
phenology and embryology were studied in detail to confirm the belonging
embryological group of these species, especially of E. giacconei, whose
embryology had never been examined. Furthermore, to understand the potential
impacts of climate change on the future viability of these species, experimental
trials were performed to test the effects of temperature on the reproduction and
growth of embryos, which are commonly more sensitive than adults. The study on
E. giacconei was realized in collaboration with the University of Trieste and some
of the data here reported were object of a published paper. Through these trials, it
was possible to gain a picture of the potential fate of these species under a scenario
of further increased temperatures and thermal anomalies. Moreover, it was achieved
knowledge on the thermal optimum of the early life stages of these species, which
could be used for future restoration purposes. Once acquired information on
embryology and thermal optimums of the first developmental stages, it was selected
E. brachycarpa as target species to conduct an experimental restoration plot in the

M.P.A. Isole Ciclopi, where this species was historically present. The juveniles of



this species were grown though ex-situ cultivation on volcanic rock tiles and were
outplanted at the restoration site, where they were monitored and followed for one
month.

To date Cystoseira s.l. species have not yet been included in the IUCN Red lists.
Through this thesis, it could be proposed to include E. giacconei and E.
brachycarpa in the IUCN Red Lists and classify them as “Critically endangered”.
Further restoration actions applied to M.P.A.s and adjacent unprotected areas, will

represent the best future perspective for Cystoseira s.l. forests preservation in the
Mediterranean Sea.
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General introduction




1.1 Mediterranean marine forests: their role and
importance for the marine ecosystem

The Mediterranean Sea is a semi-enclosed basin, considered a hotspot of
biodiversity (Bosc et al., 2004; Coll et al., 2010). The macroalgal communities of
Mediterranean rocky coasts are mainly represented by canopies consisting of
Cystoseira sensu lato (s.l.) species (Fucales, Phaeophyceae) (Sales & Ballesteros,
2009; Mariani et al., 2019), which are comparable to the Atlantic laminarian forests
(Grech, 2017). These communities represent key primary producers, which produce
organic matter from carbon dioxide, water, and minerals (Rodriguez-Prieto et al.,
2013). In the Mediterranean marine ecosystems, they are considered as engineering
species, which thanks to the structural three-dimensionality of their branches
modify the colonized environment and promote biological diversity by providing
settlement substrate, food and shelter for a highly diverse biota (Mangialajo et al.,
2008; Gianni et al., 2013). Indeed, Cystoseira s.I. communities host a high diversity
of fish species (Orlando-Bonaca & Lipej, 2005), juvenile forms of several
invertebrate species (crustaceans, molluscs and polychaetes) (Gozler et al., 2010;
Culha et al., 2010; Pitacco et al., 2014; Chiarore et al., 2019) and an extensive and
diversified epiphytic flora (Ballesteros et al., 2009). In particular, Cystoseiras.l. are
the principal erect species which contribute to construct the “elevated photophilic
layer”. This latter is colonized by photophilous species of small size, which use the
frond of Cystoseira s.l. species as a substrate, forming an “epistrate” on their thallus.
Finally, there is a “sub-layer”, consisting of sciaphilous species both calcareous and
with soft thallus, which are situated on the substrate or on the basal parts of the
species of the “elevated layer” (Cormaci et al., 2003).

Cystoseira s.I. communities provide crucial ecosystem services in coastal
environments, maintaining the biogeochemical cycles and the water oxygenation,
protecting the coasts from physical agents (De La Fuente et al., 2019), contributing
to nutrient fixing and finally constituting an important blue carbon sink
(Ballesteros, 1990a; Ballesteros et al., 1998; Cheminée et al., 2013; Mineur et al.,
2015) (Figure 1).
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Figure 1: Main ecosystem services provided by Cystoseira s.. communities (from Gianni & Mangialajo, 2016,
modified)

In addition, several studies demonstrated that many Cystoseira s.l. species produce
secondary metabolites with antioxidant, anti-inflammatory, antifungal, antiviral
and antibacterial activities, which could be exploited in medicine (Orlando-Bonaca
etal., 2021).

These habitat-forming species dominate several stands, from the littoral fringe
down to the lower sublittoral zone (Feldmann, 1937; Ballesteros, 1988, 1990 a, b;
Giaccone et al., 1994). Their zonation depends on different environmental
conditions: light, salinity, temperature, hydrodynamics and grazing (Sauvageau,
1912; Ollivier, 1929; Vergés et al., 2009).

Cystoseiras.l. species present a k-strategy (long life cycle), are stenoecious (narrow
ecological valence) (Robvieux, 2013) and are differently sensitive to anthropogenic
disturbances (Ballesteros et al., 2009). For this reason, their presence is index of
high ecological quality and were selected as biological indicators of environment
quality in the frame of the Water Framework Directive (WFD, 2000/60/EC;
Panayotidis et al., 1999; Buia et al. 2007; Pinedo et al., 2007). They represent useful
tools to monitor the marine ecosystem health and hence the water quality (Arevalo
et al., 2007; Ballesteros et al., 2007; Panayotidis et al., 2004; Asnaghi et al., 2009;
Nikolic et al., 2013; Pinedo et al., 2007; Mangialajo et al., 2007).

Cystoseira s.l. species are under surveillance by international organizations such as
the Council of Europe, the United Nations, the IUCN, the RAC/ASP, the WWF and
MedPan. Moreover, they are protected by the Berne Convention, Barcelona

Convention and Habitat Directive (Orlando-Bonaca, et al., 2021)



1.2 Main threats and current status of Cystoseira
s.l. communities along the Mediterranean
coasts

During the last decades, Cystoseira s.l. communities have experienced a substantial
decline in several Mediterranean coasts (Cormaci & Furnari, 1999; Thibaut et al.,
2005; Falace et al., 2006; Serio et al., 2006; Tsiamis et al. 2013; Capdevila et al.,
2015; Thibaut et al., 2015; Catra et al., 2019). In particular, the most considerable
retraction of their range was observed near the urbanized areas (Benedetti-Cecchi
et al., 2001; Ballesteros et al., 2007; Mangialajo et al., 2007; Perkol-Finkel &
Airoldi, 2010). Indeed, the increasing coastal urbanization caused the destruction
of natural habitats and alteration in environmental conditions, provoking the
regression of these species (Panayotidis et al., 2004). Moreover, the coastal
development determined an increase in nutrient intake, contaminants and sediment
loads (Gianni et al., 2013). Point sources of pollution such as oil spills, detergents,
and vegetative paints (Airoldi et al., 2014), as well as effluents from aquaculture
facilities, agricultural and industrial activities (Tamburello et al., 2022) contributed
to an increase in eutrophication, damaging these communities which prefer
oligotrophic and transparent waters (Furnari et al., 2003). Moreover, the increase in
overgrazing of sea urchins Paracentrotus lividus (Lamarck, 1816) and Arbacia
lixula (Linnaeus, 1758) (Figure 2c), which results from reduced predator
populations, is one of the main causes for the global loss of macroalgal marine
forests (Medrano et al., 2020). Both the two species have an important role in the
maintenance of sea urchin barrens once they are established (Agnetta et al., 2015).
Indeed, when settled, these barren grounds become stable alternate states
maintained by several feedback mechanisms that prevent the recovery of
macroalgal forests. These hysteresis loops affect both sea urchin populations, by
increasing the probability of recruitment and juvenile survival, and algal
establishment, by reducing the supply of propagules as neighbour algae populations
become scarcer (Filbee-Dexter & Scheibling 2014; Ling et al. 2015). Loss of
Cystoseira s.l. species has been also ascribed to the outbreak of herbivorous fishes

(Verlague, 1990; Thibaut et al., 2005). In particular, it was observed that more than



60% of the gut contents of the teleost Sarpa salpa (Linnaeus, 1758) (Figure 2a), the
only true herbivore in the western Mediterranean (Verlaque, 1990), is composed by
these species. In addition, invasive species represent another documented source of
stress for these communities (Tamburello et al., 2022), since they can compete for
space, become grazers or change the environmental and ecological conditions.
The two alien fishes Siganus luridus (Ruppell, 1829) and Siganus rivulatus
(Forsskal and Niebuhr, 1775) (Figure 2b), introduced into the Mediterranean after
the opening of the Suez Canal, have already depleted Cystoseira s.I. communities
particularly along the eastern Mediterranean coasts (Sala et al., 2011; Gianni et al.,
2017; Tsirintanis et al., 2018).

Figure 2: Some examples of herbivores threatening Cystoseira s.l. communities: a) Sarpa salpa (photo: A.
Lombardo); b) Siganus rivulatus (from Lejeusne et al., 2010); c) Arbacia lixula (from Medrano, 2020)

These different forms of stress act over time and in unison, with a possible
synergistic effect, on species and ecosystems (Worm et al., 2006; Halpern et al.,
2008). Indeed, the conjunction of these processes are contributing everywhere to a
gradual shift towards communities characterised by a lower structural complexity,
leading to sea bottoms dominated by turf-forming, ephemeral and filamentous
algae, mussels and sea urchins, contributing to a habitat homogenisation (Benedetti-
Cecchi et al., 2001; Connell et al., 2014; Strain et al., 2014; Agnetta et al., 2015).

The loss of these habitat-forming species reduces the habitat tridimensionality,



affecting the biodiversity and the ecosystem functioning (Bulleri et al., 2002; De
La Fuente et al., 2019; Bianchelli & Danovaro, 2020) (Figure 3).

The system is healthy, with high The system is disturbed, with low
diversity and high 3D complexity diversity and low 3D complexity
Functions are ensured and Functions are depleted and
resilience is high resilience is low

Deterioration of environmental conditions and biological components

Figure 3: Schematic representation of regime shifts from Mediterranean algal forests towards barren grounds
and turf-dominated assemblages (from Bevilacqua et al., 2021)

The effects of these disturbances lead to quantitative changes in the biomass of the
guide species and qualitative-quantitative variations in the specific associated
biodiversity. The effects on the biomass are observed not only by reduced
vegetative growth of individuals, but also by a decrease in the density of the entire
population. The effects on biodiversity involve a reduction in the floristic
contingent, changes in the specific composition, a reduction in the number of
photophilic algae compared to sciaphilic algae due to increased turbidity, increase
in red algae compared to brown algae, increase in wide ecological valence species,
increase in short-cycle species that can survive more extreme conditions than
perennial species (Cormaci et al., 2003).

If on one hand many regions have experienced dramatic reduction of these
ecosystems (Airoldi et al., 2014; Thibaut et al., 2015), in other areas losses have
been limited to the most severely impacted sites and some populations have
surprisingly persisted in a relatively healthy status (Thibaut et al., 2014).



Therefore, understanding what factors or combinations of factors control the
distribution and condition of these ecosystems is a key priority to establish effective

conservation measures (Mancuso et al., 2018).

1.3 The impacts of global change on
Mediterranean marine forests

Currently, climate warming is the main driver of change in ecosystems around the
world (Gruner et al., 2017). The combination of temperature increases, and a higher
frequency of short-term extreme events affect the biology and ecology of most
organisms in the sea. Most visible changes influence the life cycle, reproductive
effort, and demography of marine organisms. Generally, these changes involve
adaptive responses (such as physiological adjustments and microevolutionary
processes). A direct consequence of warming is the increase in the abundance of
thermotolerant species and the disappearance or rarefaction of ‘cold’ stenothermal
species. Such changes occur as shifts in distribution ranges and/or population
dynamics (Lejeusne et al., 2010). Indeed, global warming and thermal anomalies
induce a redistribution of species, causing a shift to higher latitudes, higher
altitudes, or deeper waters (Hsieh et al., 2009). This results in a general
reorganization of local communities as species are added or deleted, and as
interactions among species change in importance (Wootton et al., 2008; Harley,
2011).

The Mediterranean Sea has been considered a “hot-spot” for climate change
(Giorgi, 2006) since its warming is occurring at a faster rate than in the global
ocean, particularly because of its small size and semi-enclosed shape, and thermal
anomalies here are increasing in intensity, frequency and duration (IPCC, 2021)
(Figure 4). Marine heat waves (MHWs), defined as a discrete and prolonged
anomalous warm water event in a particular location (Hobday et al., 2016), have
recently caused devastating impacts on Mediterranean marine biodiversity and
ecosystem services and functions (Garrabou et al., 2009; 2022). Indeed,
Mediterranean MHWSs have triggered unprecedented climate driven mass

mortalities during the last decades and their occurrence is expected to increase in



the coming decades (Darmaraki et al., 2019; Garrabou et al., 2019). Under these
rapidly changing climate conditions, this trend could affect the fate and
biogeographic responses of Mediterranean species (Boero et al., 2008; Marba et al.,
2015).
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Figure 4: Patterns of warming (a) and marine heatwaves (MHWs) (b) across the Mediterranean Sea (from
Garrabou et al., 2022)

Temperature is the most important factor in the distribution of marine algae, as it
limits their survival, growth and reproduction (Lining, 1990; Orfanidis, 1991).
There is evidence that thermal anomalies can affect the phenology and physiology
of Fucales, impairing their reproductive performance, increasing their vulnerability
to other stressors and ultimately leading to population decline and local extinction
events (Wernberg et al., 2010; 2016; Gouvéa et al., 2017; de Bettignies et al., 2018).
In particular, regarding Cystoseira s.l. species, it was observed that marine
heatwaves and warming can have repercussions on their reproductive phenology,
germling growth and viability (Capdevila et al., 2019; Bevilacqua et al., 2019;
Savonitto et al., 2021; Verdura et al., 2021; Falace et al., 2021). Indeed, the early
life stages of these macroalgae are generally more susceptible to physical and
biological stress than adults (Falace et al., 2018; Caliz et al., 2019) and represent a
“bottleneck” in the development and maintenance of populations (Steen & Scrosati,
2003; Schiel & Foster, 2006; Andrews et al., 2014). The negative effects of
warming are exacerbated by the limited dispersal abilities of eggs and zygotes of
Cystoseira s.l., the low population connectivity and the cumulative effects of other
disturbances (Soltan et al., 2001; Buonomo et al., 2017; Capdevila et al., 2018),
thus hindering the population viability and contributing to the ongoing decline of
these populations under climate change (Engelen et al., 2008; Buonomo et al.,

2017). Indeed, Buonomo et al. (2018) predicted substantial retractions of suitable
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habitats and limited possibilities for northward extension of Cystoseira s.l. species,
with the consequent loss of unique evolutionary lineages in the future.
Understanding the sensitivity of different life stages to temperature and their
performance at thermal limits is essential to comprehend the processes causing their
geographical range variations due to global warming and extreme climatic events
(Walther et al., 2002; Root et al., 2003; Wernberg et al., 2011). This knowledge
also allows to predict their possible future under climate change and manage their

conservation and restoration more adequately (Fabbrizzi et al., 2020).

1.4 Conservation and restoration of marine
Mediterranean forests: passive and active
measures

The decade 2021-2030 has been defined as the UN Decade of Ecosystem
Restoration, due the urgent need to reverse ecosystem damage and halt the climate
changes and the biodiversity crisis (UN General Assembly, 2019). If much of this
effort has been so far focused on increasing forests on land, only recently the
attention has been centred on restoring marine forests (Filbee-Dexter et al., 2022),
which represents a way to protect biodiversity, enhance CO:2 drawdown, and
provide other benefits (Teagle et al. 2017; Ortega et al. 2019; Feehan et al. 2021)

reported in Figure 5.
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Figure 5: Key ecosystem services and functions provided by marine forests (from Filbee-Dexter et al., 2022)

Regarding Cystoseira s.I. communities, despite the implementation of
conservations actions, only a few evidence of natural recovery of these habitats
were reported (Perkol-Finkel & Airoldi, 2010; Ivesa et al., 2016). For this reason,
in the last years the concern for these ecosystems has increased and many
restoration actions were realized, according to the Biodiversity Strategy to 2030
(Target 2), which involves the reintroduction of relevant species where they were
historically present and where factors that led to their loss have been removed
(Falace et al., 2018). In particular, two strategies (passive and active) were deployed
to safeguard these habitats.

The marine protected areas (MPAS) are recognised as passive conservation tools to
protect and restore the marine ecosystems (Medrano, 2020). In particular, the No-
Take marine reserves or No-Take Zones (NTZs) are MPAs implementing the
strongest protection strategies, where no extractive activity is allowed (Sala &
Giakoumi, 2017). These areas prevent the overexploitation of key structural

species, reducing or removing the associated impacts, maintaining and restoring
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ecosystem functioning, improving the trophic regulation on populations of
consumers (e.g., trophic cascades) (Medrano et al., 2020). However, in case of
degraded canopies, even when the environmental stressors are mitigated or
removed through the passive conservation management strategies, such as NTZs, it
Is difficult to recover the habitat if there are not nearby healthy populations which
can produce propagules and hence restore the damaged site (Medrano, 2020).
Indeed, there is little evidence that the NTZs are sufficiently effective in restoring
degraded marine ecosystems (e.g., Sangil et al., 2012). Consequently, active
restoration, which implies the active assistance in the recovery of a degraded,
damaged, or destroyed habitat, has been recently adopted as a more suitable tool
for the restoration of marine habitats in the shorter term [Society for Ecological
Restoration (SER), 2004]. Active restoration allows to speed up the ecosystem
recovery through improved management techniques (such as transplantation)
(Perrow & Davy, 2002; Holl & Aide, 2011; Bayraktarov et al., 2016). It was
demonstrated that only by combining well-designed active and passive restoration
measures it is possible to reverse widespread ecosystem degradation (Lotze et al.,
2006; Mitsch, 2014; Possingham et al., 2015). For example, Medrano et al. (2020)
proved that the combination of active (e.g., algal transplantation and sea urchin
removal) and passive restoration (e.g., establishment of marine protected areas),
provides better results than isolated approaches, but also indicates that more
effectively managed No-Take marine reserves can be essential for both

management purposes and ecological restoration.

1.5 Objectives of the thesis

The main aims of this PhD thesis were: to analyse the past and current presence of
upper infralittoral Cystoseira s.l. species, which could be more exposed to
temperature fluctuations and thermal anomalies; to identify the most threatened
species; to promote the natural recovery of Cystoseira s.l. populations through an
experimental restoration plot in order to preserve the associated biodiversity and

ecosystem services.
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The first step of this research was the evaluation of the past and current presence of
upper infralittoral Cystoseira s.l. species along the eastern coast of Sicily. After
achieving a complete overview, the four species Ericaria brachycarpa, E.
mediterranea, Gongolaria montagnei var. tenuior (three regressing species along
the eastern coast of Sicily) and E. giacconei (a cold affinity dotted endemism), were
selected to conduct an in deep study on their reproductive phenology and
embryology in order to examine the zygote segmentation, embryo development and
confirm the belonging embryological group. Subsequently, to understand the
potential impacts of climate change on the future viability of these species,
experimental trials were performed to test the effects of temperature on the
reproduction and embryo growth, in order to identify the thermal optimums of their
early stages and recognise how they could respond to the foreseen increases in
temperature and thermal anomalies. Afterward, among these examined species, it
was selected E. brachycarpa to realise an experimental restoration plot in the
M.P.A. Isole Ciclopi, where the historical presence of this species was reported by
Pizzuto (1999). For this purpose, it was performed ex-situ cultivation of E.
brachycapa juveniles and outplanting in the M.P.A. Isole Ciclopi, where they were
monitored for a month, in order to follow juveniles’ growth in the field.

Finally, during the study period at the laboratory “Biogeographical Ecology and
Evolution” of the “Centro de Ciencias do Mar” (CCMAR, University of Algarve,
Portugal), it was performed a genetic pre-screening of the target species through
DNA barcoding to characterise its genotype for future restoration purposes and

contextualise it in the Mediterranean biogeographical scenario.
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Chapter Il
The species Cystoseira sensu lato
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2.1 Historical information

The genus Cystoseira belongs to the family Sargassaceae Kiitzing, order Fucales
Kylin. This genus was described in 1820 by the Swedish phycologist Carl Adolph
Agardh. The name means ‘chain of vesicles’ (tvoT8 = vesicle and 6eTdo= chain),
which refers to the presence of air vesicles in the thallus. These species are mainly
distributed in the Mediterranean and along the North Atlantic coasts (Roberts,
1978), with about 40 endemic species listed in AlgaeBase (Guiry & Guiry, 2021).
These species were defined by Feldmann (1937) as an example of neoendemism,
which includes “the species and varieties of the Mediterranean, having close
affinities with other forms existing in neighbouring regions, in particular in the
North Atlantic”. Indeed, these species originated from Atlantic species that were
present in the area of the current Mediterranean Sea before the "Messinian salinity
crisis” (ca. 6-7 million of years ago), characterized by the closure of the Strait of
Gibraltar and the subsequent desiccation of the basin resulting in the disappearance
of almost all the flora and fauna.

The high plasticity of this genus and the occurrence of a great number of ecotypes
in different geographical zones and environmental conditions (Giaccone & Bruni,
1973) led to the assumption that the speciation process of these species is still active
today (Giaccone & Geraci, 1989). This phenomenon is indicative of a possible
hybridization process among species, which suggests a recent speciation event that
may lead to vicariance in different areas of the Mediterranean basin (Amico, 1995).
Over time the genus was characterized by a high number of varieties and formae,
which made difficult the identification of taxa (Robvieux, 2013). Indeed, some
diacritical characters were found to be uncertain and variable, leading to
misidentifications over the years (Serio & Furnari, 2021). This is the reason why
over time different taxonomic approaches were proposed: laboratory cultures for
the study of the ways of reproduction and the first environmental stages (Guern,
1962; Colombo et al., 1982); anatomy of vegetative and reproductive characters
through morphological groups (Roberts, 1978); chemotaxonomy of secondary
metabolites (Amico, 1995); biogeography (Giaccone, 1980); numerical taxonomy

(Giaccone & Bruni, 1971; 1973). Nevertheless, only in recent years thanks to
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improvements in the field of molecular and genetic analyses, the taxonomy and
phylogeny of Cystoseira was clarified, splitting it in three different genera:
Cystoseira sensu stricto, Gongolaria Boehmer and Ericaria Stackhouse (Draisma,
2010; Bruno de Sousaetal., 2019; Orellana et al., 2019; Neiva et al., 2022). Overall,

these species are referred as Cystoseira sensu lato (Orellana et al., 2019).

2.2 Morphology

The species Cystoseira s.l. are characterized by an arborescent habit and are fixed
to the substrate through a holdfast that can be a discoid base or by digitiform aptera.
The only pleustophyte species is Cystoseira aurantia, which lives floating in the
lagoons (Cormaci et al., 2012; Battelli & Catra, 2021). The thallus can be non-
caespitose (with a single axis) or caespitose (with several axes emerging from the
base) (Figure 6). The apex is defined prominent, if it overcomes the level of
insertion of primary branches, and not prominent if it is enclosed in the basal portion
of primary branches and is barely visible. Moreover, the apex can be spinose or
smooth depending on whether thorny processes are present or absent on it. Primary
branches are cylindrical or flattened over all or part of their length and, normally
during the unfavourable season, they are partially eliminated. With the growth of
new primary branches, the older ones, which have already reached their full
development, are progressively discarded and on the cauloid it is possible to
observe scars of fallen branches or stumps that in some species originate
adventitious ramifications. For this reason, the Cystoseira s.l. species were
identified by Feldmann (1937) as hemiphanerophytes (i.e., perennant algae for part
of their thallus). Indeed, during the vegetative resting period, generally during
autumn-winter, it occurs the disappearance of higher order branches, while the axis
and primary branches are maintained. Therefore, it is possible to distinguish a
winter habit, characterised by the absence of the fronds, and a spring-summer habit,
during which there is the maximum development of them.

In some species, there are swellings at the base of primary branches called tophules,
in which reserve substances accumulate (Figure 6). After the vegetative resting

period, from the tophules new primary branches emerge. Beyond the primary
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branches, there are secondary and tertiary branches that can be cylindrical or
flattened. In many species, both primary branches and higher-order ones show
spinose appendages with variable shape and size. Almost all Cystoseira s.l. species
possess cryptostomata, small cavities penetrating the cortical zone that
communicate with the external environment through an opening called ostiole from
which hyaline hairs come out. In sheltered environments, some species show gas
vesicles called aerocysts, which promote buoyancy (Goémez-Garreta et al. 2001;
Cormaci et al., 2012).

At the end of each secondary or tertiary branching, during the reproductive period,
it occurs the development of receptacles (Figure 6), specialised fertile areas of the
thallus (Hamel, 1931). The position of receptacles generally is terminal, but in some
species, as in Ericaria zosteroides (C. Agardh) Molinari & Guiry, they can be at the
base of the branches or in intercalary position. Within the receptacles, there are
several conceptacles, spherical cavities which contain the female and male
reproductive cells. The conceptacles can be considered as fertile cryptostomata
(Robvieux, 2013).
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Figure 6: Diacritical characters of Cystoseira s.l. species (from Mannino & Mancuso, 2009, modified)
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2.3 The fertilisation in Cystoseira s.l. species

In Cystoseira s.l. species the fertilisation occurs through oogamy. These species are
monoecious with hermaphrodite conceptacles. The interior of the latter is taped by
paraphyses, and fertile hairs which will give male and female gametocysts:
antheridia and oogonia, respectively (Figure 7). The oogonia generally occupy the
bottom of the conceptacle, while the antheridia are located near the ostiole where

they are arranged in a crown (Sauvageau, 1912; Guern, 1962).

oogonium

Figure 7: Section of a conceptacle (from Gomez-Garreta et al., 2001, modified)

The oogonia are sessile and are surrounded by three layers (exochiton, mesochiton
and endochiton) within which first a meiotic division takes place, followed by a
mitotic division (Guern, 1962). The number of oospheres contained in each
oogonium changes according to the family or genus (Clayton, 1984) (Figure 8). In
Cystoseira s.l. species only one oosphere remains, due to the extrusion of the

remaining seven nuclei (Gomez-Garreta et al., 2001).
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Sargassum

Figure 8: Different types of oogonium development in Fucales (from Jensen, 1974, modified)

The antheridia can be sessile or carried by branching filaments, surrounded by two
layers in which a meiotic division takes place, followed by several mitotic divisions,
forming 64 antherozoids. Depending on the species, within the chloroplasts, the
antherozoids may have or not a stigma that is pigmented for the presence of
carotenoids. Antherozoids are biflagellated with the anterior flagellum having
mastigonemes and the posterior one having a smooth, swollen portion (Gomez-
Garreta et al., 2001).

Cystoseira s.l. species possess a diplobiontic monogenetic cycle, with the
dominance of a diploid sporophyte (2n) and a haploid phase represented only by
the gametes (GOmez-Garreta et al., 2001; Rodriguez-Prieto et al., 2013; Robvieux,
2013) (Figure 9). According to Jensen (1974), the adults are considered
sporophytes, and the oogonia and antheridia represent megasporocysts and
microsporocysts respectively, containing extremely reduced female and male
gametophytes. Even in other brown algae such as Laminariales the gametophyte
subsists at the stage of a few cells within the conceptacle contained in the

sporophyte (Sauvageau, 1915; Dayton, 1985).
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During the fertilisation, the male gametes are the first to be released. According to
Guern (1962), the inner membrane of the male gametocyst is expelled externally
and jellifies before releasing a cloud of male gametes. The male gametes are active
for several hours (Thuret, 1850) and remain near the ostiole (Guern, 1962).

Subsequently, also the oospheres are expelled externally. Guern (1962) described
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Figure 9: Life cycle of Cystoseira s.l. species (from Gomez-Garreta et al., 2001, modified)

two types of emission of female gametes:

The first type, described in Ericaria mediterranea (Sauvageau) Molinari &
Guiry happens in one step. Once the female gametes (of spherical shape)
are ejected from the conceptacle, they encounter the male gametes, the

fertilisation takes place, and the zygote falls directly on the substrate;

The second type, described in C. compressa (Esper) Gerloff & Nizamuddin,
occurs in two steps. Once the female gametes (of ovoid shape) are expelled
from the conceptacle, they remain attached to it through a thick
mucilaginous layer. This latter protects from bacteria and diatoms but does
not prevent the fertilisation. Only in a second time the embryos will detach

and fall to the substrate, attaching themselves on the substrate through their

rhizoids.



2.4 The four embryological groups

By analysing the development of zygotes and embryos in several Cystoseira s.l.

species, Guern (1962) identified three main embryological groups. Subsequently,

Gil-Rodriguez et al. (1988) proposed a fourth embryological group. These groups

are distinguished by the following characters:

Shape of the oosphere once released from the conceptacle;
Number and branching of the antheridia;

Presence or absence of a coloured stigma in the antherozoids;
Presence or absence of basal growth hairs;

Pattern of zygote segmentation;

Number of primary rhizoids.

2.4.1 First group

The first group, which includes the majority of Cystoseira s.l. species, is

characterised by the following features:

oosphere with a spherical shape, which falls immediately on the substrate;
branched and numerous antheridia;

antherozoids with a pigmented stigma;

segmentation pattern of the zygote which occurs with a first equatorial
division, a second division parallel to the first forming a rhizoidal cell and
a third division perpendicular to the other two at the opposite pole to the
rhizoidal one (Figure 10);

absence of basal growth hairs;

four primary rhizoids dividing from the rhizoidal cell.
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Figure 10: First developmental stages in the first embryological group (from Guern, 1962)

2.4.2 Second group

The second group comprehends the species belonging to Cystoseira s.s., which

possess the following features:

- ovoid oosphere that remains close to the conceptacle through a
mucilaginous membrane and a pedicel penetrating into the conceptacle;

- poorly branched and few antheridia;

- antherozoids lacking a stigma;

- segmentation pattern of the zygote that occurs with a first equatorial
division, a second division parallel to the first forming a rhizoidal cell and
a third division perpendicular to the other two at the opposite pole to the
rhizoidal one (Figure 11);

- presence of basal growth hairs;

- eight primary rhizoids dividing from the rhizoidal cell.
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Figure 11: First developmental stages in the second embryological group (from Guern, 1962)

2.4.3 Third group

In this group only two species were included: Gongolaria baccata (S. G. Gmelin)
Molinari & Guiry and Ericaria sedoides Neiva & Serrdo. Colombo et al. (1982)
considered them as ancient species, from which the speciation of the genus
Cystoseira originated in the Atlantic and Mediterranean, respectively. The features

of this group are:

- spherical oosphere, falling immediately onto the substrate;

- branched and numerous antheridia;

- antherozoids with a pigmented stigma;

- segmentation pattern that occurs in the following way: initial formation of
a protuberance at one of the poles of the oosphere, where the first division
takes place forming a rhizoidal cell, second division perpendicular to the
first and subsequent divisions (third and fourth) oblique to the second
(Figure 12);

- absence of basal growth hairs;

- four primary rhizoids dividing from the rhizoidal cell.
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Figure 12: First developmental stages in the third embryological group (from Guern, 1962)

2.4.4 Fourth group

Gil-Rodriguez et al. (1988) described this group based on the culture observations
of the first developmental stages in Gongolaria abies-marina (S. G. Gmelin)
Kuntze, which did not correspond to any of the previous groups. More recently,
Savonitto et al. (2019) studied the reproductive traits and embryology of
Ericaria barbatula (Kutzing) Molinari & Guiry and found the same characteristics
highlighted by Gil-Rodriguez et al. (1988), listed below:

- spherical oosphere, sinking immediately onto the substrate;

- branched and numerous antheridia;

- antherozoids with a pigmented stigma;

- segmentation pattern with a first division at equatorial level from which
two identical daughter cells are formed; second division perpendicular to
the first one occurring in one of the two daughter cells and third division
perpendicular to the first one occurring in the other daughter cell (Figure
13);

- absence of basal growth hairs;

- four primary rhizoids arising from a rhizoidal cell.
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Figure 13: First developmental stages in the fourth embryological group: a) the first division zygote
segmentation; b) the second; c) the third one; d) emission of the rhizoids; e) rhizoids with different lengths;
f) no division of the rhizoidal cell (from Savonitto et al., 2019)
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In Table 1 the species and the main features of the four embryological groups are

summarised.

Table 1: Summary table of the main embryological groups
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E. mediterranea | spherical 4 on the numerous | absent with

E. selaginoides substrate and stigma

E. brachycarpa branched

G. elegans

G. usneoides

G. montagnei

E. zosteroides

E. crinita

G. barbata

G.

sauvageauana

C. jabukae

E. amentacea

G. susanensis

E. giacconei

C. compressa ovoid 8 near the not present | without

C. foeniculacea conceptacle | numerous stigma

C. humilis and not
branched

G. baccata spherical 4 on the numerous | absent with

E. sedoides substrate and stigma
branched

G. abies-marina | spherical 4 on the numerous | absent with

E. barbatula substrate and stigma
branched
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https://www.algaebase.org/search/species/detail/?species_id=177531
https://www.algaebase.org/search/species/detail/?species_id=174145
https://www.algaebase.org/search/species/detail/?species_id=177552
https://www.algaebase.org/search/species/detail/?species_id=177549
https://www.algaebase.org/search/species/detail/?species_id=177530

2.5 Taxonomic and phylogenetic revision

The first phylogenetic study on the genus Cystoseira was realized by Susini (2006),
who proved that this genus was polyphyletic, suggesting splitting it into three new
genera. Then, Draisma et al. (2010), who gave a larger contribution on the family
Sargassaceae, confirmed the polyphyly of this genus and divided the Mediterranean
and Atlantic species into three separate clades: Cystoseira-4, Cystoseira-5 and
Cystoseira-6. According to Draisma et al. (2010) the clade Cystoseira-4
corresponded to the group “‘C. discors-abrotanifolioides’” in Amico et al. (1985),
which included Cystoseira compressa, Cystoseira humilis Schousboe ex Kutzing
and C. foeniculacea (Linnaeus) Greville. Therefore, only these three species
remained related to this genus, keeping their names. Moreover, the clade
Cystoseira-4 differed from the clades Cystoseira-5 and -6 in having antherozoids
lacking eyespots (stigmata), few antheridial branches with few ramifications,
conceptacles with trichothallic hairs, ovoid oospheres that were larger than in the
other two clades, and eggs that after discharge were retained at the surface of the
receptacle until after fertilisation by means of a mucilaginous substance (Draisma
et al., 2010). The species Cystoseira-4 were separated from the species in clade
Cystoseira-6 on the basis of the number of erect axes, being the clade Cystoseira-4
characterized by caespitose species and the clade Cystoseira-6 by species with one
erect axis. The clade Cystoseira-5 was separated from the Cystoseira-4 for the
absence of distichous branches and iridescence present in the species of the former
group. For the species of clade Cystoseira-5 the names Carpodesmia Greville and
Ericaria Stackhouse were proposed, while for the species in the group Cystoseira-
6 the names Baccifer and Gongolaria Boehmer were suggested. However, Draisma
et al. (2010) did not proposed the reinstatement of these genera because of the
incomplete taxon sampling (Table 2).
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Table 2: Classification proposed by Draisma et al. (2010)

Clade

Proposed genus name

Species included

Distribution

Bifurcaria-1
Bifurcaria-2
Cystoseira-1

Cystoseira-2

Cystoseira-3

Cystoseira-4

Cystoseira-5

Cystoseira-6

Halidrys
\IIIL'(I\ sum- l

Sargassum-2

Brassicophycus gen. nov.
Bifurcaria Stackhouse 1809
Strophysalis Kiitzing 1843

Polycladia J. F. C. Montagne

in Orbigny 1847
Stephanocystis Trevisan 1843

Cystoseira C. Agardh 1820

No name proposed yet

No name proposed yet

Halidrys Lyngbye 1819
Sargassum C. Agardh 1820

Sargassopsis Trevisan 1843

B. brassicaeformis

B. bifurcata®

S. trinodis

P. heinii, P. indica, P. myrica®

S. crassipes, S. dioica, S. geminata, S. hakodatensis,
S. neglecta, S. osmundacea, S. setchellii
C. compressa, C. foeniculacea, C. humilis

C. amentacea, C. barbatula, C. brachycarpa, C. crinita,

C. funkii, C. mediterranea, C. tamariscifolia, C. zosteroides
C. abiesmanina, C. baccata, C. barbata, C. elegans,

C. jabukae, C. nodicaulis, C. sauvageauana, C. sonderi,
C. spinosa, C. squarrosa, C. susanensis, C. usneoides

H. siliquosa, H. murmanica

All currently recognized species except S. decurrens

S. decurrens

South Africa

Atlantic Europe

Tropical Indo-West-Pacific
Eastern Indian Ocean

Temperate-cold
North Pacific
Mediterranean,
northeast Atlantic,
and Bermuda’
Mediterranean and
northeast Atlantic
Mediterranean and
northeast Atlantic

Atlantic and
Arctic Europe
Circumtropical-
temperate waters
Tropical Indo-
West-Pacific

Clades refer to the names used in the main text and in Figures 1 and 2.

“The generic status of Bifurcaria galapegensis is considered incertae sedis.

"The generic status of Cystoseira myrica var. occidentalis is considered incertae sedis.
‘Schneider and Lane (2007).

Subsequently, Bruno de Sousa et al. (2019) improved the phylogeny of the
Mediterranean and Atlantic Cystoseira species, through the implementation of
different mitochondrial markers. The results of this study validated the polyphyly
of the genus and the existence of three well supported clades: Cystoseira-I, 1l and
Il (Figure 14). The group Cystoseira-I1l included C. compressa, C. foeniculacea
and C. humilis; the group Cystoseira-I included C. amentacea (C. Agardh) Bory, C.
barbatula Kutzing, C. brachycarpa J. Agardh, C. crinita Duby, C. funkii Schiffner
ex Gerloff & Nizamuddin, C. mediterranea Sauvageau, C. tamariscifolia (Hudson)
Papenfuss and C. zosteroides C. Agardh; and the group Cystoseira-I1 contained C.
abies-marina (S. G. Gmelin) C. Agardh, C. baccata (S. G. Gmelin) P. C. Silva, C.
barbata (Stackhouse) C. Agardh, C. elegans Sauvageau, C. mauritanica
Sauvageau, C. nodicaulis (Withering) M. Roberts, C. sonderi (Kitzing) Piccone,
C. montagnei J. Agardh, C. squarrosa De Notaris and C. usneoides (Linnaeus) M.
Roberts. According to Bruno de Sousa et al. (2019), the last two groups were more
closely related than Cystoseira-111. Moreover, they found a connection between this
phylogeny and the chemotaxonomic classification, as also observed by Susini
(2006): linear diterpenoids and rearranged meroterpenoids were exclusive to
Cystoseira-1 taxa (the most “chemically evolved” group), while all Cystoseira-1II
taxa lacked diterpenoids and lipophilic secondary metabolites (Valls & Piovetti,
1995).
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Figure 14: Phylogenetic tree reported by Bruno de Sousa et al. (2019)

Orellana et al. (2019) studied the diversity and phylogenetic relationships of eastern
Atlantic and Mediterranean species on the basis of DNA sequences and
morphological observations. They found three clades Cystoseira I, Cystoseira Il and
Cystoseira 1ll, which corresponded respectively to three different genera:
Cystoseira sensu stricto (s.s.) (C. foeniculacea, C. humilis, C. compressa and C.

aurantia), Treptacantha Kitzing (T. abies-marina, T. algeriensis, T. baccata, T.
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barbata, T. elegans, T. mauritanica, T. montagnei, T. nodicaulis, T. sauvageauana,
T. squarrosa, T. susanensis and T. usneoides) and Carpodesmia Greville (C.
zosteroides, C. amentacea, C. barbatula, C. crinita, C. funkii, C. mediterranea and
C. tamariscifolia).

The clade Cystoseira | was characterized by species with a caespitose habit, warty
non spinose receptacles with grouped conceptacles, cylindrical or flattened primary
branches, cortex cells with thickened walls and square meristoderm cells. The clade
Cystoseira Il included species with non-caespitose habit, smooth primary branches
(at least in the basal region) with widely spaced spiny appendages upwards, spiny
receptacles with few conceptacles at the base of each fertile spine, cortex cells with
thickened walls and square meristoderm cells. Finally, the clade Cystoseira Il
contained species with a caespitose or non-caespitose habit, branches bearing
spinose appendages, receptacles with spiny or filiform appendages and grouped
conceptacles, cortex cells with thin walls and rectangular meristoderm cells (Table
3).

Novoa and Guiry (2019) claimed that the names Treptacantha and Carpodesmia
had to be preceded by Gongolaria and Ericaria respectively, which had the priority
on the former names. Therefore, they proposed Gongolaria and Ericaria as the

correct names for the clades “Cystoseira 2”” and “Cystoseira 3” defined by Orellana

& al. (2019).
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Table 3: Morphological characters of the three clades: Cystoseira 1, Cystoseira 2 and Cystoseira 3 (from Orellana et al., 2019)

Spines in
primary Spines in
Caespitose branches at  secondary
Species Group habit Holdfast Apex of axis basal region  branches Aerocysts Receptacles
C. abies-marina (S5.G. Cystoseira 2 Haptera - - + - With spines, single conceptacles at base of
Gmelin) C. Agardh spine
C. algeriensis Feldmann Cystoseira 2 Disc Smooth, not - + - With spines, single conceptacles at base of
prominent spine
C. amentacea (C. Agardh) Cystoseira 3 + Haptera Spinose, not + + - With spines, few conceptacles at base of
Bo prominent spine
C. baccata (5.G. Gmelin) P. Cystoseira 2 Disc Smooth, - - + Without spines, few conceptacles
C. Silva prominent
C. barbata (Stackhouse) C. Cystoseira 2 Disc Smooth, - - + Without spines, few conceptacles
Agardh prominent
C. barbatula Kiitzing Cystoseira 3 + Haptera/ Smooth, + + - With spines, numerous conceptacles
Disc prominent
C. brachycarpa J. Agardh Cystoseira 3 + Haptera Smooth, not + + - With spines, few conceptacles
prominent
C. compressa (Esper) Gerloff Cystoseira 1 + Disc Smooth, not - - - Without spines, numerous conceptacles
& Nizamuddin prominent
C. crinita Duby Cystoseira 3 + Disc Spinose, + - - With spines, few conceptacles
prominent
C. elegans Sauvageau Cystoseira 2 Disc Spinose, not - + - With spines, numerous conceptacles at base
prominent of spines
C. foeniculacea (Linnaeus) Cystoseira 1 + Disc Spinose, not + - + Without spines, numerous conceptacles
Greville prominent
C. funkii Schiffner ex Cystoseira 3 Disc/ Smooth, not + + - With spines, few conceptacles at the base of
Gerloff & Nizamuddin Haptera prominent spines
C. humilis Schousboe ex Cystoseira 1 + Disc Smooth, not - - + Without spines, numerous conceptacles
Kiitzing prominent
C. mauritanica Sauvageau Cystoseira 2 Disc Spinose, not - + - With spines, few conceptacles at base of
prominent spines
C. mediterranea Sauvageau Cystoseira 3 Haptera/ Spinose, not + + + With spines, few conceptacles at base of
Disc prominent spines
C. montagnei ].Agardh Cystoseira 2 Disc Spinose, not - + - With spines, few conceptacles at base of
prominent spines
C. nodicaulis (Withering) Cystoseira 2 Disc Smooth, - + + With spines, few conceptacles
M. Roberts prominent
C. sauvageauana Hamel Cystoseira 2 Disc Spinose, - + - With spines, single conceptacles at base of
prominent spine
Cystoseira sp. (as C. Cystoseira 1 + Disc Smooth, not - - + Without spines, numerous conceptacles
aurantia Kiitzing) prominent
C. squarrosa De Notaris Cystoseira 2 Disc Spinose, not - + + With spines, few conceptacles
prominent
C. susanensis Nizamuddin Cystoseira 2 Disc Smooth, - - + Without spines, numerous conceptacles
prominent
C. tamariscifolia (Hudson) Cystoseira 3 - Haptera/ Spinose, not + + + With spines, numerous conceptacles
Papenfuss Disc prominent
C. usneoides (Linnaeus) M. Cystoseira 2 Haptera Smooth, not - + + With spines, few conceptacles
Roberts prominent
C. zosteroides (Turner) C. Cystoseira 3 Haptera Smooth, + + - With spines, numerous conceptacles
Agardh prominent

Recently, Neiva et al. (2022) used DNA barcoding to update the systematics and

biogeography of Cystoseira s.l. species. Within the group Cystoseira s.s., they

found two main lineages. One lineage was characterized by C. foeniculacea with a

distribution in the Atlantic and Mediterranean Sea. The other lineage grouped three

related entities: C. compressa represented by samples coming from all the

Mediterranean and from Azores and Canary Islands; C. humilis found exclusively

in Atlantic samples; and C. pustulata (Ercegovic) Neiva & Serrdo including

samples from both Atlantic and Mediterranean (Figure 15).
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Figure 15: Genetic entities and distribution of Cystoseira s.s.: a) haplotype network; b) geographic sampling
of C. foeniculacea; c) C. compressa; d) C. humilis and C. pustulata (from Neiva et al., 2022)

The genus Ericaria was composed by five lineages. Three of them were represented
by E. zosteroides (C.Agardh) Molinari & Guiry, E. sedoides and E. dubia (Valiante)
Neiva & Serrdo, respectively. A more diversified Mediterranean lineage included
E. brachycarpa s.s. (with samples coming from the northern coast of Sicily and
southern Crete), E. balearica (Sauvageau) Neiva, Ballesteros & Serrdo,
(represented by samples from the Balearic Sea and the Sicilian Island of
Pantelleria), E. corniculata (Turner) Neiva & Serrdo (from Crete) and finally E.
crinita s.l. (comprising samples identified as E. crinita, E. barbatula and E.
giacconei D. Serio & G. Furnari coming from Sicily, the Island of Pantelleria,
Adriatic Sea, Crete, Black Sea, and Menorca). Finally, they found three lineages
corresponding to three separated haplogroups (A, B and C) represented by the E.
selaginoides complex. The haplogroup A included Atlantic single-cauloid samples
identified as E. selgainoides (Linnaeus) Molinari & Guiry, as well as Mediterranean
caespitose algae, identified as E. amentacea, from the south-eastern Iberian
Peninsula, Balearic Islands and Pantelleria. The haplogroup B included non-
caespitose samples (identified as E. mediterranea) from the Spanish Catalonia and
caespitose samples from Sicily (identified as E. amentacea). Finally, the

haplogroup C grouped caespitose algae (identified as E. amentacea) from Malta,
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Adriatic and Crete. Therefore, haplogroup A was mainly distributed in western
Mediterranean, haplogroup B in Sicily and haplogroup C in the eastern
Mediterranean (Figure 16).
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Figure 16: Genetic entities and distribution of Ericaria: a) haplotype network; b) Geographic sampling of E.
crinita s.l.; c) E. corniculata, E. balearica and E. brachycarpa s.s.; d) E. selaginoides complex (from Neiva et
al., 2022)

The genus Gongolaria comprised two main clades (A and B). The first one was
represented by the two caespitose species, G. abies-marina (from the Macaronesia)
and G. sonderi (Kutzing) Neiva, Jodo Soares & Serrdo (from Cape Verde
archipelagos). The clade Gongolaria B included three main lineages widely
distributed in the Atlantic and the Mediterranean. One lineage comprised the two
large Atlantic species G. baccata and G. usneoides (Linnaeus) Molinari & Guiry.
Another lineage was composed by G. barbata (Stackhouse) Kuntze from the
Mediterranean and Black Sea and the Sicilian samples previously identified as G.
susanensis (Nizamuddin) Molinari & Guiry. Finally, the last lineage comprised
multiple species complexes with very low genetic differentiation: G. nodicaulis

(Withering) Molinari & Guiry (sampled from Ireland to Mauritania), G.
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gibraltarica Sauvageau) Neiva, Bermejo & Serrdo (represented by samples from
Tarifa, Nador, Ria Formosa, Cadiz Bay and Nador lagoons), G. montagnei s.I.
(including samples identified as C. spinosa Sauvageau and C. algeriensis from both
shallow to deeper waters of the Spanish coasts), G. elegans s.l. [including Spanish
samples identified as G. elegans (Sauvageau) Molinari & Guiry and G.
sauvageauana (Hamel) Molinari & Guiry from both shallow and deep
environments], Gongolaria sp. 2 [with samples identified as G. montagnei (J.
Agardh) Kuntze and G. elegans from Crete and Sicily]. Finally, the most divergent
complex included samples of the Levantine-endemic G. rayssiae (Ramon) Molinari
& Guiry and a closely related entity from Macaronesia, referred to as Gongolaria
sp. 1 [comprising algae from Tenerife originally identified as G. mauritanica
(Sauvageau) Molinari & Guiry, and Gongolaria sp. from Madeira] (Figure 17).

Neiva et al. (2022) concluded that, despite the sampling effort, many areas of the
Mediterranean remained still unexplored, thus it would have been needed to clarify
the validity and affinities of poorly sampled taxa, to clarify patterns of diversity and

species assembly.
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Figure 17: Genetic entities and distribution of Gongolaria: a) haplotype networks of clade A (left) and clade

B (right); b) Geographical sampling depicting G. abies-marina and G. sonderi; c) G. baccata, G. usneoides, G.

barbata (incl. Marzamemi’s ‘G. susanensis’), G. rayssiae and Gongolaria sp. 1; d) G. nodicaulis, G. montagnei
s.l, G. elegans s.l. (incl. Columbrete’s G. sauvageauana), G. gibraltarica and Gongolaria sp. 2 (from Neiva et
al., 2022)
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2.6 The infralittoral Cystoseira s.I. species

The Cystoseira s.l. species are distributed in the benthic domain determining a true
"zonation" of the photophilic vegetation of hard substrates, and the factors that
mainly regulate their bathymetric distribution are light intensity and the type of
hydrodynamics (Giaccone et al., 1994). The highest diversity of Cystoseira s.l.
species is observed in the infralittoral plan, which extends from the minimum tidal
level to the maximum depth where photophilic algae and seagrasses grow. This
lower limit varies from a few metres to 40 m of depth, according to the water quality
and topography (Robvieux, 2013).

The infralittoral plan is subdivided in three horizons:

- upper horizon (from 0 to -50 cm), where light intensity and hydrodynamics
are strong;
- middle horizon (from -50 cm to -15 m), where light intensity and
hydrodynamics are attenuated. This horizon is subdivided in high (from -50
cm to -2 m) and low (from -2 m to -15 m);
- deep horizon (from -15 to -40 m), where light intensity and hydrodynamics
are weak.
This thesis focused on Cystoseira s.l. species distributed in the upper and middle
horizons of the infralittoral plan, which could be potentially more exposed to the
effects of climate change. Therefore, this section will provide information
concerning only these two horizons, without deepening deep communities.
The upper horizon is denoted by the presence of E. amentacea (that mainly occupies
the infralittoral fringe) and E. mediterranea (Figure 18). These communities
develop in well-lit environments, exposed to disruptive hydrodynamics. In areas
characterised by intense upwelling phenomena (as in the Strait of Messina or in the

Alboran Sea) E. amentacea is substituted by E. selaginoides (Cormaci et al., 2003).
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Figure 18: The species of the upper horizon: on the left E. amentacea and on the right E. mediterranea
(photos: G. Marletta)

The high middle horizon is distinguished by biotopes with light intensity not less
than 60% of the incident light intensity at the surface, and with a multidirectional
hydrodynamics, which tends to become bidirectional more in depth. The typical
vegetational association of this horizon is Cystoseiretum crinitae, described in 1958
by Molinier (1960) for the coastline of Cape Corse (Corsica, France). According to
Giaccone et al. (1994), the dominant species of this association, E. crinita, is rich
in geographical and ecological vicariants:

- in more exposed environments, with intense oscillating hydrodynamics, the
dominant species is replaced by E. brachycarpa (J. Agardh) Molinari &
Guiry (Figure 19a);

- inthe northern and colder biotopes (e.g., in the Adriatic Sea) there is instead
Cystoseira crinitophylla Ercegovic, which can also extend to the lower
horizon;

- on sub-horizontal platforms with reduced hydrodynamics (such as in the
lonian Sea or in the Strait of Sicily) it is often substituted by E. barbatula
(Figure 19b);

- ininfralittoral pools and sheltered bays, it is usually replaced by G. elegans,
G. barbata and C. compressa (Figure 20).
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Figure 20: The species of the high middle horizon: a) G. elegans; b) G. barbata; c) C. compressa (photos: G.
Marletta)

The low middle horizon is characterised by biotopes with light intensity not less
than 15% of that incident at the surface and an oscillating unidirectional
hydrodynamics. According to Giaccone et al. (1994) the dominant species of these
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biotopes is G. sauvageauana, which in the eastern Mediterranean can be replaced
by G. montagnei var. tenuoir (Ercegovi¢) Molinari & Guiry (Figure 21) and in the

Adriatic Sea by E. corniculata.

Figure 21: The species of the low middle horizon: G. montagnei var. tenuior (photo: G. Marletta)
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Chapter IlI
Upper infralittoral Cystoseira s.l.
species along eastern Sicily
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3.1 Past and current presence of the upper
infralittoral Cystoseira s.l. species along the
lonian coast of Sicily

The first phase of this research project investigated on the presence of the upper
infralittoral Cystoseira s.l. species along the eastern coast of Sicily, comparing the
historical data with the current distribution. To conduct this analysis, it was
consulted the past literature (from the 1970s to 2000) to identify the past distribution
of Cystoseira s.l. species along the lonian coast of Sicily. Subsequently, the
sampling was carried out either in areas where the presence of these species was
previously documented and in sites which could host Cystoseira s.I. communities.
For each found species, only two thalli, presenting all diacritical features, were
collected to avoid impacting the populations. These thalli were collected with a pick
to include the base, in order to gather all necessary information for the species
identification. Subsequently the thalli were stored with seawater and alcohol and
identified in the laboratory. Then, the identified thalli were stored in exsiccata for
future consultation.

From all obtained information it was produced a table containing the past and
current presence of these species (Table 5). For the past presence the following
terms were used “common” (presence in several sites), “frequent” (presence in 3-4
sites), “rare” (presence only in 1-2 sites), while the actual presence was indicated
as “stable” (species loss only in one site), “in regression” (species loss in several

sites), “locally extinct” (species never found during the monitoring).

3.2 The study area

The eastern Sicily is the area that borders the lonian Sea and embraces the coastline
between Punta Faro (Messina) and Capo Passero (Portopalo) (Figure 22). The
morphology of this area is extremely variable: the coasts of the north-eastern Sicily
are generally volcanic, while predominantly calcarenitic elements prevail along the
south-eastern coasts (Giaccone & Sortino, 1974). Subvolcanic as well as subaerial
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and submarine volcanic rocks constitute the coastal area of the northern side of the
Gulf of Catania (Corsaro & Cristofolini, 1997). These rocks, dissected by faults and
dismantled by wave action, produce a belt of blocks, up to a few meters in size, all
along the coast and at the base of local shallow cliffs (Rosso et al., 2019).

The south-eastern Sicily, mostly constituted by the Hyblean Plateau, is
characterised by the occurrence of anomalous calcareous boulders, which are
scattered along large terraces located at 2-5 m above the sea level, gently sloping
towards the sea. Several boulders show biogenic encrustations (serpulids, balanids,
lithophaga) all over their surface which suggest that they were dragged from the
mid-sublittoral zone (Scicchitano et al., 2007).

To conduct this survey, the following sites were chosen to assess the current
presence of Cystoseira s.I. communities distributed in the upper infralittoral (from
0 cmto—2m): Santa Tecla (37.64001, 15.18443), Santa Maria La Scala (37.61338,
15.17442), Capo Mulini (37.57444, 15.17345), M.P.A. Isole Ciclopi (37.56118,
15.16731), Catania (37.53513, 15.12878), Bay of Brucoli (37.29247, 15.19733),
Augusta (37.24277, 15.25708), Magnisi Peninsula (37.14518, 15.24246),
Maddalena Peninsula (37.04119, 15.30854), M.P.A. Plemmirio (37.00382,
15.33639), Vendicari Wildlife Oasis (36.80459, 15.10392), Marzamemi (36.74438,
15.11905) and Portopalo di Capo Passero (36.65129, 15.07604) (Figure 22).
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Figure 22: On the left, investigated area located along the eastern coast of Sicily; on the right, sites
monitored during this study

3.3 Historical data

The consulted literature begins approximately from the ‘70s when numerous
phycologists started to carry out several studies on the flora and marine benthic
vegetation of eastern Sicily. One of the first papers on this area was “Ricerche
floristiche sulle alghe marine della Sicilia orientale” (Furnari & Scammacca,
1970a), in which the authors reported some information on the benthic flora of the
Acireale. Further research on the biodiversity of macrophytobenthos in the eastern
sector of Sicily were produced in the following years (e.g., Furnari & Scammacca,
1970b; 1971, 1973, 1975; Cormaci et al, 1976, 1979, 1985; Cormaci & Furnari,
1979a,b; Battiato & Ponte, 1975, 1978; Battiato et al., 1978, 1980). Later, Giaccone
et al. (1986), published a review on the marine flora of Sicily and the minor Islands
based on both bibliographic and original data. During the *90s, numerous studies
more focused on the dynamics and on the morphological and reproductive
phenology of Cystoseira s.l. populations were performed (e.g., Pizzuto & Serio,
1994; Serio, 1995; Pizzuto et al., 1996; Pizzuto, 1999; Alongi et al., 1999a,b).
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3.4 Results and Discussion

The following taxa, distributed in the upper infralittoral, were considered: E.
amentacea, G. barbata, E. barbatula, E. mediterranea, E. brachycarpa, C.
compressa, E. crinita, G. elegans, C. foeniculacea, E. giacconei, G. sauvageauana
and G. spinosa var. tenuior. Table 4 reports the list of the species with the sites
(including those reported in historical data) where they were found.

Regarding the past presence of the considered species, before the 2000s the most
common taxa along the eastern coast of Sicily were E. amentacea, E. bracycarpa,
C. compressa, C. foeniculacea and G. sauvageauana. Meanwhile, G. barbata, E.
barbatula, E. mediterranea, E. crinita, G. elegans and G. spinosa var. tenuior were
frequent species. Instead, E. giacconei was rare since it was only reported in its type
locality (Punta D’ Aliga), in the southern coast of Sicily (Giaccone, 1985).

As concerns the actual presence of these species, it can be noted that E. amentacea,
G. barbata and C. compressa have disappeared only in one site where they were
historically present, while in other areas (both already documented and investigated
here for the first time) they remained stable. The populations of E. barbatula, E.
mediterranea, E. brachycarpa, G. elegans, C. foeniculacea and G. montagnei var.
tenuior were subjected to a decline in some sites of historical presence. However,
during the samplings, these species (except E. barbatula) were found in other areas
where their presence were not previously documented. Two species, E. crinita and
G. sauvageauana, were never found during this study and were considered as
locally extinct. Finally, E. giacconei, which was not previously recorded along the
eastern coast of Sicily, during our samplings and the research of Serio & Furnari

(2021) was found in two sites (Portopalo di Capo Passero and Vendicari).
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Table 4: Sites investigated during this study: ST = Santa Tecla, SM= Santa Maria La Scala, CM= Capo Mulini,

IC= M.P.A. Isole Ciclopi, CT= Catania, BRU=Brucoli, AUG=Augusta, MP= Magnisi Peninsula, MAD= Maddalena
Peninsula, PLE= Plemmirio, VEN= Venicari, MAR=Marzamemi, PCP= Portopalo di Capo Passero. The symbol +
indicates the presence of the species in the site, the symbol - indicates the absence of the species in the site
and the symbol * denotes the historical presence of the species in that site.

Sites

Species ST| S |CM]| IC CT BR | AU MP | MAD | PLE | VE | MA | PCP
M U G N R

E. amentacea | + + + +* +* + + + +* + 4 - *

G. barbata - - - - -* - + - +* - ¥ _ =

E. barbatula - - - - - - - - _* - +* * =

E. - - - -* -* + + + + + +* - -

mediterranea

E_ - _x - _x _x + + - _* _ _x _ +*

brachycarpa

C.compressa | - - + + -* +* + + +* + 4x T x

E. crinita - - - - - - - - _* _* - - *

G. elegans - - - - - + - - - - B i *

C. - - - - -* + + + -* - + +* +*

foeniculacea

E. giacconei - - - - - - - - - - + i T

G. _ _ _ _* _x . _* _ _* _* _* _ _*

sauvageauan

a

G. montagnei | - - - - - +* - - _* - + * _

var. tenuior

Table 5 reports the information obtained through the consultation of the previous

data on past presence of Cystoseira s.l. species and the current data acquired

through the samplings in both the sites of historical presence and the additional

ones.
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Table 5: Past (before the 2000s) and actual presence of Cystoseira s.I. species along eastern Sicily

Species Past presence Present presence
E. amentacea common stable
G. barbata frequent stable
G. barbatula frequent in regression
E. mediterranea frequent in regression
E. brachycarpa common in regression
C. compressa common stable
E. crinita frequent locally extinct
G. elegans frequent in regression
C. foeniculacea common in regression
E. giacconei rare stable
G. sauvageauana common locally extinct
G. montagnei var. frequent in regression
tenuior

Future monitoring activities in the areas here investigated will be necessary to
evaluate the status of Cystoseira s.l. populations and understand the impacts that
could threaten them. In addition, conservation measures (i.e., No-Take Zones)

should be implemented to improve the protection of these species.

46



Chapter IV
Reproductive phenology and
embryology of four Cystoseira s.!.

species
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4.1 The species under study

The previous chapter reported the results on the past and current presence of the
upper infralittoral Cystoseira s.l. species along the lonian coast of Sicily. In this
phase of the research project, we focused on four of these species: E. brachycarpa,
G. montagnei var. tenuior, E. mediterranea (three regressing species along the
lonian coast of Sicily) and E. giacconei (a cold-affinity endemic species). Of these
taxa, it was performed an in-deep study of the reproductive phenology and
embryology. In particular, the principal aims were: 1) to examine the reproductive
traits, a preparatory phase to the subsequent embryological study; 2) to analyse the
zygote segmentation and embryo development, to confirm the belonging
embryological group (see Chapter I1) of these species, especially of E. giacconei,
whose embryology had never been studied in detail. The study of the embryology
of E. giacconei was realised in cooperation with the University of Trieste and the
relative data on the first developmental stages here reported were published in the

paper by Falace et al. (2021).

4.2 Materials and Methods

During 2021, the reproductive phenology of E. brachycarpa, E. mediterranea, E.
giacconei and G. montagnei var. tenuior was surveyed by collecting two thalli
every two months at Brucoli (E. brachycarpa, E. mediterranea, G. montagnei var.
tenuior) and at Portopalo di Capo Passero (E. giacconei). The collected thalli were
used to perform the morphological observations at the stereomicroscope, necessary
for the correct identification of the species. Moreover, fertile apices were used to
measure the morphometric variables of the receptacles, conceptacles and gametes
(length of the receptacle, diameter of the conceptacles, length and width of
antheridia and oogonia). To execute these measures, longitudinal sections of the
receptacles and transverse sections of the conceptacles were made through a razor
blade on glass slides. Then, the sections were observed and measured at optical
microscope, and photographed through a camera Nikon D40.

48



To examine the embryology of these species, some fertile apices were wrapped in
aluminium foil, transported to the laboratory, and stored in dark and refrigerate
conditions (6°C) for 12 h. Subsequently, for each species, about 30 fertile apices
were placed on 9 glass slides located inside 3 petri dishes filled with filtered
seawater, in controlled mesocosm at 20°C, saturating light and photoperiod
12L:12D (Figure 23). This thermal shock (6-20°C) stimulated the release of
fertilised oospheres from the mature receptacles. After the release of zygotes, the
apices were removed from the slides, and the filtered seawater inside the petri dishes
was changed with a pipette. For all the species, the pattern of zygote segmentation
and embryo development were followed for four weeks, during which the filtered
seawater was changed every two days to avoid the proliferation of diatoms and
bacteria. The first phases of zygote segmentation and the embryo development were

checked at optical microscope and photographed through Nikon D40.

' . . . G.montagneivar.
/ E. mediterranea E. brachycarpa E. giacconei tenuior

Figure 23: Experimental setup for the embryological study of E. mediterranea, E. brachycarpa, E. giacconei
and G. montagnei var. tenuior
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4.3 Results and discussion

4.3.1 Reproductive traits and embryology of Ericaria mediterranea

E. mediterranea is non-caespitose species, attached to the substrate by a robust
basal disc, more often by radiating haptera. The apex of the cauloid is not very
prominent and covered with spines. The primary branches are cylindrical, with a
pyramidal shape. Secondary and tertiary branches are covered with long and
pointed spines. Branches are mostly deciduous and those that persist are gracile and
sterile. The receptacles are terminal and surrounded by short spinose appendages.
During spring, the receptacles are very conspicuous, compact and cylindrical, while
in autumn they start to be smaller. E. mediterranea grows in well or moderately
exposed rocky coasts, in the upper infralittoral (Figure 24). The maximum
vegetative and reproductive development of this species is in spring and summer,

while from the beginning of autumn it tends to lose the frond.

Figure 24: E. mediterranea community at Brucoli (photo: G. Marletta)
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The receptacles (length = 1.4 + 1.4 cm) are compact and covered with spines (Figure
25a). The receptacle contains 3-6 conceptacles. In cross section, the conceptacle
(diameter = 546.7 = 23.7 um) has an oval shape and contains oogonia, antheridia
and paraphyses (Figure 25b). The oogonia (length = 116.7 £ 26.8 um; width =57.4
+ 5.6 um) are ovoid (Figure 25c) and located at the bottom of the conceptacle, far
from the ostiole (Figure 25b). The antheridia (length = 26.6 + 12.4 um; width = 9.4
+ 1.6 um) are branched and coloured for the presence of a pigmented stigma (Figure
25d). They are sited on the roof of the conceptacle together with the paraphyses,

which cover even the walls (Figure 25b).

(a)

Figure 25: Reproductive traits of E. mediterranea: a) receptacles; b) transverse section through a conceptacle;
c) ovoid oogonium; d) branched and coloured antheridia

Once the oosphere is fertilized, it assumes a spherical shape and adheres on the
substrate through the fertilization membrane (Figure 26a). After about 24 hours, the
first division appears at the equatorial level (Figure 26b). In one of the two daughter
cells, it occurs a second division which is parallel to the first one and creates the
rhizoidal pole. At the opposite pole, the third segmentation is formed
perpendicularly to the previous divisions (Figure 26c). After about two days, the
embryo assumes greater dimensions and the fertilization membrane starts to detach.
At the same time, the rhizoidal cell divide forming four cells which will develop
four primary rhizoids (Figure 26d). After about five days, in some embryos a small

invagination is present at the apical pole, from which a hyaline hair grows. The
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detachment of this hyaline hair after about a week represents the end of
embryogenesis.

a) b) c)
100 pm

Figure 26: Embryogenesis of E. mediterranea: a) zygote; b) first division; c) third division; d) embryo showing
the detachment of the fertilization membrane

4.3.2 Reproductive traits and embryology of Ericaria brachycarpa

This species shows a caespitose habit, with cylindrical erect cauloids, rough for the
presence of basal stumps of the fallen branches. It is attached to the substrate by a
discoid base formed by aptera. The apices are not prominent and are spinose during
the vegetative activity, whereas they tend to get smoother during the resting period.
Primary branches are cylindrical and can have smooth or slightly spinose bases,
depending on the season. Secondary and tertiary branches are cylindrical and
covered with spinose appendages. The receptacles are at the apices of terminal
branchlets, and are spinose initially diffuse, and at maturity become closer and more
compact. Prominent conceptacles are at the base of the spinose appendages.

E. brachycarpa lives in the upper infralittoral, from the surface to several meters’
depth, along exposed rocky coasts (Figure 27). The maximum vegetative and
reproductive development of this species is between spring and summer, while at

the beginning of the autumn it starts to lose the frond, which is covered by other
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algae such as Ellisolandia elongata (J. Ellis & Solander) K. R. Hind & G. W.
Saunders.

)

Figure 27: E. brachycarpa community at Brucoli (photo: I. Pagana)

The receptacles (length = 0.6 £ 0.08 cm) often present a terminal spine (Figure 28a).
Within each receptacle, there are overall 2-4 conceptacles (Figure 28b). In cross
section, the conceptacles (diameter = 619.1 + 80.3 um) have an oval shape and
contain oogonia, antheridia and paraphyses (Figure 28c). The separation layers
between two conceptacles are normally 2-3. The oogonia (length = 159.6 + 13.4
pum; width = 85.3 + 9.1 um) are oval, sessile and located on the bottom of the
conceptacle. The antheridia (length = 30 + 2.2 um; width = 12.5 £ 1 um), which
contains a pigmented stigma, are branched and arranged on the walls of the

conceptacle with the paraphyses.
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Figure 28: Reproductive traits of E. brachycarpa. a) receptacles; b) longitudinal section through a receptacle;
c) transverse section through a conceptacle.

Once the fertilization occurred, the zygote (diameter = 44 + 1.64 um) adheres to the
substrate through the fertilization membrane (Figure 29a). Soon, it begins to divide,
and the first segmentation occurs at the equatorial level (Figure 29b). The second
division, which is parallel to the first one, forms a rhizoidal pole (Figure 29c). The
third segmentation appears at the opposite pole to the rhizoidal one and is
perpendicular (Figure 29d). Subsequently, the rhizoidal pole splits into 4 primary
rhizoids (Figure 29e). After few days, the embryo acquires greater size, develops in
length and the number of its rhizoids grows. At the same time, the fertilization
membrane breaks away and from the apical pole, a hyaline hair grows (Figure 29f).
After a week this hair detaches, thus representing the end of embryo stage (Figure
29g). During the following weeks, the juveniles continue to grow and develop

upwards (Figure 29h).
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Figure 29: Embryogenesis of E. brachycarpa. a) the zygote (length= 44 + 1.6 um); b) first embryological stage
(length=57.6 + 16.4 um); c) second embryological stage (length=99.6 + 2.9 um); d) third embryological stage
(length=99.6 + 2.9 um); e) embryo with 4 primary rhizoids (length= 368.8 + 37.5 um); f) embryo with the
hyaline hair and the detachment of the fertilization membrane (length=1017.3 + 66.3 um); g) stage after the
fall of the hyaline hair, which represents the end of embryogenesis (length= 1417.3 + 65.3 um); h) juveniles
developing upwards (length= 2158 + 3.3 um)

4.3.3 Reproductive traits and embryology of Ericaria giacconei

E. giacconei has a caespitose habit, with erect slightly rough cauloids and not
prominent and smooth apices, which at the beginning of spring can be surrounded
by the buds of primary branches. The latter are cylindrical and when bring the
receptacles assume a cupressoid habit. The higher-order branches are cylindrical-
conical. Receptacles are terminal and not very compact, with conceptacles at the
base of spinose appendages, which tend to merge into apical spikes.

This species represents a dotted endemism (Giaccone & Di Martino, 1996) because
it is currently distributed in two localities of the eastern coast of Sicily (see Chapter
I11) and at Kelibia bay, in Tunisia (Bouafif et al., 2016).

This species lives in the upper infralittoral along semi-exposed rocky coasts, where

it is vicariant of E. amentacea (Figure 30). It does not show a true quiescence period
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and its maximum vegetative and reproductive development occurs between winter

and beginning of spring.

Figure 30: E. giacconei community at Portopalo di Capo Passero (photo: G. Savonitto)

During the reproductive period, the receptacles (length = 0.3 + 0.03 cm) appear to
be arranged in panicles and present few deciduous spinose appendages (2-3 for each
receptacle) (Figure 31a). Each receptacle hosts from 5 to 9 conceptacles (Figure
31b). In cross section, the conceptacles (diameter = 554.8 £+ 64.0 um) have an oval
shape and contain oogonia, antheridia and paraphyses (Figure 31c). The oogonia
(length = 157.9 £11.8 um; width = 67.1 + 3.8 um) are oval (Figure 31d), sessile
and located on the bottom of the conceptacle opposite to the ostiole. The antheridia
(length =53.2 £ 4.2 um; width = 16.7 £2.7 um) are branched and arranged on the

walls of the conceptacle with the paraphyses. Antheridia contain antherozoids,
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which are orange for the presence of carotenoids that colour their stigma (Figure
31e).

Figure 31: Reproductive traits of E. giacconei. a) receptacles; b) longitudinal section through a receptacle; c)
transverse section through a conceptacle: black lines show the oval sessile oogonia (O) on the bottom of the
conceptacle, antheridia (A) and paraphyses (P) on the walls of conceptacle; d) oogonium; e) branched
antheridium with pigmented stigma

After the fertilisation, the zygote, which has a spherical shape and a diameter of ca.
95 + 5.4 um (Figure 32a), adheres to the substrate through the fertilization
membrane. Subsequently, the zygote begins to divide, and the first segmentation
phase appears at the equatorial level, forming two cells of equal size (Figure 32b).
The second segmentation is parallel to the first one and isolates the rhizoidal pole,
creating the rhizoidal cell (Figure 32c). The third division occurs at the opposite
pole and is perpendicular to the previous segmentations. Successively, the embryo
begins to actively divide, assuming a square shape, although its volume remains
approximately constant (Figure 32d). Then, the rhizoidal cell divides, forming 4
new cells which through elongation, develop into 4 primary rhizoids (Figure 32e-
h). After few days, the fertilization membrane begins to detach, the embryo acquires
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an elongated shape, and the number of rhizoids grows (Figure 32i-j). From an
invagination on the apical pole, a small hyaline hair appears, and the fertilization

membrane is released (Figure 32j).

B) C) D)

100 um

Figure 32: Embryogenesis of E. giacconei. a) the zygote; b) first division; c) second division; d) subsequent
divisions; e-h) development of 4 primary rhizoids; i-j) gradual detachment of the fertilization membrane.
The black lines show the invagination on the apical pole from which a hyaline hair will grow
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4.3.4 Reproductive traits and embryology of Gongolaria montagnei
var. tenuior

G. montagnei var. tenuior shows a non-caespitose habit, with a single erect cauloid
originating from a discoid base, through which it is fixed to the substrate. The
cauloid can be simple or branched, bringing branches up to the third-fourth order.
The apex is spinose and not prominent. The primary branches are initially
cylindrical and then flattened with spinose appendages. Secondary and higher order
branches are cylindrical and spinose. This species presents oblong and spinose
tophules, which are distributed especially near the apex. According to the ageing,
they can be rough or smooth. The conceptacles are at the base of a few spinose
appendages and are initially scattered but become grouped in receptacles, which are
terminal and not very compact.

G. montagnei var. tenuior grows in sheltered and shallow waters, as lagoons or
bays, between 2-5 m (Figure 33). Its maximum vegetative and reproductive
development occurs between spring and summer. At the end of summer and
autumn, it starts to lose the frond and only the main cauloid remains, then from the

beginning of spring primary branches are produced from the tophules.

Figure 33: G. montagnei var. tenuior population among Posidonia oceanica (L.) Delile meadows at Brucoli
(photo: G Marletta)
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Within each receptacle (length = 0.7 + 0.04 cm) (Figure 34a), there are overall 4-8
conceptacles (Figure 34b). In cross section, the conceptacles (diameter =424 + 7.3
pum) have an oval shape and contain oogonia, antheridia and paraphyses (Figure
34c). The separation layers between two conceptacles are normally 3. The oogonia
(length = 129.2 + 30 um; width = 53.3 + 6.1 um) are oval and slightly elongated,
sessile and located on the bottom of the conceptacle, together with the paraphyses
(Figure 34d). The antheridia (length = 30.5 £ 10.2 um; width = 13.4 = 1.2 um),
which contains a pigmented stigma, are branched and arranged in a ring on the walls
of the conceptacle (Figure 34d).

(a) (b)

1mm

100 pm

Figure 34: Reproductive traits of G. montagnei var. tenuior: a) receptacles; b) longitudinal section through a
receptacle; c) transverse section through a conceptacle; d) numeros and branched antheridia and an ovoid
oogonium.

After the fertilization, the zygote has a spherical shape and adheres to the substrate
through the fertilization membrane (Figure 35a). The first segmentation appears at
the equatorial level (Figure 35b). A second division occurs parallel to the first

forming a rhizoidal cell, and a third division perpendicular to the other two appears
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at the opposite pole (Figure 35c). Subsequently, the rhizoidal cell divides, forming
four cells that develop four primary rhizoids by elongation (Figure 35d). From an
invagination of the apical pole, a hyaline hair starts to appear, and the fertilization
membrane is released. At the end of the first week, this hair is eliminated, and the

embryo start to growth in height.

a) b) c) d)
100 um ‘};

Figure 35: Embryogenesis of G. montagnei var. tenuior: a) the zygote; b) first division; c) second division with
initial development of the third one; d) embryo with four primary rhizoids

4.4 Belonging embryological group of E.
mediterranea, E. brachycarpa, E. giacconei and G.
montagnei var. tenuior

The analysis of the first phases of zygote segmentation was essential to confirm the
belonging of these species to the four embryological groups, and it was particularly
interesting as concerns E. giacconei, whose embryology had not yet been studied
in detail.

Through the observations of the reproductive traits and embryology of these four
species, it was noted that they belong to the first embryological group described by
Guern (1962), which currently includes most of Cystoseira s.l. species. Indeed,
these species present the following features which characterise this group:
oospheres which after fertilization become spherical and attach on the substrate,
numerous and branched antheridia, containing antherozoids with a pigmented

stigma, absence of basal hairs in the conceptacle, first and second segmentations
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parallel and third division perpendicular to the previous ones, embryo development
on the substrate and presence of 4 primary rhizoids.

The knowledge of the reproductive and embryological features of Cystoseira s.lI.
species could be an interesting tool to assist and improve their identification.
Moreover, understanding the reproductive phenology, embryology and growth of
Cystoseira s.l. species represents a crucial step to develop effective restoration
protocols. Finally, it is an essential prerequisite to investigate the potential effects
of climate change and warming impacts on the first developmental stages of these
species, which could ultimately affect the long-term viability of Cystoseira s.l.

populations.
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Chapter V
Impacts of temperature on
Cystoseira s.I. first embryological
stages
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5.1 The effects of climate change on the early
stages of E. mediterranea, E. brachycarpa, E.
giacconei and G. montagnei var. tenuior

In the Chapter 1V, it was deepened the knowledge on the reproductive phenology
and embryology of the four species, E. mediterranea, E. brachycarpa, E. giacconei
and G. montagnei var. tenuior.

By understanding the growth and development of these species, at this stage of the
research work we focused on the effects of climate change to understand how these
can interact on the first developmental stages and so affect the future viability of
Cystoseiras.l. populations. Indeed, it was demonstrated that the early life stages are
generally more sensitive to warming than adults, which show a higher ability to
grow and survive over broader temperature ranges and to physiologically
compensate for thermal stress (Capdevila et al., 2018; Céliz et al., 2019; Verdura et
al., 2021). Therefore, the impacts on early developmental stages may compromise
the ability of macroalgal forests to cope with further disturbances, with effects
scaling up to the communities that they support (Capdevila et al., 2018).
Anticipating the direction of change, with studies capable of determining the
thermal response of Cystoserira s.l. first developmental stages, is crucial for the
preservation of these habitat-forming organisms. In this context, the aim of this
stage of the PhD thesis was to test the response to different temperatures on the
early life stages of E. mediterranea, E. brachycarpa, E. giacconei and G. montagnei
var. tenuior, to predict the potential future fate of these species under ocean
warming and be able to identify their thermal optimums to improve the
effectiveness of restoration protocols. The experimental trial on E. giacconei was
conducted in collaboration with the Phycological Laboratory of the University of
Trieste and some data here reported were object of the publication by Falace et al.
(2021).
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5.2 Materials and Methods

To conduct this research, fertile apices of E. giacconei, E. brachycarpa, E.
mediterranea and Gongolaria montagnei var. tenuior were collected at Portopalo
di Capo Passero and Brucoli, respectively. The first study species was E. giacconei,
the only one among the investigated species which reproduces during winter
(Giaccone, 1985). This trial was realised between February and March 2020, in
partnership with the University of Trieste. Subsequently, due to the COVID-19
pandemic, the second trial was carried out in March 2021 on E. brachycarpa.
Finally, the third trial on G. montagnei var. tenuior and E. mediterranea was
performed in April 2022 through new climate-controlled rooms, in which it was
possible to change the temperature between day and night, reproducing the daily
temperature excursions.

Receptacles of E. giacconei were wrapped in aluminium foil, stored at 4 °C in the
dark and transported to the Phycological Laboratory of the University of Trieste,
within 24 h after collection. At the laboratory, the receptacles were stored at 4 °C
for 36 h. For this species the following temperature treatments were selected: 12
°C, i.e. the lowest temperature the species can be exposed to in winter; 15 °C, i.e.
the average daily seawater temperature during the reproductive period; 18 °C, i.e.
the average daily temperature in early winter (December); 24 °C and 28 °C, i.e.
temperatures the species is normally exposed to in summer. For each temperature,
six petri dishes with about 200 receptacles and filtered seawater were prepared and
incubated in controlled rooms with light intensity set to 125 umol photons m—2 s—1
and photoperiod 12:12 h (light:dark) (Figure 36).
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Figure 37: Temperature treatments on the first developmental stages of E. brachycarpa
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Figure 36: Temperature treatments on the first developmental stages of E. giacconei

Receptacles of E. brachycarpa, G. montagnei var. tenuior and E. mediterranea
were wrapped in aluminium foil and stored for 24 h in dark conditions at a
temperature of 6°C. The following day, the receptacles were washed with filtered
sea water and the epiphytes were cleaned off with a brush.
The trial on the juveniles of E. brachycarpa consisted of three different temperature
treatments (15°C, 17°C and 20°C). For each temperature, 3 petri dishes filled with
60 receptacles and filtered seawater were incubated in controlled rooms with light

intensity set to 100 pumol photons m—2 s—1 and photoperiod of 12:12h (Figure 37).

For the trial on G. montagnei var. tenuior and E. mediterranea, in some of the
treatments the temperature was maintained stable, while in others it was alternated
between light and dark: 15°/10°C, 15°/15°C, 20°/15°C and 25°/25°C. The
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experimental set up consisted of 2 petri dishes for each temperature treatment with
about 100 receptacles placed on slides, incubated in the abovementioned rooms
provided by three neon tubes with light intensity set to 120 umol photons m—2 s—1
and photoperiod of 12:12h (Figure 38).

Gongolaria montagnei var. tenuior Ericaria mediterranea
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Figure 38: Temperature treatments on the first developmental stages of G. montagnei var. tenuior and E.
mediterranea

The receptacles inside the petri dishes were removed 2 days after setting up,
allowing the settlement of zygotes. The development of the early life stages up to
the end of the embryonic stage (i.e., the fall of apical hair) was followed for 92 h
(E. giacconei) and for 96 h (E. brachycarpa, G. montagnei var. tenuior and E.
mediterranea).
For E. giacconei, we evaluated:
- reproductive potential (RP) = mean no. of conceptacle receptacle™'/mean
receptacle dry weight;
- release efficiency (RE) = no. of eggs cm™/mean receptacle dry weight
cm 2
- settlement efficiency (SE) = no of zygotes cm™2/mean receptacle dry

weight cm™?;
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To calculate receptacle dry weight, receptacles were dried at 70 °C for 48 h. To
quantify egg release and zygote settlement at different temperatures, 10 subareas of
0.2x0.2 cm2 in three Petri dishes were randomly selected per treatment and
photographed under a stereomicroscope with a Nikon Coolpix 4500 camera.
Embryo growth was assessed at 20, 44, and 92 h AF (after fertilization). In each
subarea, the percentage of unfertilized eggs (= stage 0), zygotes (= stage 1), two-
celled embryos (= stage 2), multicellular embryos (= stage several), multicellular
embryos with rhizoids (= stage rhizoids), dead embryos (= stage dead), deformed
dead embryos (= stage deformed dead), and deformed living embryos (= stage

deformed living) were counted.

For the other species, we assessed:
- reproductive success = no. zygotes released per slide/no. receptacles per
slide at TO and T1;

- % survival rate = (no. juveniles per slide at T2 / no. juveniles per slide at
T1) x100;
(no. juveniles per slide at T3/ no. juveniles per slide at
T2) x100;

- % mortality rate = no. dead juveniles /no. live juveniles at T1, T2, T3 x100

To carry out the observations, a grid with squares of area 0.5x0.5 cm2 was placed
on the microscope mechanical stage. The number of juveniles (zygotes and
embryos) was monitored by randomly selecting one of the slides in each petri dish
and counting them on each 0.5x0.5 cm2 surface area on the aforementioned grid.
The various stages of zygote segmentation and embryo development were
evaluated and photographed through a Nikon D40 at 24 (T0), 48 (T1), 72 (T2) and
96 (T3) h AF. In each subarea, the number of zygotes, first, second and third
embryological stages, embryos with 4 primary rhizoids, elongated embryos with
hyaline hair and dead embryos were counted.

For all species, the Analysis of Variance (ANOVA) was performed to test for
differences between temperature treatments on the calculated parameters. The
assumption of normality of response variables was tested with the Shapiro-Wilk

test. Significant terms (p < 0.05) were examined by performing a post hoc test to
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compare the different treatments. Moreover, to test for differences in temporal
patterns of E. giacconei embryo developmental stages between treatments, it was
used the distance-based permutational multivariable analysis of variance
(PERMANOVA, Anderson, 2001). Data from treatments at 28 °C were not
included in this analysis since the number of settled zygotes at 20 h AF was
extremely low (mean 0.7 £ 0.1 zygotes/subarea), and zygote mortality at later

sampling times was 100%.

5.3 Experimental trials

5.3.1 Ericaria giacconei

The reproductive potential did not differ significantly among thermal treatments,
making them comparable at the beginning of the experiment (Figure 39A and Table
6). Even the release efficiency did not vary significantly among the tested
temperatures (Figure 39B and Table 6). In contrast, the settlement efficiency of E.
giacconei zygotes increased from 12 to 18 °C, but no statistically significant
difference was found, then it started to decrease at 24 °C and dropped significantly
at 28 °C (Figure 39C and Table 6). The extremely low settlement efficiency at 28
°C was due to the fact that eggs and zygotes had undergone cell lysis and clustered
together (Figure 39C).

Table 6: Summary of ANOVAs on reproductive effort, release efficiency and settlement efficiency. The
assumption of normality was checked through the Shapiro-Wilk test. Pairwise tests were also reported. NS =
not significant; * = P < 0.05

Reproductive

offort Release efficiency Settlement efficiency
df SS MS F SS MS F SS MS F
N
Treatment 4 03 01 ~p 10003 4918 2004 20867770 3007
. 1 12. 18665 1867 17041.
Residual 0 5 1.2 0 0 0 1704.0
Pairwise t- ) ) 28 °C#£12 °C=15 °C=18
test °C=24 °C
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Shapiro-Wilk test W =0.92"° W =0.91N° 0.94MNs
Cochran's C test c=0.71 C=0.53" C=053"
Transformation Square root None None
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Figure 39: Mean values (+SE) of reproductive potential (A), release efficiency (B), and settlement efficiency
(C) at the different temperatures

PERMANOVA on embryo status revealed a significant Tr x Ti interaction (Table
7), indicating that temporal patterns of embryonic development differed

significantly between temperature treatments.

Table 7: PERMANOVA testing for differences in the proportion of different developmental stages of
embryos at varying times and temperature treatments after fertilization.

Source df SS MS  Pseudo-F P (perm)
Time 2 192820 964l 9397 0.00
Treatment 3 41040 1368 340 0.00
Time x Treatment 6 18611.0 3102 771 0.00
Residual 374 139550.0 402.2

These differences were evident in the nMDS ordination of Tr x Ti centroids (Figure
40). The centroids of 12 and 15 °C clustered alongside those of 18 and 24 °C, the
latter also showing marked separation between 20 h and 44-92 h AF. These
differences were mainly due to the fact that at 20 h AF a higher percentage of eggs,

zygotes or two-celled embryos were found in the treatments at 18 and 24 °C than
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in those at 12 and 15 °C (Figure 40A). In contrast, multicellular embryos or rhizoids

were found in the treatments at 12 and 15 °C in each time interval (Figure 40B),

suggesting that the development rate was faster at lower temperatures. In addition,

embryo mortality was consistently higher at 18 and 24 °C than at 12 and 15 °C,

with the highest percentage of dead embryos recorded at 24 °C (Figure 40C).
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Figure 40: The ordination plot is presented in three versions highlighting three developmental stages, with
superimposed bubbles, indicating the corresponding percentage of embryos in earlier (cumulative for stages
0, 1, and 2) (A) and later (cumulative for stages "several" and "rhizoid") (B) developmental stages, and dead
(cumulative for stages "dead" and "deformed dead") embryos (C) for each time point (20, 44, and 92 h AF)
and treatment (color-coded as in Figure 44 for 12, 15, 18, and 24 °C).

5.3.2 Ericaria brachycarpa

The reproductive success of E. brachycarpa was significantly different according

to the temperature and the two crossed factors (temperature x time) (Table 8).

Table 8: ANOVA on reproductive success of E. brachycarpa. The assumption of normality was checked

through Shapiro-Wilk test

Mean
f f F
Sum of Squares d Square P

temperature 4.21 2 2.10 4.57 0.03
time 0.56 1 0.56 1.22 0.29
temperature = 6.78 2 339 737 0.008
time
Residuals 5.51 12 0.46
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Table 8: ANOVA on reproductive success of E. brachycarpa. The assumption of normality was checked
through Shapiro-Wilk test

Mean
Sum of Squares df Square F P

Normality Test (Shapiro-Wilk)

Statistic P

0.97 0.83

In particular, Tukey’s post hoc test highlighted that the most significant differences

in the reproductive success were found between the temperature treatment at 17°C
and at 20°C (Table 9).

Table 9: Tukey’s Post Hoc test highlighting the most significant terms in the reproductive success of E.
brachycarpa among temperature treatments

Comparison

temperature temperature  Mean Difference SE df t Ptukey

15 - 17 0.37 0.39 12.0 0.94 0.63
- 20 -0.79 0.39 12.0 -2.02 0.15

17 - 20 -1.16 0.39 12.0 -2.96 0.03

At TO the reproductive success was higher at 15°C than the other temperature
treatments, while at T1 it was more elevated at 20°C (Figure 41).

temperature
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Figure 41: Reproductive success of E. brachycarpa at TO (24h) and T1 (48h) for all temperature treatments
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The survival rate of E. brachycarpa was significantly different according to the
temperature treatments, but it did not show significant differences according to the

time of the experiment and the two crossed factors (temperature x time) (Table 10).

Table 10: ANOVA on the survival rate of E. brachycarpa. The assumption of normality was checked
through Shapiro-Wilk test.

Sum of Mean

Squares df Square F P
temperature 21.35 2 10.67 423 0.04
time 1.69 1 1.69 0.67 0.43
temperature = 17.49 2 8.75 347 0.07
time
Residuals 30.28 12 2.52

Normality Test (Shapiro-Wilk)

Statistic P

0.91 0.099

The post hoc test underlined that the most significant differences in the survival

rate of E. brachycarpa were between the treatments at 17°C and 20°C (Table 11).

Table 11: Tukey’s Post Hoc test highlighting the most significant terms in the survival rate of E.
brachycarpa among temperature treatments

Comparison

Mean

temperature temperature Difference SE df t Ptukey
15 - 17 0.55 0.92 12.0 0.60 0.82

- 20 -1.98 0.92 12.0 -2.16 0.12
17 - 20 -2.54 0.92 12.0 -2.77 0.04

At 20°C the survival rate of E. brachycarpa was higher at T2/T1 than at T3/T2.

Conversely, at T2/T1 the survival rate at 15°C was lower and then increased at
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T3/T2. At 17°C, the survival of E. brachycarpa juveniles did not remarkably

change between T2/T1 and T3/T1. In general, the highest survival rate was
observed at 20°C (Figure 42).
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Figure 42: Survival rate of E. brachycarpa at T2/T1 (72h/48h) and T3/T2 (96h/72h) for all temperature
treatments

The mortality rate of E. brachycarpa showed significant differences according to

the temperature treatment, while no significant variations were observed according

to the time and the two crossed factors (temperature x time) (Table 12).

Table 12: ANOVA on the mortality rate of E. brachycarpa. The assumption of normality was checked

through Shapiro-Wilk test.

Sum of

Mean

Squares df Square F P
temperature 4.89 2 244 4.19 0.03
time 0.03 2 0.02 0.03 0.97
temperature & time 1.73 4 043 0.74 0.58
Residuals 10.49 18 0.58

Normality Test (Shapiro-Wilk)

Statistic o]

0.93 0.08
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Tukey’s post hoc showed that the most significant differences were observed

between the temperature treatments at 15°C and 17°C (Table 13).

Table 13: Tukey’s Post Hoc test highlighting the most significant terms in the mortality rate of E.
brachycarpa among temperature treatments

Comparison

Mean
temperature temperature Difference SE df t Ptukey
15 - 17 -0.95 0.36 18.0 -2.63 0.04
- 20 -0.10 0.36 18.0 -0.28 0.96
17 - 20 0.85 0.36 18.0 2.36 0.07

During all the experiment, the highest mortality rate was observed at 17°C, without
changing remarkably from T1 to T3. Instead for the other temperature treatments it
was observed a variation in the mortality rate according to the time of the
experiment. Indeed, at 15°C we observed a higher mortality at T1 than T2 and T3,
while at 20°C this rate progressively increased from T1 to T3 (Figure 43).
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Figure 43: Mortality rate of E. brachycarpa at T1(48h), T2 (72h) to T3 (96h) for all temperature treatments
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5.3.3 Gongolaria montagnei var. tenuior and Ericaria mediterranea

The reproductive success was similar among the two species. It was significantly

different among the temperature treatments, but not significant as regards time (TO

and T1) and the two crossed factors (temperature X time) (Table 14).

Table 14: ANOVA on reproductive success of G. montagnei var. tenuior and E. brachycarpa. The
assumption of normality was checked through Shapiro-Wilk test

Sum of

Mean

Squares df Square F P
temperature 728.2 3 242.7 5.27 0.03
time 76.6 1 76.6 1.66 0.23
temperature * time 69.7 3 23.2 0.50 0.69
Residuals 368.5 8 46.1

Normality Test (Shapiro-
Wilk)

Statistic P

0.93 0.26

Tukey’s post hoc test revealed that the most evident difference was between the

temperature treatments at 15/15 °C and 20/15 °C (Table 15).

Table 15: Tukey’s Post Hoc test highlighting the most significant terms in the reproductive success of G.
montagnei var. tenuior and E. brachycarpa among temperature treatments

Comparison

temperature temperature Di fl\:eiaerr‘\ce SE df t Ptukey
15/10 - 15/15 5.50 4.80 8.00 1.15 0.67
- 20/15 -12.25 4.80 8.00 -2.55 0.13
- 25/25 2.50 4.80 8.00 0.52 0.95
15/15 - 20/15 -17.75 4.80 8.00 -3.70 0.03
- 25/25 -3.00 4.80 8.00 -0.63 0.92
20/15 - 25/25 14.75 4.80 8.00 3.07 0.06

76



The reproductive success was higher at 20/15°C than the other temperature
treatments for both times (TO and T1). At TO the number of released zygotes was
similar between 15/10 °C and 25/25 °C. The lowest value was observed at 15/15°C.
At T1 a higher number of zygotes were released for all the temperature treatments.
However, the reproductive success remained almost similar between the two

temperature treatments of 15/10 °C and 25/25 °C, with the lowest value at 15/15 °C
(Figure 44).
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Figure 44: Reproductive success of the two species for all temperature treatments at time TO (24h) and T1
(48h)

As regards the survival rate, it did not vary significantly among temperature

treatments, but it was significantly different in relation to the two crossed factors
time x species (Table 16).

Table 16: ANOVA on the survival rate of G. montagnei var. tenuior and E. mediterranea. The assumption
of normality was checked through Shapiro-Wilk test

Sum of Mean

Squares df Square F P
time 0.31 1 0.31 0.27 0.61
species 1.17 1 1.17 1.01 0.33

77



Table 16: ANOVA on the survival rate of G. montagnei var. tenuior and E. mediterranea. The assumption
of normality was checked through Shapiro-Wilk test

Sum of Mean
f F
Squares d Square P
time >k species 15.02 1 15.02 13.03 0.004
Residuals 13.83 12 1.15

Normality Test (Shapiro-Wilk)

Statistic 4]

0.89 0.06

Tukey’s post hoc test showed that the most significative difference was found

between the survival rate of G. montagnei var. tenuior and E. mediterranea at T3/T2

(Table 17).

Table 17: Tukey’s post hoc test highlighting the most significant terms in the survival rate relative to time x species

Comparison
time species time species Mean df t Pruke
P P Difference y
G. E.
T2/T1 . - T2/T1 . 1.40 0.76 12.0 1.84 0.3
montagnei mediterranea
- T3/T2 G. . 1.66 0.76 12.0 2.13 0.18
montagnet
E. -
- T3/T2 mediterranea -0.82 0.76 12.0 108 0.71
E. G.
. - T3/12 . 0.26 0.76 12.0 0.34 0.97
mediterranea montagnei
E. -
- T3/T2 mediterranea -2.22 0.76 12.0 592 0.05
T3/T2 G. - T3/T2 £ -2.48 0.76 12.0 ) 0.03
montagnei mediterranea ' ’ ' 3.26 '

In particular, it was observed an opposite trend in the survival rate between the two
species. At T2/T1, G. montagnei var. tenuior showed a high survival rate at all

temperature treatments, particularly at 25/25 °C. Instead at T2/T1 the survival rate
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of E. mediterranea juvenile was lower. Conversely, at T3/T2 the survival rate of G

montagnei var. tenuior recruits decreased in all temperature treatments, while the

survival rate of E. mediterranea juveniles rose, with higher values at 15/15°C and

25/25°C (Figure 45).
species: species:
G. montagnei E. mediterranea
,__‘
4_
3_
c
=
w
2.
AL
e
N
1 NN
|
\\\ . o
A
T2IT1 T3/T2 T2IT1 T3IT2

time

temperature

15/10
- 15/15
- 20015
25125

Figure 45: Survival rate of G. montagnei var. tenuior and E. mediterranea at T2/T1 (72h/48h) and T3/T2
(96h/72h) for each temperature treatment

The mortality rate changed significantly according to the species and the two

crossed factors temperature x species (Table 18). No significant variations in the

survival rate were observed according to the time of the experiment.

Table 18: ANOVA on the mortality rate of G. montagnei var. tenuior and E. mediterranea. The assumption
of normality was checked through Shapiro-Wilk test.

Sum of Mean

Squares df Square F P
species 0.19 1 0.19 5.95 0.03
temperature 0.31 3 0.10 317 0.05
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Table 18: ANOVA on the mortality rate of G. montagnei var. tenuior and E. mediterranea. The assumption
of normality was checked through Shapiro-Wilk test.

Sum of Mean
f F
Squares d Square P
species * temperature 0.68 3 0.23 6.89 0.003
Residuals 0.52 16 0.03

Normality Test (Shapiro-
Wilk)

Statistic ¢]

0.96 0.42

The results of Tukey’s post hoc test were listed below, and the most significant

terms are marked with an asterisk (Table 19).

Table 19: Tukey’s post hoc test highlighting the most significant terms in the mortality rate relative to

temperature x species

species temperature species temperature Mean SE df t
Difference
G. montagnei 15-10 G. montagnei 15/15 0.08 0.15 16.0 0.52
G. montagnei 20/15 -0.08 0.15 16.0 -0.54
G. montagnei 25/25 -0.64 0.15 16.0 -
43.16
E. 15-ott -0.03 0.15 16.0 -0.18
mediterranea
E 15/15 -0.04 0.15 160 -0.25
mediterranea
E 20/15 0.04 0.15 16.0 0.25
mediterranea
E 25/25 0.11 015 16.0 0.72
mediterranea
15/15 G. montagnei 20/15 -0.16 0.15 16.0 -
10.62
G. montagnei 25/25 -0.71 0.15 16.0 -
48.35
E 15-ott -0.10 015 160 -0.7
mediterranea
E 15/15 -0.11 0.15 16.0 -0.77
mediterranea
E. 20/15 -0.04 0.15 16.0 -0.27
mediterranea
E 25/25 0.03 015 160 0.2
mediterranea
20/15 G. montagnei 25/25 -0.55 0.15 16.0 -
37.73
E 15-ott 0.05 0.15 16.0 0.36
mediterranea
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Juveniles of G. montagnei var. tenuior showed the highest mortality rate at 25/25°C
particularly at T3, while for the other temperature treatments this rate maintained
almost low throughout the experiment. Instead, the mortality rate of E.
mediterranea juveniles at T1 was higher at 15/15 °C than the other temperature
treatments. Subsequently, this rate decreased from T2 to T3 for all temperature
treatments (Figure 46).
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Figure 46: Mortality rate of the two species at T1 (48h), T2 (72h) and T3 (96h), according to the different
temperature treatment

5.4 Discussion and conclusions

To date, very few studies have investigated the potential effects of warming on
Cystoseira s.l. first embryological stages and juveniles’ growth (e.g., Capdevila et
al., 2019; Caliz et al., 2019; Verdura et al., 2021). These studies focused specifically
on the effects of high temperatures on the settlement and survival of recruits,

showing that higher temperatures lead to embryo death. A tolerance threshold of 24
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°C was found in Ericaria zosteroides, a deep-sea species (Capdevila et al., 2019),
and 28 °C in E. selaginoides (Caliz et al., 2019) and E. crinita (Verdura et al., 2021),
two species from shallower waters.

In our study, we found that the release efficiency of Ericaria giacconei did not vary
significantly among the tested temperatures, but the settlement efficiency of the
zygotes increased from 12 to 18 °C, starting to decrease at 24°C and furtherly at
28°C. Conversely, the reproductive success of the other species varied significantly
according to the temperature treatment, being higher at 20°C for E. brachycarpa
and at 20/15 °C for both G. montagnei var. tenuior and E. mediterranea, probably
because these species reproduce during spring (Gomez-Garreta et al., 2001,
Cormaci et al., 2012) when the seawater temperature is around 20°C. Indeed, for G.
montagnei var. tenuior and E. mediterranea, higher temperatures (as 25/25 °C)
resulted in low reproductive success.

The detrimental effect of heat was more pronounced during E. giacconei germlings’
development. Indeed, embryos were able to fully develop only at 12 and 15 °C,
while mortality increased sharply at 18 °C and all germlings died at 28 °C. The
highest development rate was observed at 15 °C, which corresponds to the mean
seawater temperature during the winter months when the species reproduces. This
suggests that this temperature represents the thermal optimum for reproduction and
development of E. giacconei early life stages.

The survival rate of E. brachycarpa and G. montagnei v. tenuior juveniles was
higher in the initial steps of the experiment and then decreased at the end of it. On
the contrary, the survival rate of E. mediterranea juveniles was lower in the initial
phases of the experiment and then subsequently increased. As regards the mortality
rate, for E. brachycarpa higher values were observed at the end of the experiment
at 17°C and 20°C. Also, for G. montagnei var. tenuior, this rate increased
considerably at the end of the experiment and particularly at 25/25°C. Instead, the
mortality rate of E. mediterranea was higher in the initial steps of the experiment,
even though this rate was always lower than that observed in the other two species
during the entire experiment. This suggests that high temperatures might trigger
greater survival in the early developmental stages of E. brachycarpa and G.

montagnei var. tenuior, but over time, these temperatures can have a detrimental
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effect on the juveniles of these species. On the other hand, E. mediterranea recruits
would appear to be more able to deal and withstand high temperatures for long
periods than E. brachycarpa and G. montagnei var. tenuior juveniles. This could
depend on the fact that E. mediterranea is a species of the upper horizon of
infralittoral, which differently to the species of the middle horizon, is usually
subjected to variations in salinity, hydrodynamics and temperature (Cormaci et al.,
2003). Thus, the juveniles of this species may also be better adapted to cope with
different environmental stresses than juveniles of other infralittoral species.

In conclusion, it was found that the thermal optimum of E. giacconei juveniles is
lower (12-15°C) and narrower compared to that found in the juveniles of the other
three species. This is because this species reproduces in winter and has a cold
affinity, occurring only in the colder waters of northern Tunisia (Bouafif et al.,
2016) and in the Sicilian Channel, where there is semi-permanent upwelling regime
which provides lower sea surface temperatures (Falace et al, 2021).

The juveniles E. brachycarpa showed high reproductive success and survival at
both 15°C and 20°C, while the highest mortality was observed at 17°C. The recruits
of E. mediterranea and G. montagnei var. tenuior had an elevated reproductive
success at the temperature treatment of 20/15°C. Moreover, the juveniles of G.
montagnei var. tenuior revealed a high survival rate and low mortality at the
temperature treatment of 15/15°C. Instead, for E. mediterranea juveniles the lowest
mortality and the highest survival was registered at 25/25°C.

The knowledge of the thermal optimums of these species could be useful to develop
species-specific protocols, which might ultimately favour the effectiveness of
restoration actions. Furthermore, in light of the undergoing climate changes, these
types of studies represent useful tools to predict and understand the future fate of
Cystoseira s.l. species.
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Chapter VI
Experimental restoration plot of

Ericaria brachycarpa
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6.1 Experimental restoration plot of E.
brachycarpa in the M.P.A. Isole Ciclopi

Among the species analysed in the previous chapters, it was selected E.
brachycarpa to realize an experimental ex-situ restoration plot in the M.P.A. Isole
Ciclopi, area where a population of this species extended from 2 to 5 m of depth
until the late 1990s (Pizzuto, 1999). Today, as seen in the Chapter I, many
populations of this species have disappeared from some areas where they were
previously documented. Catra et al. (2019) reported a severe loss of E. brachycarpa
populations in the M.P.A. Isole Ciclopi and in Santa Maria La Scala, both sites
where this species was present in 1994 locally reaching a 100% coverage at a depth
of 3 m (Pizzuto, 1999). The main factors that could have contributed to this decline
are the high increase of water turbidity (and sediment deposition) (Costanzo et al.,
2021) and the overgrazing by the sea-urchins Paracentrotus lividus and Arbacia
lixula (Catra et al., 2019). Indeed, both these two species have high density
population in these areas since 2000 (Cantone & Beninato, 2004) and have
increased in the last decade (Catra et al., 2019). Consequently, to halt this decline
and enhance the natural recovery of E. brachycarpa populations and their
associated biodiversity, there is an urgent need of upscaling the restoration efforts.
Therefore, the aims of this stage were: to identify a species-specific protocol for the
ex-situ cultivation and outplanting of E. brachycarpa, in order to implement an
effective experimental restoration plot; to understand the strengths and weaknesses
of this intervention with the intent to realize future sustainable and large-scale

restoration actions.

6.2 Ex-situ cultivation and outplanting
Fertile apices of E. brachycarpa were collected in April 2022 from the donor site

of Brucoli, where a healthy population of this species is present in high
hydrodynamic and shallow waters (about -50 cm), just below the infralittoral fringe.
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The receptacles were wrapped in aluminium foil and were stored for 24h in dark
conditions and at a temperature of 6°C. The following day, the receptacles were
washed with filtered seawater and the epiphytes were cleaned off with a brush.
Then, ca. 240 fertile apices were placed on 24 Etna’s volcanic rock tiles placed into
two aquaria filled with filtered seawater (Figure 47). This type of substrate was
chosen to reproduce the basaltic substrate present at the restoration site of the
M.P.A. Isole Ciclopi, where the species was historically present.

The remaining 40 receptacles were positioned on glass slides within two petri
dishes containing filtered seawater (Figure 47). These latter were used to observe
and photograph zygote and embryo development with an optical microscope,
without stressing the juveniles in the aquaria. Both aquaria and petri dishes were
held inside a climate-controlled room at 20/15°C, with light intensity set to 120
umol photons m—2 s—1 and photoperiod of 12:12 hours light:dark, following the
protocol by Falace et al. (2018) modified according to the species requirements.
Indeed, these conditions were selected because in the experiment of the effects of
temperatures on the early developmental stages (see Chapter V), promoted high

reproductive success and survival rates in the juveniles of E. brachycarpa.

Figure 47: Experimental set up for ex-situ cultivation of E. brachycarpa

After, 2 days the receptacles were removed from both aquaria and petri dishes.
During the laboratory cultivation, the selected culture medium was Von Stosch
(1964), with addition of germanium dioxide and potassium tellurium solutions, to
accelerate the growth of E. brachycarpa juveniles and prevent diatom and bacteria
proliferation.
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The aquaria were filled with 2 | of filtered seawater and 2 | of this culture medium,
renewed every 2 days to minimize any possible effect of nutrient limitation, and
were aerated by air pumps.

To monitor juveniles’ development, a grid with squares of area 0.5x0.5 cm2 was
placed on the microscope mechanical stage. The number of juveniles (zygotes and
embryos) was monitored by randomly selecting one of the slides in each petri dish
and counting them on each 0.5x0.5 cm2 surface area on the aforementioned grid.
The various stages of zygote segmentation and embryo development were
evaluated and photographed through a Nikon D40 at 24 h (T0), 48 h (T1), 1 week
(T2), 2 weeks (T3), 3 weeks (T4) and 4 weeks (T5) after fertilisation.

During the laboratory culture, the following data were collected and processed:

- reproductive success = no. zygotes released per slide/no. receptacles per
slideat TO and T1;

- % survival rate= (no. juveniles per slide at T2 / no. juveniles per slide at
T1) x 100;

(no. juveniles per slide at T3/ no. juveniles per slide at T2) x
100;

(no. juveniles per slide at T4 / no. juveniles per slide at T3) x
100;

(no. juveniles per slide at T5 / no. juveniles per slide at T4) x
100;

- % mortality rate = no. dead juveniles /no. live juveniles from T1 to T5 x
100;

- average length of juveniles from T1 to T5, obtained by processing
photographs with ImageJ software;
- juveniles’ density from T1 to T35, calculated as the number of zygotes and

embryos/on a surface 0.5 cmx0.5 cm2.

One month after the laboratory cultivation, the 24 rock tiles were brought to the
restoration site. The tiles, previously protected by purpose-built plastic cages, were
fixed to the sea bottom at ca -50 cm of depth through the epoxy putty BCR400V-

Plus. Photographic monitoring of the tiles in the field was performed for one month.
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The average length (mm) of juveniles at the first, second, third and fourth week
(week 1, 2, 3 and 4) after outplanting was measured by processing the photographs
with Imagel. The cages were cleaned from epiphytes monthly in order to prevent
shading.

One-way ANOVA was performed to check for differences in the abovementioned
parameters during the times of the ex-situ cultivation (from TO to T5) and
outplanting (from week 1 to week 4). The assumption of normality was verified
through Shapiro-Wilk test. Significant terms (p < 0.05) were subsequently
examined by performing Tukey’s pairwise post hoc test. Moreover, Pearson's linear
correlation coefficient was used to the test the relation between juveniles’ density
and their average length during time. Statistical analyses were performed using

jamovi 2.3 software (jamovi project, 2022).

6.3 Results of laboratory culture and outplanting

The One-ANOVA analysis did not show a significant difference in the reproductive
success between the two times (TO and T1) (Table 20 and Figure 48), being 38.33
+2.45atTO,and 34.75+6.23 at T1.

Table 20: One-way ANOVA on the reproductive success

Shapiro-Wilk test W p
0.98 0.97

One-way ANOVA F dfl df2 p
1.32 1 3.98 0.32
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Figure 48: Bar plots of the reproductive success at time TO (24h) and T1 (48h)

On the contrary, the survival rate varied significantly among times (T2/T1; T3/T2;
T4/T3; T5/T4) (Tables 21 and 22). The highest value was observed at T3/T2 with
1.61% of survived juveniles, while the lowest value was found at T2/T1 with only

0.72% of survived juveniles (Figure 49).

Table 21: One-way ANOVA on the survival rate

Shapiro-Wilk test W p
0.94 0.52

One-way ANOVA F dfl df2 p
8.42 3 4.15 0.03

Table 22: Tukey’s post hoc test showing differences in the survival rate among times

T2/T1 T3/T2  T4/T3

T5/T4

T2/T1 Mean difference — -0.89 -0.29
p-value — 0.004 0.38

T3/T2 Mean difference — 0.6
p-value — 0.03

T4/T3 Mean difference —
p-value —

T5/T4 Mean difference
p-value

0.003
1.00

0.9
0.004

0.3
0.37
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Figure 49: Box plot depicting the survival rate at T2/T1 (1 week/48 h), T3/T2 (2 week/1 week), T4/T3 (3 week/2

week) and T5/T4 (4 week/3 week)

The mortality rate changed significantly according to the time after fertilisation (T1,
T2, T3, T4 and T5) (Table 23 and 24). The highest mortality was observed at T1,
with the 11.13% of dead juveniles. Then, this rate decreased with 5.86% of dead

juveniles at T3 and a new rise was observed at the final stages of the experiment

with 7.04% and 9.64% of dead juveniles at T4 and T5, respectively (Figure 50).

Table 23: One-way ANOVA on the mortality rate

Shapiro-Wilk test

W p
0.96 0.67

One-way ANOVA F dfl df2 p
8.11 4.93 0.021

Table 24: Tukey’s post hoc test showing differences in the mortality rate among times

T1 T2 T3 T4 T5

T1 Mean difference — 2.65 5.27 4,09 1.50
p-value — 0.08 0.001 0.007 0.49

T2 Mean difference — 2.62 1.44 -1.16
p-value — 0.09 0.52 0.7

T3 Mean difference — -1.18 -3.77
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Table 24: Tukey’s post hoc test showing differences in the mortality rate among times

T1 T2 T3 T4 T5
p-value — 0.68 0.01
T4 Mean difference — -2.59
p-value — 0.09
T5 Mean difference —
p-value —
11 -
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Figure 50: Box plot depicting the mortality rate at T1 (48h), T2 (1 week), T3 (2 week), T4 (3 week), T5 (4 week)

The average length (um) of juveniles increases significantly throughout the ex-situ
cultivation (Table 25 and 26). Indeed, at T1 the juveniles were 379 £ 60.2 um long
and they progressively grew reaching 1550 + 23.5 um in length (Figure 51).

Table 25: One-way ANOVA on the average length (um) of juveniles during the cultivation

Shapiro-Wilk test W p
0.99 1.00
One-way ANOVA F dfl df2 p
709 4 9.69 <0.001

92



Table 26: Tukey’s post hoc test showing differences of the average length of juveniles among times

of cultivation

T1 T2 T3 T4 T5

T1 Mean difference — -478 -641 -1041 -1172

p-value — <.001 <.001 <.001 <.001
T2 Mean difference — -163 -563 -694

p-value — <.001 <.001 <.001
T3 Mean difference — -400 -531

p-value — <.001 <.001
T4 Mean difference — -131

p-value — <.001
T5 Mean difference —

p-value —
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Figure 51: Bar plot depicting the average length (um) of juveniles at T1 (48h), T2 (1 week), T3 (2 week), T4 (3
week), T5 (4 week)
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On the contrary, juveniles’ density showed an opposite trend than the previous one.
It was significantly different according to the time of the experiment (Table 27 and
28), with the highest value observed at T1 (53.87 + 1.53 juveniles cm 2), and a
decline at T5 (34.7 + 1.02 juveniles cm 2) (Figure 52).

Table 27: One-way ANOVA on the juveniles’ density

Shapiro-Wilk test W p
0.85 0.004
One-way ANOVA F dfl df2 p
125 4 7.29 <0.001

Table 28: Tukey’s post hoc test showing differences of juveniles’ density among times

T1 T2 T3 T4 T5

T1  Mean difference  — 3.67 8.85 10.8 18.93
p-value — 0432 0006 <.001 <.001

T2 Mean difference — 5.18 7.12 15.26
p-value — 0.149 0.027 <.001

T3 Mean difference — 1.94 10.08
p-value — 0.881  0.002

T4  Mean difference — 8.13
p-value _ 0.01

T5  Mean difference —
p-value —
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Figure 52: Bar plot depicting juveniles’ density at T1 (48h), T2 (1 week), T3 (2 week), T4 (3 week), T5 (4 week)

In particular, during the cultivation it was observed a negative correlation between
the average length and density of juveniles (Table 29). Indeed, at T1 in
correspondence of the lowest value in the average length, it was observed the
highest density of juveniles. Conversely, at T5 juveniles reached their maximum

length, but their density decreased sharply (Figure 53).

Table 29: Correlation Matrix of the average length and density of juveniles

average length  density

average length Pearson's r —
p-value —

density Pearson's r -0.88 *** —
p-value <.001 —

Note. * p < .05, ** p < .01, *** p < .001
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Figure 53: Scatterplot displaying the relation between the average length and density of juveniles at time T1
(48h), T2 (1 week), T3 (2 week), T4 (3 week) and T5 (4 week)

The average length (mm) of juveniles after the outplanting was significantly
different according to the week (1,2, 3 and 4) (Table 30 and 31). At the first week
the juveniles were 1.55 £ 0.32 mm long, while they gradually increased reaching
5.18 = 0.22 mm at the fourth week (Figure 54).

Table 30: One-way ANOVA on the average length (mm) of juveniles after outplanting

Shapiro-Wilk test W p
0.90 0.09
One-way ANOVA F dfl df2 p
32.3 3 5.48 <0.001

Table 31: Tukey’s post hoc test showing differences among the weeks after outplanting

1week 2week 3week 4 week

1 week Mean difference — -1.67 -3.3 -3.62
p-value — 0.003 <.001 <.001
2 week Mean difference — -1.63 -1.96
p-value — 0.004 <.001
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Table 31: Tukey’s post hoc test showing differences among the weeks after outplanting

1week 2week 3week 4 week

3 week Mean difference — -0.33
p-value — 0.81

4 week Mean difference —
p-value —

1Week ﬂ /FI\
2 week - | m -

3 week

2 4 6
average length (mm)

time

Figure 54: Histogram displaying the variations in the average length (mm) of juveniles at the different weeks
after outplanting

6.4 Expectations and learned lessons

Due to the ongoing decline of habitat-forming species of the order Fucales, there is
an urgent need to develop efficient restoration protocols and studies aimed on
acquiring the best practices to undertake to manage coastal ecosystems (Falace et
al., 2018).

In this step of the PhD work, we focused on identifying a species-specific protocol
to implement an experimental restoration plot for the recovery of a population of E.
brachycarpa in the M.P.A. Isole Ciclopi, where this species was historically
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present. The first prerequisite, before realising the ex-situ cultivation of this species,
was to follow its reproductive phenology (Chapter V) and collect fertile receptacles
during the period of the maximum maturity of this species. This indeed resulted in
a high reproductive success (36.5 + 2.45), compared to the values found in test of
temperatures (Chapter V) on E. brachycarpa at 20°C (1.5 + 0.39), E. mediterranea
(19.4 + 1.98) and G. montagnei var. tenuior (22.8 £+ 4.1) at 20/15°C. Moreover, the
selected temperature treatment for this cultivation (20/15°C), extrapolated from the
previous experiment on temperatures (Chapter V), led to a maximum survival rate
of juveniles of 1.6% at T3.

During the ex-situ cultivation of E. brachycarpa, it was observed that the mortality
rate was higher (11%) during the first week, as also highlighted by Falace et al.
(2018), who found a high embryonic mortality after one week of cultivation and
explained that this is due to the very high stochastic gamete and zygote mortality of
Cystoseira s.l. in the natural environment.

Moreover, it was also detected a negative correlation between the density and
average length of juveniles. Indeed, with the progressive increase of length, the
density of juveniles dropped at the final stages of the cultivation, with a rise in the
mortality rate. This relationship was observed also by Savonitto et al. (2021), which
attributed this trend to the process of "self-thinning" (Ang & De Wreede, 1992;
Steen & Scrosati, 2003). Indeed, with the increment in sizes of germlings, the
competition for space takes place, causing an increase in mortality and thus
resulting in a decrease in of individuals density. This was noted at T5, when the
juveniles reached a length 1550 + 23.5 pum, but the density was below 40 juveniles
cm 2, It was reported that sharp drops in density are common also in natural
populations due to the high natural sensitivity of the first fucoid life stages (Vadas
et al., 1992; Irving et al., 2009). After two weeks of culture, juveniles’ density (45
+ 1.48 juveniles cm 2) was slightly lower than that reported by Savonitto et al.
(2021) (54 * 4 juveniles cm 2). After one month of cultivation, the average length
of juveniles was 1.5 + 23,5 mm, a value similar to that reported by Savonitto et al.
(2021) (1.72 £ 0.01 mm) and Falace et al. (2018) (1.38 £ 0.13 mm).

The outplanting technique revealed to be efficient indeed the tiles with cages were

not removed by the wave motion. After one month in the field, the average length
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of juveniles was 5.18 + 0,22 mm, slightly lower than that reported by De La Fuente
etal. (2019) (6.02 £ 0.18 mm), but higher than that observed by Falace et al. (2018)
(4.73 £ 0.05 mm). Nevertheless, at the end of the month, it was noted that if on one
hand the cages prevented grazing by fish and urchins, they failed to protect the
young seedlings from the impact of small crustaceans and molluscs, which were the
only ones able to enter inside the cages. Unfortunately to date the grazing pressure
by mesograzers (e.g., amphipods, small crustaceans and gastropods, polychaetes)
on small-sized recruits is still hardly prevented (Tamburello et al., 2019). Some
studies highlighted that small-size species can be crucial in regulating the success
of recruitment of Laminariales or Fucales (Sjgtun et al., 2007; Korpinen &
Jormalainen, 2008; Henriquez et al., 2011). Indeed, some juveniles of macroalgae,
having lower content of polyphenolic compounds, may be more palatable for
mesograzers than adult conspecifics (Chenelot & Konar, 2007). Furthermore, it was
demonstrated that mesograzing increases with higher temperatures (Weinberger et
al., 2011; IPCC, 2021). Therefore, under a warming climate change scenario the
impacts of mesograzing are expected to increase in the future.

In conclusion, it was demonstrated that to increase the potential for restoration
success it is important: to collect fertile material in the proper time, following the
reproductive phenology of the target species; to identify species-specific protocols
adapted to the target species requirements (e.g., thermal optimum); to use an
appropriate culture medium and a suitable substrate to guarantee good culture
performance and obtain high densities of healthy embryos; to use anti-grazing
devices strictly adapted to the grazer populations present at the restoration site.
Unfortunately, this last point represented a limit during our outplanting, and
highlighted the necessity to deepen knowledge of the invertebrates and fish
communities present at the restoration site, before conducting a recovery
intervention. Moreover, ad hoc experimental studies in the laboratory would help
elucidating the overlooked impact of mesograzers on Cystoseira s.l. juveniles, to
allow to implement new strategies to reduce their abundance for restoration

purposes.
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Chapter VII
Genetic characterisation of

ricaria brachycarpa from Brucoli
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7.1 Biogeography of Ericaria brachycarpa and E.
balearica

During my study period of three months at the laboratory “Biogeographical
Ecology and Evolution” of the CCMAR (Centro de Ciéncias do Mar) of University
of Algarve (Faro, Portugal), we analysed genetically some samples from Sicily in
order to contextualise them in the Mediterranean biogeographical scenario. The
biogeography of Cystoseira s.l. species has been recently studied by Neiva et al.
(2022), who defined species delimitation and their geographic distribution (see
Chapter I1). Whitin the genus Ericaria, they recognised a Mediterranean lineage,
which included four Molecular Operational Taxonomic Units (MOTUSs): one with
samples of E. crinita, E. crinita f. bosphorica (Sauvageau) Sadogurska, Neiva &
Israel, E. barbatula and E. giacconei; one comprising only E. corniculata; one
containing E. balearica; and finally, one including only E. brachycarpa s.s.
Previously samples belonging to these last two taxa were all considered and
identified as E. brachycarpa. However, the molecular analyses revealed that these
two entities represent cryptic species, which are well genetically differentiated and
geographically separated. In particular, E. balearica is distributed in the Balearic
Sea and the Sicilian Island of Pantelleria, while E. brachycarpa is present in the
northern coast of Sicily and Greece. Therefore, Neiva et al. (2022) pointed out that
these species are both distributed around Sicily, but due to the limited sampling,
their eastward and westward range limits could only be guessed. Consequently, they
encouraged future studies to better identify their distribution and potential areas of
overlapping. Moreover, they suggested to integrate molecular pre-screening of
species before taking reforestation actions. Indeed, by understanding species
boundaries, ranges and affinities, it is possible to recognise, anticipate and manage
any diversity losses. Moreover, combining the knowledge on species thermal
tolerance with its genetic characterisation, allow to identify which individuals or
populations are “preadapted” to future climates, in order to assist restoration efforts
and improve the success of reforestation (Carvalho et al., 2021).

Considering the above, samples morphologically identified as E. brachycarpa

collected at Brucoli (the donor population selected for the experimental restoration
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plot) were analysed through DNA barcoding. The aims of this step were: to
understand if this entity belongs to E. brachycarpa or to E. balearica; to contribute
improving the knowledge on the distribution of these species; to perform a
molecular pre-screening on the target species selected for the ex-situ cultivation, in

order to identify genetically this entity for future restoration projects.

7.2 DNA extraction, amplification and sequencing

To perform the genetic analyses, 5 branchlets of E. brachycarpa (of about 4 cm in
length) were collected from different individuals in the site of Brucoli. The samples
were cleansed by epiphytes and preserved inside small zip-lock bags with
dehydrated silica gel. Species identification was performed according to Gomez-
Garreta et al. (2001) and Cormaci et al. (2012).

These samples were analysed through DNA barcoding at the laboratory of
“Biogeographical Ecology and Evolution” of the CCMAR, with the supervision of
the Dr Jodo Neiva.

For DNA extraction and amplification, it was followed the same method used by
Neiva et al. (2022). DNA extraction was carried out using the 250 Nucleospin®
Plant Il kit (Macherey-Nagel Duren, Germany), following the manufacturer
protocol. DNA was diluted 1:100 for the Polymerase chain reactions (PCRs). The
samples were amplified and sequenced through the primers coxl (590 pb)
(Saunders & McDevit, 2012) and gaz2 (600 bp) (Saunders, 2005). PCR reactions
were performed in 20 pl total volume, which included 5ul of diluted DNA, 6.95 pul
of H20, 4 ul of GoTaq Flexi buffer, 1.6 pl of MgClz (25mM),1.25 ul of each ANTP
(2mM), 0.5 of Forward primer (10uM) (cox1-789F or gaz2F) and 0.5 of Reverse
primer (10uM) (cox1-1378R or gaz2R), 0.2 ul of Go Taq Flexi DNA Polymerase
(5U). Both PCRs started with an initial denaturation step (94°C, 5 minutes),
followed by 35 cycles of 94°C for 30 seconds, 49°C (the annealing temperature for
the used primers) for 45 seconds, 72°C for 60 seconds, finishing with an extension
step of 72°C for 10 min (Table 32).
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Amplified fragments were sequenced in an ABI PRISM 3130xI automated capillary
sequencer (Applied Biosystems) at the CCMAR. Sequences were aligned,

proofread and concatenated in Geneious Prime 2020 (http://www.geneious.com).

Table 32: Loci, primers’ sequences, and annealing temperatures. At the bottom, PCR reagents and
conditions.

Locus [primers] Primers 5° 2> 3’ Ta Reference
)

F: 5-CCAACCAYAAAGATATWGGTAC -3°
coxl [Gaz?] R: 5-GGATGACCAAARAACCAAAA-3’ 49 Lane etal., 2007

coxl [cox1-789F /cox1- | F: 5>-TNTAYCARCATTTATTTTGGTT-3”

49 Silberfeld et al., 2010

1378R] R: 5’-TCYGGNATACGNCGNGGCATACC-3’

PCR Reagents | Final T(°C) t(m’s)
Conc. PCR Step

H20 | to 10uL initial denaturation 94 5’00
Buffer | 1x denaturation 94 0’30
MgClz | 2mM annealing Ta 0’45
dNTP’s | 0.125 uM extension 72 1°00
Primer F | 0.5 uM final extension 72 10°00

Primer R| 0.5 uM
GoTaq | (5U/uL) |1 U
DNA (1:100) (5 pL)

7.3 Results and Discussion

Through the barcoding analysis, it was observed that the samples morphologically
identified as E. brachycarpa fall into the genus Ericaria (Orellana et al., 2019;
Novoa & Guiry, 2019) and belong to the MOTU of E. brachycarpa s.s, which
includes samples from the northern coast of Sicily and Crete (Neiva et al., 2022).
However, as already observed by Neiva et al. (2022), the samples from Sicily
(including our samples) are morphologically distinct from those from the southern
Crete. Indeed, Cretacean samples showed more robust cauloids and primary
branches, with strongly spinose apices, to the extent that it was initially
hypothesised that they corresponded to Cystoseira crinitophylla. Therefore, Neiva
et al. (2022) suggested the presence of two different entities within the group E.
brachycarpa s.s.. Future samplings could confirm this theory or otherwise reveal
the existence of a single polymorphic taxon, with different morphological formae
connected with different types of environments. Indeed, the samples from the

northern Sicily, but also our samples were collected in shallow and exposed waters,
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while those coming from Crete were collected in deeper waters (Neiva et al., 2022).
A similar case was observed by Sadogurska et al. (2021) for G. barbata from the
Black Sea. Indeed, they found that specimens from sheltered locations had long
sickle-shaped receptacles with numerous chained aerocysts, while specimens from
exposed shores had few aerocysts and were characterized by smaller, spindle-
shaped or oval receptacles. Nevertheless, COI sequences of all G. barbata samples
were almost identical, also compared to Mediterranean samples. Therefore, they
concluded that there was a single entity which showed high morphological
variability, depending on the season and wave exposure.

Between the two primers, cox1 provided better results, while the PCRs with gaz2
did not amplify, even after several changings in the PCR conditions (e.g., annealing
temperature, quantity of MgClz). According to Neiva et al. (2022) cox1 alone can
provide a good first proxy to reconstruct broad phylogenetic patterns and species
affinities. Moreover, contrary to the mtDNA-based approaches, it is capable to
discriminate past and ongoing species hybridization (Neiva et al., 2022).

Through the barcoding of our samples, we performed the genetic characterisation
of E. brachycarpa from Brucoli and locate it genetically within the groups
described by Neiva et al. (2022). This population had never been molecularly
investigated, thus along the eastern coast of Sicily the distribution of E.

brachycarpa rather than E. balearica could only be guessed.
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Chapter VI
eneral discussion
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8.1 Overview of the main results

Cystoseira s.l. species are one of the most productive ecosystems in the
Mediterranean Sea, supporting high biodiversity and valuable ecosystem services.
However, in the last decades, these species experienced a several decline in many
Mediterranean coastal areas, due to the synergistic effect of various anthropogenic
impacts. Therefore, in light of the UN Decade of Ecosystem Restoration, increasing
attention have been focused on restoring these threatened marine habitats as a
measure to mitigate climate change over large scale.

The aims of this thesis were to investigate the past and current presence of upper
infralittoral Cystoseira s.l. species which are potentially more prone to the effects
of climate changes, identify the most threatened species and promote the natural
recovery of Cystoseira s.l. populations through an experimental restoration plot.
The first step was the evaluation of the past and actual presence of upper infralittoral
Cystoseira s.l. species along the lonian cost of Sicily, based on in-depth
bibliographic research and intense activity in the field. After this evaluation, among
these upper infralittoral species, four threatened species were identified: E.
brachycarpa, E. giacconei, G. montagnei var. tenuior and E. mediterranea. Their
reproductive phenology and embryology were studied in detail, in order to examine
the zygote and embryo development and check the belonging embryological group.
Through these observations, it was observed that all these species belong to the first
embryological group described by Guern (1962). These observations were
interesting particularly as regards E. giacconei, whose embryology had never been
studied in detail.

Being the early developmental stages of Cystoseira s.l. species extremely sensitive
to anthropogenic impacts, are generally considered as a bottleneck for their future
persistence and viability. Consequently, considering the foreseen scenario of
increasing temperatures and thermal anomalies, it was tested the effect of different
temperatures on the reproduction and embryos’ growth of E. giacconei, E.
brachycarpa, G. montagnei var. tenuior and E. mediterranea. Through these trials,
we obtained information on the thermal optimum of the juveniles of these species,

which could be used for future restoration purposes. Moreover, it was found that
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the most sensitive species to warming is E. giacconei, whose juveniles have a very
narrow thermal optimum compared to that of the other species, thus this species
could suffer more the increase of temperatures. On the contrary, the recruits of E.
mediterranea could be more able to withstand high temperatures for long periods,
being the highest temperature-tolerant species among those here studied.

Among the investigated species, it was selected E. brachycarpa as target species to
conduct an experimental restoration plot in the M.P.A. Isole Ciclopi, where this
species was historically present, and Brucoli was chosen as donor site since there is
still a healthy and well-preserved population of E. brachycarpa.

The juveniles of E. brachycarpa were obtained through ex-situ cultivation in the
laboratory and were grown directly on volcanic rock tiles for the outplanting in the
M.P.A. Isole Ciclopi, where there is a basaltic seabed. After one month of
cultivation, we obtained juveniles of about 1.5 mm in length, a value comparable
to those reported in other studies, and the tiles were transported to the restoration
site. Here, the tiles were located on the seabed with the appropriately selected
outplanting technique and were monitored for one month, during which it was
observed a further growth in length of juveniles, reaching similar sizes (5.20 mm)
to those reported in literature. These results underlined the importance: to follow
the reproductive phenology of the target species, collecting the fertile apices in the
period of maximum maturity of the species; identify species-specific protocols
adapted to the target species requirements (e.g., thermal optimum); to use an
appropriate culture medium and a suitable substrate to guarantee good culture
performance and obtain high densities of healthy embryos; to use anti-grazing
devices strictly adapted to the grazer populations present at the restoration site.
Since most of Cystoseira s.l. species present high morphological plasticity, it is
often difficult to be sure of their taxonomic identification and understand their
biogeographic boundaries. Furthermore, for some species as E. brachycarpa, some
range limits are still unexplored and the presence of cryptic species (as E. balearica)
that can only be discerned trough molecular tools, makes the identification even
more challenging. Therefore, considering the above, during my study period at the
“Biogeographical Ecology and Evolution” of the CCMAR (University of Algarve,
Portugal), some samples of the donor population of Brucoli were analysed through
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DNA barcoding, to perform a molecular pre-screening of the target species and
identify it genetically for future restoration projects. Through the genetic analyses,
it was found that this entity falls in the group identified by Neiva et al. (2022) as E.
brachycarpa s.s., whose known distribution hitherto includes the northern coast of
Sicily and Crete.

In conclusion, it was demonstrated that the conjunction of active (realization of the
experimental restoration plot) and passive (safeguard of the restoration plot in the
M.P.A.) conservation measures is the best strategy for the recovery of Cystoseira
s.l. populations and their associated biodiversity and ecosystem services. Further
restoration actions applied to M.P.A.s and adjacent unprotected areas, will represent
be the best future perspective for Cystoseira s.I. forest preservation in the

Mediterranean Sea.

8.2 Conservation measures

Although Cystoseira s.l. species are listed in the annexes of some important
European Conventions (i.e., Barcelona Convention, Bern Convention) to date they
are not still enough safeguarded. As regards the priority species of the Habitat
Directive, Posidonia oceanica (L.) Delile is well documented in the Natura 2000
sites and overall, there is good knowledge on its health status and distribution. On
the contrary, Cystoseira s.I. communities are not considered as priority habitats by
the Habitats Directive and the cartography of the Natura 2000 sites simply refers to
“photophilic algae of rocky substrate”, without a specific distinction between
encrusting Corallinales deserts, filamentous algae forming dense turfs, bushes of
photophilous algae or forests of large brown algae (Gianni & Mangialajo, 2016).
Moreover, up to now these species have not yet been assessed in the IUCN Red
List, although they urgently need a strong and true protection in the Mediterranean
Sea (Grech, 2017). Therefore, assessing their status and the magnitude of regression
at local scale according to the defined criteria could be crucial to improve the
conservation of these species (Blanfuné et al., 2016). Through this thesis, it could
be proposed to include E. giacconei and E. brachycarpa in the [IUCN Red List and

classify them as “Critically endangered” in accordance with criterions B and A,
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respectively. Indeed, the distribution area of E. giacconei is very limited probably
due to the restricted thermal tolerance of its early life stages (Chapter V). Regarding
E. brachycarpa, it was observed an almost total disappearance of most populations
previously present along the eastern coast of Sicily (Santa Maria La Scala, M.P.A.
Isole Ciclopi, Capo S. Alessio, Catania, Maddalena Peninsula, Syracuse and
Vendicari) (Chapter I11).

8.3 Future perspectives

New advancements in restoration tools and approaches could optimize the success
and cost-effectiveness of the recovery actions. Since marine forests are one of the
major carbon sinks, the restoration of these ecosystems can help to mitigate climate
change over large scales (Gattuso et al., 2018). When combined with other local
management actions, the restoration interventions could also help to buffer the
climatic impacts and compensate for critical ecosystem services that are impaired
(Duarte et al., 2013; Possingham et al., 2015; Darling & C6té, 2018). However, this
would require at least decades to affect the Earth’s climate (Solomon et al., 2009).
Therefore, there is a growing recognition of the need to promote climate adaptation,
so the coastal marine ecosystems manage to function and provide ecosystem
services under future environmental conditions (Webster et al., 2017; Darling &
Cote, 2018; Abelson, 2020). In this context, restoration tools could be used to
promote adaptation management to cope with future climate-change conditions
(Abelson et al., 2020). One of the most innovative approaches makes use of the
“intrinsic resistance” of some ecosystem engineer species, which are able to resist
climate change and other stressors. This approach involves the identification of
resistant genotypes, their cultivation, and finally their reintroduction in areas most
influenced by changing conditions (Darling & C6té, 2018; Coleman & Goold,
2019). Another intriguing strategy exploits the “extrinsic resistance” of the
environment, through the identification of spatial refuge sites (Verdura et al., 2021).
Examples of suitable refugia can include locations that are less vulnerable to climate
disturbances (i.e., cool currents and deeper sites; Darling & C6té, 2018), or stressful
and disturbed habitats (i.e., high sedimentation, elevated temperature, acidified
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waters) whose constituent species are locally adapted to tolerate exposure to chronic
stressors (Webster et al., 2017). These local refugia could be promoted as priority
sites to conduct relevant restoration interventions.

One of the major questions of the ecosystem restoration in the Anthropocene is if
the implementation of restoration practices could be at the service of the needs of
society and promote ecological functions and values (Abelson et al., 2020). The
adoption of a socio-ecological approach to restoration could help to delineate
clearer goals and contribute to the “blue economy” (World Bank United Nations
Department of Economic and Social Affairs, 2017). Indeed, connecting seaweed
cultivation and the restoration industry, may transform marine forest restoration
into a commercial-scale enterprise capable of significant contribution to the blue
economy and to global restoration efforts (Filbee-Dexter et al., 2022). This would
provide new possibilities of work, enhancing the economic development, but it
could also raise awareness and connectedness to the marine environment.
Therefore, societal involvement in the planning, implementation, and monitoring

of restoration projects will play a key role in the future of restoration success.

110



References

Abelson A., 2020 — Are we sacrificing the future of coral reefs on the altar of the
“climate change” narrative? ICES Journal of Marine Science, 77: 40-45.

Abelson A., Reed D.C., Edgar G.J., Smith C.S., Kendrick G.A., Orth R.J., Airoldi
L., Silliman B., Beck M.W., Krause G., Shashar N., Stambler N., Nelson P., 2020
— Challenges for restoration of coastal marine ecosystems in the Anthropocene.
Frontiers in Marine Science, 7: 544105.

Agnetta D., Badalamenti F., Ceccherelli G., Di Trapani F., Bonaviri C.,
Gianguzza P., 2015 — Role of two co-occurring Mediterranean Sea urchins in the
formation of barren from Cystoseira canopy. Estuarine, Coastal and Shelf
Science, 152: 73-77.

Airoldi L., Ballesteros E., Buonuomo R., Van Belzen J., Bouma T.J., Cebrian E.,
De Clerk O., Engelen A.H., Ferrario F., Fraschetti S., Gianni F., Guidetti P., Ivesa
I., Mancuso F.P., Micheli F., Perkol-Finkel S., Serrao E.A., Strain E.M., Mangialajo
L., 2014 — Marine forests at risk: solutions to halt the loss and promote recovery of
Mediterranean canopy-forming seaweeds. Proceedings of the 5th Mediterranean
Symposium on Marine Vegetation, 27-28 October 2014, Portoroz, Slovenia: 28-33.

Alongi G., Catra M., Cormaci M., 1999a — Cystoseira susanensis (Cystoseiraceae,
Phaeophyta): A little known and rare Mediterranean species. Cryptogamie
Algologie, 20 (1): 25-33.

Alongi G., Catra M., Cormaci M., 1999b — Fenologia morfologica e riproduttiva di
Cystoseira elegans Sauvageau (Cystoseiraceae, Phaeophyta). Bollettino
dell’Accademia Gioenia di Scienze Naturali di Catania, 31 (354): 189-199.

Amico V., 1995 — Marine brown algae of Family Cystoseiraceae: chemistry and
chemotaxonomy. Phytochemistry, 39: 1257-1279.

Amico V., Giaccone G., Colombo P., Colonna P., Mannino A. M., Randazzo R.,
1985 — Un nuovo approccio allo studio della sistematica del genere Cystoseira C.
Agardh (Phaeophyta, Fucales). Bollettino dell’Accemia Gioenia di Scienze
Naturali, 18: 887-986.

Anderson M.J., 2001 — A new method for non-parametric multivariate analysis of
variance. Austral ecology, 26(1): 32-46.

Andrews S., Bennett S., Wernberg T., 2014 — Reproductive seasonality and early
life temperature sensitivity reflect vulnerability of a seaweed undergoing range
reduction. Marine Ecology Progress Series, 495:119-129.

Ang Jr P.O., De Wreede R.E., 1992 — Density-dependence in a population of Fucus
distichus. Marine Ecology Progress Series, 90(2): 169-181.

111



Arevalo R., Pinedo S., Ballesteros E. 2007 — Changes in the composition and
structure of Mediterranean rocky-shore communities following a gradient of
nutrient enrichment: Descriptive study and test of proposed methods to assess water
quality regarding macroalgae. Marine Pollution Bulletin, 55: 104-113.

Asnaghi V., Chiantore M., Bertolotto R.M., Parravicini V., Cattaneo-Vietti R.,
Gaino F., Moretto P., Privitera D., Mangialajo, L. 2009 — Implementation of the
European Water Framework Directive: Natural variability associated with the
CARLIT method on the rocky shores of the Ligurian Sea (Italy). Marine Ecology —
An Evolutionary Perspective, 30: 505-513.

Ballesteros E., 1988 — Estructura y dindmica de la comunidad de Cystoseira
mediterranea Sauvageau en el Mediterraneo Noroccidental. Investigacion
Pesquera, 52: 313-334.

Ballesteros E., 1990a — Structure and dynamics of the community of Cystoseira
zosteroides (Turner) C. Agardh (Fucales, Phaeophyceae) in the Northwestern
Mediterranean. Scientia Marina, 54: 217-2909.

Ballesteros E., 1990b — Structure and dynamics of the Cystoseira caespitosa
Sauvageau (Fucales, Phaeophyceae) community in the North-Western
Mediterranean. Scientia Marina, 54: 155-168.

Ballesteros E., Garrabou J., Hereu B., Zabala M., Cebrian E., Sala E., 2009 — Deep
water stands of Cystoseira zosteroides C. Agardh (Fucales, Ochrophyta) in the
Northwestern Mediterranean: insights into assemblage structure and population
dynamics. Estuarine, Coastal and Shelf Science, 82: 477-484.

Ballesteros E., Sala E., Garrabou J., Zabala M., 1998 — Community structure and
frond size distribution of a deep Water stand of Cystoseira spinosa (Phaeophyta) in
the Northwestern Mediterranean. European Journal of Phycolgy, 33: 121-128.

Ballesteros E., Torras X., Pinedo S., Garcia M., Mangialajo L., De Torres M., 2007
— A new methodology based on littoral community cartography dominated by
macroalgae for the implementation of the European Water Framework Directive.
Marine Pollution Bulletin, 55(1): 172-180.

Battelli C., Catra M., 2021 — First report of Cystoseira aurantia (Sargassaceae,
Fucophyceae) from the lagoon of Strunjan (Gulf of Trieste, northern Adriatic).
Annales: Series Historia Naturalis, 31: 139-146.

Battiato A., Cormaci M., Furnari G., 1980 — Alghe marine della costa Iblea. Atti 111
Convegno Siciliano di Ecologia, Iblei: La natura e I’'uomo, Noto: 1-38.

Battiato A., Duro A., Galluzzo G., 1978 — Flora sommersa della Baia di Brucoli
(Siracusa) secondo contributo, con osservazioni preliminari sui Briozoi. Bollettino
dell’Accademia Gioenia di Scienze Naturali di Catania, 13: 105-117.

112



Battiato A., Ponte A., 1975 — Flora sommersa della baia di Brucoli (Siracusa).
Primo contributo. Bollettino dell’Accademia Gioenia di Scienze Naturali di
Catania, 7: 93-99.

Battiato A., Ponte A., 1978 — Osservazioni preliminari sulla flora algale di Pozzillo
(Sicilia orientale). Bollettino dell’Accademia Gioenia di Scienze Naturali di
Catania, 13: 71-80.

Bayraktarov E., Saunders M.1., Abdullah S., Mills M., Beher J., Possingham H.P.,
Mumby P.J., Lovelock C.E., 2016 — The cost and feasibility of marine coastal
restoration. Ecological Applications, 26:1055-1074.

Benedetti-Cecchi L., Pannacciulli F., Bulleri F., Moschella P.S., Airoldi L., Relini
G., Cinelli F., 2001 — Predicting the consequences of anthropogenic disturbance:
large-scale effects of loss of canopy algae on rocky shores. Marine Ecology
Progress Series, 214: 137-150.

Bevilacqua S., Airoldi L., Ballesteros E., Benedetti-Cecchi L., Boero F., Bulleri F.,
Cebrian E., Cerrano C., Claudet J., Colloca F., Coppari M., Di Franco A., Fraschetti
S., Garrabou J., Guarnieri G., Guerranti C., Guidetti P., Halpern B.S., Katsanevakis
S., Mangano M.C., Micheli F., Milazzo M., Pusceddu A., Renzi M., Rilov G., Sara
G., Terlizzi A., 2021 — Mediterranean rocky reefs in the Anthropocene: Present
status and future concerns. Advances in Marine Biology, 89: 1-51.

Bevilacqua S., Savonitto G., Lipizer M., Mancuso P., Ciriaco S., Srijemsi M.,
Falace A., 2019 — Climatic anomalies may create a long-lasting ecological phase
shift by altering the reproduction of a foundation species. Ecology, 100: e02838.

Bianchelli S., Danovaro R., 2020 — Impairment of microbial and meiofaunal
ecosystem functions linked to algal forest loss. Scientific reports, 10(1): 1-12.

Blanfuné A., Boudouresque C. F., Verlaque M., Thibaut T. 2016 — The fate of
Cystoseira crinita, a forest-forming Fucale (Phaeophyceae, Stramenopiles), in
France (North Western Mediterranean Sea). Estuarine, Coastal and Shelf Science,
181: 196-208.

Boero F., Féral J., Azzurro E., Cardin V., Riedel B., Despalatovi¢ M., Munda 1.,
Moschella P., Zaouali J., Fonda Umani S., 2008 — Climate warming and related
changes in Mediterranean marine biota. CIESM Workshop Monographs, 35: 5- 21.

Bosc E., Bricaud A., Antoine D., 2004 — Seasonal and interannual variability in
algal biomass and primary production in the Mediterranean Sea, as derived from 4
years of SeaWiFS observations. Global Biogeochemical Cycles, 18: GB1005

Bouafif C., Verlague M., Langar H., 2016 — New contribution to the knowledge of
the genus Cystoseira C. Agardh in the Mediterranean Sea, with the reinstatement
of species rank for C. schiffneri Hamel. Cryptogamie, Algologie, 37(2): 133-154.

Bruno de Sousa C., Cox C.J., Brito L., Pavao M.M., Pereira H., Ferreira A., Ginja
C., Campino L., Bermejo R., Parente M., Varela, J., 2019 — Improved phylogeny of

113



brown algae Cystoseira (Fucales) from the Atlantic-Mediterranean region based on
mitochondrial sequences. PloS one, 14(1): e0210143.

Buia M.C., Porzio L., Patti F.P. 2007 — The application of the “Carlit Method” to
assess the ecological status of coastal waters in the Gulf of Naples. Proceedings of
the Third Mediterranean Symposium on Marine Vegetation. CAR/ASP Publ., Tunis:
253-254.

Bulleri F., Benedetti-Cecchi L., Acunto S., Cinelli F., Hawkins, S.J., 2002 — The
influence of canopy algae on vertical patterns of distribution of low-shore
assemblages on rocky coasts in the northwest Mediterranean. Journal of
experimental marine biology and ecology, 267(1): 89-106.

Buonomo R., Assis J., Fernandes F., Engelen A.H., Airoldi L., Serrdo E.A., 2017 —
Habitat continuity and stepping-stone oceanographic distances explain population
genetic connectivity of the brown alga Cystoseira amentacea. Molecular
Ecology, 26(3): 766-780.

Buonomo R., Chefaoui R.M., Lacida R.B., Engelen A.H., Serrdo E.A., Airoldi L.,
2018 — Predicted extinction of unique genetic diversity in marine forests of
Cystoseira spp. Marine Environmental Research, 138: 119-128.

Céliz A.C., Fernandez A.N., de Pedro R.S., Flores-Moya A., Bafiares-Espafia E.,
2019 — Physiological responses of adults and juveniles of Cystoseira tamariscifolia
to projected warming scenarios along Alboran sea populations. Il International
Congress of Young Marine Researchers, Book of Abstracts, Malaga, ES, Fundacién
CEIAMar: 426-430.

Cantone G., Beninato D., 2004 — Eco-etological observations on the sea urchins in
the Marine Protected Area Ciclopi Islands eastern Sicily. Biologia Marina
Mediterranea, 112: 400-402.

Capdevila P., Hereu B., Salguero-Gémez R., Rovira G., Medrano A., Cebrian E.,
Garrabou J., Kersting D.K., Linares C., 2019 — Warming impacts on early life stages
increase the vulnerability and delay the population recovery of a long-lived habitat-
forming macroalga. Journal of Ecology, 107:1129-1140.

Capdevila P., Linares C., Aspillaga E., Navarro L., Kersting D. K., Hereu B., 2015
— Recruitment patterns in the Mediterranean deep-water alga Cystoseira
zosteroides. Marine Biology, 162(6): 1165-1174.

Capdevila P., Linares C., Aspillaga E., Riera J.L., Hereu B., 2018 — Effective
dispersal and density-dependence in mesophotic macroalgal forests: Insights from
the Mediterranean species Cystoseira zosteroides. PL0oS One, 13(1): e0191346.

Carvalho C.S., Forester B.R., Mitre S.K., Alves R., Imperatriz-Fonseca V.L.,
Ramos S.J., Resende-Moreira L.C., Siqueira J.O., Trevelin L.C., Caldeira C.F.,
Gastauer M., Jaffé R., 2021 — Combining genotype, phenotype, and environmental

114



data to delineate site-adjusted provenance strategies for ecological restoration.
Molecular Ecology Resources, 21(1): 44-58.

Catra M., Alongi G., Leonardi R., Negri M.P., Sanfilippo R., Sciuto F., Serio D.,
Viola A., Rosso A., 2019 — Degradation of a photophilic algal community and its
associated fauna from eastern Sicily (Mediterranean Sea). Mediterranean Marine
Science, 20(1): 74-89.

Cheminée A., Sala E., Pastor J., Bodilis P., Thiriet P., Mangialajo L. Cottalorda J.-
M., Francour P., 2013 — Nursery value of Cystoseira forests for Mediterranean
rocky reef fishes. Journal of Experimental Marine Biology and Ecology, 442: 70-
79.

Chenelot H., Konar B., 2007 — Lacuna vincta (Mollusca, Neotaenioglossa)
herbivory on juvenile and adult Nereocystis luetkeana (Heterokontophyla,
Laminariales). Hydrobiologia, 583: 107-118.

Chiarore A., Bertocci I., Fioretti S., Meccariello A., Saccone G., Crocetta F., Patti
F.P., 2019 — Syntopic Cystoseira taxa support different molluscan assemblages in
the Gulf of Naples (southern Tyrrhenian Sea). Marine and Freshwater Research,
70(11): 1561-1575.

Clayton M.N., 1984 — Evolution of the Phaeophyta with particular reference to the
Fucales. Progress in Phycological Research, 3: 11-46.

Coleman M.A., Goold H., 2019 — Harnessing synthetic biology for kelp forest
conservation. Journal of Phycology, 55: 745-751.

Coll M., Piroddi C., Steenbeek J., Kaschner K., Lasram F.B.R., Aguzzi J.,
Ballesteros E., Bianchi C. N., Corbera J., Dailianis T., Danovaro R., Estrada M.,
Froglia C., Galil B. S., Gasol J. M., Gertwagen R., Gil J., Guilhaumon F., Kesner-
Reyes K., Kitsos M.S., Koukouras A., Lampadariou N., Laxamana E., LOpez-Fé de
la Cuadra C.M., Lotze H., Martin D., Mouillot D., Oro D., Raicevich S., Rius-Barile
J., Saiz-Salinas J.1., San Vicente C., Somot S., Templado J., Turon X., Vafidis D.,
Villanueva R., Voultsiadou E., 2010 — The biodiversity of the Mediterranean Sea:
estimates, patterns, and threats. PloS one, 5(8): €11842.

Colombo P., Curcio M.F., Giaccone G., 1982 — Biologia dello sviluppo di un
endemismo mediterraneo del genere Cystoseira (Phaeophyceae, Fucales):
Cystoseira sedoides C. Agardh. Naturalista Siciliano, 1: 81-93.

Connell S., Foster M., Airoldi L., 2014 — What are algal turfs? Towards a better
description of turfs. Marine Ecology Progress Series, 495: 299-307.

Cormaci M., Furnari G., 1979a — Flora algale della Penisola della Maddalena
(Siracusa). Thalassia Salentina, 9: 3-18.

Cormaci M., Furnari G., 1979b — Flora algale marina della Sicilia orientale:
Rhodophyceae, Phaeophyceae e Chlorophyceae. Informatore Botanico Italiano, 11
(2): 221-250.

115



Cormaci M., Furnari G., 1999 — Changes of the benthic algal flora of the Tremiti
Islands (Southern Adriatic) Italy. Hydrobiologia, 398: 75-79.

Cormaci M., Furnari G., Catra M., Alongi G., Giaccone G., 2012 — Flora marina
bentonica del Mediterraneo: Phaeophyceae. Bollettino dell’ Accademia Gioenia di
Scienze Naturali di Catania, 45: 1-508.

Cormaci M., Furnari G., Giaccone G., 2003 — Macrofitobenthos. In: Gambi M.C.,
Dappiano M. (Eds), Manuale di metodologie di campionamento e studio del
benthos marino mediterraneo. Biologia Marina Mediterranea, 10 (Suppl.): 638 pp.

Cormaci M., Furnari G., Giaccone G., Colonna P., Mannino A.M., 1985 — Metodo
sinecologico per la valutazione degli apporti inquinanti nella rada di Augusta
(Siracusa). Bollettino dell’Accademia Gioenia di Scienze Naturali, 18 (326): 829-
850.

Cormaci M., Furnari G., Scammacca B., 1976 — Su alcune specie interessanti della
flora algale della Sicilia Orientale. SIBM (Atti 8° Congresso, Taormina 1976).
Bollettino di pesca, piscicoltura e idrobiologia, 31: 177-186.

Cormaci M., Furnari G., Scammacca B., 1979 — Ricerche floristiche sulle alghe
marine della Sicilia orientale (terzo contributo). Bollettino dell’Accademia Gioenia
di Scienze Naturali di Catania, 13: 27-44.

Corsaro R.A,, Cristofolini R., 1997 — Geology, geochemistry and mineral chemistry
of tholeiitic to transitional Etnean magmas. Acta Vulcanologica, 9: 55-66.

Costanzo L.G., Marletta G., Alongi G., 2021 — Ecological Status of Coralligenous
Macroalgal Assemblages in the Marine Protected Area (MPA) Isole Ciclopi (lonian
Sea). Plants, 10: 329.

Culha M., Bat L., Culha S.T., Celik M.Y., 2010 — Benthic mollusk composition of
some facies in the upper-infralittoral zone of the southern Black Sea, Turkey.
Turkish Journal of Zoology, 34(4): 523-532.

Darling E.S., C6té 1.M., 2018 — Seeking resilience in marine ecosystems. Science,
359:986-987.

Darmaraki S., Somot S., Sevault F., Nabat P., Cabos-Narvaez W.D., Cavicchia L.,
Djurdjevic V., Li L., Sannino G., Sein D.V., 2019 — Future evolution of marine
heatwaves in the Mediterranean Sea. Climate Dynamics, 53: 1371-1392.

Dayton P.K., 1985 — Ecology of kelp communities. Annual Review of Ecology and
Systematics, 16: 215-245.

de Bettignies T., Wernberg T., Gurgel C.F., 2018 — Exploring the influence of
temperature on aspects of the reproductive phenology of temperate seaweeds.
Frontiers in Marine Sciences, 5: 218.

De La Fuente G., Asnaghi V., Chiantore M., Thrush S., Povero P., Vassallo P.,
Petrillo M., Paoli C., 2019 — The effect of Cystoseira canopy on the value of

116



midlittoral habitats in NW Mediterranean, an emergy assessment. Ecological
Modelling, 404: 1-11.

Draisma S.G., Ballesteros E., Rousseau F., Thibaut T., 2010 — DNA sequence data
demonstrate the polyphyly of the genus Cystoseira and other Sargassaceae genera
(Phaeophyceae). Journal of Phycology, 46(6): 1329-1345.

Duarte C.M., Losada 1.J., Hendriks |.E., Mazarrasa I., Marba N., 2013 — The role
of coastal plant communities for climate change mitigation and adaptation. Nature
Climate Change, 3: 961-968.

Engelen A.H., Espirito-Santo C., Simoes T., Monteiro C., Serrdo E.A., Pearson
G.A,, Santos R.O., 2008 — Periodicity of propagule expulsion and settlement in the
competing native and invasive brown seaweeds, Cystoseira humilis and Sargassum
muticum (Phaeophyta). European Journal of Phycology, 43(3): 275-282.

Fabbrizzi E., Scardi M., Ballesteros E., Benedetti-Cecchi L., Cebrian E.,
Ceccherelli G., De Leo F., Deidun A., Guarnieri G., Falace A., Fraissinet S.,
Giommi C., Maci¢ V., Mangialajo L., Mannino A.M., Piazzi L., Ramdani M., Rilov
G., Rindi L., Rizzo L., Sara G., Souissi J.B., Taskin E., Fraschetti S., 2020 —
Modeling macroalgal forest distribution at Mediterranean scale: present status,
drivers of changes and insights for conservation and management. Frontiers in
Marine Science, 7: 20.

Falace A., Kaleb S., De La Fuente G., Asnaghi V., Chiantore M., 2018 — Ex situ
cultivation protocol for Cystoseira amentacea var. stricta (Fucales, Phaeophyceae)
from a restoration perspective. PloS one, 13(2): e0193011.

Falace A., Marletta G., Savonitto G., Carniel F. C., Srijemsi M., Bevilacqua S.,
Tretiach M., Alongi G., 2021 — Is the South-Mediterranean Canopy-Forming
Ericaria giacconei (= Cystoseira hyblaea) a Loser From Ocean Warming?
Frontiers in Marine Science, 8: 760637.

Falace A., Zanelli E., Bressan G., 2006 — Algal transplantation as a
potential tool for artificial reef management and environmental mitigation.
Bulletin of Marine Science, 78 (1): 161-166.

Feehan C.J., Filbee-Dexter K., Wernberg T. 2021 — Embrace kelp forests in the
coming decade. Science, 373(6557): 863-863.

Feldmann J., 1937 — Recherches sur la végétation marine de la Méditerranée. La
cote des Alberes. Revue Algologique, 10: 73-254.

Filbee-Dexter K., Scheibling R.E., 2014 — Sea urchin barrens as alternative stable
states of collapsed kelp ecosystems. Marine Ecology Progress Series, 495:1-25.

Filbee-Dexter K., Wernberg T., Barreiro R., Coleman M.A., de Bettignies T.,
Feehan C.J., Franco J.N., Hasler B., Louro I., Norderhaug K.M., Staehr P.A.U.,
Tuya F., Verbeek J., 2022 — Leveraging the blue economy to transform marine
forest restoration. Journal of Phycology, 58: 198-207.

117



Furnari G., Giaccone G., Cormaci M., Alongi G., Serio D., 2003 — Biodiversita
marina delle coste italiane: catalogo del macrofitobenthos. Biologia Marina
Mediterranea, 10 (1):1-483.

Furnari G., Scammacca B., 1970a — Ricerche floristiche sulle alghe marine della
Sicilia orientale. Bollettino dell’ Accademia Gioenia di Scienze Naturali di Catania,
10: 215-230.

Furnari G., Scammacca B., 1970b — Flora algale dell'lsola Lachea (Golfo di
Catania). Primo contributo. Giornale Botanico Italiano, 104 (3): 137-164.

Furnari F., Scammacca B., 1971 — Prime osservazioni sulla flora algale di Capo
Passero e isolette vicine. Bollettino dell’Accademia Gioenia di Scienze Naturali di
Catania, 10: 679-688.

Furnari G., Scammacca B., 1973 — Ricerche floristiche sulle alghe marine della
Sicilia orientale. Nuovo contributo. Bollettino dell’Accademia Gioenia di Scienze
Naturali di Catania, 11: 1-21.

Furnari G., Scammacca B., 1975 — Osservazioni preliminari su alcuni popolamenti
algali della costa orientale della Sicilia. SIBM (Atti 5° Congresso, Nardo 1973): 42-
48.

Garrabou J., Coma R., Bensoussan N., Bally M., Chevaldonné P., Cigliano M., Diaz
D., Harmelin J.G., Gambi M.C., Kersting D.K., Ledoux J.B., Lejeusne C., Linares
C., Marschal C., Pérez T., Ribes M., Romano J.C., Serrano E., Teixido N., Torrents
O., Zabala M., Zuberer F., Cerrano C., 2009 — Mass mortality in Northwestern
Mediterranean rocky benthic communities: effects of the 2003 heat wave. Global
Change Biology, 15: 1090-1103.

Garrabou J., Gmez-Gras D., Ledoux J.-B., Linares C., Bensoussan N., Lopez-
Sendino P., Bazairi H., Espinosa F., Ramdani M., Grimes S., Benabdi M., Souissi
J.B., Soufi E., Khamassi F., Ghanem R., Ocafia O., Ramos-Espla A., Izquierdo A.,
Anton I, Rubio-Portillo E., Barbera C., Cebrian E., Marba N., Hendriks I.E., Duarte
C.M., Deudero S., Diaz D., Vazquez-Luis M., Alvarez E., Hereu B., Kersting D.K.,
Gori A., Viladrich N., Sartoretto S., Pairaud I., Ruitton S., Pergent G., Pergent-
Martini C., Rouanet E., Teixid6 N., Gattuso J.-P., Fraschetti S., Rivetti I., Azzurro
E., Cerrano C., Ponti M., Turicchia E., Bavestrello G., Cattaneo-Vietti R., Bo M.,
Bertolino M., Montefalcone M., Chimienti G., Grech D., Rilov G., Tuney Kizilkaya
I., Kizilkaya Z., Eda Topgu N., Gerovasileiou V., Sini M., Bakran-Petricioli T.,
Kipson S., Harmelin J.G., 2019 — Collaborative Database to Track Mass Mortality
Events in the Mediterranean Sea. Frontiers in Marine Science, 6: 707.

Garrabou J., Gomez-Gras D., Medrano A., Cerrano C., Ponti M., Schlegel
R., Bensoussan N., Turicchia E., Sini M., Gerovasileiou V., Teixido N., Mirasole
A., Tamburello L., Cebrian E., Rilov G., Ledoux J.-B., Souissi J. B., Khamassi
F., Ghanem R., Benabdi M., Grimes S., Ocafia O., Bazairi H., Hereu B., Linares C.,
Kersting D.K., la Rovira G., Ortega J., Casals D., Pages-Escola M., Margarit N.,

118



Capdevila P., Verdura J., Ramos A., Izquierdo A., Barbera C., Rubio-Portillo E.,
Anton 1., Lépez-Sendino P., Diaz D., Véazquez-Luis M., Duarte C., Marba N.,
Aspillaga E., Espinosa F., Grech D., Guala I., Azzurro E., Farina S., Gambi M.C.,
Chimienti G., Montefalcone M., Azzola A., Mantas T.P., Fraschetti S., Ceccherelli
G., Kipson S., Bakran-Petricioli T., Petricioli D., Jimenez C., Katsanevakis S.,
Kizilkaya I.T., Kizilkaya Z., Sartoretto S., Elodie R., Ruitton S., Comeau S.,
Gattuso J.-P., Harmelin J.-G., 2022 — Marine heatwaves drive recurrent mass
mortalities in the Mediterranean Sea. Global Change Biology, 28: 5708-5725.

Gattuso J.-P., Magnan A. K., Bopp L., Cheung W.W., Duarte C.M., Hinkel J.,
Mcleod E., Micheli F., Oschlies A., Williamson P., Billé R., Chalastani V.I., Gates
R.D., Irisson J.-O., Middelburg J.J., Portner H.-O., Rau G.H., 2018 — Ocean
solutions to address climate change and its effects on marine ecosystems. Frontiers
in Marine Science, 5:337.

Giaccone G., 1980 — Systéematique évolutive et biogéographie en Méditerraée du
genre Cystoseira (Algues brunes, Fucales). Journées Etud. System et Biogéogr
Médit., Cagliari, C.1.E.S.M., Monaco Principate: 95-96.

Giaccone G., 1985 - Una nuova specie mediterranea del genere Cystoseira C.
Agardh (Phaeophyta, Fucales): C. hyblaea G. Giaccone, con osservazioni critiche
su alcune entita tassonomiche poco note o imperfettamente descritte. Bollettino
dell’Accademia Gioenia di Scienze Naturali, 18: 429-442.

Giaccone G., Alongi G., Pizzuto F., Cossu A., 1994 — La Vegetazione marina
bentonica fotofila del Mediterraneo: 2: Infralitorale e Circalitorale: proposte di
aggiornamento. Bollettino de//’Accademia Gioenia, 27 (346): 111-157.

Giaccone G., Bruni A., 1971 — Le Cistoseire della costa italiana. 1° Contributo.
Annali dell’Universita di Ferrara (N.S.) Sez. IV, Botanica, |V (3): 45-70.

Giaccone G., Bruni A., 1973 — Le Cistoseire e la vegetazione sommersa del
Mediterraneo. Estratto
dagli Atti dell'lstitutuo Veneto di Scienze, Lettere ed Arti, 131: 59-103.

Giaccone G., Colonna P., Graziano C., Mannino A.M., Tornatore E., Cormaci M.,
Furnari G., Scammacca B., 1986 — Revisione della flora marina Di Sicilia e isole
minori. Bollettino dell’Accademia Gioenia di Scienze Naturali di Catania, 18: 537-
782.

Giaccone G., Di Martino V., 1996 — Flora, vegetazione marina ¢ stato dell’ambiente
nell’area iblea. Bollettino dell’Accademia Gioenia di Scienze Naturali, 29: 359-
391.

Giaccone G., Geraci R.M., 1989 — Biogeografia delle alghe del Mediterraneo.
Anales del Real Jardin Botanico de Madrid, 46 (1): 27-34.

119



Giaccone G., Sortino M., 1974 — Significato biogeografico della vegetazione
marina della Sicilia e delle isole minori nell’area del mare Mediterraneo. Studi ed
Informazioni del Giardino coloniale di Palermo, 26: 130- 146.

Gianni F., Bartolini F., Airoldi L., Ballesteros E., Francour P., Guidetti P., Meinesz
A., Thibaut T., Mangialajo L., 2013 — Conservation and restoration of marine
forests in the Mediterranean Sea and the potential role of Marine Protected Areas.
Advances in Oceanography and Limnology, 4: 83-101.

Gianni F., Bartolini F., Pey A., Laurent M., Martins G.M., Airoldi L., Mangialajo
L., 2017 — Threats to large brown algal forests in temperate seas: the overlooked
role of native herbivorous fish. Scientific reports, 7(1): 1-13.

Gianni F., Mangialajo L., 2016 — Guidelines for the conservation, monitoring and
restoration of Cystoseira forests in the Mediterranean Sea. In. MMMPA
Supervisory Board (Eds), Monitoring Mediterranean Marine Protected Areas: A set
of guidelines to support the development of management plans. Reef Check Italia
onlus, Ancona. pp. 9-17.

Gil-Rodriguez M.C., Afonso Carrillo J., Sansén M., Chacana M.E., Reyes J.,
Wildpret de la Torre W., 1988 — Embriogénesis en Cystoseira abies-marina
(Gmelin) C. Agardh (Pheaeophyta). Importancia biosistematica. In: Conesa J.A.,
Recasens J. (Eds), Actes del Simposi Internacional de Botanica Pius Font i Quer.
Lleida, Institut d’estudis Llerdencs. pp. 123-127.

Giorgi F., 2006 — Climate change hot-spots. Geophysical research letters, 33:
L08707.

Gomez-Garreta, A., Barcelo-Marti, M.C., Ribera-Siguan, M.A. & Rull-Lluch, J.,
2001 — Cystoseira C. Agardh. In: Gomez-Garreta A. (Ed), Flora Phycologica
Iberica Vol. 1 Fucales, 1st Edition. Universidade de Murcia, Murcia. pp. 99-166.

Gouvéa L.P., Schubert N., Martins C.D.L., Sissini M., Ramlov F., Rodrigues
E.R.d.O., Bastos E.O., Freire V.C., Maraschin M., Carlos Simonassi J., Varela
D.A., Franco D., Cassano V., Fonseca A.L., Barufi J.B., Horta P.A., 2017 —
Interactive effects of marine heatwaves and eutrophication on the ecophysiology of
a widespread and ecologically important macroalga. Limnology and
Oceanography, 62: 2056-2075.

Gozler A.M., Kopuz U., Agirbas E., 2010 — Seasonal changes of invertebrate fauna
associated with Cystoseira barbata facies of Southeastern Black Sea coast. African
Journal of Biotechnology, 9(51): 8852.

Grech, D., 2017 — Historical records and current status of Fucales (Cystoseira and
Sargassum spp.) in the Gulf of Naples. PhD Thesis. Open University. 350 pp.

Gruner D.S., Bracken M.E.S., Berger S.A., Eriksson B.K., Gamfeldt L.,
Matthiessen B., Moorthi S., Sommer U., Hillebrand H., 2017 — Effects of

120



experimental warming on biodiversity depend on ecosystem type and local species
composition. Oikos, 126: 8-17.

Guern M., 1962 — Embryologie de quelques espéces du genre Cystoseira Agardh.
Vie et Milieu, 13: 649-679.

Guiry M.D., Guiry, G.M., 2021 — AlgaeBase. World-wide electronic publication,
National University of Ireland, 1875 Galway. http://www.algaebase.org

Halpern B.S., Walbridge S., Selkoe K.A., Kappel C.V., Micheli F., D’Agrosa C.,
Bruno J.F., Casey K.S., Ebert C., Fox H.E., Fujita R., Heinemann D., Lenihan H.S.,
Madin E.M.P., Perry M.T., Selig E.R., Spalding M., Steneck R., Watson R., 2008
— A global map of human impact on marine ecosystems. Science, 319 (5865): 948-
952.

Hamel G., 1931 — Phéophyceés de France. Paris. 432 pp.

Harley C.D.G., 2011 — Climate change, keystone predation, and biodiversity loss.
Science, 334:1124-1227.

Henriquez L.A., Buschmann A.H., Maldonaldo M.A., Graham M.H., Hernandez-
Gonzélez M.C., Pereda S.V., Bobadilla M.I., 2011 — Grazing on giant kelp
microscopic phases and the recruitment success of annual populations of
Macrocystis pyrifera (Laminariales, Phaeophyta) in southern Chile. Journal of
Phycology, 47: 252-258.

Hobday A.J., Alexander L.V., Perkins S.E., Smale D.A., Straub S.C., Oliver E.C.J.,
Benthuysen J.A., Burrows M.T., Donat M.G., Feng M., Holbrook N.J., Moore P.J.,
Scannell H.A., Sen Gupta A., Wernberg T., 2016 — A hierarchical approach to
defining marine heatwaves. Progress in Oceanography, 141: 227-238.

Holl K.D., Aide T.M., 2011 — When and where to actively restore ecosystems?
Forest Ecology and Management, 261:1558-1563.

Hsieh C.H., Kim H.J., Watson W., Di Lorenzo E., Sugihara G., 2009 — Climate-
driven changes in abundance and distribution of larvae of oceanic fishes in the
southern California region. Global change biology, 15(9): 2137-2152.

IPCC, 2021 — Climate Change 2021: The Physical Science Basis. In: Masson-
Delmotte V., Zhai P., Pirani A., Connors S.L., Péan C., Berger S., Caud N., Chen
Y., Goldfarb L., Gomis M.I., Huang M., Leitzell K., Lonnoy E., Matthews J.B.R.,
Maycock T.K., Waterfield T., Yelek¢i O., Yu R., Zhou B. (Eds), Contribution of
Working Group | to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change. Cambridge University Press, United Kingdom and New York.
2391 pp.

Irving A.D., Balata D., Colosio F., Ferrando G.A., Airoldi L., 2009 — Light,
sediment, temperature, and the early life-history of the habitat-forming alga
Cystoseira barbata. Marine Biology, 156: 1223-1231.

121


http://www.algaebase.org/

Ivesa L.D., Djakovac T., Devescovi M., 2016 — Long-term fluctuations in
Cystoseira populations along the west Istrian Coast (Croatia) related to
eutrophication patterns in the northern Adriatic Sea. Marine Pollution Bulletin,
106:162-173.

Jamovi project, 2022 — jamovi. (Version 2.3) [Computer Software].

Jensen J.B., 1974 — Morphological studies in Cystoseiraceae and Sargassaceae
(Phaeophyaceae) with special reference to apical organisation. University of
California publications in botany, 68: 1-16.

Korpinen S., Jormalainen V., 2008 — Grazing and nutrients reduce recruitment
success of Fucus vesiculosus L. (Fucales: Phaeophyceae). Estuarine, Coastal and
Shelf Science, 78: 437-444.

Lane C.E., Lindstrom S.C., Saunders G.W., 2007 — A molecular assessment of
northeast Pacific Alaria species (Laminariales, Phaeophyceae) with reference to the
utility of DNA barcoding. Molecular phylogenetics and evolution, 44(2): 634-648.

Lejeusne C., Chevaldonné P., Pergent-Martini C., Boudouresque C.F., Pérez T.,
2010 — Climate change effects on a miniature ocean: the highly diverse, highly
impacted Mediterranean Sea. Trends in ecology & evolution, 25(4): 250-260.

Ling S.D., Scheibling R.E., Rassweiler A., Johnson C.R., Shears N., Connell S.D.,
Salomon A. K., Norderhaug K.M., Pérez-Matus A., Herndndez J.C., Clemente S.,
Blamey L.K., Hereu B., Ballesteros E., Sala E., Garrabou J., Cebrian E., Zabala M.,
Fujita D., Johnson L.E., 2015 — Global regime shift dynamics of catastrophic sea
urchin overgrazing. Philosophical Transactions of the Royal Society B: Biological
Sciences, 370: 20130269.

Lotze H.K., Lenihan H.S., Bourque B.J., Bradbury R.H., Cooke R.G., Kay M.C.,
Kidwell S.M., Kirby M.X., Peterson C.H., Jackson J.B., 2006 — Depletion,
degradation, and recovery potential of estuaries and coastal seas. Science, 312:
1806-1809.

Lining K., 1990 — Seaweeds: their environment, biogeography, and ecophysiology.
Wiley-Interscience Publication. J. Wiley, Sons, Inc. New York. 527 pp.

Mancuso F.P., Strain E.M.A., Piccioni E., De Clerck O., Sara G., Airoldi L., 2018
— Status of vulnerable Cystoseira populations along the Italian infralittoral fringe,
and relationships with environmental and anthropogenic variables. Marine
Pollution Bulletin, 129(2): 762-771.

Mangialajo L., Chiantore M., Cattaneo-Vietti R., 2008 — Loss of fucoid algae along
a gradient of urbanisation, and structure of benthic assemblages. Marine Ecology
Progress Series, 358: 63-74.

Mangialajo L., Ruggieri N., Asnaghi V., Chiantore M., Povero P., Cattaneo-Vietti
R., 2007 — Ecological status in the Ligurian Sea: the effect of coastline urbanisation

122



and the importance of proper reference sites. Marine Pollution Bulletin, 55(1): 30-
41.

Mannino A.M., Mancuso F.P., 2009. Guida all'identificazione delle Cistoseire
(Area Marina Protetta” Capo Gallo-Isola delle Femmine™). Palermo, Tipografia
Alba. 79 pp.

Marba N., Jorda G., Agusti S., Girard C., Duarte C.M., 2015 — Footprints of climate
change on Mediterranean Sea biota. Frontiers in Marine Science, 2: 56.

Mariani S., Cefali M.E., Chappuis E., Terradas M., Pinedo S., Torras X., Jordana
E., Medrano A., Verdura J., Ballesteros E., 2019 — Past and present of Fucales from
shallow and sheltered shores in Catalonia. Regional Studies in Marine Science, 32:
100824.

Medrano A., 2020 — Macroalgal forests ecology, long-term monitoring, and
conservation in a Mediterranean Marine Protected Area. PhD thesis. Universitat
de Barcelona, Spain. 156 pp.

Medrano A., Hereu B., Cleminson M., Pagés-Escola M., Rovira G., Sola J., Linares
C., 2020 — From marine deserts to algal beds: Treptacantha elegans revegetation to
reverse stable degraded ecosystems inside and outside a No-Take marine reserve.
Restoration Ecology, 28 (3): 632-644.

Mineur F., Arenas F., Assis J., Davies A.J., Engelen A.H., Fernandes F., Malta E.,
Thibaut T., Van Nguyen T., Vaz-Pinto F., Vranken S., Serrdo E.A., De Clerck O.,
2015 — European seaweeds under pressure: Consequences for communities and
ecosystem functioning. Journal of Sea Research, 98: 91-108.

Mitsch W.J., 2014 — When will ecologists learn engineering and engineers learn
ecology? Ecological Engineering, 65: 9-14.

Molinier R., 1960 — Etude des biocénose Marines du Cap Corse (France). Vegetatio,
9: 121-312.

Neiva J., Bermejo R., Medrano A., Capdevila P., MillaFigueras D., Afonso P.,
Ballesteros E., Sabour B., Serio D., Nébrega E., Soares J., Valdazo J., Tuya F.,
Mulas M., Israel A., Sadogurska S.S., Guiry M.D., Pearson G.A., Serrdo E.A., 2022
— DNA barcoding reveals cryptic diversity, taxonomic conflicts and novel
biogeographical insights in Cystoseira s.l. (Phaeophyceae). European Journal of
Phycology, 1-25.

Nikolic V., Zuljevic A., Mangialajo L., Antolic B., Kuspilic G., Ballesteros E., 2013
— Cartography of littoral rocky-shore communities (CARLIT) as a tool for
ecological quality
assessment of coastal waters in the Eastern Adriatic Sea. Ecological Indicators, 34:
87-93.

Novoa E.A.M., Guiry M. D., 2019 — Reinstatement of the genera Gongolaria
Boehmer and Ericaria Stackhouse (Sargassaceae, Phaeophyceae). European
Journal of Phycology, 54(3): 456.

123



Ollivier G., 1929 — Etude de la flore marine de la Cote d’Azur. Annales de I’Institut
Océanographique de Paris, 7: 53-173.

Orellana S., Hernandez M., Sansén M., 2019 — Diversity of Cystoseira sensu lato
(Fucales, Phaeophyceae) in the eastern Atlantic and Mediterranean based on
morphological and DNA evidence, including Carpodesmia gen. emend. and
Treptacantha gen. emend. European Journal of Phycology, 54(3): 447-465.

Orfanidis S., 1991 — Temperature responses and distribution of macroalgae
belonging to the warm-temperate Mediterranean Atlantic distribution group.
Botanica Marina, 34: 541-552.

Orlando-Bonaca M., Lipej L., 2005 — Factors affecting habitat occupancy of fish
assemblage in the Gulf of Trieste (Northern Adriatic Sea). Marine Ecology, 26(1):
42-53.

Orlando-Bonaca M., Pitacco V., Slavinec P., Sisko M., Makovec T., Falace A.,
2021 — First Restoration Experiment for Gongolaria Barbata in Slovenian Coastal
Waters. What Can Go Wrong? Plants, 10(2): 239.

Ortega A., Geraldi N.R., Alam I., Kamau A.A., Acinas S.G., Logares R., Gasol
J.M., Massana R., Krause-Jensen D., Duarte C.M., 2019 — Important contribution
of macroalgae to oceanic carbon sequestration. Nature Geoscience, 12: 748-54.

Panayotidis P., Feretopoulou J., Montesanto B., 1999 — Benthic vegetation as an
ecological quality descriptor in an Eastern Mediterranean coastal area (Kalloni Bay,
Aegean Sea, Greece). Estuarine Coastal and Shelf Science, 48: 205-214.

Panayotidis P., Montesanto B., Orfanidis S., 2004 — Use of low-budget monitoring
of macroalgae to implement the European Water Framework Directive. Journal of
Applied Phycology, 16: 49-59.

Perkol-Finkel S., Airoldi L., 2010 — Loss and recovery potential of marine habitats:
an experimental study of factors maintaining resilience in subtidal algal forests at
the Adriatic Sea. PLOS One, 5: €10791.

Perrow M.R., Davy A.J., 2002 — Handbook of ecological restoration. Vol. 2.
Cambridge University Press, Cambridge, UK. 31 pp.

Pinedo S., Garcia M., Satta M.P., de Torres M., Ballesteros E., 2007 — Rocky-shore
communities as indicators of water quality: a case study in the Northwestern
Mediterranean. Marine Pollution Bulletin, 55: 126-135.

Pitacco V., Orlando-Bonaca M., Mavri¢ B., Popovi¢ A., Lipej L., 2014 — Mollusc
fauna associated with the Cystoseira algal associations in the Gulf of Trieste
(Northern Adriatic Sea). Mediterranean Marine Science, 15(2): 225-238.

Pizzuto F., 1999 — On the structure, typology and periodism of a Cystoseira
brachycarpa J Agardh emend. Giaccone community and of a Cystoseira crinita

124



Duby community from the eastern coast of Sicily (Mediterranean Sea). Plant
Biosystems, 133: 15-35.

Pizzuto F., Presti C., Serio D., 1996 — Struttura e periodismo di un popolamento a
Cystoseira amentacea v. stricta Montagne (Fucales, Fucophyceae) del litorale
catanese. Bollettino dell’Accademia Gioenia di Scienze Naturali Catania, 28: 23-
43.

Pizzuto F., Serio D., 1994 — A study on the qualitative minimal area of two
Cystoseira (Cystoseiraceae, Fucophyceae) communities from eastern Sicilian coast
(lonian Sea). Giornale Botanico Italiano, 128: 1092-1095.

Possingham H.P., Bode M., Klein C.J., 2015 — Optimal conservation outcomes
require both restoration and protection. PLoS Biology, 13: e1002052.

Roberts M., 1978 — Active speciation in the taxonomy of the genus Cystoseira C.
Ag. In: Irvine D.E.G., Price J.H. (Eds), Modern approaches to the taxonomy of red
and brown algae. Academic Press Inc. London. 484 pp.

Robvieux P., 2013 — Conservation des populations de Cystoseira en régions
Provence-Alpes-Coted ’Azur et Corse. These doctorale. Université Nice Sophia
Antipolis. 304 pp.

Rodriguez-Prieto C., Ballesteros E., Boisset F., Afonso Carrilo J., 2013 — Guia de
las macroalgas y fanerégamas marinas del Mediterraneo Occidental. Ediciones
Omega, Barcelona. 656 pp.

Root T.L., Price J.T., Hall K.R., Schneider S.H., Rosenzweig C., Pounds J.A., 2003
— Fingerprints of global warming on wild animals and plants. Nature, 421: 57-60.

Rosso A., Sanfilippo R., Sciuto F., Serio D., Catra M., Alongi G., Viola A.,
Leonardi R., 2019 — Preliminary information on bryozoans associated with selected
infralittoral algae communities from eastern Sicily (Mediterranean). Australasian
Paleontological Memoirs, 52: 115-129.

Sadogurska S.S., Neiva J., Serrdo E.A., Falace A., Israel A., 2021 — The genus
Cystoseira s.l. (Ochrophyta, Fucales, Sargassaceae) in the Black Sea:
morphological variability and molecular taxonomy of Gongolaria barbata and
endemic Ericaria crinita f. bosphorica comb. nov. Phytotaxa, 480(1): 1-21.

Sala E., Giakoumi S., 2017 — No-take marine reserves are the most effective
protected areas in the ocean. ICES Journal of Marine Science, 75(3): 1166-1168.

Sala E., Kizilkaya Z., Yildirim D., Ballesteros E., 2011 — Alien marine fishes
deplete algal biomass in the Eastern Mediterranean. PLoS One 6: e17356.

Sales M., Ballesteros E., 2009 — Shallow Cystoseira (Fucales: Ochrophyta)
assemblages thriving in sheltered areas from Menorca (NW Mediterranean):

125



relationships with environmental factors and anthropogenic pressures. Estuarine,
Coastal and Shelf Science, 84(4): 476- 482.

Sangil C., Clemente S., Martin-Garcia L., Hernandez J.C., 2012 — No-take areas as
an effective tool to restore urchin barrens on subtropical rocky reefs. Estuarine,
Coastal and Shelf Science, 112: 207-215.

Saunders G.W., 2005 — Applying DNA barcoding to red macroalgae: a preliminary
appraisal holds promise for future applications. Philosophical transactions of the
Royal Society B: Biological sciences, 360(1462): 1879-1888.

Saunders G.W., McDevit D.C., 2012 — Methods for DNA barcoding photosynthetic
protists emphasizing the macroalgae and diatoms. In: Kress W.J., Erikson D.L.
(Eds), DNA Barcodes Methods and Protocols. Springer Science+Business Media,
New York. pp. 207-222

Sauvageau C., 1912 — A propos des Cystoseira de Banyuls et de Guéthary. Bulletin
de la Station Biologique d’Arcachon, 14: 1-424.

Sauvageau C., 1915 — Sur les débuts du développement d’une Laminaire
(Saccorhiza bulbosa). Comptes rendus hebdomadaires des seances de I'Académie
des sciences, 161: 740-742.

Savonitto G., Alongi G., Falace A., 2019 — Reproductive phenology, zygote
embryology and germling development of the threatened Carpodesmia barbatula
(= Cystoseira barbatula)(Fucales, Phaeophyta) towards its possible restoration.
Webbia, 74(2): 317-323.

Savonitto G., De La Fuente G., Tordoni E., Ciriaco S., Srijemsi M., Bacaro G.,
Chiantore M., Falace A., 2021 — Addressing reproductive stochasticity and grazing
impacts in the restoration of a canopy-forming brown alga by implementing
mitigation solutions. Aquatic Conservation: Marine and Freshwater Ecosystems,
31:1611-1623.

Schiel D.R., Foster M.S., 2006 — The population biology of large brown seaweeds:
ecological consequences of multiphase life histories in dynamic coastal
environments. Annual review of ecology, evolution, and systematics, 343-372.

Scicchitano G., Monaco C., Tortorici L., 2007 — Large boulder deposits by tsunami
waves along the lonian coast of south-eastern Sicily (ltaly). Marine Geology,
238(1-4): 75-91.

Serio D., 1995 — On the structure, typology and periodism of Cystoseira spinosa
Sauvageau community and Cystoseira zosteroides C. Agardh community from
eastern coast of Sicily (Mediterranean Sea). Giornale Botanico Italiano, 128: 941-
973.

Serio D., Alongi G., Catra M., Cormaci M., Furnari G., 2006 — Changes in the
benthic algal flora of Linosa Island (Strait of Sicily, Mediterranean Sea). Botanica
Marina, 49: 135-144.

126



Serio D., Furnari G., 2021 — Ericaria giacconei sp. nov. (Sargassaceae,
Fucophyceae), the species to which the invalidly published Cystoseira hyblaea
Giaccone should be referred. Cryptogamie, Algologie, 42 (10): 141-151.

Silberfeld T., Leigh J.W., Verbruggen H., Cruaud C., de Reviers B., Rousseau F.
2010 — A multi-locus time-calibrated phylogeny of the brown algae (Heterokonta,
Ochrophyta, Phaeophyceae): Investigating the evolutionary nature of the “brown
algal crown radiation”. Molecular Phylogenetics and Evolution, 56: 659-674.

Sjetun K., Eggereide S.F., Haisaeter T. 2007 — Grazer-controlled recruitment of the
introduced Sargassum muticum (Phaeophyceae, Fucales) in northern Europe.
Marine Ecology Progress Series, 342: 127-138.

Society for Ecological Restoration International Science & Policy Working
Group, 2004 — The SER international primer on ecological restoration. Society for
Ecological Restoration International, Tucson, Arizona. 15 pp.

Solomon S., Plattner G., Knutti R., Friedlingstein P., 2009 — Irreversible climate
change due to carbon dioxide emissions. Proceedings of the National Academy of
Sciences, 106: 1704-17009.

Soltan D., Verlague M., Boudouresque C.F., Francour P., 2001 — Changes in
macroalgal communities in the vicinity of a Mediterranean sewage outfall after the
setting up of a treatment plant. Marine pollution bulletin, 42(1): 59-70.

Steen H., Scrosati R., 2003 — Intraspecific competition in Fucus serratus and F.
evanescens (Phaeophyceae: Fucales) germlings: effects of settlement density,
nutrient concentration, and temperature. Marine Biology, 144: 61-70.

Strain E.M.A., Thomson R.J., Micheli F., Mancuso F.P., Airoldi L., 2014 —
Identifying the interacting roles of stressors in driving the global loss of canopy-
forming to mat-forming algae in marine ecosystems. Global Change Biology, 20:
3300-3312.

Susini M.L., 2006 — Statut et biologie de Cystoseira amentacea var. stricta. Thése
doctorale. University of Nice-Sophia Antipolis. 195 pp.

Tamburello L., Chiarore A., Fabbrizzi E., Colletti A., Franzitta G., Grech D., Rindi
F., Rizzo L., Savinelli B., Fraschetti S., 2022 — Can we preserve and restore
overlooked macroalgal forests? Science of the Total Environment, 806: 150855.

Tamburello L., Papa L., Guarnieri G., Basconi L., Zampardi S., Scipione M.B.,
Terlizzi A., Zupo V., Fraschetti S., 2019 — Are we ready for scaling up restoration
actions? An insight from Mediterranean macroalgal canopies. PLoS ONE, 14(10):
e0224477.

Teagle H., Hawkins S.J., Moore P.J., Smale D.A., 2017 — The role of kelp species
as biogenic habitat formers in coastal marine ecosystems. Journal of Experimental
Marine Biology and Ecology, 492: 81-98.

127



Thibaut T., Blanfuné A., Boudouresque C.F., Verlaque M., 2015 — Decline and
local extinction of Fucales in the French Riviera: the harbinger of future
extinctions? Mediterranean Marine Science, 16 (1): 206-224.

Thibaut T., Blanfuné A., Markovic L., Verlaque M., Boudouresque C.F., Perret-
Boudouresque M., Macic V. & Bottin L., 2014 — Unexpected abundance and long
term relative stability of the brown alga Cystoseira amentacea, hitherto regarded as
a threatened species, in the north-western Mediterranean Sea. Marine Pollution
Bulletin, 89: 305-323.

Thibaut T., Pinedo S., Torras X., Ballesteros E., 2005 — Long-term decline of the
populations of Fucales (Cystoseira, Sargassum) in the Albéres coast (northwestern
Mediterranean). Marine Pollution Bulletin, 50: 1472-1489.

Thuret G., 1850 — Recherches sur les zoospores des algues et les anthéridies des
cryptogames. Annales des sciences naturelles Botanique, ser. 3, 14: 214-260.

Tsiamis K., Panayotidis P., Salomidi M., Pavlidou A., Kleinteich J., Balanika K.,
Kipper F.C., 2013 — Macroalgal community response to re-oligotrophication in
Saronikos Gulf. Marine Ecology Progress Series, 472: 73-85.

Tsirintanis K., Sini M., Doumas O., Trygonis V., Katsanevakis S., 2018 —
Assessment of grazing effects on phytobenthic community structure at shallow
rocky reefs: An experimental field study in the North Aegean Sea. Journal of
Experimental Marine Biology and Ecology, 503: 31-40.

UN General Assembly, 2019 — Resolution adopted by the General Assembly on 1
March 2019 - United Nations Decade on Ecosystem Restoration (2021-2030).
https://undocs.org/A/RES/73/284

Vadas R.L., Johnson S., Norton T.A., 1992 — Recruitment and mortality of early
post- settlement stages of benthic algae. British Phycological Journal, 27(3): 331-
351.

Valls R., Piovetti L., 1995 — The chemistry of the Cystoseiraceae (Fucales:
Pheophyceae): chemotaxonomic relationships. Biochemical systematics and
ecology, 23(7-8): 723-745.

Verdura J., Santamaria J., Ballesteros E., Smale D., Cefali M.E., Golo R., de Caralt
S., Vergés A., Cebrian E., 2021 — Local-scale climatic refugia offer sanctuary for a
habitat-forming species during a marine heatwave. Journal of Ecology, 109(4):
1758-1773.

Vergés A., Alcoverro T., Ballesteros E., 2009 — Role of fish herbivory in structuring
the vertical distribution of canopy algae Cystoseira spp. in the Mediterranean Sea.
Marine Ecology Progress Series, 375: 1-11.

Verlague M., 1990 — Relations entre Sarpa salpa (Linnaeus,1758) (Téléostéen,
Sparidae), les autres poissons broteurs et le phytobenthos algal méditerranéen.
Oceanologica Acta, 13: 373-388.

128


https://undocs.org/A/RES/73/284

Von Stosch H.H., 1964 — Wirkungen von jod und arsenit auf meeresalgen in kultur.
International Seaweed Symposium. MacMillan, Vol. 4: 142-155.

Walther G.R., Post E., Convey P., Menzel A., Parmesan C., Beebee T.J.C.,
Fromentin J.M., Hoegh-Guldberg O., Bairlein F., 2002 — Ecological responses to
recent climate change. Nature, 416: 389-395.

Webster M.S., Colton M.A., Darling E.S., Armstrong J., Pinsky M.L., Knowlton
N., Schindler, D. E., 2017 — Who should pick the winners of climate change? Trends
In Ecology & Evolution, 32(3): 167-173.

Weinberger F., Rohde S., Oschmann Y., Shahnaz L., Dobretsov S., Wahl M., 2011
— Effects of limitation stress and of disruptive stress on induced antigrazing defense
in the bladder wrack Fucus vesiculosus. Marine Ecology Progress Series, 427: 83-
94,

Wernberg T., Bennett R.C., Babcock T., de Bettignies K., Cure M., Depczynski F.,
Dufois F., Fromont J., Fulton C.J., Hovey R.K., Harvey E.S., Holmes T.H.,
Kendrick G.A., Radford B., Santana-Garcon J. Saunders B.J., Smale D.A.,
Thomsen M.S., Tuckett C.A., Tuya F., Vanderklift M.A., Wilson S., 2016 —
Climate-driven regime shift of a temperate marine ecosystem. Science, 353: 169-
172.

Wernberg T., Russell B., Thomsen M., Gurgel F., Bradshaw C., Poloczanska E.,
Connell S., 2011 — Seaweed communities in retreat from ocean warming. Current
Biology, 21: 1828-1832.

Wernberg T., Thomsen M.S., Tuya F., Kendrick G.A., Staehr P.A., Toohey B.D.,
2010 — Decreasing resilience of kelp beds along a latitudinal temperature gradient:
potential implications fora warmer future. Ecological Letters, 13: 685-694.

WEFD, 2000 - Directive 2000/60/EC of the European Parliament and of the Council
establishing a framework for the Community action in the field of water policy.
Official journal of the European communities, 43 (L327): 1-73.

Wootton J.T., Pfister C.A., Forester J.D., 2008 — Dynamic patterns and ecological
impacts of declining ocean pH in a high-resolution multi-year dataset. Proceedings
of the National Academy of Sciences of the United States of America, 105: 18848-
18853.

World Bank United Nations Department of Economic and Social Affairs, 2017 —
The Potential of the Blue Economy: Increasing Long-Term Benefits of the
Sustainable Use of Marine Resources for Small Island Developing States and
Coastal Least Developed Countries. Washington, DC: World Bank. 49 pp.

Worm B., Lotze H.K., 2006 — Effects of eutrophication, grazing, and algal blooms
on rocky shores. Limnology and Oceanography, 51: 569-579.

129



