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RIASSUNTO 

Fino ad oggi, lo studio della riproduzione dei coralli si è concentrato 

principalmente su specie superficiali, mentre per i coralli di ambiente profondo 

(> 40 metri) gli aspetti riproduttivi sono ancora ampiamente trascurati. La mia 

tesi di laurea ha come obiettivo approfondire sia la riproduzione asessuale che 

sessuale di esacoralli ed ottocoralli in ambiente profondo, tramite un’estesa 

ricerca bibliografica, da cui è emerso che gli esacoralli profondi sono 

caratterizzati da una preponderanza di specie broadcast e gonocoriche, mentre 

negli ottocoralli le strategie broadcast e brooder sono equamente distribuite, 

con specie esclusivamente gonocoriche ad eccezione di due casi di 

ermafroditismo.    

Nonostante il Mar Mediterraneo sia una delle principali aree di studio, le 

informazioni riguardanti la riproduzione dei coralli neri sono ancora molto 

scarse. In questo contesto, il mio elaborato di tesi ha avuto come target lo studio 

della riproduzione sessuale e dell’ecologia larvale di Antipathella subpinnata, 

importante specie strutturante della zona mesofotica, vulnerabile sia a fattori 

antropici che climatici. Le popolazioni in esame si trovano sulla secca di Mezzo 

Canale e l’isola di Giannutri (Mar Tirreno) in un range di profondità compreso 

tra 70 e 80 metri. Campioni di A. subpinnata sono stati raccolti da subacquei 

tecnici ad agosto 2021 e giugno-ottobre 2022, e la riproduzione è stata descritta 
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attraverso analisi istologiche e inclusione in resina. Tutte le colonie sono 

risultate essere gonocoriche e di sesso maschile, ad eccezione di una il cui sesso 

non è stato determinato. Il rapporto maschi-femmine (sex ratio) è fortemente 

sbilanciato a favore dei maschi, e lo spawning risulta essere ad agosto, anche 

se colonie fertili sono presenti ad ottobre, suggerendo uno spawning prolungato 

come riportato per altre specie di corallo nero. La presenza di soli maschi è 

potenzialmente supportata dalla capacità della specie di riprodursi per 

frammentazione, o da un possibile contributo di propaguli riproduttivi da 

popolazioni adiacenti più profonde (deep refugia hypothesis).  

Un altro obiettivo della tesi è stato lo studio dell’ecologia larvale di A. 

subpinnata, vista la totale assenza di dati al riguardo. Per questo scopo, sono 

stati costruiti dei dispositivi con diverse tipologie di substrati per l’adesione 

delle larve (ceramica, coralligeno ed acciaio inox), posizionati in situ nel mese 

di agosto. Nessuna larva di A. subpinnata è stata trovata nei substrati raccolti 

nei mesi successivi; probabilmente la posizione dei substrati immediatamente 

al di sotto delle colonie fertili non è adeguata alle caratteristiche della larva. 

L’assenza di femmine e la potenziale dispersione dei gameti maschili grazie 

alla direzione antioraria della corrente nell’area di studio, potrebbe suggerire 

un flusso di propaguli riproduttivi tra diverse popolazioni limitrofe. 
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Ulteriori studi che indaghino la genetica delle popolazioni di coralli neri nel 

Mar Tirreno sono necessari per comprendere la connettività tra le popolazioni, 

così come differenti approcci per lo studio dell’ecologia larvale. 
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ABSTRACT 

To date, the reproductive study of corals is mainly focused on shallow species, 

indeed for deep corals (> 40 meters) the reproductive ecology is still largely 

neglected. My master thesis aims to deepen both the asexual and the sexual 

reproduction of hexacorals and octocorals in the deep environment, through 

extensive bibliographic research, which highlighted that deep hexacorals are 

characterized by a predominance of broadcast and brooder species, while in 

octocorals the broadcast and brooder strategies are evenly distributed, with 

species exclusively gonochoric except for two cases of hermaphroditism.  

Although the Mediterranean Sea is one most studied area, very little is known 

on the reproduction of black corals. In this context, my thesis dissertation 

focused on the study of the sexual reproduction and larval ecology of 

Antipathella subpinnata, an important ecosystem engineer of the mesophotic 

zone, vulnerable to both anthropogenic and climatic stressors. The studied 

populations are located in Mezzo Canale shoal and Giannutri Island 

(Tyrrhenian Sea) in the depth range between 70 and 80 meters.  

A. subpinnata samples have been collected by technical divers in August 2021 

and June-October 2022, and the reproduction has been described through 

histological analysis and resin inclusion. All the colonies collected were males 

and gonochoric, excepting for one undefined colony.  The ratio males-females 
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(sex ratio) is strongly skewed in favour of males, and the spawning turns out to 

be in August, although fertile colonies are still present in October, suggesting 

a prolonged spawning as already reported for other black coral species. The 

presence of only males is potentially supported by the possible contribution of 

reproductive propagules from adjacent deeper populations (deep refugia 

hypothesis).  

Another objective of this thesis is the study of the larval ecology in A. 

subpinnata, considering that, data on this topic are totally absent. For this 

purpose, different devices provided with various substrate material (ceramic, 

coralligenous and stainless steel) for the larvae adhesion have been built and 

placed in situ in August. No larvae have been found in the substrates collected 

in the following months; probably the position of our substrates immediately 

below the parent colonies was not appropriate to the larval characteristics. The 

absence of females and the potential dispersion of male gametes following the 

anticlockwise current circulation in the study area, could suggest a flux of 

reproductive propagules among adjacent populations.  

Further studies investigating the genetic population of black corals in the 

Tyrrhenian Sea are essential to understand the connectivity among populations, 

as well as different approaches to study larval ecology.   
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First chapter 

1. INTRODUCTION 

1.1  Phylum Cnidaria 

Cnidaria is a phylum under the kingdom Animalia with 11894 species of 

aquatic animals currently accepted by the World of Registered Marine Species 

(WoRMS, 2022). About the 99% are marine species, while the remaining are 

typical of freshwater environments. 

The name Cnidaria derived from Greek (cnidos: stinging nettle), and their 

distinctive features are the cnidocytes, specialized cells synthetized in the 

cytoplasm containing stinging organelles, called nematocysts. They are mainly 

localized in the tentacles (Beckmann and Özbeck., 2012) contributing to the 

prey capture, defense and adherence to the substratum during locomotion. Of 

the three categories of cnidocytes (nematocysts, spirocysts and ptychocysts) 

only nematocysts occur in all cnidarians (Fautin, 2009). 

Cnidaria are dipoblastic: in fact, they are formed by two epithelial layers, the 

external epidermis (derived from ectoderm) and the internal gastroderm 

(derived from endoderm), with a middle layer called mesoglea formed by an 

acellular jelly- like substance. The ectoderm has a protection function, while 
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the gastroderm plays a role in the digestive process, with gland cells secreting 

digestive enzymes. 

Cnidaria are the most primitive of animals whose cells are organized into 

distinct tissues, but they lack organs, cephalization, and a nervous coordination. 

They possess a diffuse nervous system: nerve cells are distributed in the 

epidermis and the gastroderm forming two interconnected nerve nets. Nerve 

impulses are transmitted through neurotransmitters which spread in both 

directions (Hickman et al., 2016).  

While the larval stages present asymmetry (Dunn and Wagner, 2006), the adult 

stage normally shows a radial or biradial symmetry around a longitudinal axis 

with an oral region closer to the mouth and an aboral region further from the 

mouth. 

Animals belonging to this phylum display two distinct morphological body 

plans: a sessile polyp and a floating medusa (Fig. 1). 
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Fig. 1 Polyp and medusa forms (Figure from https://www.bankofbiology.com/2012/03/) 

The sessile polyp is sac like, with a single body cavity: the gastrovascular cavity 

(or celenteron), which communicate with the outside through the mouth, 

surrounded by one or more rows of tentacles. The aboral region is attached to 

the substrate by a pedal disc (Fig. 1). Polyp form can be either solitary or 

colonial. Medusae are motile, with mouth and tentacles hanging down from an 

umbrella-shaped bell (Fig. 1) (Rogers, 2009). Most of individuals lives 

exclusively as polyp (all anthozoan, some hydrozoan), while others 

differentiate the form throughout their lives (many hydrozoans, all scyphozoan 

and cubozoan). 

The phylum Cnidaria includes 5 classes: Anthozoa (sea anemones and corals), 

Hydrozoa (hydras and other colony forming species), Scyphozoa (jellyfish), 

Staurozoa (peduncle jellyfish) and Cubozoa (box jellyfish), although, for the 
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purpose of this thesis, only the Class Anthozoa is described in detail. A recent 

study, based on phylogenomic data, places the origin of this class (and by 

extension of the entire phylum) in the Cryogenian to Tonian periods (648-894 

Ma) (Mc Fadden et al., 2021). This is far earlier than the previous studies dating 

the origin in the Precambrian (Waggoner and Collins., 2004).   

 

1.2  Class Anthozoa 

Anthozoans include 7177 species described so far (WoRMS, 2022), 

representing about two third of the extant cnidarian species. They occur 

worldwide in all marine habitats from the intertidal zone up to 8600 m depth at 

all latitudes. They are among the oldest clades of animals (Fautin et al., 2021) 

and include some of the ocean’s most important foundation species. The term 

“Anthozoa” comes from the Greek words ánthos and zóa meaning “flower 

animals”, as the polyp aspect resembles a flower.  

Morphological traits that have led to their ecological success include a modular 

colonial growth form, the ability to precipitate an internal or external skeleton 

of crystalline aragonite or calcite and symbioses with photosynthetic 

dinoflagellates. Symbiosis occurs in favorable conditions between the host 

(Anthozoan) and photosynthetic unicellular dinoflagellates, named as 
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zooxanthellae, which are located in the endodermal cells of the host. Symbiosis 

is based on the transfer of osmotically active compounds with a mutual benefit: 

the anthozoan receives nutrition and increase the ability of accumulate calcium 

carbonate thanks to the photosynthetic activity, while the host contribute to 

endosymbiont’s metabolism providing essential nutrients derived from its 

catabolism of macromolecules and carbon dioxide (Furla et al., 2005). This 

relation occurs in the euphotic zone in clear and shallow water (up to 60 m), 

mostly in tropical and subtropical regions (Glynn, 1996). All these traits 

allowed anthozoans to create biogenic structures (i.e., coral reefs) and to 

support these ecosystems. However, the class Anthozoa also includes taxa 

lacking one or more of the abovementioned traits, such as sea anemones 

presenting a soft body and occurring in a solitary form (McFadden et al., 2021).  

Anthozoans are defined as ecosystem engineers, due to their tridimensional 

structures, increasing the heterogeneity and the complexity of the habitat and 

providing shelter, food and nursery areas for several associated species. They 

create the so-called marine animal forests (Rossi, 2013) representing not just 

high-level biodiversity habitats but also providing many ecosystem services 

such as the capability of carbon immobilization (Rossi and Bramanti, 2020) as 

well as supporting recreational and leisure activities.  
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1.2.1 Phylogeny  

The evolutionary relationship of Anthozoan has been long debated. Wells and 

Hill (1956) proposed three subclasses based on the arrangement of mesenteries: 

Ceriantipatharia, Alcyonaria and Zoantharia. Afterwards, the division 

suggested by Hand in 1966 in four subclasses (Antipatharia, Ceriantharia, 

Zoantharia and Alcyonaria) was rejected since the data available did not 

support the monophyly of Antipatharia and Ceriantharia (Berntson et al., 1999). 

In 1974, Smith divided the class Anthozoa in two subclasses based on the 

composition of nematocysts (Won et al., 2001). Molecular systematics 

provided evidence to determine the relationship among anthozoans, with the 

phylogenetic analyses presented by Quattrini et al. (2020), reporting the 

reciprocal monophyly of subclasses Hexacorallia and Octocorallia, with strong 

support for Ceriantharia as a sister group to all the other hexacorals. 

Nowadays, the class Anthozoa is divided into 15 orders and three subclasses 

(Hexacorallia, Octocorallia and Ceriantharia). 

➢ Hexacorallia: polyps with unbranched tentacles and mesenteries in pairs 

multiple of six; non-spicular calcareous skeleton, corneous, chitinous or 

lacking. They include: 

- Order Scleractinia: madrepore  

- Order Actinaria: sea anemones  

javascript:;
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- Order Antipatharia: black corals  

- Order Zoantharia: zoanthids  

- Order Corallimorpharia: mushroom corals. 

➢ Octocorallia: polyps with eight pinnately branched tentacles, eight 

complete mesenteries not in pairs. Nearly all colonial with an internal 

skeleton. They comprehend: 

- Order Pennatulacea: sea pens  

- Order Alcyonacea: gorgonians and soft corals 

- Order Helioporacea: blue corals. 

➢ Ceriantharia: solitary polyps with two sets of tentacles that form felt-like 

tubes of mucus and nematocyst like organelles, they burrow in soft 

sediment. 

- Order Penicillaria 

- Order Spirularia. 

 

1.2.2 General morphology  

Anthozoans completely lack a medusa stage: they live as polyps throughout 

their life cycle. The polyp presents a cylindrical shape surmounted by an oral 

disc surrounded by tentacles (Fig. 2). Although they are described as a phylum 

characterized by radial symmetry, all anthozoan polyps exhibit bilateral 
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symmetry, at least internally, either as adults or in earlier developmental stages 

(Genikhovich and Technau 2017). The bilaterality of polyps derives from the 

internal arrangement and development of mesenteries and from the lateral 

compression of the actinopharynx.  

 

 

Fig. 2 Anatomy of anthozoan polyp (Figure from 

http://www.taxateca.com/claseanthozoa.html) 

Mesenteries are radial tissue sheets extending from the body wall to the 

gastrovascular cavity, defined complete if they extend until the actinopharynx 

and fuse with it. They are site of digestion, absorption and development of 

gametes and their functions consist in providing support, increasing surface 



18 
 

area for respiration and absorption of food. The number of mesenteries coupled 

with tentacles have been used in the past for taxonomy (Daly et al. 2007).  

The actinopharynx, also called stomodeum, is an irregularly shaped tube 

extending from the mouth of the polyp into the digestive cavity. It represents 

the muscular part of the digestive system, allowing the animal to ingest food. 

The siphonoglyph, a densely flagellated channel in the pharynx wall, drives 

water into the coelenteron. It can be single, or paired, hardly ever absent 

(Hickman et al., 2016).  

The presence of longitudinal, transverse, and radial muscles along the tentacles’ 

walls allows the organism to inflate and deflate, bend, twist, shorten or 

elongate, as well as extend or contract tentacles. The movement ability is 

obtained by expulsion and incorporation of water through the cavity, in this 

way the polyp can extend when it looks for food or retract when it is disturbed 

(Hickman et al., 2016).  

The tentacles bear cnidocysts, that, once used, are replaced in a process lasting 

some hours. Sweeper tentacles have been observed in stony corals and in 

several black corals, with the function of protection and competition with other 

organisms (Bo et al., 2012).  

javascript:;
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Most anthozoan orders occur in colonial form with genetically identic polyps 

communicating with each other through living material tissue: the 

coenenchyma and the gastrovascular cavities are indeed, linked by canals or 

tubes. The skeleton is present only in the Scleractinia, Octocorallia and 

Antipatharia orders.  

In the Scleractinia order, it is secreted by the ectoderm in the form of calcium 

carbonate. It attaches to the surface of pre-existing skeleton and remain 

amorphous a few hours, until crystallizing into aragonite (Mass et al., 2017).  

Octocorals display an internal skeleton composed of calcium carbonate, 

gorgonin (iodinated fibrous protein) or both. They also produce sclerites, small 

carbonatic skeletal plates, with function in structure and defense (Conci et al., 

2021).  

Antipatharians possess an internal skeleton with spines, but much more elastic 

due to the presence of antipathin, a protein similar to chitin (Ehrlich, 2019). 

Alcyonacea and Actinaria lack a hard skeleton, however they possess a 

hydrostatic one: they introduce or remove water from the polyps to inflate or 

deflate the colony. Some of them can enclose sand grains or shell fragments 

into the epidermidis thanks to their stickiness, a similar strategy is adopted by 

most zoanthids to obtain the reinforcement of the polyp’s wall (Cerrano et al., 

2010). 
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1.2.3 Reproductive strategies  

Reproduction is the biological process by which new organisms are produced 

from their parents, and anthozoans can reproduce asexually, sexually, or even 

both.  

Asexual reproduction occurs when an individual produces new offspring that 

are genetically identical to the ancestor at all loci in the genome, except at those 

sites that have experienced somatic mutations. It is normally used to maintain 

a population within the parental habitat (Richmond, 1997) and it is an 

adaptation to unstable and unfavorable local conditions (Foster et al., 2007). 

Animals can reproduce asexually in two main ways: agametic reproduction and 

parthenogenesis. Agametic reproduction is common in Anthozoa and can occur 

in different modalities: fission, fragmentation, budding (Fautin, 2002). 

Hexacorals, and in particular sea anemones, commonly experience transverse 

and longitudinal fissions with pedal laceration. Another strategy adopted by 

hexacorals is the polyp bail-out, represented by the detachment of a single, non-

skeletonized polyp from the colony under stressful conditions, followed by a 

complete tissue and cells rearrangement and in some cases in a regression into 

a simple, ciliated form (Coppari et al., 2020). The bail-out can occur naturally 

in the field, while it can be induced in laboratory at any time. It proceeds in 3 
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steps which includes: (1) withdrawal of coenosarc and isolation of individual 

polyps; (2) detachment of polyps with zooxanthellae from the skeleton and 

release, (3) dispersal, re-attachment to the bottom and secretion of a new 

skeleton (Sammarco et al., 1982). 

Hexacorals and octocorals reproduce also by fragmentation, a process in which 

a live portion of a colony becomes physically separated (fragment), due to the 

breakage of the skeleton from the rest of the colony and after its reattachment 

produces a new colony (Highsmith, 1982). It is carried out by tentacles, by 

group of polyps or by portions of colonies (Coppari et al., 2019). Fragmentation 

has a notable importance for colonial invertebrates living in environments 

exposed to disturbance. In stoloniferous zoanthids, fragments can be generated 

by 2 processes: stolonal degeneration, which is endogenous and the exogenous 

storm-related turbulence. In species that undertake fragmentation, small 

colonies experience higher mortality rates than the larger one (Karlson, 1986). 

New individuals may arise from portion of the tissue that are budded off from 

a parent, or by a parent dividing lengthwise or crosswise into two smaller 

individuals. Budding is common in cnidarian (jellyfishes, corals, sea 

anemones) being normally used for the growth of the colony with the related 

increase in size. Parthenogenesis involves the production of individuals from 

diploid oocytes that do not undertake meiosis, or for which meiosis does not 
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lead to segregation or recombination, producing females identical to the mother 

(de Meeûs et al., 2007). In anthozoans is rare, occurring in some or octocorals 

(Fautin, 2002)  

Sexual reproduction is a process that creates offspring by combining the genetic 

material of two organisms in a process starting from meiosis. Afterward, 

gametes mix each other forming a larval stage (planulae) that after a free-living 

phase, will undergo metamorphosis establishing a new colony. Gametogenesis 

in corals takes place in gonads present on mesenteries. Sexual reproduction is 

important to maintain genetic diversity of a species. Most coral species are 

hermaphrodites having both female and male gonads within the same colony. 

On the other hand, one third of corals are gonochoric, presenting separated sex, 

with colonies either males or females. Corals exhibit two modes of 

reproduction: brooding and broadcast spawning (Fig. 3).  

Brooding species display an internal fertilization and the development of larvae 

occur within the parental polyp. Gametogenesis in this case is less synchronous, 

being not essential for successful fertilization. Brooding corals show an 

extended reproductive season from several months up to continuously over a 

year (Harrison and Wallace, 1990). 

After, larvae, released from the polyp, usually disperse over relatively short 

distances (< few kilometers), and are competent to settle and undergo 
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metamorphosis. Regarding the species showing the stable symbiosis with 

dinoflagellates of the genus Symbiodinium, brooded larvae are generally 

already provided with zooxanthellae (i.e., vertical transmission), unlike those 

derived from broadcast species that mostly acquire the zooxanthellae at a later 

stage from the sea water (i.e., horizontal transmission) (Karako-Lampert et al., 

2004).  

Broadcast spawners are more common and show considerable variation in their 

pattern of spawning among reefs. They release sperms and eggs in water 

column during one or a few discrete periods. As the fertilization is external, 

female and male colonies must be synchronous in the release of gametes. 

Larvae may persist as plankton in the water column for days to weeks, reaching 

large distances (> several kilometers), ensuring genetic connectivity among 

reefs. Eventually, the larva swims to the sea floor and searches for a suitable 

substrate to settle (Gilmour et al., 2016). Larval settlement occurs when the 

larva finds an appropriate place to settle and undergoes metamorphosis, 

becoming a tiny coral polyp (not bigger than one millimeter). In the following 

weeks, the polyp grows up quickly to avoid being buried by sediment or 

covered by algae. The surviving corals begin the early life stages by dividing 

into clones, closely connected each other. The early developmental stages are 
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characterized by an enormous loss of offspring, which is compensated by the 

release of huge quantities of gametes. 

The timing of coral spawning is regulated by several factors such as 

environmental factors that act as cues for the release of gametes. These factors 

include sea temperature and sunlight, in fact most of the corals spawn before 

or during the warmest and calmest months. Lunar cycle as well, controls 

spawning and planulation for broadcast and brooding species. Corals may 

spawn at any period of the lunar cycle, but year after year there is a periodicity 

for every species. For broadcasters, spawning occurs during the week following 

full moon, between sunset and midnight. On the other hand, brooders may 

release planula at any time during day or night (Guest et al., 2010).  
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Fig. 3 Scheme comparing broadcast and brooder reproductive strategy (Figure from Guest 

et al., 2010). 

The early life history processes (dispersal, settlement and recruitment) of a 

habitat-forming sessile species strongly affect the recovery and resilience of 

population. The dispersal capability is influenced by reproductive mode 

(broadcast vs. brooding), larval development (sedentary vs. pelagic larval 

phase), nutritional mode (lecithotrophic vs. planktotrophic) and behavior 

(benthic vs. planktonic). These characteristics determine the exchange of 

individuals among populations and, when they contribute to the gene pool of 

receiving population, we talk about population connectivity. Population 
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connectivity is fundamental in the resilience and persistence of a population 

after an impact and its study is essential to conserve populations. Most studies 

have been carried out in shallow tropical reefs, only a few studies are present 

in mesophotic environments. (Costantini et al., 2017). 

 

1.3  Order Antipatharia  

Antipatharia is an order belonging to Hexacorallia subclass, accounting for 294 

species divided in 43 genera (WoRMS, 2022). Although they are commonly 

known as black corals due to the color of their skeleton, they show a variety of 

colors from white to yellow, red and green. The name of this order derives from 

the Greek words “anti” and “pathos”, literally meaning against evil or disease. 

Since ancient times they were treasured by many cultures for medicinal 

purposes or to make amulets against illness and as an aphrodisiac. Nowadays, 

except the use in Chinese traditional medicine, some species are still adopted 

to produce jewelry. As a result, they are targeted by commercial fisheries in 

many regions of the world such as Asia, Latin America, and the Caribbean 

(Wagner et al., 2012). Moreover, they are affected by the indirect effect of 

demersal fishing practices. Therefore, Antipatharians are protected by the 

Convention on International Trade in Endangered Species of Wild Flora and 
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Fauna (CITES) (GFCM, 2009, OSPAR), which restrict their exploitation and 

importation/exportation.  

In the past, they were included in the taxon Ceriantipatharia, but after recent 

molecular study based on mitochondrial DNA, Antipatharia is recognized as a 

distinct order (Bo et al., 2011b). Antipatharians can be divided in 7 families 

(Opresko, 2001; WoRMS, 2022): 

- Antipathidae (Ehrenberg, 1834)                                                                              

121 species organized in 10 genera: Allopathes, Antipathes, Arachnopathes, 

Blastopathes, Cirrhipathes, Pteropathes, Eucirripathes, Hillopathes, 

Stichonopathes, Pseudocirrhipathes. 

- Aphanipathidae (Opresko, 2004) 

37 species organized in 2 subfamilies that diverge by the spines’ morphology: 

Aphanipathinae (5 genera: Aphanipathes, Asteriopathes, Phanopathes, 

Pteridopathes, Tetrapathes) and Acanthopathinae (4 genera: Acanthopathes, 

Distichopathes, Elatopathes, Rhipidipathes). 

- Cladopathidae (Kinoshita, 1910) 

22 species organized by their branching type into 3 subfamilies: Cladopathidae 

(3 genera: Chrysopathes, Cladopathes, Trissopathes), Hexapathinae (3 genera 

Heliopathes, Heteropathes, Hexapathes), Sibopathinae (1 genus Sibopathes). 
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- Leiopathidae (Haecklel, 1896) 

9 species belonging to the genus Leiopathes. 

- Myriopathidae (Opresko, 2001) 

34 species divided in 5 genera: Antipathella, Cupressopathes, Myriopathes, 

Plumapathes, Tanacetipathes. 

- Schizopathidae (Brook, 1889) 

60 species organized in 14 genera: Abyssopathes, Alternatipathes, Bathypathes, 

Dendrobathypathes, Dentropathes, Diplopathes, Lillipathes, Parantipathes, 

Saropathes, Schizopathes, Stauropathes, Taxipathes, Telopathes, 

Umbellapathes. 

- Stylopathidae (Opresko, 2006) 

11 species and 3 genera: Stylopathes, Triadopathes, Tylopathes. 

In this subdivision 5 new species of black corals are also included, which were 

recently described by Horowitz et al. (2022), collected from the Great Barrier 

Reef and the Coral Sea. Two species belong to the family Antipathidae, two to 

the family Aphanipathidae and one to the family Cladopathidae, respectively.  

Antipatharians are the least known among anthozoans, due to their 

inaccessibility, approximately 75% of the recognized species occurs deeper 
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than 50 meters (Wagner et al., 2011). Black corals typically have a wide 

bathymetric distribution and their habitat characteristics such as dim light, low 

sedimentation level and moderate current are not fully understood (Gaino et al., 

2008). They can be found in all the oceans, from polar to tropical latitudes. 

They are more abundant with increasing depth, probably to avoid competition 

with obligate photosynthetic organisms. They are able to compete for space by 

using sweeper tentacles and secondary metabolites. Antipatharians are predated 

by a few animals such as gastropods and green sea turtles (Wagner et al., 2012).   

Black corals have been traditionally considered an exclusively azooxanthellate 

order, however, there are many records in literature of the 90’s regarding algal 

symbiosis in Antipatharia (Brook, 1889; Pesch, 1914). These studies reported 

algal cells in the gastroderm or ectoderm of the tentacles, in the body wall, in 

the actinopharynx and in the mesenteries. One of the latest records is from 

Wagner et al. (2011), that reported dinoflagellate algae in gastrodermal tissue 

of 10 species of Hawaiian Antipatharians collected at depths between 10 and 

396 m. Another study conducted by Bo et al. (2011b) confirmed the presence 

of symbiosis between Symbiodinium and black corals of the genus 

Cirrhipathes, with the presence of zooxanthellae in the gastroderm of the 

tentacles and of the mesenteries in the oral region.   
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1.3.1 Anatomy and morphologies  

Antipatharia have been considered the most primitive group of hexacorallians 

for their simple morphological organization, comprising polyps with six 

tentacles, a spiny endoskeleton and a reduced muscular system that allow only 

partial contraction (but not retraction) of the tentacles. Generally, polyps are no 

more than a few millimeters in width and no more than a few centimeters in 

height (Brugler et al., 2013). They produce a thorny, proteinaceous axial 

skeleton composed of chitin fibrils (14.5% glucosamine), and non-fibrillar 

scleroprotein (34.5% glycine, 14.9% alanine, 13% histidine). The skeleton is 

covered by spines of variable forms: from simple to thorn like, to spherical and 

bubble-shaped, to long and bifurcated (Brugler et al., 2013). Their vast array of 

morphologies can be summarized in five main typologies, in their turn 

characterized by different coloration: 

➢ Fan shape: colonies display a ramification on the principal axis, with 

branches very close to obtain a fan shape. E.g., Trissopanthes 

pseudotristicha (Opresko, 2003) (Fig. 4a). 

➢ Bush or arborescent shape: it is the more common shape, colonies 

possess big branches with many plans of branching. E.g., Antipathella 

subpinnata (Ellis and Solander, 1786) (Fig. 4b). 
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➢ Bottle-rush shape: it is characterized by branching on several levels 

around a principal axis. E.g., Cupressopathes sp. (Fig. 4c). 

➢ Feather shape: colonies have their branching mostly in one plane around 

a main branch, ending with a feather like shape. E.g., Bathypathes sp. 

(Fig. 4d). 

➢ Wire like shape: colonies do not branch and present a wire like shape. 

E.g., Cirrhipathes, Pseudocirrhipathes and Stichopathes (Fig. 4e). 
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Fig. 4: Examples of the five main morphologies found in Antipatharia: a) Fan shape 

(Trissopanthes pseudotristicha); b) Arborescent shape (Antipathella subpinnata); c) Bottle-

rush shape (Cupressopathes sp.); d) Feather shape (Bathypathes sp.); e) Wire like shape 

(Stichopathes lutkeni). (Figure from Msc Andruccioli, 2019) 

They are slow growing organisms, long living and with an old age of maturity. 

Longevity ranges from decades to millennia. The growing rate for a shallow 

specie: Antipathes dichotoma, 12-32 years old, is reported to be 130-1140 µm/ 

year, while for the deep specie Leiopathes glaberrima, 2377 years old, the rate 

is less than 10 µm/ year (Roark et al., 2006). Referring to growth in height, 

Antipathella aperta in shallow waters display a rate of 2,9-6,4 cm/ year, while 

Antipathella fiordensis 1,6 cm/ year (Bo et al., 2009b). 

 

1.3.2 Asexual reproduction 

As already reported in the previous sections (1.2.3), asexual reproduction is 

extremely important in Cnidaria (Fautin, 2002) and it is also present in 

Antipatharians (Miller and Grange, 1995). It was observed for the first time in 

controlled conditions by Coppari et al. (2019) in the Mediterranean species A. 

subpinnata. In this study, spontaneous fragmentation of the mother colonies 

occurred shortly after their sampling, and positioning in aquaria, probably due 

to synergetic effects and stress of the collection, transport and rearing condition 
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per se. The fragments survived and reattached to different substrates, small 

rocks and coralligenous substrates but also the glass wall of the tank. A 

schematic description of the fragmentation process is reported in Fig. 5: 1) 

detachment of the fragment from the mother colony; 2) initial adhesion 

mediated by the contact of apical or intermediate polyps or cnidocysts; 3) a new 

colony originates through the creation of new branchlets.  

 

Fig. 5 Scheme of the fragmentation cycle (Figure from Coppari et al., 2019). 

In natural conditions the apical fragmentation may result from heavy currents, 

or as a control mechanism of colony’s growth (Bo et al., 2009). Other studies 
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suggested the potential of food availability and food typology as triggering 

factors (Orejas et al., 2008). 

Polyp bail-out has been originally hypothesized in Antipatharians, based on the 

observation in aquarium of pseudo larvae of Antipathella fiordensis (Grange, 

1990). Recently, this phenomenon has also been observed in the black coral A. 

subpinnata in controlled conditions (Coppari et al., 2020). One month after the 

sampling and the transport to aquarium, colonies started to produce hundreds 

of motile and negative buoyant propagules on a daily basis. The portion of the 

colony that released propagules has experienced necrosis and then death. The 

settlement of the bail-out propagules has not been observed in this study.  

In Antipatharians, new polyps can be generated through budding, leading to the 

growth of the colony. Polyp buds can develop directly on the polyp or more 

frequently in the space between polyps (Pax et al., 1987). 

 

1.3.3 Sexual reproduction 

In modular organisms the production of gametes has an important function in 

increasing genetic diversity, necessary to adapt to environmental changes. 

Understanding the reproductive pattern in corals is crucial for their 

conservation. Despite the importance of gamete production, the sexual 



35 
 

reproduction in black corals remains poorly studied, mainly due to their 

inaccessibility.   

Wagner et al. (2012) reviewed the information on sexual reproduction for 56 

species of Antipatharians (>20% of described species). Generalities on the 

reproduction of black corals are reported below: 

➢ Of the six mesenteries, only the two in the transverse plan, bear gametes, 

which are usually the longest. 

➢ Individual polyps are gonochoric, indeed the presence of hermaphrodite 

polyps has been observed very occasionally. Females and males did not 

show morphological differences. For some species, female polyps, 

before the spawning, become swollen and appeared orange due to the 

presence of oocyte (Parker et al., 1997, Gaino and Scoccia, 2010). In 

general, male polyps did not change their color with the development of 

gonads, however, a single male colony with a light creamy-orange color 

when approaching the spawning is reported in literature (Parker et al., 

1997). 

➢  Colonies are either males or females, except for Stichopathes saccula.  

➢ Fertilization occurs in the water column (broadcast species) as there is 

no evidence of internal fertilization. Structural and ultrastructural 

investigations by Gaino and Scoccia (2010), described the gametes flow 
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through the pharynx and from the apical region of tentacles (Fig. 6). 

Gametes were enveloped by parental tissue, derived from the breakage 

of the mesenterial septa. The presence of pro-acrosomal vesicles, 

considered adapted to external fertilization, highlights the broadcast 

strategy of the species (Gaino and Scoccia, 2008).  

 

Fig. 6 Spawning of A. subpinnata. Female polyps with egg masses (a-b-c) and male fertile 

polyps (d-e) (Modified from Gaino and Scoccia, 2010). 
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➢ Gametes exhibit a seasonal appearance and disappearance in shallow 

waters (<70 m).  

➢ Polyps with gametes are distributed uniformly among branches in the 

medial section of most colonies, the distribution in basal and apical part 

is patchy. Tips of pinnules are occupied by unfertile polyps (Rakka et al., 

2017). 

➢ Gametes number varies from less than 5 to more than hundreds, 

according to polyp dimension and depth (Gaino and Scoccia, 2008). 

➢ Gametogenesis is affected by abiotic condition such as temperature, 

photoperiod, lunar cycle.  

The importance of temperature in gametogenesis has been confirmed by a 

positive correlation between sea surface temperature, maturity stage and 

polyp fecundity for Antipathella wollastoni, in Azores Archipelago. 

However, at the maximum temperature did not correspond the high 

frequencies of the mature stages, suggesting that temperature might be a cue 

for final gamete maturation rather than spawning. In A. wollastoni, the 

presence of oocytes at different stage of maturation within a polyp, may 

suggest the hypothesis of repetitive spawning, within a prolonged spawning 

period (Rakka et al., 2017). Spawning in successive events was also reported 

for a Hawaiian black coral, Antipathes griggi (Wagner et al., 2012). This 
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strategy might be adopted to enhance the synchronization in gamete 

fertilization whereas the environmental conditions are favorable. In 

temperate areas, the annual sea water regime, ensures a synchronous 

spawning that occurs in a single event. On the other hand, in tropical 

environments, characterized by stable sea water temperature, some species 

(i.e., Cirrhipathes sp.) show multiple spawning events (Gaino et al., 2008).  

➢ Larval stage has been observed only for one specie: Antipathella 

fiordensis, in laboratory (Miller, 1996). 

Only for four species, Antipathella fiordensis (Parker et al., 1997), Antipathella 

wollastoni (Rakka et al., 2017), Antipathes griggi (Wagner et al., 2012) and 

Cirrhipathes anguina (Terrana and Eeckhaut, 2019), the annual reproductive 

cycle has been studied. Gametogenesis starts in spring (immature oocytes), 

reaching the peak in late summer (immature and mature oocytes) through the 

production of different cohorts. 

Oogenesis in A. fiordensis, consists of six stages in which the diameter of 

oocytes increases, up to reach the maximum in term of diameter and number 

(Fig. 7). After the spawning, a few oocytes persist, that will be reabsorbed 

before starting the new cycle.  
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Fig. 7 Stages of oogenesis in A. fiordensis. A: stage 0 (unsexable); B: stage 1 (early); C: 

stage 2 (growing); D: stage 3 (maturing); E: stage 4 (mature); F: stage 5 (spent) (Figure from 

Parker et al., 1997). 

In the same species, spermatogenesis includes 5 stages (Fig. 8). In the mature 

stage, spermatocytes show a drop shape with tail of spermatozoa oriented in 

the same direction and heads visible (Parker et al. 1997).  
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Fig. 8 Stage of spermatogenesis in A. fiordensis. A: stage 1 (early); B: stage 2 (maturing); 

C: stage 3 (mature); D: stage 4 (spent) (Figure from Parker et al., 1997). 

The reproductive cycle of A. subpinnata has not been entirely understood, with 

only one study been published so far. Colonies were sampled in Adriatic and 

Tyrrhenian Sea. The colony from Adriatic (42 cm tall) was sexually immature, 

while the 5 colonies from Tyrrhenian Sea (120 cm tall) showed a sex ratio in 

favor to males: 4:1. A. subpinnata reproduces once a year and the spawning 

event is likely to occur at the end of summer (August), where water temperature 

is higher (16°), while no fertile colonies were found between September and 

November (14°) (Gaino and Scoccia, 2010).  
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Unpublished data on the reproduction of 78 A. subpinnata colonies in several 

Mediterranean localities, reported a severe imbalance in favor of females with 

61 samples, against 6 male samples. Sex ratio have been evaluated in two 

Ligurian localities of Bordighera and Portofino, with a result of 35:0 and 10:0 

respectively. The spawning event occurred in both females and males in 

August, only Punta Spadillo (Sicily) presented fertile colonies in October and 

Liguria 2 fertile colonies in September and October. Number and size of 

gametes in both sexes increased during summer months, reaching 225 µm for 

oocytes and 200 µm for spermatic cysts. All the samples were gonochoric, 

except for one, exhibiting in the same polyp both female and male gametes 

(Msc Andruccioli, unpublished data, 2019). This seasonal trend has been 

reported as well for one female A. subpinnata sample collected in the Ligurian 

Sea. The presence of gametes has been observed starting from June, reaching 

the maximum in term of number and diameter in August, with a few oocytes 

until October (Msc Mestice, unpublished data, 2018).  

 

1.3.4 Larvae  

As mentioned in the paragraph above, the first and only successful attempt to 

raise and follow the development of a black coral larva has been conducted by 

Miller in 1996 in aquaria. The specie under consideration was A. fiordensis, 
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which occurs in New Zealand fjords at 15-30 m depth. The spawning has never 

been observed in situ, in fact it has been induced artificially. The development 

of the swimming larvae or planulae from the fertilization of the eggs happened 

after 36 hours, a shorter period compared to other coral species, probably due 

to the cold water. Larvae were small, less than 0.2 mm long, ciliated, with tiny 

external hairs that through coordinated movement, allowing them to be mobile 

(Fig. 9). They were weak swimmers, likely non-feeding, negative phototaxic 

and slightly negative buoyant; it is not clear if they alter their behavior in 

relation to the research of a settlement site. These larvae survived for 10 days 

in aquaria, but none settled, so it is unknown how long it can survive before 

settling. The hypothesis of restricted larval dispersal capabilities has been 

supported by molecular studies in New Zealand, through the measure of gene 

flow. The results showed different genetic structures among populations 

separated by several kilometers, moreover, colonies less than 5 m distant were 

closely related than colonies more distant. It suggested that many larvae may 

settle within 5-10 meters from the parent colony (Miller, 1996).  
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Fig. 9 Ciliated A. fiordensis larva of 5 days, the diameter is approximately 150 µm (Figure 

from Miller, 1996). 

Similar larval characteristics in term of negative phototaxic and buoyancy, have 

been reported as well for the deep scleractinian coral Lophelia pertusa. These 

are in contrast with the characteristics of many scleractinian coral species of 

tropical shallow reefs, which exhibit an upward swimming behavior. This 

positive buoyancy might increase the dispersal potential of coral propagules, in 

particular from deep to shallow environment. On the other hand, Lophelia 

pertusa and black coral’s larvae remain trapped at depth (Terzin et al., 2021).  
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1.4  The target species: Antipathella subpinnata (Ellis and Solander, 1786) 

Antipathella subpinnata (Ellis and Solander, 1786) is a species of Antipatharia, 

belonging to the family Myriopathidae. The inclusion of this species in the 

family is recent, after molecular analyses performed by Lapian et al. (2006). 

Among the seven antipatharians species (Antipathes dichotoma, A. subpinnata, 

A. wollastoni, Leiopathes glaberrima, Parantipathes larix, Parantipathes sp., 

and Phanopathes sp.; Bo et al., 2018, 2020; Bo and Bavestrello, 2019; Corbera 

et al., 2019) of the Mediterranean basin, it is the commonest of Mediterranean 

Temperate Mesophotic Ecosystems (TMEs): communities found below PAR 

1%, approximately between 40 and 260 m depth (Bo et al., 2019a; Cerrano et 

al., 2019).  

A. subpinnata is characterized by a Mediterranean-Atlantic distribution. In the 

Mediterranean Sea, it is present particularly in the northern western basin, 

where it creates forest-like aggregations (i.e., the so-called animal forests; 

Rossi et al., 2017), both along the coast and in offshore locations such as 

seamounts (Bo et al., 2011c) (Fig. 10).  
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Fig. 10 Distribution map of Antipathella subpinnata in the Atlantic-Mediterranean region 

(Figure from Bo et al., 2008). 

Recently, A. subpinnata colonies have been found in Adriatic, between 52 and 

80 m, in three different sites at Tremiti Islands Marine Protected Area 

(Chimienti et al., 2020). In the eastern Mediterranean the only record is in the 

Greek archipelago, in the north Aegean Sea.  

A. subpinnata is present mainly in the circalittoral showing higher abundances 

with increasing depth and becoming more prevalent in cold water coral 

assemblages and seamounts. It shows a peak of abundance between 60 and 150 

m depth (Bo et al., 2009a), despite it can be present down to 600 m depth 

(Deidun et al., 2015). This species is found on hard substrates, mostly on rock, 
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even if covered by fine muddy sediments. It can also colonize artificial 

substrates such as wrecks, (e.g., the “Ravenna wreck” in the Ligurian Sea) (Bo 

et al., 2008).  

A. subpinnata shows a white, large and branched morphology with elongated 

pseudopinnules arranged irregularly in 1-4 rows. It can reach more than 1 m in 

height (Chimienti et al., 2020). Each polyp presents a mouth surrounded by 6 

tentacles: 2 sagittal that are longer and 4 lateral (Fig. 11). 

 

Fig. 11 Polyp morphology of A. subpinnata colony, characterized by the mouth (M) 

encircled by 6 tentacles, 2 sagittal (S) that are longer and 4 lateral (L). 

A. subpinnata is a gonochoric, broadcast spawner with a spawning period 

observed at the end of the summer by Gaino and Scoccia (2010) in the 
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Tyrrhenian Sea. Asexual reproduction occurs through fragmentation (Coppari 

et al., 2019) and polyp bail-out (Coppari et al., 2020), both observed only in 

aquaria, but they may potentially occur under natural conditions as well (Terzin 

et al., 2021).  

 

 

1.4.1 Genetic structure in the Mediterranean Sea 

The genetic connectivity of a population in benthic marine species is influenced 

by many biological factors such as sexual and asexual reproductive strategies, 

the pelagic larval duration of offspring, larval buoyancy, motility behavior and 

life-stage mortality. Broadcast species have a higher mixture rate compared to 

brooders. The objective is to study the genetic connectivity between coastal and 

offshore populations to apply proper management strategies.  

Genetic connectivity among A. subpinnata populations in Mediterranean was 

investigated for the first time only recently by Terzin et al. (2021), providing 

insight in the process of population maintenance and gene flux. Colonies from 

offshore localities (Ligurian seamount and a Tyrrhenian canyon) and Sicilian 

and Ligurian coastal areas have been genotyped. Results showed genetic 

differentiation between coastal (upper mesophotic) and offshore areas (lower 
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mesophotic), with the coastal genotype exhibiting a high degree of admixture: 

panmixia, with the gene flow maintaining connectivity. The connectivity of 

coastal population can be explained by asexual reproduction, as the population 

could be partially clonal, as it was verified from the analysis, with the coastal 

populations being less susceptible to human impacts. Conversely, the offshore 

colonies were genetically distinct from each other, suggesting a limited or 

absent ongoing gene flow. These last were also characterized by a limited influx 

of larvae from adjacent reef, resulting in less resilience to tackle human 

impacts.  

 

1.4.2 Ecological role and vulnerability  

These forests are damaged by commercial and recreational fishing activities, 

due to their presence on elevations such as seamounts. Their arborescent 

morphology causes the entanglement in the fishing net and lost fishing gears, 

resulting into the partial or total removing of the colony and in the colonization 

of the skeleton by fast growing species (Mortenses et al. 2005; Bo et al. 2014). 

A. subpinnata acts as ecosystem engineers, enhancing the spatial heterogeneity 

of the seabed, attracting numerous species, many of them of commercial 

interests, including sedentary (Palinurus elephas and Homarus gammarus) and 
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migratory species (Seriola dumerili and Thunnus thynnus), as well as squid egg 

masses (Chimienti et al., 2020). Another important ecological role comprises 

the capture of particulate organic matter and plankton suspended in the water 

(Terzin et al., 2021).  

In the study conducted by Godefroid et al. (2023), the effect of ocean warming 

on A. subpinnata in temperate region was investigated for the first time. The 

specie has been exposed for 15 days to different temperatures, including the 

current seasonal range to the forecasted one for 2100, measuring biological 

endpoints. The results showed no stress at cellular or organism level suggesting 

a low susceptibility of this specie to thermal increase, A. subpinnata is unlikely 

be affected by ocean warming.  

The slow growth rate coupled with the damage of fishing nets make this species 

vulnerable. Indeed, A. subpinnata specie has been listed as “near threatened” 

in the Red List by IUCN (Otero et al., 2017). It is also included in Annex II of 

a Barcelona Convention protocol for the Specially Protected Area of 

Mediterranean Interest (SPAMI) and listed as representative specie that 

contributes to the formation of hard bottom coral gardens by the International 

Council for the Exploration of the Sea (ICES) (FAO 2009). 

Despite this, there are not many management actions in the Mediterranean Sea 

to protect cold water coral ecosystems. At Italian initiative involves Southern 
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Tyrrhenian Sea for the protection of A. subpinnata, promoted by the Calabria 

regional deliberation. In Santa Maria di Leuca, Apulia region, a Fishing 

Restricted Area (FRA) has been introduced in a site hosting black coral forests. 

However, so far, the only Italian MPA, containing black coral forests, is in the 

Tremiti Islands Marine Protected Area (Ingrassia and Di Bella, 2021). 

The importance of protecting mesophotic coral ecosystems has been discussed 

recently by Soares et al. (2020). These ecosystems provide refuge against 

human stressors, ecosystem services and ecological connectivity, underlining 

that they are the least protected systems in the ocean world. The authors 

suggested protecting these mesophotic environments to avoid unnecessary 

declines in biodiversity and ecosystem goods and services, on which the society 

rely on.  

 

 

1.5  Aim of the study 

The main aim of this thesis is to shed light into the reproductive strategies of 

mesophotic and deep corals. To reach this objective a first analysis of the 

available literature regarding the sexual and asexual reproduction of 

Hexacorallia and Octocorallia in mesophotic and deep environments, was 



51 
 

performed to identify potential gaps of knowledge. As a point of fact, the 

reproduction of shallow corals has been deeply investigated while the 

knowledge of deep cnidarians reproduction is still limited.  

In this context, the Mediterranean black coral Antipathella subpinnata was 

selected as target species to explore unknown aspects of its life history such as 

the sexual reproduction and the larval ecology. So far, few publications on this 

topic are available for the western Mediterranean Sea, therefore this study aims 

to deeply investigate, in the one hand the sexual reproduction of this species, 

through histological analysis, describing the fecundity, the number and size of 

germinal cells in relation to the sampling period.  On the other hand, 

considering that the larvae of A. subpinnata has never been observed nor in the 

field or in aquaria, this work aims to describe its larval ecology highlighting 

morphology, behavior, metamorphosis, and substrates preference for 

settlement. A. subpinnata is one of the most important ecosystem engineer 

species of the mesophotic zone. Knowing the reproductive aspects is of crucial 

importance to understand the life cycle, the connectivity among populations 

and the potential resilience against climatic or anthropogenic stressors. 

Ultimately this study aims to provide a baseline to develop management and 

protection strategies. 
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Second chapter  

2. MATERIALS AND METHODS 

2.1 Literature collection 

The literature on sexual and asexual reproduction in corals of mesophotic and 

deep environments was obtained thorough Elsevier’s Scopus database 

(https://www.scopus.com/). The research was conducted entering different 

keywords: [“cnidaria” or “polyp” or “coral”] AND [“mesophotic” or “deep”] 

AND [“reproduction”] in the option “Article title, Abstract, Keywords” 

considering all years until December 2022. The PRISMA (Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses) statement was followed 

(Page et al., 2021) and the flow chart is reported in Fig. 12. The literature 

considered in the review included both journal articles and grey literature, and 

the criteria used to select the bibliography to be included are reported below; 

reviews were not included by choice, but their bibliography was screened using 

the eligibility criteria. Additional articles were also added as expert opinion. 

The criteria used to establish the eligibility of each document were: 

✓ The specie must belong to Hexacorallia or Octocorallia subclass. 

✓ The study must contain information on either asexual or sexual 

reproduction.  

https://www.scopus.com/
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✓ The bathymetrical range of the studies includes studies performed from 

the mesophotic (> 40 m) to the abyssal depth. Many studies were carried 

out from shallow to deep environments; in these cases, only data 

concerning mesophotic or deep environment were considered. Species 

records were divided in bathymetric ranges, according to their sampling 

depth: upper mesophotic (40-100 m), lower mesophotic (101-260 m), 

upper bathyal (261-500 m), lower bathyal (501-3000 m), abyssal (>3000 

m). 

A total of 145 articles from Scopus and 22 articles from expert opinion, have 

been screened, by reading title and abstract: the articles that did not match the 

criteria were excluded, while the others were analyzed in detail reading the full 

text. Eighty articles were then not included since they did not satisfy the criteria, 

leading to a total of 87 publications included in the analysis. 

Table 1 summarizes the research procedure through Scopus and the inclusion-

exclusion criteria. 

 

 

 

Table 1 Table reporting the research procedure through Scopus and inclusion and 

exclusion criteria. 
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Years All years until 2022 

Keywords “cnidaria” or “polyp” or “coral” AND 
“mesophotic” or “deep” AND “reproduction” 

Search option  “Article title, Abstract, Keywords” 

Database  Scopus  

Inclusion criteria -Hexacorallia or Octocorallia subclass. 
-Information on either asexual or sexual 
reproduction. 
-Mesophotic (>40 m) or deep environment. 
  

Exclusion criteria  Articles not concerning reproduction of 
Hexacorallia or Octocorallia in mesophotic or 
deep environment.  

  

Studies were analyzed based on the two cnidarian subclasses (Hexacorallia, 

Octocorallia), temporal and geographical distribution, depth range (40-100 m, 

101-260 m, 261-500 m, 501-3000 m, >3000 m), reproduction type (sexual, 

asexual), reproductive strategy (broadcast and brooding for the sexual 

reproduction; budding, fragmentation, fission, parthenogenesis for the asexual 

reproduction), reproductive condition (gonochorism, hermaphroditism, 

gynodioecism). In all the analyses, every document could be included in one or 

more categories.  
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 For the creation of the map of the geographical distribution of documents on 

Hexacorallia and Octocorallia, geographic coordinates were used. In studies 

showing only a map of the sampling point(s), geographic coordinates were 

estimated from it. In the absence of a map, coordinates of the sampling point(s) 

were estimated using the information across the text, if available. When the 

given coordinates ended up in land, they were adjusted to the nearest coastal 

points. 
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Fig. 12 PRISMA flow diagram of searching strategy and eligibility process applied in this 

thesis. 

 

 

 



57 
 

2.2  Study area 

2.2.1 The Tyrrhenian Sea  

The Tyrrhenian Sea is located in the Western Mediterranean ecoregion, lying 

between the Italian peninsula and the islands of Sicily, Sardinia and Corse. The 

continental shelf extends only for a relatively short distance. The depth exceeds 

2000 m throughout the entire basin, with a maximum depth of 3840 m. Input 

from the continental waters (Ombrone, Tevere, Garigliano and Volturno river) 

is minimal, and salinity remains constant at approximately 38 PSU. The 

recorded temperature during winter is homogenous from the surface to the 

bottom of the basin, around 13°C. With the surface temperature increasing in 

the summer season (up to 24-25°), there is also the formation of a thermocline.   

The Tyrrhenian area is geologically active due to the presence of various 

seamounts and volcanos (with more than 14 seamounts described so far in the 

bathyal plain of this area; Bo et al., 2011c).  

The surface circulation is counterclockwise: Atlantic Water (AW), after 

following the African coastline, crosses the Sardinia Channel and the Levantine 

Water (LW) enters from the Sicily strait. Then they move together northwards, 

along the coastline of the Italian peninsula and they come out through the 

Sardinia Channel (Fig. 13). This general pattern may change in relation with 
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the wind regimes and their influence on the currents. The intermediate 

circulation is characterized by a cyclonic path along the coasts of the basin and 

the Levantine Intermediate Water (LIW) current flows anticlockwise along the 

coast of Latium, at depths between 250 and 700 m (Iacono et al., 2021). 

  

 

 

Fig. 13 Left: position of Tyrrhenian Sea inside Mediterranean basin. Right: bathymetry and 

geometry. Yellow ovals indicate three permanent structures of the basin circulation. The 

arrows indicate the paths inside the basin of the Atlantic Water (red) and Levantine Water 

(yellow) (Figures from Iacono et al., 2021). 
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2.2.2 Giannutri Island 

Giannutri Island, with its characteristic half-moon shape, is located in front of 

Monte Argentario promontory in the Tyrrhenian Sea. Giannutri is the 

southernmost island of Tuscan Archipelago, located 14 km south-east of the 

Giglio Island and 12 km south-west of Monte Argentario (Fig. 14A). The island 

is calcareous, characterized by a rocky and rugged coastal area; it is 3 km long 

and it has a width of 500 meters.  

The area is a regional interest site (SIR) included in the Tuscan Archipelago 

National Park from 1996. The marine reserve has two different sites of 

protection: zone 1 in which access, navigation, anchorage, fishing and diving 

are prohibited, and zone 2 where fishing is regulated by park authority (Fig. 

14B). 
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Fig. 14 Figures showing the different sampling areas. A: study areas location (Google Earth). 

B: Giannutri Island with the relative level of protection (1-2). The arrow indicates Punta 

Pennello (Figures from www.argentariodivers.com).  C: Position of the Mezzo Canale shoal 

indicated by the arrow (Google Maps).   

 

2.2.3 Punta Pennello   

It is a huge shoal with a peculiar geologic conformation, located in the 

westernmost area of Giannutri (42° 15’ 7.2612’’N; 11° 5’ 10.3812’’E) (Fig. 
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14B). The slope is smooth and gradual, with a typical environment of a 

landslide. Punta Pennello continues underwater towards east, shaping a 

seamount that ends at 60 m. There is a Posidonia bed hosting Pinna nobilis and 

along the wall many caves, several of which have hot water springs. Going 

offshore bryozoan and Lytocarpia myriophyllum meadows dominate the 

communities until reaching a shoal characterized by coralligenous. At higher 

depth (between 70 and 80 m) the shoal hosts forests of A. subpinnata. At the 

east side, the seafloor smoothly reaches up to 100 m. At 95-100 m a coarse 

detritus covers the seabed together with Bryozoan, while at 105 m the sea 

bottom become compact, characterized by the presence of a Crinoid meadow. 

Other sparse colonies of A. subpinnata in Giannutri Island are also reported in 

a few sites: Secca di Zi Costante and Punta Secca. 

 

2.2.4 Mezzo Canale shoal  

This shoal is located in the middle of the canal between the islands of Giannutri 

and Giglio and the Argentario Promontory (42° 20’ 26.686’’N; 11° 5’ 

21.321’’E) (Fig. 14C). The seafloor is mainly muddy and homogeneous, 

reaching a depth of 90-100 m. The aspect is comparable to a mountain that from 

100 m depth, ascend to 24 m, with walls that go down steeply up to 50-60 m, 

shaping a rockslide. This site, for its position in the open sea, is characterized 
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by strong currents and winds, that makes it inaccessible for most of the year. 

This shoal hosts many species, such as Astrospartus mediterraneus, 

Paramuricea clavata, Savalia savaglia and Antipathella subpinnata among 

others. 

 

 

2.3  Study of the reproductive cycle of Antipathella subpinnata 

2.3.1 Samples collection 

To study the reproductive cycle of Antipathella subpinnata technical divers of 

the diving center Argentario Divers were directly involved to participate and 

collaborate in the scientific research through Citizen Science activities.  Prior 

the start of the activities, technical divers were trained to randomly select 

colonies of minimum height of 100 cm (i.e., to avoid the unfertile colonies; 

Gaino and Scoccia, 2010) and tag them at their base with cable ties and labels. 

Ten colonies were randomly sampled in August 2021 at Mezzo Canale shoal at 

a depth range of 62-70 m, with a sea water temperature of 16°. As this site is 

characterized by strong currents being difficult to be reached for a continuous 

monitoring, during 2022, Punta Pennello (depth of 70 m) was selected as 

additional study site. A total of 12 colonies were sampled in the period between 
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June and October 2022. For the entire period, the sea water temperature at the 

collection site was 14°. Of these, 3 colonies were repeatedly collected and 

monitored in the same months. The selected period represents the moment 

when the gametogenesis mainly occurs (Andruccioli, unpublished), ending 

with the spawning event in August (Gaino and Scoccia, 2010). Due to the bad 

weather conditions, sampling activities in July and September were prevented, 

therefore samples of these months were missing.  

Fragments of 10-12 cm of A. subpinnata branchlets were collected with scissors 

and placed in falcon tubes filled with sea water (Fig. 15). Once in the 

laboratory, samples were preserved in 95% ethanol.  

 

Fig. 15 Technical diver collecting Antipathella subpinnata branchlets with scissors (Photo 

courtesy: Argentario Divers).  
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2.3.2 Histological analysis  

We followed the protocol for the cold resin inclusion comprising dehydration, 

infiltration, polymerisation, blocking, cutting, staining, and mounting (Fig. 16).  

For each sample, we selected 5-6 basal fragments or the central portion of 1-2 

cm consisting of at least 5 polyps; we did not use the growing apical part or the 

distal branchlets as they contain very small polyps mostly without gametes (Bo 

et al., 2009b). In total, at least 10 polyps per sample were processed. Samples 

have undergone a dehydration process to perform the resin inclusion and the 

steps are reported in detail below: 

- 24 hours in 100% absolute alcohol  

- 24 hours in a solution of 50% absolute alcohol and 50% resin (Technovit 

8100) 

- 24 hours in pure resin (repeated twice) 

Infiltration resin: we prepared infiltration resin under the fume hood, mixing 

100 cc of pure resin (Technovit 8100) and 1 bag of Hardner I in a beker using 

a magnetic stirrer for 15 minutes.  

Polymerisation: firstly, we made a scheme of samples position in the Teflon 

plate, then we transferred the samples on a Petri Dish following the disposition 

of our scheme. To prepare the polymerization resin, we mixed 15 cc of 
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infiltration resin and 0.5 cc of Hardner II in a beker in a magnetic stirrer for 30 

seconds/1 minute, until the mixture turned into light blue. With a Pasteur 

pipette we poured a thin layer of mixture in each form, then we transferred the 

samples inside the forms, filling it with the remaining mixture until the form 

was filled. Finally, we placed a plastic cover film in each form avoiding the 

formation of bubbles. The plate was then placed in the refrigerator for one 

night.  

Blocking: to prepare the glue we mixed 9 ml of universal liquid (Technovit 

3040) and 18 ml of powder in a glass jar. We removed the plastic cover films, 

put a thin layer of glue in each form and a previously labelled plastic histoblock 

above, then we added further glue. We waited for 12-24 hours for the glue to 

completely harden under the fume hood.  

Cutting: Histoblocks were placed on the microtome, we settled the thickness at 

8-9 micron and the blade holder inclination. As soon as we started to cut with 

the microtome, we prepared a slide with label and a few drops of distilled water, 

histological sections were placed on the slides being sure to maintain the 

temporal order of the cut. We transferred the slides on the heating plate.  

Staining: we placed our slides in a Hellendhal Staining Jar containing a mixture 

of distilled water and toulidine blue. We waited for 2-3 minutes, depending on 
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the quantity of the dye, and when they reached the coloration needed, we 

transferred them in a heating plate again.  

Mounting: we placed mounting medium Eukitt on our slides and we covered 

them with a cover class. We let them dry before starting to observe them. 
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Fig. 16 Figures showing the protocol of cold resin inclusion. a-b: selection of A. supbinnata 

fragments, c: polimerysation, d: placing of plastic cover films in each form, e: cutting the 

sample placed on histoblocks through the microtome, f: staining with toulidine blue, e: 

mounting. 

 

2.3.3 Reproductive parameters 

To evaluate how the gametogenesis progress over months and the change in 

polyp fecundity, for each colony 10 polyps were processed as explained in 

paragraph 2.3.2, and analyzed using a LEICA DM 2000 Microscope. For every 

polyp we evaluated its sex (male/female), the number of germ cells per polyp 

(polyp fecundity), and the germ cells diameter.  

➢ Sex: when females and males colonies are mature, they show oocytes 

with a visible nucleus and spermatic cysts bearing spermatocytes with 

tails noticeable, respectively. Hermaphroditism occurs when in the same 

polyp both oocytes and spermatocytes are found.  

➢ Number of gametes: with the purpose of defining the stage of 

gametogenesis of the polyp (and of the colony) over the months, the 

maximum number of gametes per polyp was counted. 

➢ Diameter: for each germ cell found, the maximum diameter was 

measured. 
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When the absence of germs cells inside the polyp was observed, the polyp was 

noted as unfertile. 

Pictures of the germ cells found at different stages of the gametogenesis have 

been taken with LEICA LAS EZ software.  

 

2.3.4 Statistical analysis  

Data of number and diameter of germinal cells, sampled in Punta Pennello, 

were checked for normality, homoskedasticity and independence, in order to 

use a parametric test. Levene’s test was used for testing homogeneity of the 

variance and Shapiro’s test was used for testing normality of the variance. Since 

the assumptions for the use of a parametric statistic test were not fulfilled, the 

non-parametric Kruskal-Wallis test was used to test the significance of the 

differences in diameter among spermatic cysts, as well as in their number inside 

the polyp, during the different sampling.  

The same test was applied to check for the significance of the differences in the 

diameter among spermatic cysts of the colonies sampled on the 11th August 

2021 and on the 5th August 2022, in Mezzo Canale shoal and Punta Pennello 

respectively.  

 

 

https://www.wordsense.eu/homoskedasticity/
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2.4  Larval settlement devices  

To describe the first stages of larval and primary polyp development, substrates 

of different materials were positioned in the proximity of adult colonies right 

before the spawning. Our settlement devices were realized based on previous 

literature (Fig. 17; Fujiwara et al. 2016), in which ceramic tiles were used due 

to the similarity of this material to the natural reef. The space between the tiles 

is small enough to prevent potential attacks by most predators. In this study, in 

addition to ceramic, we selected other two substrate types: coralligenous and 

stainless steel. Coralligenous provides a natural substrate, and stainless steel 

was chosen because several colonies of A. subpinnata are known to colonize 

artificial substrata, such as the wrecks “Haven” and “Ravenna” in the Ligurian 

Sea (Bo et al., 2008).  

 

Fig. 17 Coral settlement device (Figure from Fujiwara et al., 2016).    
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2.4.1 Building and set up of the larval settlement devices 

- Design: the structure consists in a vertical structure in plastic holding 10 

substrates. Each tile is attached through a cable tie to a plastic shelf and this 

latter is fixed to the vertical structure. The distance between each substrate is 1 

cm to reduce the grazing pressure. At the base of the vertical structure, we have 

a three legs support structure that once in situ is fixed to the sea bottom through 

weights (Fig. 18). Three structures per typology of substrate have been created 

for a total of 30 stainless steel, 30 ceramics and 30 coralligenous substrates. 

  

Fig. 18 Vertical structure model with coralligenous substrates.  
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- Conditioning: Guest et al. (2014) conditioned substrates for 3 weeks prior to 

settle in situ. Biofilm contains suitable cues for settlement and metamorphosis 

of larvae, in fact water soluble compounds produced by bacterial biofilms 

attract coral larvae (Gleason and Hofmann 2011). According to this, on July 8th 

2022 substrates were transferred to aquaria tanks filled with seawater. 

Substrates remained in aquaria for 19 days.  

- Transport and in situ deployment: structures were transported from aquaria to 

the field inside a box with seawater, to maintain the biofilm and colonization 

of organisms. On August 3rd, the 9 structures were randomly deployed by 

technical divers inside the A. subpinnata forests in Punta Pennello as the 

spawning is known to occur in this period (Gaino and Scoccia, 2010).  

- Collection: 23 days later (26th August) 6 out of 9 substrates, meaning 2 

replicates per type, were collected. We decided to leave in situ one series to 

follow the growing of primary polyp, whenever it attached. These structures 

were air lifted through a balloon by the technical divers. Cold water (below 

thermocline at 14°) was collected with a 5 L Niskin bottle to transport the larval 

settlement devices to the laboratory facilities. 

Of the 10 substrates per replicate, 4 substrates were fixed with 70% ethanol for 

further histological analysis and 6 substrates were maintained in small aquaria 

(6 L) to follow the fate of the primary polyps attached.  
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The third replicate was left in situ until the 16th of October to give time to the 

potential primary polyp to develop. After the retrieval, the same procedure 

described was followed.  

- Aquaria maintenance: Substrates, divided per type, were maintained in box 

with filtered (0.2 mm) seawater inside an aquarium with a temperature of 14°. 

Water has been partially changed (1/3 of the total volume) 3 times a week.  

- Larval check: substrates stored in 70% ethanol as well as substrates in vivo 

were monitored under a stereomicroscope. Substrates in aquaria were 

monitored 3 times per week for 11 days.  
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Third chapter 

3. RESULTS 

3.1  Literature analysis 

A total of 87 scientific works, from Scopus and expert opinion, were considered 

in the literature analysis. Most of the papers have been published in the last two 

decades, indeed a sharp increase in the number of publications can be noticed 

from 1993-2002 period. The highest number of documents (38) has been 

recorded in the last decade (2013-2022) (Fig. 19). 

 

 

Fig. 19 Number of documents (N) published per decade. 
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The map below displays the global distribution of Octocorallia and 

Hexacorallia species considered in the retrieved documents (Fig. 20). Most of 

the records occurred in the Temperate Northern Atlantic (39) and in the 

Tropical Atlantic regions (12). The Central Indo Pacific and Tropical Atlantic 

regions were characterized only by records of Hexacorallia. Samples were 

performed in the Artic and Southern Ocean regions as well (11). 

 

Fig. 20 World distribution of species recorded, divided per subclass: Hexacorallia and 

Octocorallia. 

From the literature, species belonging to Malacalcyonacea (19), 

Scleralcyonacea (29), Scleractinia (58), Antipatharia (52), Actiniara (9) and 

Zoantharia (1) orders have been recorded.  
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The histograms below show the number of documents for each bathymetric 

range (Fig. 21). For hexacorals, the highest number of documents is recorded 

in the upper mesophotic (48), followed by lower bathyal (36). In octocorals, 

the number of documents is more evenly distributed in the 40-3000 m range. 

For both subclasses, only a small fraction of documents referred to species 

below 3000 m (3 for Hexacorallia and Octocorallia, respectively). 

 

Fig. 21 Number of documents (N) divided per bathymetric range for Hexacorallia and 

Octocorallia subclass.  

The reproduction type (sexual and asexual), adopted by Hexacorallia and 

Octocorallia, is illustrated in the Pie-Donut chart below (Fig. 22). Nearly the 

total of works (~90%) concerned the sexual reproduction, divided into ~60% 

for Hexacorallia and ~30% for Octocorallia, respectively. Asexual 
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reproduction accounted only for a 10%, of which the majority were hexacorals 

(9%). 

 

Fig. 22 Type of reproduction (sexual or asexual) adopted by Hexacorallia and Octocorallia 

subclasses. 

For the sexual reproduction, two main strategies, broadcast (65%) and brooding 

(35%), and three main conditions, gonochorism (82%), hermaphroditism 

(17%) and gynodioecism (0.9%), were identified. The majority of hexacorals 

were broadcast species (81%), mostly gonochoric (54.8%), followed by 

hermaphroditic (23.8%) and gynodioecy (2.4%) (Fig. 23A). Brooding species 
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accounted only for a 19%, of which half were hermaphroditic and half 

gonochoric (Fig. 23A). On the other hand, octocorals showed approximately a 

similar percentage of broadcast (54.8%) and brooding (45.2%) species. All the 

broadcasts were exclusively gonochoric, as well as the majority of brooding 

species (38.7%) (Fig. 23B).  

 

Fig 23 Sexual reproductive strategies in Hexacorallia (A) and Octocorallia (B). 

Asexual reproduction in Hexacorallia subclass has occurred with different 

strategies including budding (8.3%), fragmentation (33.3%), fission (25%) and 

fusion (8.3%). In the Octocorallia, only one record of parthenogenesis is 

reported.  
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3.2  Sexual reproduction of Antipathella subpinnata  

Both the colonies collected in Punta Pennello (n=12) and Mezzo Canale (n=10) 

were males, with the ones sampled in the first site presenting spermatic cysts at 

different stage of maturity during the whole study period. All the samples 

analyzed confirmed the gonochoric condition of the species with a skewed sex 

ratio in favor of males in both Punta Pennello (12:0) and Mezzo Canale (9 

males and 1 not sexed). A color variation to brown-orange was observed in 

some colonies, in proximity of the spawning event. Both polyp fecundity and 

size of gametes were analyzed from Punta Pennello colonies, showing a gradual 

increase from June, a peak in August, and a slight decline in October, 

suggesting the occurrence of the spawning event during August. Polyps 

presenting the spermatic cysts in the gastrovascular cavity and in the proximity 

of the mouth were observed in August (Fig. 25b) confirming the previous 

statement. However, this condition was also recorded in October (Fig. 25d) 

suggesting an asynchrony in the spawning at least for male colonies.  

In early June, polyps showed a fecundity of 60% (Fig. 24), with a small number 

of germinal cells found scattered in the reproductive mesenteries of some of the 

polyps (Fig. 25a). Moreover, few immature polyps were present interposed to 

the mature ones. In August, the fecundity increased, reaching 100% of the 
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polyps monitored at the end of the month and in October the fecundity 

experienced a slight decrease (Fig. 24). Concurrently with the peak of 

fecundity, larger and more numerous spermatic cysts were found in the 

gastrovascular cavity, in the tentacles and in the oral region of the polyps. The 

mature spermatic cysts appeared with a drop shape with spermatozoa tails 

visible inside (Fig. 26). 

 

Fig. 24 Fecundity in A. subpinnata colonies (expressed in % of the 10 polyps analysed). n: 

indicates the number of colonies sampled in the respective months.  
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Fig. 25 Spermatic cysts during sampling months indicated through the arrows. a: few 

spermatic cysts in June; b: large spermatic cysts in polyp’s mouth in August; c: many 

spermatic cysts in the gastrovascular cavity in August: d: spermatic cysts in proximity of the 

mouth in October. 
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Fig. 26 Picture showing a mature spermatic cyst of a colony sampled in August with tails of 

spermatozoa visible. The arrows indicate tails of spermatozoa. 

Both the number and the size of spermatic cysts were variable during the study 

period. The mean number of spermatic cysts per polyp followed a Gaussian 

distribution, starting from a small number in June and increasing by more than 

5 times in August, followed by a gradual decrease in October (Fig. 27). 
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Fig. 27 Mean number of spermatic cysts per polyp ± SD during the study period. 

The column chart below illustrates the mean size trend during the sampling 

period. An increase from June to October has been noticed; the minimum size 

(15 µm) was detected in June and August, and the maximum dimension (285 

µm) on the 5th August, when concurrently a peak of germinal cells number was 

recorded. After 5th August, samples were characterized by a reduction both in 

number and in maximum size, while the mean size remained roughly stable up 

to October (Fig. 28). 
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Fig. 28 Size trend of spermatic cyst (µm). Minimum, maximum, and mean diameter ± SD 

during the study period. 

Mean diameter and standard deviation for the colonies from Punta Pennello and 

Mezzo Canale shoal are reported in the table below (Tab. 2). 

Tab. 2 Mean diameter (µm) ± SD of Antipathella subpinnata colonies sampled in Mezzo 

Canale shoal and Punta Pennello. 

   14th June 23th June 5th August 11th August 26th August 16th October  

Geographical 

area 

Mezzo Canale 

shoal    

58,95±19,6

9♂    

  Punta Pennello 

43,44±17,0

2♂  

47,85±14,8

4♂  

71,94±33,7

7♂   

74,63±31,7

7♂  

78,91±28,54 

♂  
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Frequency distribution of spermatic cysts size highlighted a progressive 

dimensional shift from June to August towards greater size classes (Fig. 29). 

June is characterized by a frequency concentrated in the size classes 21-60 µm 

with the greatest size in the class 81-100 µm. In August the % frequency among 

size classes is more evenly distributed, the greatest size classes reached up to 

300 µm and are characterized by an extremely low % frequency. These greatest 

size classes were not detected in October, in which the % frequency is 

concentrated in the size classes 21-160 µm (Fig. 29).  

 

Fig. 29 Size- Frequency distribution of each size class of spermatic cysts in June, August 

and October. 
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Of the 12 total sampled colonies, three of them (colony 4, 5, 11) were monitored 

repeatedly during the study period, only colony 4 was not collected on the 26th 

August. The histogram below, describing the variation in the number of 

spermatic cysts, underlines the peak for the three colonies on the 5th of August 

(Fig. 30A). On the other hand, the size of germinal cells did not show a peak in 

August, with the mean diameter that was similar in August and October (Fig. 

30B).  

 

Fig. 30 (A) Mean number (±SD) and (B) Mean size (± SD) of spermatic cysts for the three 

repeatedly monitored colonies 4, 5, 11.  
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3.3  Statistical analysis 

Kruskal-Wallis test showed a significant difference among diameter and 

number of spermatic cysts during the sampling months in Punta Pennello 

(p<0.05). 

Kruskal-Wallis test revealed a strong significant difference (p<0.01) of 

spermatic cysts’ size for the colonies sampled in August 2021 and 2022, in 

Mezzo Canale shoal and Punta Pennello, respectively.  

 

3.4  Larval settlement devices  

No larvae have been found on substrates collected both on August 26th and on 

October 16th. Consequently, our investigation on larval substrate’s preference, 

ecology and histological analysis could not be performed.  
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Fourth chapter 

4 DISCUSSION 

4.1 Literature analysis  

The bibliographic research highlighted an increasing trend in the number of 

articles published through time, especially in the last 2 decades. This trend can 

be possibly explained by the improvement in the techniques allowing to reach 

more inaccessible environments and by a growing interest in the study of the 

reproduction of mesophotic and deep corals. In fact, the knowledge on this 

topic is crucial to assess and mitigate potential impacts of human activities 

together with climate change and to develop management and protection 

measures (Terzin et al., 2021). 

The bibliographic research highlighted a worldwide distribution of the species 

investigated with a high number of studies focusing on the Mediterranean area 

and Tropical Northwestern Atlantic, probably due to the affiliation of the 

researchers studying the topic, which are mostly present in the countries facing 

the two ecoregions (Roveta et al., 2021). Additionally, the retrieved documents 

are limited to the upper mesophotic, especially for Hexacorallia, with only a 

low number of papers investigating depths below 3000 m. Until now, less than 

0.1% of the deep-sea floor has been investigated (Taylor and Roterman, 2017), 

due to the complexity and inaccessibility of the bathyal and abyssal plain, still 
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considered the final frontier on Earth (Ramirez-Llodra et al., 2010). As a point 

of fact, despite the use of low cost ROV and AUV are now available, deep-sea 

exploration still remains a challenging and quite expensive research (Liang et 

al., 2021). 

Of the 87 articles included in the literature analysis, most of them dealt with 

the sexual reproduction, with very scarce data on the asexual one (only 10%), 

of these, one single record focused on Octocorallia, all the other regarded 

Hexacorallia. Among Hexacorallia, fragmentation is adopted as asexual 

strategy in Antipatharians as reported by Coppari et al. (2019) in Antipathella 

subpinnata reared in aquaria. Ruiz-Ramos et al. (2015) reported sign of self-

fertilization in Leiopathes glaberrima, affirming that clonal geitonogamy (a 

type of self-pollination used by plants) is likely to occur in this black coral 

species. Regarding octocorals, parthenogenesis asexual strategy is reported to 

be adopted by Alcyonium coralloides in the Eastern Atlantic population (Groot 

and Weinberg, 1982), while, interestingly, the Mediterranean population 

reproduce sexually (Groot and Weinberg, 1982).  

Concerning the sexual reproduction, most of documents focused on 

Hexacorallia (60%), and only a 30% on Octocorallia; this is because research 

on the reproductive biology in deep corals has mainly focused on deep 

scleractinians (Sun et al., 2010), while the reproductive study on soft corals and 
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other octocorals has been predominantly focused on shallower species. The 

majority of mesophotic corals, whose reproduction is known, maintained 

similar type of reproduction and reproductive strategy of their shallow 

conspecific (Feldman et al., 2017). In fact, it is known that the broadcast 

strategy dominates in both mesophotic and deep cnidarians, although  

hexacorals displayed a net predominance of broadcast (81%) compared to 

brooding (19%) strategy; conversely, octocorals showed almost an equilibrium 

among the two strategies (54.8% broadcast vs. 45.2% brooding). Among 

octocorals, broadcast species and brooders have been reported to be 

gonochoric, with only two brooder hermaphrodite species documented so far: 

Drifa sp. and Drifa glomerata (Sun et al., 2009b; Sun et al., 2010).  

Among hexacorals, broadcast species were either gonochoric or hermaphrodite 

or gynodioecyis. The latter is a particular condition, in which the population 

consists of female and hermaphrodites, and recorded in one Scleractinia 

species, Galaxea fascicularis (Shlesinger et al., 2018). The majority of 

Antipatharians are known to be gonochoric, with a very limited number of 

polyps observed to present both oocytes and spermatic cysts (Andruccioli, 

unpublished). In this sense, our results are in line with literature data since the 

monitored colonies of A. subpinnata were only male with any evidence of 

hermaphrodite polyps. Wagner et al. (2011) sustained that sequential 
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hermaphroditism is rare among black corals; in fact, the only record of 

sequential hermaphroditism is reported by Pesch (1914) for Stichopathes 

saccula.  

Brooding strategy accounted only for 19% and has been detected among 

Scleractinia and Actinaria. In the Caribbean area, most of scleractinian species, 

exclusive to mesophotic depths, seemed to be brooders (Bongaerts et al., 2010). 

Lauretta et al. (2020) reported brooder as a strategy relevant in harsh condition, 

like Antarctic/ sub-Antarctic waters and deep sea, as it protects the offspring, 

maximizing their survival. Brooding is found in several scleractinian species of 

shallow waters, however, the occurrence of spawning in Scleractinia is 

dominant with the presence of some species such as Balanophyllia 

malouinensis presenting a different reproductive strategy depending on depth: 

gonochoric and brooder, hermaphrodite in mesophotic and shallow 

environment, respectively (Pendleton et al., 2021).   

Sex ratio and timing of reproduction are crucial to understand population 

dynamics of marine organisms (Santangelo et al., 2013). Unbalanced sex ratio 

could determine low reproductive output, compromising the reproduction 

success (Bramanti et al., 2014). In the literature, a skewed sex ratio in favour 

of males or females, has been reported several times in Cnidarians, both in 

hexacorals (e.g., Desmophyllum dianthus had a male-biased sex ratio of 2:1; 



92 
 

Feehan et al., 2019) and octocorals (e.g., Paramuricea clavata with a skewed 

sex ratio in favour of males, 1:7; Gori et al., 2007). The sex ratio is also known 

to vary depending on the location and depth; as an example, Coma et al. (1995) 

reported a 1:1 male to female sex ratio for Paramuricea clavata in Spain, 

Medes Island, but the same species in Cape of Palos showed a sex ratio 

significantly male-biased (1:7) and in Portofino, Ligurian sea, Italy, Cerrano et 

al. (2005) reported a 3.3:1 male to female ratio relating it with the consequences 

of a mass-mortality event. 

Differences in population sex ratio among depths have been also reported in 

several anthozoan species (Banayahu and Loya, 1983): Montastrea cavernosa 

showed a sex ratio 1:1 on shallow environments, but it became significantly 

male-biased (3.6:1) at mesophotic depths. The skewed sex ratio favouring 

males could be the result of asexual reproduction, with fragmentation creating 

aggregation of one sex; or a strategy adopted to enhance fertilization success in 

broadcast species, in which a higher proportion of males may mitigate the 

dilution effects of gametes. Another explanation could be the gender 

survivorship, the production of oocytes rich in lipid is more energetically 

expensive than producing male gametes (Bloomerang et al., 2021).  

Conversely, among Drifa sp. colonies, no males were detected, so the sex ratio 

was in favour of females (1:0). Authors proposed three different explanations 

https://onlinelibrary.wiley.com/doi/full/10.1111/j.1744-7410.2007.00101.x#b11
https://onlinelibrary.wiley.com/doi/full/10.1111/j.1744-7410.2007.00101.x#b11
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for this result, (i) freezing at -20°C after collection may have deteriorate male 

tissues, (ii) the sampling months may have missed the spermatogenesis, (iii) 

the specie is parthenogenetic, or female dominated hermaphrodite (Sun et al., 

2009b). For this species the last hypothesis was confirmed by later studies (Sun 

et al., 2010). A skewed sex ratio in favour of females was also detected for a 

deep scleractinian species, Flabellum angulare, sampled at bathyal depths 

(with a sex ratio from 3:1 to 5:1 across collection sites; Mercier et al., 2010) 

and for the deep-sea anemones, Actinostola crassicornis, (Lauretta et al., 2020) 

for which many females population have been reported (Dunn, 1975 a; 

Ottaway, 1979). Also, the female skewed sex ratio of gorgonians has been 

shown to vary depending on both geographic location (Santangelo et al., 2013; 

Tsounis et al, 2006; Gori et al., 2007) and depth (Benayahu and Loya, 1983). 

As a point of fact, in the Mediterranean Sea, the sex ratio for Corallium rubrum 

is reported to be biased to females near Livorno (Santangelo et al., 2003) whilst 

it was balanced (1:1 male to female), in the Medes Islands (Tsounis et al. 2006). 

In the NW Atlantic Anthomastus grandiflorus also displayed a female-biased 

sex ratio (4:1) (Mercier and Hamel, 2011). Records of similar biased sex ratio 

exist for temperate octocorals; although the opposite is reported (Gori et al., 

2007).  
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In general, a trend of decreasing fecundity with depth has been observed in 

deep-water solitary corals (Waller et a., 2002; Flint et al., 2007). Shlesinger et 

al. (2018) reported a decrease in reproduction performance with depth, through 

the measure of fecundity and oocytes size of seven scleractinian corals. In 

contrast, Holstein et al. (2015) found out higher fecundity for Orbicella 

faveolata in mesophotic environments, hypothesizing that the energy allocated 

for reproduction was decoupled from light saturation.  Environmental factors 

play a key role in the energy budget available for reproduction (Harrison and 

Wallace, 1990), with corals in mesophotic environments exposed to energy 

limitation. Depth also influenced the duration of the reproductive cycle with 

Seriatopora hystrix showing shorter reproductive cycle in mesophotic 

environments compared to shallow populations (Prasetia et al. 2017). Also, the 

larval stages are found to be affected by depth with mesophotic planulae being 

smaller, most likely as a result of lower energy availability.  

 

 

4.2  Sexual reproduction of Antipathella subpinnata 

Our study on the sexual reproduction of A. subpinnata confirmed the 

occurrence of spawning in August, accompanied also by a brown-orange colour 
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variation, according to Gaino and Scoccia (2010). Although, in general the 

colour variation before the spawning event has been mostly reported for female 

colonies, attributed to the yolk content (Parker et al., 1997; Lauretta and 

Penchaszadeh, 2017).  

Moreover, in our study male colonies have been observed to be fertile in 

October, suggesting a prolonged spawning period. For this species a longer 

duration of the gametogenesis has been already observed in a female colony 

collected in the Ligurian sea (Mestice, unpublished) but also in other Italian 

regions such as Sicily in which fertile colonies of both sexes were recorded in 

October. The Atlantic congeneric Antipathella wollastoni, has been studied by 

Rakka et al. (2017) in Azores at 27-30 m depth and showed gametes of both 

sexes reached maturity of all the colonies monitored in October, and in 

November gametes started to disappear from the polyp, suggesting a spawning 

event in autumn. Among other Mediterranean black coral species, Leiopathes 

glaberrima thriving at 200-500 m depth, presented a wider gametogenic cycle, 

with fertile colonies recorded until December (Andruccioli, unpublished).  

Spawning in multiple events is reported for tropical antipatharians, because of 

stable seawater temperature. As an example, Antipathes griggi exhibited a 

spawning in successive events, with the greatest intensity between November 

and December in Hawaii (Wagner et al., 2011). By contrast, in temperate 
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ecosystems, the annual variation in seawater temperatures, limits the possibility 

of the same pattern described for tropical species (Rakka et al., 2017).  

Water temperature is recognized as a trigger for reproductive processes for 

many anthozoans, including Antipatharians (Wagner et al., 2011). In fact, 

Gaino and Scoccia (2010) reported the spawning event concurrently with the 

peak of sea water temperature recorded in the study period (16°). This is 

confirmed by previous studies on the congeneric species A. fiordensis, which 

reproduces in mid- to late- summer, March in New Zealand (Parker et al., 

1997). Also, Rakka et al. (2017) recorded a positive correlation between sea 

water temperature and gamete maturation, both for males and females, 

suggesting the temperature might be a cue for final gamete maturation rather 

than for spawning. In our study performed in mesophotic depth (70 m) a 

correlation between temperature and spawning, was not observed as the 

temperature remained constant to 14° throughout all the duration of the study.  

Therefore, other factors such as nutrients input, the duration of the day, moon 

cycle and even the tides might drive the spawning event although with the 

present evidence we can just hypothesize which might be the triggering factors. 

Indeed, previous studies already reported the spawning to occur in the period 

coinciding with the highest availability of phytoplankton (Mercier et al., 2010). 

Sun et al. (2010), reported a significant lunar pattern in planula release in a 
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deep-sea octocoral, despite the bathymetrical range of distribution of the 

investigated species (350-1240 m).  

Further studies will be needed to evaluate the role of nutrients inputs, tides and 

moon light to influence the reproductive cycle at mesophotic depth.  

Regarding the mean size of spermatic cysts of A. subpinnata, when our data 

were compared with samples of the same species but collected in different 

geographic areas at a depth range of 50-100 m (Andruccioli, unpublished), it 

can be observed a smaller size of the germ size in Punta Pennello site compared 

with other localities. Again, the different environmental conditions might 

specifically influence the gametogenesis and the reproductive cycle in general 

(Table 3). 

Table 3 The table reports mean size (µm) ± SD of germinal cells collected by Andruccioli 

(unpublished) in the first two rows and our data from Punta Pennello in the last line. 

Depth JUNE AUGUST OCTOBER 

50-70 m 72±27♀ 87±25♂ 91±20♂ 

70-100 m   105+30♀ 

70 m 46±16♂ 73±33♂ 79±26♂ 

                                                                                                                                                         

The skewed sex ratio in favour of male observed in this study in Punta Pennello 

(12:0) and Mezzo Canale (9 males and 1 not sexed), confirmed the previous 
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observation performed by Gaino and Scoccia (2010) in the same area. Even if 

in this previous work the result might be biased by a low sampling effort (only 

5 colonies sampled and a skewed sex ratio (4:1) in favour of males) the same 

result obtained by the present study indicates more a characteristic of the 

species in this location. Also, the presence of only males in the samples from 

Mezzo Canale shoal strengthen the finding that this A. subpinnata present a 

patch distribution. As a point of fact, an unbalanced sex ratio has been reported 

also for two Ligurian sites (Bordighera and Portofino) for mesophotic 

populations of A. subpinnata (63-70 m depth). In this area, the sex ratio was 

strongly unbalanced in favour of females, with no records of males (35:0 and 

10:0, respectively) (Andruccioli, unpublished). This unbalanced trend in favour 

of females has been detected as well among other Mediterranean black coral 

species (Andruccioli, unpublished), although with a more limited number of 

samples which may potentially bias the results.  

Terzin et al. (2021) reported a shift of the sex ratio in colonies sampled in the 

upper (55-75 m) and lower mesophotic (152-210 m), with male individuals 

becoming more prevalent with increasing depth. But since the highest number 

of samples were collected at the same bathymetrical range (70 m) in two 

different regions (Liguria and Tuscany) the clear skewed ratio biased either in 

favour of females or males might be explained with the predominance of the 



99 
 

asexual reproductive strategy for this species (as already observed in aquaria, 

Coppari et al. 2019) at a local scale and with the potential provision of sexual 

reproductive propagules from one site to the other: spermatic cysts might be 

released in the water column and following the dominant anticlockwise current 

circulation being able to fertilize the female colonies in the Ligurian area. A 

skewed sex ratio was already observed in other Antipatharian species collected 

in Hawaii: Wagner et al. (2011) reported a female-biased ratio sex 7:3 in 

Cirrhipathes cf. anguina and 9:5 in Antipathes grandis. On the other hand, 

Antipathes griggi displayed a sex ratio in favour of males with a sex ratio of 

13:8; data differed depending on both sampling site and collection depth.  

Terzin et al. (2021) investigated the genetic connectivity among A. subpinnata 

populations in Mediterranean Sea. Population from lower mesophotic (Liguria 

and Favignana) and upper mesophotic (Ligurian and Thyrrhenian Sea) were 

genetically different; these lasts were connected by gene flow, while lower 

mesophotic population were genetically distinct and less resilient to human 

impacts. The pattern of connectivity in shallow population can be explained by 

the strong current which flows westward along the shelf break (Astraldi, 1994; 

Betti, 2017). The linkage disequilibrium (LD) analysis suggested that the 

coastal population could be partially clonal, supporting both the asexual 

reproduction and the sexual reproduction in sustaining the connectivity among 
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them. Results arose in our study highlighted that a population composed 

exclusively by males and that reproduces asexually, with a limited genetic 

variability, would not be resilient to face impacts. Indeed, an unbalanced sex 

ratio decreases the effective size of populations and compromise the resilience 

of population whenever an impact would occur (Dubreuil et al., 2010; Rosche 

et al., 2018).  

We could hypothesize the deep refugia hypothesis, where deep refuges (i.e., 

black coral forests present in Santa Lucia Seamount) can aid shallower 

population, providing coral propagules. The genetic contribution of deeper 

population would help the shallower population to tackle human impacts and 

to be resilient. Future population genetic studies in the Punta Pennello area 

would be helpful to understand if the smallest colonies, present below the 

colonies sampled in our study, are fragments (clones) or generated by sexual 

reproduction, and if this population is shows genetic connectivity with the 

surrounding ones (both in the same bathymetric range of distribution or 

deeper).  

Indeed, A. subpinnata displays a wide bathymetric range from 60 up to 600 m 

(Deidun et al., 2015). The samples collected in our area at 70 m, included 

colonies from the upper distribution limit of the species. Some behaviours 

could be variable when we consider samples close to their distribution limit. 
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Future studies, testing the sex ratio at lower distribution limit of A. subpinnata 

would be advisable, to evaluate if it maintains the same trend reported for the 

upper limit. At the intermediate distribution limit (Santa Lucia Seamounts at 

150-200 m depth), the situation was more balanced, with still a sex ratio in 

favour of females but with the concomitant presence of some male colonies 

(Andruccioli, unpublished). 

Our study has been possible thanks to the collaboration of technical divers 

through Citizen Science actions. The involvement of technical divers is 

essential, permitting to carry out studies at mesophotic depths, which are not 

always easy to reach for a researcher. In the future, we may engage technical 

divers from different areas both in Italy and in Europe, in order to replicate the 

study on a larger scale, providing temporal and spatial data. The involvement 

of technical divers, coupled with remote operated vehicle (ROV) or 

autonomous underwater vehicle (AUV) will allow to reach greater depth, 

providing a broadscale data collection.  

 

4.3  Larvae 

The larvae of A. subpinnata have never been observed, so the construction of 

our larval settlement devices was based on the known features for its 
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congeneric specie, A. fiordensis. The larvae of this species observed in aquaria 

were negatively buoyant, negative phototaxic, lecithotrophic with low motility 

and survival time (Miller, 1996). The duration of larval pelagic phase in benthic 

organisms is in general positively correlated with dispersal potential. 

Planktotrophic larvae should be able to disperse over greatest distance than 

lecithotrophic larvae, however this pattern is not universally widespread for all 

species (Coelho and Lasker, 2016). In fact, A. fiordensis showed genetic 

similarity among population in different fjords, probably maintained by larvae 

exchange, despite being lecithotrophic (Miller, 1997). Related to this some 

authors suggested that lecithotrophic development is an adaptation for wide 

dispersal in deep environments, characterized by oligotrophy (Shilling and 

Manahan, 1994). Large scale dispersal is more common in broadcast species 

(Coelho and Lasker, 2016). The absence of larvae on our devices could be 

explained by several factors: a) larvae could be positively buoyant, as in many 

Scleractinia species, so the position of our substrates immediately below the 

parent colonies was not appropriate. Further studies could test different larval 

settlement devices, similar to the one adopted to collect larvae of scleractinians 

(Scucchia et al., 2020); b) if the population in Punta Pennello is truly composed 

by males only, the absence of larvae in this site becomes obvious. Male 

germinal cells could be transported by the currents of intermediate circulation, 
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following an anticlockwise pattern and potentially fecundate populations of 

Ligurian Sea. Otherwise, deeper population in the surrounding areas, could aid 

shallower population, providing propagules. Further genetic studies may help 

in corroborating or not these hypotheses. A different approach to study larval 

ecology could include the collection of both male and female gametes during 

the spawning, followed to an in vitro fertilization to obtain the larvae.  
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