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In memoria del Prof. Riccardo Cattaneo Vietti 

 

Ho conosciuto il Prof. Riccardo Cattaneo-Vietti nel 2008, al mio secondo anno di 

Università a Genova, iscritta a Scienze Ambientali. Lui teneva il corso di Ecologia, a me 

come a decine di altri studenti, ma per alcuni di noi era divenuto sin da subito un 

insegnante caratteristico del contesto universitario: le lezioni erano sempre interessanti 

ed arricchite da racconti di vita personale. Il suo modo di fare, di parlare, di camminare 

per il cortile e condividere opinioni col sigaro in bocca ci hanno regalato momenti 

indimenticabili durante i nostri percorsi formativi. 

Con lui ho avuto il grande privilegio di proseguire questo cammino negli anni del 

dottorato, condividendo l’interesse per la biomineralogia, questa idea che ci ha dato 

tante soddisfazioni, gioie ed esperienze che mai più scorderò. 

Purtroppo, la pandemia causata dal virus SARS-COVID-19 non ha risparmiato nemmeno 

noi e, ahimè, ha portato via proprio lui, il gigante buono che tutti noi stimavamo e 

amavamo. 

Riccardo era, a mio modesto parere, un uomo semplice, capace di (auto)ironia e di critica 

costruttiva, nella vita privata come nel lavoro. I suoi numerosi riconoscimenti 

internazionali lo hanno reso agli occhi del mondo un grande esperto di Biologia Marina 

e tale per sempre verrà ricordato, ma per me era diventato molto più di un Professore, 

era il collega che attendevo ogni giorno per discutere di lavoro, per chiacchierare di 

frivolezze e per veder punzecchiare Giorgio, leggendo il giornale tra una telefonata e una 

e-mail urgentissima alla quale era impossibile non prestare attenzione. Tornata in 

ufficio, non posso fare a meno di riportare alla memoria quelle ore trascorse in famiglia, 

perché è proprio così che ho avuto la fortuna di sentirmi. 

Spero mi sia concessa questa confidenza nel salutare un caro Professore, che vedo 

ancora salire sulla sua Vespa bianca e lentamente allontanarsi, in un giorno di pioggia, 

proprio come l’ultimo giorno in cui l’ho potuto salutare. 
Dedico questa tesi di dottorato a lui, immaginando il suo commento con un cenno di 

sorriso sulle labbra e le braccia dietro la schiena, pronto a guardare avanti, con altre 

innovative idee da testare nella mente. 

 

A presto Prof. 

Martina 
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RIASSUNTO 

Lo studio delle interazioni tra variabili ambientali e organismi marini è fondamentale 

per la comprensione degli equilibri dinamici che determinano, a diversa scala spazio-

temporale, la struttura delle comunità bentoniche Tali processi sono in costante 

mutua influenza, dal momento che il comparto biotico subisce l’azione dei fattori 

abiotici, ma allo stesso tempo, modifica a sua volta le caratteristiche dell’ambiente 

attraverso i diversi processi vitali. Non di meno, ciascuno di questi drivers, preso 

singolarmente, è il risultato di precisi equilibri che interessano singoli organismi, 

comunità o interi ecosistemi, così come più parametri ambientali possono essere 

direttamente correlabili tra loro.  

In un’epoca di cambiamento climatico come quello in cui viviamo, un approccio 

multidisciplinare allo studio dell’ambiente e degli organismi marini appare 

fondamentale per comprendere il potenziale effetto di una singola parte del sistema 

sulle altre e, di riflesso, per tentare di relazionare tra loro tutte queste, in un’ottica di 

gestione ottimale degli ecosistemi e di salvaguardia degli habitat. 

Le specie marine bentoniche, sia sessili per tutta la durata del ciclo vitale sia legate al 

fondale solo per parte di esso, subiscono l’effetto dei mutamenti fisico-chimici della 

colonna d’acqua e mediante i loro adattamenti riescono ad avversarli o assecondarli 

grazie alla loro resilienza e resistenza. D’altro canto, lo stesso substrato può venir 

modificato da diversi processi di varia natura (meccanica, fisica, chimica, biologica), 

diventando così un tassello importante che può influire sulle fasi di colonizzazione e 

successivamente di insediamento larvale, sullo sviluppo del singolo organismo e 

dell’intera comunità bentonica, fino ad arrivare a caratterizzare il paesaggio 

sommerso. Tutti questi aspetti, inoltre, agiscono su scale spaziali e temporali molto 

diverse; pertanto, l’osservazione dei fenomeni di interazione tra organismi e variabili 

ambientali richiede approcci specifici, condotti per step successivi, in modo da isolare 

l’effetto di un singolo fattore. 

Le caratteristiche substrato sono state tenute in considerazione già in molti ambiti 

ecologici, portando alla luce aspetti innovati ma anche conclusioni discordanti. In 

biologia marina l’interesse per lo studio dell’interazione tra organismo e 

composizione mineralogica del substrato (bio-mineralogia), ha iniziato ad emergere 
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alla fine del secolo scorso, ponendo l’accento sull’effetto tossico del quarzo presente 

nel sedimento sulle prime fasi di colonizzazione della fauna. Da allora, numerosi studi 

hanno approfondito questo ambito di ricerca, investigando substrati duri di varia 

natura in rapporto alla struttura delle comunità ivi insediate. 

Il proseguimento di tale ricerca ha tentato di definire quali effetti il substrato possa 

avere a diversa scala ecologica (dal singolo organismo alla comunità, fino al 

paesaggio), prendendo in esame diverse tipologie di rocce ed evidenziando affinità 

tra litotipi affini. Per la loro naturale conformazione geologica, sono state investigate 

la costa ligure e il contesto sardo dell’Area Marina Protetta di Tavolara – P.ta Coda 

Cavallo, che presentano, in una scala spaziale ridotta, variabilità di substrati oltre che 

ambienti di grande pregio ambientale. 

Tali contesti si sono rivelati ottimali per ampliare le conoscenze sull’effetto della 

composizione mineralogia dei litotipi sulla distribuzione e abbondanza di organismi 

bentonici, facendo emergere il ruolo chiave delle alghe corallinacee incrostanti nella 

stabilizzazione dei substrati. 

In seconda analisi, l’indagine ha permesso di caratterizzare ecologicamente e 

approfondire le conoscenze sulla distribuzione e sullo stato di salute e conservazione 

di habitat prioritari di grande pregio ambientale, attualmente poco valorizzati e 

soggetti a forti impatti da parte della pesca, indicando nuove misure più consone per 

la gestione di questi siti da parte degli Enti competenti. 
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SUMMARY 

Studying the interactions between environmental variables and marine organisms is 

fundamental to understanding these delicate dynamic balances at different space-

time scales. These processes are in constant mutual influence since the biotic 

compartment undergoes abiotic factors but simultaneously modifies the 

environmental parameters through their own physiological activities. Nevertheless, 

each of these drivers, taken individually, is the result of precise balances involving 

single organisms, communities or entire ecosystems, and multiple environmental 

parameters can be directly correlated with each other. 

In an age of climate change such as the one we live in, a multidisciplinary approach to 

the study of the environments and marine organisms appears essential to understand 

the potential effect of a single part of the system on the others and, consequently, 

to try to relate to each other, all of these, to optimally manage ecosystems and 

safeguarding habitats. 

Benthic marine species, both sessile for the entire duration of their life cycle or linked 

to the seabed only for part of it, undergo the effect of physic-chemical changes in the 

water column and through their adaptations can oppose or support them, 

sometimes exploiting them to advantage, thanks to their resilience and resistance. 

On the other hand, the same substrate can be modified by different processes of 

various nature (mechanical, physical, chemical, biological), thus becoming an 

essential element that can influence the phases of colonization and consequent larval 

settlement, on the development of the single organism, and the entire benthic 

community, up to the point of characterizing the submerged landscape. 

Furthermore, all these aspects have both a very different spatial and temporal scale; 

therefore, the observation of the interaction phenomena between organisms and 

environmental variables requires very different approaches, often conducted step by 

step, to isolate the effect of a single factor and, where this is not possible, mitigate 

the interaction. 

The substrate characteristics have already been considered in many scientific fields, 

ranging from engineering to ecology, highlighting innovative aspects and conflicting 

conclusions. Furthermore, the interest in bio-mineralogy, i.e., the study of the 
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interaction between the organism and the mineralogical composition of the 

substrate, began to emerge at the end of the last century, focusing on the toxic effect 

of the quartz present in the dissolved sediment on colonization phase of the 

associated fauna. Since then, numerous studies have deepened this area of research, 

investigating the hard substrates of various kinds and the structure of the 

communities settled there. 

 

From Coombes et al., 2011. 

Here, the continuation of this research has attempted to define what effects the 

substrate can have at different ecological scales (from the single organism to the 

community, up to the landscape), examining different types of rocks and highlighting 

affinities between similar lithotypes. Due to their natural geological conformation, 

the Ligurian coast and the Sardinian context of the Tavolara Marine Protected Area - 

P.ta Coda Cavallo have been investigated. Particularly, this last locality presents, on a 

reduced spatial scale, the variability of substrates as well as environments of great 

environmental value. 

These contexts have proved to be optimal for expanding knowledge on the effect of 

the mineralogical composition of lithotypes on the distribution and abundance of 
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benthic organisms, pointing out the crucial role of encrusting coralline algae in 

stabilising substrates. 

In a second analysis, the survey made it possible to characterize ecologically and 

deepen the knowledge on the distribution and the state of health and conservation 

of priority habitats of great environmental value, currently under-valued and subject 

to substantial impacts by fisheries, indicating new more suitable for the management 

of these by the competent Bodies. 
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INTRODUCTION 

1. BIO-MINERALOGY: GENERAL ASPECTS  

Spatial distribution and structure of marine benthic communities are regulated by 

numerous abiotic and biotic factors. Research at the interface of disciplines is not 

trivial because each one may be concerned with fundamentally different topics, 

focusing on non-living aspects of the environment (“abiotic”) or living ones 

(“biotic”). Thus, the methods and research designs commonly adopted are not 

always complementary, as each experiment may be designed to look at different 

goals. Consequently, challenges arise when problems are approached with holistic 

views, particularly the environmental management, conservation and restoration 

context, where combined inputs from physical and ecological sciences are required 

in ways that complement each other (Apitz et al., 2006). 

For example, among the multi and trans-disciplines that investigate the relationships 

between organisms and environmental driving forces, geomorphology and ecology 

well represent this paradigm: traditionally, geomorphology is a discipline focused on 

physical landscape and processes that shape landforms over time and space (Rhodes 

& Thorn, 1996), while ecology is typically more concerned with processes that shape 

distribution of species and populations and their interactions with the physical 

environment (Begon & Townsend, 2020). 

In the last decades great attention has been paid to the process of deposition and 

dissolution of biominerals, mainly carbonates, that have a particular role in the 

marine community dynamics (McCall & Tevesz, 1982) and a fundamental importance 

in the CO2 budget. On the contrary, less attention has been paid to the complex of 

interactions between biological systems and the mineral substance they come in 

contact within the marine and freshwater environments. Various biosystems show 

the ability to recognize, select, react, and possibly use the environmental mineral 

fraction. The reactions towards different minerals may be very different: it is well 

known, for example, that crystalline silica (quartz) acts differently from amorphous 

opal and chalcedony. In several vertebrates, for example, the inhalation of quartz 

dusts is responsible of severe lung diseases like silicosis and bronchogenic cancer 

(Donaldson & Borm, 1998). 
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The term “bio-mineralogy” was introduced by Cerrano et al. (1999), and it was used 

to indicate, among the abiotic factors, the role of composition and texture of the 

rocks in conditioning living organisms. 

Different hard substrates with distinct physic/chemical and biological properties exist 

in marine environments; they include living animal and algal surfaces, various kinds 

of particles and aggregates, inert or bio-reactive mineral substrates and human 

submerged constructs and vessel and wreck surfaces. The relationships among 

substrates and benthic organisms, due to their mutual influence, creates complex 

interactions that occur at different levels of complexity (cell, organism, species, and 

community) and spatial and temporal scales, often challenging to explicate one by 

one and only poorly investigated in seawater environment (Bavestrello et al., 2000). 

Physical, chemical and biological processes operate both on soft bottoms and rocky 

coasts to maintain the benthic assemblages’ heterogeneity (Bertness et al., 2001; 

Munguia et al., 2011; Loke et al., 2014) and, for this reason, the nature of the primary 

substrate was invocated as one plausible feature that, together with the others, 

could explain “anomalies” in the whole sessile communities structure (Ruiz et al., 

2009; Coombes et al., 2011)(Fig. 1). 

 

Figure 1 Relationships among abiotic and abiotic drivers involved in the bio-mineralogy conceptual 
framework, modified from Coombes et al., 2011. 
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2. SUBSTRATE/ORGANISM INTERACTIONS 

The organic involvement (from micro-organisms to plants and animals) in the physical 

removal and/or chemical transformation of rocks, shaping seascapes in different 

ways, both actively and passively, is called “bioweathering” or “bioerosion” at the 

scale of interactions that ranges between mineral grains and micro-organisms up to 

global biogeochemical cycling and climate change over geological time. 

Substrate–coloniser interactions are not simple; epilithic organisms can modify 

surface properties (for example porosity) in active and passive ways (Carter & Viles, 

2003, Trudgill, 1987), and these influences can alter the efficacy of weathering 

processes (Gowell et al., 2015) and the potential suitability of a surface for subsequent 

colonisers (Coombes et al., 2011, 2015b, Pinn et al., 2008). 

Benthic microorganisms can colonise various kinds of natural or artificial surfaces and 

consequent interactions are critical factors in controlling the species distributions 

and ecological processes (Dayton, 1971; Menge & Olson, 1990; Archambault & 

Bouget, 1996; Johnson & Gillingham, 2008). The surface association appears to be an 

ancient, universal and fundamental survival mechanism that provides 

microorganisms advantages, including greater access to nutritional resources, the 

enhance of organism interactions and higher environmental stability (Costerton et 

al., 1995; Hall-Stoodley et al., 2004; Trevors, 2011). 

The presence of a microbial film, bioturbation and biotic interactions play an essential 

role in determining the early and final colony stages of substrates (Gibson et al., 2001; 

Oliveira et al., 2015; Gray, 1974; Rhoads 1974; Weise & Rheinheimer 1978; De Flaun & 

Mayer 1983; Dang et al., 2000, 2015a, b). 

Secondly, surface colonization and subsequent biofilm formation and development 

provide advantages to sessile organisms and support critical ecological and 

biogeochemical functions in the dynamic marine environment. Thus, all these steps 

are leading to the formation of initial bacterial biofilms and the development of 

specialized processes within these structures (Costerton et al., 1995; Petrova & Sauer, 

2012). Bacteria are known to be the most diverse and essential (compositionally, 

dynamically, and functionally) microorganisms on marine surfaces, and early 

colonizers may determine the structure, dynamics, and function of mature biofilm 

communities (Dang et al., 2008, 2011). If alterations (usually, stimulation) of microbial 
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activities by surfaces in soil environments were first reported more than a century 

ago (Söhngen, 1913; van Loosdrecht et al., 1990), similar surface-associated 

stimulation of microbial activities were subsequently found to be prevalent in marine 

environments as well (ZoBell & Allen, 1935). After rapid colonization, the subsequent 

biofilm formation produces a sequence of chemical and biological events, from the 

initial “conditioning film”, the subsequent colonization by pioneer microorganisms 

(bacteria), recruitment of secondary colonizers and growth, to the development and 

maturation of biofilm microbial communities (Dang et al., 2008). 

Weathering and erosion of rocky substrates have a bearing on ecology by creating 

habitat heterogeneity at various spatial and temporal scales (Archambault & Bouget, 

1996). 

Physical, chemical and biological erosion processes act to modify hard substrate 

through time, and the potential importance of these processes will depend mainly on 

the material type (lithology) and the conditions under which they are exposed 

(Anthony, 2008). Weathering produces physical complexity at a micro-small scale (< 

μm-cm) at the surface rock (Stephenson & Kirk, 2000): changes in surface texture 

and morphology at this scale have been studied in geomorphology as a proxy for 

weathering state (McCarroll & Nesje, 1996). In an ecological sense, these alterations 

equate to changes in the physical complexity of the substrate at scales known to 

drive early and subsequent colonization phases on rocky surfaces (Lapointe & 

Bourget, 1999; Gòmez-Pujol et al., 2006). 

Many abiotic factors could be strictly related to the properties of rocky surface: there 

are many studies about surface texture and roughness (Pomerat & Weiss, 1946; Crisp, 

1976; Downes et al., 2000 and references therein), colour and thermal properties 

(Shaler, 1869; McGreevy, J.P., 1985; Weiss et al., 2002), and consequent thermal stress 

and heat/desiccations problems (Gόmez-Heras et al., 2009; Lathlean, 2012), hardness 

and stability (Bokuniewicz, 1975), wettability (Pogorzelski et al., 2013), exposure and 

slope (Hecker, 1982; Murray et al., 2002 and references therein), that confirm the 

primary role in influence marine benthic assemblages. 

The distinction between rock composition (i.e., lithology) and surface texture is 

crucial, because the two are inherently linked, but “rock type” distinguishes 

geological (mineralogical/chemical) properties while “surface texture” is a 
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morphological parameter. Inherent geological properties of substrata (such as grain 

size) and weathering (geomorphic) behaviour will give rise to natural variations in 

texture between material “type”, as suggested by McGuinness & Underwood (1986). 

In reality, a combination of geological and textural properties probably influences 

colonisation of natural substrate in complex ways, as demonstrated under controlled 

experiments (Savoya & Schwindt, 2010). 

The second level of interaction results from collateral environmental stress sources: 

changes in water column parameters, sedimentations and human activities and 

pollution are all factors controlling the development and persistence of marine 

benthic assemblages, both on shores and underwater. 

On marine soft bottoms, the most widespread benthic habitat, the distribution of 

communities is a well-known topic: they generally result driven by many physic 

parameters, such as size and microscale features of the sediments, stability and 

organic content (Thistle, 1981; Ruso et al., 2007; Dauvin et al., 2017; Alsaffar et al., 

2019). 

The mineralogical features of substrates have been observed to influence bacterial 

activity (Manini & Luna, 2003) and infaunal colonisation in marine soft bottoms 

(Cerrano et al., 1999). In particular, the toxic effect that quartz has demonstrated on 

organisms was one of the first essential results. By in situ experiments, differences in 

the biomass and the specific structure of meiobenthic communities growing on 

carbonatic (Carrara marble) and quartzitic sand were observed, despite the identical 

physical parameters of sediments, and related with the oxidant properties of the 

quartz crystal surface, derived by the generation of silicon-based radicals due to 

water movement. 

Although grain size is considered of great importance during larval settlement, it is 

poorly related to the community composition and architecture (Snelgrove et al., 

1998). In addition to grain size, the mineral composition of sediments might also be 

expected to affect the larval settlement. Still, the role of the crystallographic 

characteristics of the substratum remained virtually unstudied. 

All these studies suggest that the mineralogical composition of rocky and soft 

substrates could have a more significant influence than previously thought and, in 

turn, may plausibly affect the animal colonization on hard bottoms. Consequently, it 
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has been invocated to explain some anomalies in benthic communities' structure, 

living on very close granitic and calcareous cliffs (Balduzzi et al., 1995). 

At a small scale (< cm), physical complexity equates to substratum surface 

morphology or roughness and is an equally important control on ecology. This 

feature is widely known to influence the initial settlement of marine invertebrate 

larvae (Pomerat & Weiss 1946; Barnes & Powell 1950; Crisp, 1974) and the subsequent 

development of epibenthic communities (Anderson & Uderwood, 1994; Jacobi & 

Langevin 1996; Lapointe & Bouget 1999). Experiments on algae have demonstrated 

both settlement of spores (Fletcher & Callow, 1992; Jonhson, 1994) and removal by 

hydrodynamics varies with substate roughness (Wahl & Hoppe, 2002) and 

subordinate species may gain a competitive advantage over more dominant species 

on tridimensionality complex surfaces (Walters & Wethey, 1986). Moreover, 

preference for surface textures occurred between different organisms and between 

species (Berntsson et al., 2000). 

Focusing on the early stage of colonisation, the structure of macrobenthic 

communities is often influenced by microbial films (Scheltema, 1976). The settlement 

of the marine bacterium Vibrio coli on sand grains of different mineralogical 

compositions evidence that calcareous substrata are more suitable for bacterial 

adhesion than quartzitic ones. Also, studies of the early development of marine 

benthic communities on quartz and amorphous silica (opal) evidence a critical role 

played by minerals in structuring the biofilm. The growth of diatoms, one of the main 

components of the biofilm, is influenced by the availability of different silica sources 

(Penna et al., 2003; Giovine et al., 2013). Nevertheless, many benthic species react 

differently in the presence of some kinds of silica, suggesting the existence of 

complex mechanisms to recognize and select, at a cellular level, the different surface 

properties of the mineral; moreover, this selectivity can be switched on and off 

during the species biological cycle (Bavestrello et al., 1998). 

The adhesion of the dispersion phases (larvae, asexual propagula) of sessile 

organisms to a substrate is a critical event in the biological cycle of the species, and 

the mineral nature of the substrate plays an essential role in this process. In many 

invertebrates, the adhesion culminates with the larval metamorphosis, which can be 

wholly performed in all its complex phases only after the larva has successfully 
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settled on an adequately selected substrate, thus avoiding any negative impact from 

an unsuitable substrate to its growth. Since free-swimming larvae have a generally 

limited chance of survival (some days at maximum), their ability to interact with the 

substrate is fundamental. 

The close relation between substrate heterogeneity and rock type led to interesting 

results, as for barnacles. In laboratory experiments, it was observed that the cypris 

settlement of the barnacle Balanus amphitrite is influenced by the nature of the 

substrate (Faimali et al., 2004) as well as by biofilms structure. In addition, the biofilm 

formation is influenced by the substrate (marble, quartz, glass, and cembonit), as 

several settled microorganisms and microbenthic community biodiversity, which 

could depend not only on the chemical nature of the substrate but also on its 

microtexture. With biofilm ageing, the attractiveness of different substrates tends to 

disappear. 

Thus, the effects of different substrates (dolostones, limestones, serpentinites, 

basalts, gabbros, quartz–arenites, granites, quartzites), on the marine hard bottom 

communities’ structure, under comparable conditions of food availability and water 

movement, have been deepened in different Mediterranean areas (Liguria, Tuscany 

Archipelago, Sardinia).  

To discriminate substrate–related–variability from space–variability (as samples 

closer in space should be more similar to each other than those further apart), it was 

necessary to use an appropriate spatially multi–resolution nested sampling design 

(Underwood & Chapman, 1996). Concurrently, to avoid small–scale patchiness of 

substrate, observations were performed at two different spatial scales (400 cm2 and 

10,000 cm2). In general, results demonstrate that benthic communities growing on 

quartz–rich rocks (quartz–arenites, granites, quartzites) are less diverse and show a 

simpler physiognomy compared to those growing on carbonatic rocks., even if each 

taxa may respond in different way. 

A second step of the analysis was conducted on epibenthic communities, studying 

differences in the larval settlement of the hydroid Eudendnum glomeratum planulae 

on different substrates (Bavestrello et al., 2000), creeping for some days on the 

substratum (Sommer, 1992). The experiment showed a preferential behaviour for 

carbonatic rather than quartzitic substrates by planulae and the related established 
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communities, suggesting that the observed differences were linked to the presence 

of quartz in the substrate and the interactions between organisms and minerals 

involved not only initial but also later colonisation steps. 

Consequently, the following field of investigation regarded evaluating the structure 

of the whole marine benthic communities at different spatial scales, beyond the 

quartz role. 

The overall negative quartz effect acts mainly during the early stages of colonization 

and gets reduced as the succession continues. Many sessile organisms lay calcareous 

structures that offer a secondary substrate to later colonists, thus annulling or 

masking the quartz inhibiting effect. This could be the case of encrusting macroalgae 

and bryozoans, which operate a “biological conditioning” of the substrate (Cattaneo-

Vietti et al., 2004). Nevertheless, the quartz effect could be maintained in high energy 

environments or where the grazing is heavy. These frequent disturbs produce 

periodical population «zeroing», which prevents the community from reaching a 

mature condition and exposing bare quartz-rich substrates. 

Cattaneo-Vietti et al. (2002) assessed that the investigated epibenthic assemblages in 

the Levanto area (E Liguria Riviera) were strongly driven by the mineralogical nature 

of the substrate, especially photophilic algal fraction, which showed significant 

differences in species richness, percentage cover and abundance. In particular, the 

results clarified that some substrates negatively or positively selected some species 

and that ophiolitic rocks (gabbros and serpentinites) could not host “mature” 

epibenthic assemblages, with bare portions of the rocky surface, available for 

pioneer species. In consideration of it, ophiolitic substrates should be considered 

“inhibiting substrates”, driving the patterns of recolonization and ecological 

successions, acting a sort of “intermediate disturbance” (Connell, 1978). 

Strictly related to ophiolitic rocks, a similar study was conducted at the Baia del Corvo 

(W Ligurian Riviera, where the benthic assemblages settled on two different kinds of 

ophiolitic rocks (metagabbros and serpentinites) were studied in the splash 

(supralittoral), tidal (midlittoral), upper sublittoral and sublittoral habitats. Significant 

differences emerged at all the four bathymetric ranges, confirming the primary role 

of the substrate in determining two different community structures, both in 

qualitative and quantitative terms (Bavestrello et al., 2018). The communities settled 
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on metagabbros were significantly poorer in terms of biodiversity than those 

recorded on the serpentinites, which were composed, on average, by a double 

number of species. 

Secondly, the algal communities growing on metagabbros were poorer in species 

richness and showed a much simpler structure when compared to the assemblages 

occurring on the serpentinites. Focusing on zoobenthos, the most widely distributed 

animal organism, the barnacle Chthamalus stellatus was dominant on serpentinites 

and virtually absent on metagabbros. These results, confirming the previous complex 

pattern of interactions occurring in the W Ligurian Riviera (Cattaneo-Vietti et al., 

2002), opened new investigation scenarios since the serpentinites rocks are well 

known to limit the settlement of vegetation in terrestrial habitats (Harrison & 

Rajakanura, 2011) severely. 

Striking differences in the composition of algal communities occurring on different 

types of rock have been reported in several studies (Fletcher & Callow, 1992, and 

references therein), including some conducted in other parts of the Mediterranean 

Sea (Guidetti et al., 2004, Rindi & Battelli, 2005, Pitacco et al., 2013). 

This could imply that rock type effects on epibenthic assemblages have the potential 

to cascade upwards through the entire community, influencing (for instance) sea 

urchins and fishes (including the main predators of sea urchins in the Mediterranean 

Sea (Sala et al., 1998). Differences in the mineral composition of the substrate have 

been demonstrated to also reach some apical predators. 

In two areas of the Tavolara – Punta Coda Cavallo Marine Protected Area (Sardinia, 

Mediterranean Sea), a quantitative difference in the distribution of two fish, Serranus 

scriba and S. cabrilla were noted concerning differences in algal assemblages that, in 

turn, were associated with different features of the rock (granites versus limestones) 

(Guidetti et al., 2002). 

Nevertheless, in the same area, mineralogical features of rocks were linked with 

differences among the structure of hard-substrate communities, from primary 

producers (macroalgae) to consumers (sea urchins and fishes), despite possible noise 

created by other environmental drivers (wave action exposure, macro-topographic 

features, slope, rugosity, boulders size) (Guidetti et al., 2004). At 4-7 m depth, lower 

species richness and a greater algal mat cover on granite than on limestone were 



23 
 

observed. No significant differences were detected in the total surface or the average 

cover of the remaining most common epibenthic taxa. 

Densities of the two sea urchins, Paracentrotus lividus and Arbacia lixula, did not differ 

according to lithology. 

On the other hand, it emerged that some fish species were chiefly associated with 

granite (Serranus scriba and labrids belonging to the genus Symphodus). In contrast, 

Serranus cabrilla, Thalassoma pavo and some cryptobenthic fishes were more 

abundant on limestone. However, the density of Sarpa salpa (the most crucial 

herbivorous fish in the Mediterranean sublittoral and capable of affecting the 

structure of benthic algal assemblages) did not differ between granites and 

limestones. 

This evidence suggests that the observed distribution patterns at Tavolara can 

provide indications as to how the whole community may be regulated by ‘top-down’ 

and/or ‘bottom-up’ processes (Menge 2000; Duffy 2002; Whalen et al., 2013), and 

biomineralogy might thus be part of a bottom-up one, that, in turn, interact with 

other top-down and other bottom-up (e.g., productivity) cycles. 

Clear evidence of quartz action was observed also in the development of a 

freshwater fish, the ciclid Pelvicachromis pulcher: laboratory tests have shown that 

this species selectively chooses the type of substrate where to lay eggs (Maradonna 

et al., 2003). Quartz, in fact, interferes with its development: while 90% of embryos 

placed in a carbonaceous sand have successfully metamorphosed, 100% of embryos 

placed on quartz–rich sand died on day 8 of their development. In the larvae grown 

on quartzitic substrate, a decreased expression of most of the genes analysed was 

observed. In fact, IGF–II, one of the most important fetal growth factors, was found 

to have less expression in the larvae developed on quartz. Looking at the GADPH, we 

found the expression of this gene to be totally inhibited in the larvae developed on 

quartz. GADPH is one of the key enzymes of the glycolytic pathway through which 

the cells produce ATP. 

In the same larvae, only the molecular chaperone HSP70, which is involved in the 

folding of the nascent polypeptide chain (Kelley, 1999), was found to have a higher 

expression. Since it has been reported that induction of HSP70 makes cells more 

resistant to a number of cellular injuries (Mayer et al., 2000; Airaksinen et al., 1998; 
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Mosser & Bols, 1988), the higher levels of this gene found in the present work indicate 

that the quartz represents a source of stress for the larvae, which attempt to recover 

through an over–expression of HSP70. 

Furthermore, the investigation of the spatial distribution patterns of two sessile 

gastropods belonging to Vermetidae, Vermetus triquetrus and Dendropoma 

petraeum, showed the higher frequency and density of D. petraeum on granites 

(Schiaparelli et al., 2003), explained by the competition of these sessile filter feeder 

molluscs with macroalgae, which are considerably less developed on granites than 

on carbonate rocks, while V. triquetrus resulted equally present, confirming that each 

taxon may respond differently (Schiaparelli & Cattaneo–Vietti, 1999). 

Finally, among the sessile marine tunicates, the selection of a suitable substrate by 

the larvae is an important and critical factor determining the distribution of species. 

Laboratory experiments showed that larvae can discriminate between the substrates 

based on their silica content. Surprisingly, surface roughness did not influence larval 

attachment. Under the same laboratory conditions, the larvae that attached to 

quartzite grew faster and had a wider area of contact with the substrate than those 

that grew on carbonaceous stones (Groppelli et al., 2003).  
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3. SENSITIVE HABITAT: CORALLIGENOUS REEFS OF THE 
MEDITERRANEAN SEA 

The coralligenous represents a fundamental part in the complex mosaic of 

Mediterranean biodiversity: these concretions are in fact considered an important 

“hot spot” of biodiversity, together with the Posidonia oceanica meadows 

(Ballesteros, 2006). 

The term "coralligenous" refers to a secondary hard substrate, formed by the 

concretion of algal thalli and, to a lesser extent, by animal skeletons (Bressan, 2001). 

The result is the formation of a secondary hard substrate, representing a privileged 

habitat for the settlement, spawning, recruitment, feeding and shelter of an 

enormous variety of marine species (Valisano et al., 2019). The holes and cavities 

present in the coralligenous concretions support, in fact, a rich cryptofauna 

dominated by suspensivores (sponges, hydrozoans, tunicates, bryozoans, serpulids, 

molluscs, etc.) whose diversity and interrelationships are so far largely unknown. 

Laubier (1966) firstly highlighted the high biodiversity of coralligenous by drawing up 

a list of 544 invertebrates present in the Banyuls concretion. Subsequently Hong 

(1980), in an exhaustive investigation conducted on the coralligenous of Marseille, 

reported the total presence of 682 species, while other authors (Ros et al., 1984) 

listed the presence of 497 species in the coralligenous of the Medes Islands. 

Pérès & Picard (1964) have suggested that coralligenous can be considered the 

climax biocenosis of the circalittoral belt. Its growth rate varies between 0.0006 and 

0.83 mm/year (Sartoretto et al., 1996). The age of this Mediterranean bioconstruction 

varies between 600 and 8000 years (Ballesteros, 2006). 

The threats to coralligenous are numerous, but the lack of knowledge on its 

distribution and high spatial variability are slowing down the development of 

standardized methods for assessing its state of health and forms of management. 

The rapid and widespread loss of biodiversity recorded on a global scale is also 

occurring in habitats such Mediterranean coralligenous where it was documented a 

reduction or disappearance of about 50% of the total biomass (Cerrano & Bavestrello, 

2008) due to phenomena of mass mortality (Cerrano & Bavestrello, 2009). 

Coralligenous represents an essential ecosystem, recognised as a natural habitat of 

community interest and Zone of Special Conservation at the European level (92/43/CE 
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Habitat Directive (European Community, 2000), habitat code 1170-14: Reefs, 

coralligenous assemblage). Nevertheless, coralligenous assemblages are particularly 

sensitive to human impacts, primarily caused by recreational and commercial fishing 

activities (Markantonatou et al., 2014), as well as by environmental changes, in 

particular temperature rise, that may lead in some cases to mass mortality events of 

sponges and gorgonians (Cerrano et al., 2005, Huete-Stauffer et al., 2011). Thus, 

thermal stress can enhance the effects of other stressors of anthropic origin 

(pollution, scuba diving, mass tourism, sedimentation rate and water column 

turbidity), affecting both the coralligenous architecture and functioning (Vezzulli et 

al., 2013), favouring phase shifts in favour of more tolerant, opportunistic and alien 

species (Ponti et al., 2014). 

 

3.1 THE CORALLIGENOUS OF THE TAVOLARA – P.TA CODA CAVALLO 
MARINE PROTECTED AREA 

The coralligenous habitat in the AMP of Tavolara P.ta Coda Cavallo covers an area 

estimated at 97.2 ha, equal to 0.6 % of the total sea area of the AMP itself, estimated 

at 15,280 ha (Fig. 3.1.1). 

Figure 3.1.1 Location and zonation of the Tavolara -P.ta Coda Cavallo MPA. Overview of the two 
primary lithologies, the limestone of Tavolara Island and the granite of Molara Is. 

Tavolara Is. 

Molara Is. 

Tavolara Channel 
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In this area, coralligenous structures develop at different depths, starting from 

infralittoral enclaves at shallow depths (15-20 meters) and from the vertical and 

overhanging walls of the cliffs up to the rocky outcrops rising on the debris bottoms 

at different degrees of sedimentation, even over 80 meters deep. The context of the 

AMP of Tavolara is particularly interesting as rocks with carbonate and granite 

composition coexist in a limited spatial extension, resulting in a mosaic of different 

types of coralligenous assemblages. Consequently, on different lithologies, it is 

possible to find very different plant associations and animal-dominated facies (Fig. 

3.1.2). 

 

During the last thirty years, this area was the set of many surveys, with different 

objectives: one of the significant efforts was done in collecting data on coralligenous 

assemblages’ distribution, characterization and evaluation of their state of 

conservation, as request by European Community (Canessa et al., 2018 and references 

herein). Knowledge on this topic was strongly improved, but some gaps and new 

lines of research emerged, as the influence of the mineral composition of rocky 

substrates, that may have repercussion on benthic marine organisms and 

populations structures. In light of this, the bio-mineralogical investigation could be 

applied to a marine key habitat as coralligenous reefs and be relevant in their 

characterization and evaluation. 

  

Figure 3.1.2 Examples of different algal associations and animal-dominated assemblages respectively 

on limestone and granite substrate. Photos are kindly provided by Egidio Trainito. 
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4. GENERAL OBJECTIVES OF THIS THESIS 

The aim of this research is to provide evidence about the relationships involving 

benthic organisms and mineral composition of the substrate at different spatial 

scales. Deepening the role of the mineralogical composition of lithotypes, it will be 

possible to better understand the physic-chemical characteristics that differentiate 

the types of substrates and affinities between rocks with similar compositions. In 

turn, this information will allow testing whether and how the nature of the substrate 

can affect the presence and abundance of some target species at different levels of 

interaction. The thesis is organized into three main chapters, presented through 

thematic sections, that reflect the single organism, the community and the 

ecosystem level. All the surveys were done using photographic, and video sampling 

methods; sometimes, information were resumed using data already available and 

managed according to the goals. 

PART 1: SINGLE-ORGANISM. This first part of the work was focused on the simplest level 

to minimize the interaction among biotic variables. In this way, distribution pattern 

and abundance of a benthic species was investigated on different substrates. 

Chapter 1 - “Influence of the rock mineralogy on population density of Chthamalus 

(Crustacea: Cirripeda) in the Ligurian Sea (NW Mediterranean Sea)”. In this first part the 

distribution and abundance of the barnacle Chthamalus spp. was studied at regional 

scale in an area characterised by geological heterogeneity of the coastline.The 

objectives of the work were (a) to describe the Chthamalus-belt across a portion of 

the Ligurian coastline, (b) verify if differences in terms of occurrence and/or 

abundance were in accordance with the mineralogical composition and crystal size 

of the main phase of each substrate. 

PART 2: BENTHIC COMMUNITIES. The second step of the analysis focused on the level 

of benthic community particularly taking in consideration the Mediterranean 

coralligenous reefs, a key habitat of the European Community. All the investigations 

were conducted at the Tavolara – P.ta Coda Cavallo Marine Protected Area (MPA) 

that, due to its interesting geological setting, provide a very suitable condition to 

study coralligenous assemblages settled on two different substrates in a narrow 

spatial context. Chapter 2 - “Coralligenous assemblages differ between limestone and 
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granite: A case study at the Tavolara-Punta Coda Cavallo Marine Protected Area (NE 

Sardinia, Mediterranean Sea).”- treats the mineralogical aspect applied to the 

coralligenous habitat characterization in order to (a) assess biodiversity, in terms of 

species richness, (b) the specific composition of coralligenous assemblages present 

on limestone and granite within the MPA (c) estimate whether there are differences 

between them, regardless of the sites under consideration, by multivariate statistical 

analysis.  

In Chapter 3 – “Large and erect sponges and scant coralline algal coverage characterise 

coralligenous assemblages on granite outcrops.”- the attention was turned to the area 

of the Tavolara Channel where, for the first time, the benthic communities present 

were investigating over 70 sites. This study area is located within the C zone of the 

Marine Protected Area and since it has previously been classified as low vulnerability 

due to the lack of data with environmentally relevant elements. In this way, the large 

photographic dataset made available was analysed to (a) allow a characterization of 

the benthic communities associated with the granitic shoals, (b) verify significant 

differences among bathymetric ranges and (c) made comparisons with previous 

results. At the same time, the research has been focused on the benthic communities 

settled under limestone and granite boulders to try to isolate the effect of encrusting 

red algae on the substrate and, consequently, on sessile animals. Thus, in Chapter 4 

– “Lithology could affect benthic communities living below boulders.”- data collected 

allows us to understand that (a) limestone and granite boulders host a different 

number of species, independently from sites and other environmental drives as solar 

light and depth and that (b) benthic assemblages under stones are very different 

compared to those living above them. In particular, a significant affinity by sponges 

for granites was confirmed. Finally, (c) the role of encrusting coralline algae in the 

stabilization of the substrate, preventing dissolution, results crucial for the more 

significant development of sessile communities across time. 

In the light of these results, the experiment was repeated in the Ligurian Sea, 

choosing sites characterized by different rocky substates with similarities in the 

mineral composition and texture. 

PART 3: ASSOCIATED VAGILE FAUNA. The last part of this research program involved 

top predators of benthic species as a proxy for the investigation of distribution 
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patterns and abundance of predators in relation to prey occurrence, mediated by the 

lithology of the substrate. For this goal, marine heterobrachs were studied in the 

Tavolara MPA in twelve sites, taking advantage from their stenophagus behaviour 

regards diet target. The Chapter 5 – “Rocky substrata affect the benthic community 

structure also at top predator level.” confirmed that (a) there is greater biodiversity 

on limestone than on granites, in terms of species richness, but not necessary in 

terms of abundance, (b), substrates select prey but, in turn, (c) some species of 

heterobranchs show a distribution pattern that do not reflect the standard available 

information and (d) prefer other prey only on one substrate, besides ubiquitarians. 

Finally, Chapeter 6 – “Rocky substrate affects the vagile community structure also at 

the top predator level” wides the focus to other vagile predators as echinoderms, 

fishes and crustaceans: the study highlights (a) how the influence of the substrate 

type reaches high levels of trophic nets, (b) geomorphologies created by substrate 

properties provide different habitat type suitable for different species protection. 

 

In the Appendix section is reported a collateral collection of works regarding the red 

coral Corallim rubrum, being an important calcified organism and one of the most 

charismatic Mediterranean habitat-former anthozoan species. Two works regards 

the sub-fossil red coral of Sciacca: “The sub-fossil red coral of Sciacca (Sicily Channel, 

Mediterranean Sea): colony size and age estimates” and “The paleocommunity of the 

Sciacca red coral” are a deepening of the biomineralization processes of benthic 

marine organisms and the external factors that can influence them. 

The other one, “Basin-scale occurrence and distribution of mesophotic and upper 

bathyal red coral forests along the Italian coasts”, allowed to evaluate the basin-scale 

occurrence, relative abundance, bathymetric limits, and habitat preferences of this 

species. 
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Marine benthic organisms are directly in contact with the rocky surface of the substrate, and interactions develop 

at a small (micro) spatial scale. 

Simultaneously, individual organisms are subject to relations of competing for space, the dynamics 

between prey and predator act on their ecological niche and, at the same time, the various abiotic factors 

implement a constant change of the surrounding environmental conditions. Thus, the first step of the 

investigation was focused on the occurrence and abundance of a well-known target species, like 

barnacles. Thanks to the solid literature about their biology and ecology and their distribution on rocky 

cliffs, they represent an easy species to investigate.

PART 1

SINGLE ORGANISM 
LEVEL
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Chapter 1  

THE INFLUENCE OF THE ROCK MINERALOGY ON POPULATION 

DENSITY OF CHTHAMALUS (CRUSTACEA: CIRRIPEDIA) IN THE 

LIGURIAN SEA (NW MEDITERRANEAN SEA) 
 

 
ABSTRACT 

Settlement, recruitment and survival of sessile marine species are driven by many biotic and abiotic 

factors. Among them, substrate mineral composition is generally a neglected topic, despite it proved 

to be a relevant contributing variable in driving the structure of benthic communities. Thanks to their 

ecology, Chthamalus species are an excellent proxy to test the role of substrate in affecting settlement 

and final population density on exposed rocky shores. Differences in the number of individuals were 

analysed in eight localities along the Eastern Ligurian Riviera (north-western Mediterranean Sea), from 

Portovenere to Manara Cape. In this sector of the Ligurian littoral, the coast is constituted by different 

rocks characterised by variable concentrations of calcite, silicates and quartz. This situation includes 

an ideal setting to evaluate the influence of mineral composition of the rocks in structuring the epilithic 

macrobiota communities in energetic splash zones and under similar physical pressures. Rocks rich in 

calcites turned out to be more suitable for Chthamalus species than substrates containing high 

amounts of silicates, and of quartz in particular. Additionally, also the grain size of the main mineral 

component of the rocks, determining in turn the surface roughness seemed to influence barnacle 

densities, with a significant preference for finer-grained substrates. 

Keywords: Chthamalus, mineralogy, calcite, quartz, Mediterranean Sea. 
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INTRODUCTION 

Changes and stability in spatial distribution, settlement, recruitment and density of 

marine sessile species are driven by a plethora of abiotic variables, which, in turn, 

interact with the biological ones (Dayton, 1971; Keough & Downes, 1982; Underwood 

et al., 1983, 1984; Connell, 1985; Menge & Sutherland, 1987; Barry & Dayton, 1991; 

Pawlik, 1992; Raffaelli & Hawkins, 1996; Smith & Witman, 1999; Benedetti-Cecchi et 

al., 2000; Sousa, 2001; Menge & Branch, 2001; Asnaghi et al., 2015). All these variables 

operate synergistically with different intensities, on different space and time scales. 

Among the main abiotic factors, that can favour or inhibit species settlement, the 

mineralogy of the substrate has been only sporadically considered. On the other 

hand, it has been observed that free larvae of sessile organisms show an unsuspected 

ability to recognize and select different rocky substrates, with essential 

repercussions on the community structure (Cerrano et al., 1999; Bavestrello et al., 

2000, 2018; Cattaneo-Vietti et al., 2002; Guidetti et al., 2004; Calcinai et al., 2008). In 

order to evaluate the influence of substrate mineralogy on larval settlement, the 

upper rocky shore is among the most suitable habitats, thanks to the fact that the 

impact of the microbial film is often low or absent (Bertness et al., 2001; Maggi et al., 

2017), so that the interaction between larvae and rocks is more direct. 

Barnacles are considered key species of these upper rocky shore communities; 

therefore, they represent a good model thanks to their high recruitment, mid-long 

larval dispersive phase (11–30 days) and a lifespan of 2–3 years (Southward & Crisp, 

1956). Studies about their biology and ecology (Moore & Kitching, 1939; Southward, 

1967, 1976, 1991; Levinton, 1982; Underwood et al., 1983, 1984; Caffey, 1985; Moore & 

Seed, 1985; Benedetti-Cecchi et al., 2000; Bertness et al., 2001; Underwood & Keough, 

2001), dispersal (Crisp & Southward, 1958; Grosberg, 1982), settlement (Larmon & 

Gabbott, 1975; Crispet et al., 1981; Hawkins & Hartnoll, 1982, 1983; Gaines et al., 1985; 

Gaines & Roughgarden, 1985), recruitment and gregariousness (Lewis, 1964; 

Underwood & Fairweather, 1989; Sutherland, 1990; Lively et al., 1993; Southward et 

al., 1995; O’Riordan et al., 2004 and references therein; Jenkins et al., 2000; Jenkins, 

2005), as well as competition and predation processes (Dungan, 1985; Lively, 1986a, 

1986b; Lively &Raimondi, 1987; Fairweather, 1988;Raimondi, 1988a, 1988b;Wahl, 

2009) have been widely explored topics in marine coastal ecology. 
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Some substrate features, such as exposure, slope, surface heterogeneities and 

roughness have been invoked as causal factors influencing barnacle aggregation at 

small spatial scales (Knight-Jones, 1953; Crisp & Barnes, 1954; Crisp, 1974, 1976; Denley 

& Underwood, 1979; Paine & Levin, 1981; Wethey, 1986; Raimondi, 1990; Lively et al., 

1993; Bourget et al., 1994; Hills & Thomason, 1996, 1998; Lemire & Bourget, 1996; 

Lapointe&Bourget, 1999; Davis, 2009). For example, in energetic splash zones, 

barnacles survive better in crevices, avoiding adjacent horizontal surfaces, where the 

mechanical stresses and the risk of desiccation are greater (Foster, 1971; Bergeron & 

Bourget, 1986; Chabot & Bourget, 1988; Menge & Branch, 2001). Additionally, the 

presence of a biofilm (in terms of thickness, composition and age) is known to be an 

important variable in influencing larval settlement, although with contradictory data 

(Barnes, 1956; Holmström et al., 1992; Walters & Wethey, 1996; Wieczorek et al., 1996; 

Thompson et al., 1998; Wieczorek & Todd, 1998; Olivier et al., 2000; Faimali et al., 

2004; Hadfield, 2011). Other variables affecting barnacle settling are related strictly to 

lithology of the substratum and include the mineral composition of the rock and its 

thermal capacity, colour and surface energy (Lewis, 1977; Yule & Walker, 1984; 

Wethey, 1986; Le Tourneux & Bourget, 1988; Holmes et al., 1997; Berntsson et al., 

2000, 2004; Herbert & Hawkins, 2006). 

The barnacles Chthamalus stellatus (Poli, 1791) and Chthamalus montagui Southward, 

1976 are the commonest sessile invertebrates living in the supra- and midlittoral rocky 

shores of the NW Mediterranean Sea, forming characteristic belts which can reach 

densities of up to 30,000 individuals m−2 (Pannacciulli & Relini, 2000) (Figure 1(a-c)).  
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In the Ligurian Sea, the 

vertical distributions of 

these two species overlap; 

nevertheless, C. stellatus is 

generally more abundant in 

the upper level. A third 

species, Euraphia depressa 

(Poli, 1791), also occurs, 

generally living higher up in 

crevices and shades, but it is 

rarely present in the main 

barnacle zone on exposed 

shores (Pannacciulli & 

Relini, 2000). 

 

Chthamalus spp. appear good 

models to assess the role of 

substrata mineral composition 

in determining settlement and 

recruitment of sessile 

invertebrates. Moreover, 

Bavestrello et al. (2018) have 

observed that the density of C. 

stellatus was very different on 

two neighbouring ophiolitic 

outcrops dip into the sea 

under similar environmental 

conditions but showing 

different silica concentrations. 

The aim of this study was to 

test the effect of rock mineral 

composition on the density 

Figure 2 (a) Sampling area along the Ligurian coast. (b) Lithological 
map, redrawn after the Regional Geological Map, 1:50.000 of the 
eastern Ligurian Riviera with the eight sampled localities. Ma: 
Manara Cape; Fr: Framura; Bo: Bonassola; Ve: Vernazza; PE: 
Portovenere E; PW: Portovenere W; Pbc: Portovenere Byron Cave; 
Pc: Portovenere Castle. 

Figure 1 (a-c) Different close-ups of a dense Chthamalus belt along 
the upper splash zone of a rocky shore of the eastern Ligurian Riviera. 
(d) Specimens of Chthamalus sp. cut transversally to evidence lack of 
the carbonatic basal plate. Scale bars: a= 50 cm; b = 5 mm; c = 10 cm; 
d = 5 mm. 
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of the adult Chthamalus at two levels of the splash zone, in some neighbouring 

localities of the Eastern Ligurian Sea, characterised by different mineral compositions 

of the rock substrata (Figure 2). 

Considering the strong differences in calcite, silicates and quartz concentrations 

present in the rocks of this littoral sector, the selected localities may be considered 

an ideal study area to evaluate the putative contribution of substrata mineral 

composition in influencing barnacle population and, from a more general point of 

view, the structure of the splash zone communities. 

 

MATERIAL AND METHODS 

GEOLOGICAL CONTEXT 

The characteristics of the Chthamalus belt in terms of population density were 

studied by photographic samplings during summer 2017 in eight selected localities, 

along 35 km of coastline (eastern Ligurian Riviera) from Portovenere, near the Gulf 

of La Spezia, to Manara Cape (Sestri Levante) (Table 1; Figure 2). These localities were 

selected according to the mineral composition of the substrate, inferred from the 

regional geological map (Carta Geologica d’Italia 2005). Three localities (Portovenere 

Castle (Pc), Portovenere Byron Cave (Pbc) and Portovenere East (PE)) are 

characterized by limestones; the site Portovenere West (PW) shows a red jasper 

formation; Vernazza (Ve) presents a quartzitic substratum; ophiolites outcrop occur 

at Bonassola (Bo) and Framura (Fr) (metagabbros and basalt, respectively); finally, a 

carbonatic marl outcrop is present at Manara Cape (Ma). 

Table 1 Lithology and barnacle density in the upper and lower splash zone in the explored localities 
along the Eastern Ligurian coastline. 

ID Locality Lithotype 

Coordinates 

(WGS84) 

Average density 

(ind m−2) ± SE 

Lat Long Upper Splash zone Lower Splash zone 

PC 
Portovenere 
Castle 

Limestone 44° 2'53.47"N 9°49'55.57"E 20,275  1980 6,605  1,022 

Pbc 
Portovenere 
Byron Cave 

Limestone 44° 2'56.48"N 9°49'57.70"E 28,317  5740 10,295  1,942 

PE 
Portovenere 
East 

Limestone  44° 3'24.36"N 9°49'25.30"E 34,670  1920 4,445  632 

PW 
Portovenere 
West 

Jasper 44° 3'48.85"N 9°48'27.88"E 3,780  582 1,955  461 



44 
 

 

PETROGRAPHIC ANALYSIS 

The lithotypes of the different localities were sampled and investigated as thin 

sections under polarized light microscopy, and by Scanning Electron Microscopy 

coupled with Energy Dispersive X-ray Spectrometry (SEM-EDS). The percentages of 

the major components (SiO2 and CaO) within the analysed rock substrates were 

quantified by Lithium Metaborate/Tetraborate Fusion followed by Inductively 

Coupled Plasma Mass Spectrometry (ICP/MS) at the ActLabs Laboratories (Ontario, 

Canada). Three blanks and five controls (three before the sample group and two 

after) were analysed per group of samples. Duplicates were fused and analysed every 

15 samples. Instruments were recalibrated every 40 samples. 

Thin sections were observed under a transmitted polarised light optical 

microscopy to measure crystal diameters and mineral phase percentages by 

volume inside rock samples. 

SAMPLING DESIGN AND STATISTICAL ANALYSIS 

To evaluate the barnacle density, at each locality, 10 photographs of 20 × 20 cm of the 

standard surface were taken along a horizontal transect at two levels (+1 m, upper 

splash zone and +0.2 m, lower splash zone) with the rocky coast showing comparable 

slope and wave-exposure. In this way, a total of 160 photos were collected and 

analysed using the Software package ImageJ64®. The number of Chthamalus shells 

was recorded and related to 1 m2 (Table 1). 

Considering that, along the Ligurian coast, C. stellatus and C. montagui are widely 

mixed (Pannacciulli & Relini 2000) the two species were considered together in the 

analysed images. Two-way Analysis of Variance (ANOVA) was carried out to test for 

differences in average barnacle density related to 20 × 20 cm surface between 

localities (data distributed homogenously with n = 160, Shapiro-Wilk W p = 1.542e-13). 

Ve Vernazza Quartzites 44° 8'8.90"N 9°40'57.07"E 6,150  1166 4,572  740 

Bo Bonassola 
Ophiolites 
(Metagabbro) 44°10'48.34"N 9°35'3.72"E 2,320  381 4,390  1,280 

Fr Framura 
Ophiolites 
(Basalt) 

44°11'59.64"N 9°33'20.50"E 16,560  2378 8,612  2,504 

Ma 
Manara 
Cape Marl 44°15'22.78"N 9°24'41.94"E 19,332  3454 1,017  2,938 
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Tested factors (“Locality” and “Height” of the splash zone) were fixed and 

orthogonal. Tukey’s test was used to ascertain the significance in pairwise 

comparisons for each locality-height paired variable. Correlations between average 

density and CaO and SiO2 percent concentrations and diameter of crystals of the 

main component in rocky samples were investigated by regression plots (Figures 3 

and 5). 

 

RESULTS 

Along the western Mediterranean coastline, from Portovenere (La Spezia) to Manara 

Cape (Sestri Levante) in the eastern Ligurian Riviera, Chthamalus barnacles constitute 

belts on rocky shores approximately between sea level and 3 m above (Figure 1 (a-

c)), reaching high-density values. No evidence of strong predation by whelks or 

blennies or bulldozing by limpets were observed in the sites considered. During our 

study, the density in the upper splash zone ranged from 2,320 ± 381 individuals m−2 

at Bonassola to 34,670 ± 1,920 individuals m−2 at Portovenere East. The lowest values 

were recorded in the three central-considered localities (Portovenere West, Vernazza 

and Bonassola) (Table 1). In the lower splash zone, densities were always smaller in 

all localities, excluding Bonassola: the maximum density (10,295 ± 1,942 individuals 

m−2) was observed at Portovenere Byron Cave and the minimum one at Manara Cape 

(1,017 ± 293 individuals m−2). 

According to ANOVA analysis and pairwise tests, there were significant differences 

between localities and levels of the splash zone for the Chthamalus densities (Table 

2). The interaction between the two factors was also significant in most cases for the 

high splash zone (Table 2): three localities (Portovenere West, Vernazza and 

Bonassola, characterised by jasper, quartzite and metagabbros, respectively), 

showing the lowest densities, were separated from all others (limestone and basalt 

substrates) (Figure 4). 
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Figure 3 Relationships between average 
barnacle densities and CaO wt% (a) and SiO2 
wt% (b) percentage concentrations, in the 
upper (solid spots) and in the lower (open 
circles) splash zones. 

Figure 4 Average density ± SE of the barnacles in the upper (continuous line) and in the lower 
(dotted line) splash zones. Stacked bars represent the mineral phase composition of each 
studied rock. Calcite, yellow bars; quartz, blue bars; silicates, green bars; amorphous glass, grey 
bar. Localities are disposed according to a decreasing concentration of calcite in the rocks. 
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Table 2 Two-Way ANOVA analysis and pairwise tests for 
barnacle density, in upper (H) and lower (L) splash zones. 
Bold characters indicate significative values. Only 
significative values are reported for the LocalityXHeight 
interaction. Acronomies referred to the toponomies 
reported in Tab. 1. 

 SSS df MS F p (same) 
Locality: 1.02E+07 7 1.46E+06 17.71 8.10E-17 
Height: 6.47E+06 1 6.47E+06 78.36 2.86E-15 
Interaction: 6.20E+06 7 885876 10.74 7.64E-11 
Within: 1.19E+07 144 82516.2   
Total: 3.48E+07 159    

 

 

 

Tukey’s pairwise test 

Factor: “Locality” 

 

 

 

  

Interaction P  

PG-H PG-L 1.15E-05 

PG-H PW-H 3.33E-10 

PG-H VE-H 1.80E-08 

PG-H BO-H 2.63E-11 

PG-H FR-H 0.02938 

PC-H PC-L 0.00371 

PC-H PW-H 0.0001 

PC-H PE-H 0.00156 

PC-H VE-H 0.00216 

PC-H BO-H 1.27E-05 

PW-H PE-H 4.20E-14 

PW-H FR-H 0.01015 

PW-H MA-H 0.00036 

PE-H PE-L 4.96E-14 

PE-H VE-H 3.20E-13 

PE-H BO-H 3.02E-14 

PE-H FR-H 1.01E-05 

PE-H MA-H 0.00047 

VE-H MA-H 0.0065 

BO-H FR-H 0.00188 

BO-H MA-H 4.91E-05 

 Pbc Pc PW PE Ve Bo Fr Ma 

Pbc  0.1707 1 6.98E-10 2.11E-07 2.21E-09 0.06867 0.474 

Pc 0.1707  0.133 0.0001926 0.01162 0.000462 0.9999 0.9992 

PW 1 0.133  3.83E-10 0.9563 1 0.0008721 1.66E-05 

PE 6.98E-10 0.0002 3.83E-10  1.21E-07 1.22E-09 0.05088 0.4022 

Ve 2.11E-07 0.0116 1.21E-07 0.9563  0.9871 0.03707 0.001585 

Bo 2.21E-09 0.00051.22E-09 1 0.9871  0.001971 4.31E-05 

Fr 0.06867 0.99990.05088 0.0008721 0.03707 0.001971  0.9813 

Ma 0.474 0.9992 0.4022 1.66E-05 0.001585 4.31E-05 0.9813  
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In the upper splash zone, barnacle densities were significantly higher in relation to 

the CaO percent concentration (R2 = 0.87, Figure 3(a)), while they decreased 

significantly at high SiO2 concentrations (R2 = 0.78, Figure 3(b)). No significant 

relationship was found for the lower splash zone. From a lithological point of view 

(Tables 1 and 3; Figure 4), the limestones of Portovenere Castle, Portovenere Byron 

Cave and Portovenere East hosted the highest average barnacle densities, ranging 

from 20,000 to 34,650 individuals m−2. Here, the mineral phase was totally 

represented by calcite. 

The density values remained high (19,332 ± 3,454 individuals m−2) also on the marl of 

Manara Cape, which showed high percent of calcite (80% of rock volume). Different 

results arose when studying the population densities on substrates particularly rich 

in silicates and quartz. The jasper of Portovenere West and the quartzite of Vernazza, 

both with a dominant quartz fraction ((95% and 80% of their volume, respectively, 

with negligible presence of calcite (5%)), showed the lowest values of barnacle 

density. 

Regarding the ophiolitic rocks, on the Bonassola metagabbro, characterised by 

plagioclase and clinopyroxene (60% and 40% vol, respectively), Chthamalus density 

was very low, while on the Framura basalt, containing a high fraction of amorphous 

altered glass (70%) and plagioclase (25%), the density was higher, despite the 

complete lack of calcite (Table 3). 

Table 3 Mineralogical description of the sampled lithotypes, with weight percentages of SiO2 and CaO 
content, their percentage content in volume and dimensions of crystals. 

Locality 
(Lithotype) 

SiO2 

CaO 
[wt%] 
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 c
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Portovenere 
Castle 

(Limestone) 

0.01 SiO2 

37.04 CaO 
99 Cc 0.04-0.08      

Portovenere 
Byron Cave 
(Limestone) 

15.08 SiO2 

36.45 CaO 

70 Cf 0.01      

30 Cc 0.5      

Portovenere 
East (Limestone) 

6.41 SiO2 

48.93 CaO 
100 Cc 0.01-0.03      

Silicates 

Crystal size (mm) 
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Portovenere 
West 

(Jasper) 

78.26 SiO2 

10.82 CaO 

95 Qtz  0.001     

5 Cc 0.6      

Vernazza 
(Quartzite) 

59.57 SiO2 

7.68 CaO 

80 Qtz  0.02-0.06     

15 Ms   0.1    

5 Cc 0.2      

Bonassola 
(Metagabbro) 

51.26 SiO2 

7.48 CaO 
60 Plg    0.04-0.5   

40 Cpx     3  

Framura (Basalt) 
57.15 SiO2 

3.45 CaO 

70 Alteredd 
glass 

      

25 Plg    0.2-0.5   

5 Ol      0.3 

Manara Cape 
(Marl) 

55.59 SiO2 

22.66 CaO 

80 Cc 0.01-0.3      

13 Qtz  0.01-0.25     

5 Plg    0.3   

2 Ms   0.1-0.2    

 

Although the CaO concentration, in particular calcite, appeared as an important 

driver in determining the barnacle density (Figures 3 and 4), also the crystal size of 

the most abundant mineral phase of the rocks showed a strong inverse correlation 

(R2 = 0.9): the highest density values were found on the Portovenere limestone, 

which has the smallest calcite grain size. 

This was particularly evident when excluding from the regression the localities 

characterised by rocks with a very high quartz concentration (Portovenere West and 

Vernazza), where densities were very low, despite a very small grain size (Figure 5). 

 

  

Figure 5 Relationship between barnacle 
densities in upper (solid spots) and lower 
(open circles) splash zones and crystal 
size of the main mineral occurring in each 
rock. Please note that in the two rocks 
with a very high quartz concentration 
(Portovenere W and Vernazza), barnacle 
density is very low (in the graph, these 
two points are represented by squares). 
Data from Framura are not considered 
due to the high presence of amorphous 
altered glass, which has no measurable 
crystal size. 
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DISCUSSION 

Although a plethora of ecological and biological variables is known to affect 

barnacle’s settling and survival and, consequently, their population structure, our 

data seem to indicate that the density of the common Mediterranean barnacles, 

Chthamalus spp., in the Eastern Ligurian Sea, is also driven by lithological and 

mineralogical characteristics of the rocky substrates. These features, in fact, explain 

the quantitative differences between the investigated localities, characterised by an 

average mutual distance not exceeding 5 km, with similar shore slope and wave 

exposure. 

The density values appeared independent of the seawater littoral quality: in fact, the 

ecological index EQR-CARLIT, based on macrophyte assemblages, and used to assess 

the status of coastal waters, evidenced a progressive increase in the ES (Ecological 

Status), moving away from the Gulf of La Spezia (the largest urbanised zone of the 

area) towards Sestri Levante (Asnaghi et al., 2009) (Figure 2). 

Previous studies had already evidenced the role of rock features in determining the 

Chthamalus belt density and distribution. Some friable rocks, such as chalk and 

sandstones, may be more unsuitable compared to harder granites. In fact, in the 

English Channel, the geographical distribution of C. montagui appears to be driven by 

the presence of chalk along the coastline; on this substratum, although the 

recruitment is high, the barnacle survival rate is relatively low. In this way, chalks 

represent a potential barrier to the eastward range extension of this barnacle 

(Herbert & Hawkins 2006). Also, the pattern of distribution of C. anisopoma in 

California is related to a greater post-settlement mortality on basalts than on 

granites, probably due to different thermal capacities of each rock (Raimondi, 1988a). 

In investigated localities of the Ligurian coast, barnacle densities were maximal in the 

upper splash zones characterised by substrates particularly rich in calcite, with poor 

levels of silicates and the absence of quartz. This mineral seemed to inhibit the 

development of the populations, as already documented for other species and 

habitats in the Mediterranean Sea (Bavestrello et al., 2000, 2003, 2018; Guidetti et al., 

2004; Cattaneo-Vietti et al., 2004). The presence of quartz has been considered one 

of the most important factors in driving larval settling and ultimate species 

composition on hard substrata. Benthic assemblages set on quartz-rich rocks, in fact, 
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were less diverse and showed a simpler physiognomy, indicating the difficulty of 

reaching a “mature” condition in presence of quartz, which acts as an inhibiting 

factor (Bavestrello et al., 2000). Cerrano et al. (1999) suggested that crystalline quartz 

has an evident negative effect on animals that colonise sands, probably due both to 

the oxidant properties of the crystal surface, generating silicon-based radicals, and to 

the formation of .OH radicals in the surrounding aqueous environment (Marasas & 

Harington, 1960; Langer & Nolan, 1986; Shi et al., 1988; Vallyathan et al., 1988). 

A positive role of calcite, favouring greater Chthamalus settling, is evident. It was 

demonstrated that the calcium required for the shell growth in Semibalanus 

balanoides (L. 1767) is supplied by seawater. In fact, during the emersion time, the 

shell calcification process soon stops (Crisp & Bourget, 1985). The Ligurian Sea has a 

very low tidal amplitude (20–30 cm) and, in this condition, the Chthamalus 

populations living in the upper splash zone, at least in summertime, are seldom 

moistened. 

Consequently, it can be hypothesised that, in these conditions, the calcium supply 

derives from alternative sources such as the underlying rock. In these barnacles, in 

fact, the continuous process of shell formation (Bourget, 1987) (Figure 1(d)) may be 

supported through the substrate solubilisation favoured by the lack of a basal 

carbonatic plate. Also, the limpets ingest large amounts of calcium carbonate that 

seemingly derive directly from the rock to support the shell growth (Andrews & 

Williams, 2000). 

Moreover, the crystal size, in turn determining the surface roughness of the rocks, 

also provides a good key of interpretation: rocks with small crystal diameter seem to 

be more suitable for settling. The very low densities recorded on the metagabbro of 

Bonassola, which shows coarse silicate (clinopyroxene) crystals, support this 

hypothesis (Table 3). The rock roughness has already been considered as a relevant 

factor involved in barnacle settling. Amphibalanus improvisus (Darwin, 1854), for 

example, prefers relatively smooth surfaces (Berntsson et al., 2000, 2004) and this 

could be due to the antennular adhesive disc, which needs a specific level of 

roughness to attach firmly (Nott & Foster, 1969; Yule & Walker, 1984; Berntsson et 

al., 2000). On the other hand, other species are completely unaffected by roughness: 

the settlement of cyprids of S. balanoides was tested for 15 different rock types, 
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resulting to be independent of any potential effect of surface roughness or colour 

cues (Holmes et al., 1997), while for A. Amphitrite (= Balanus amphitrite) a preference 

for red and blue acrylic sheets was demonstrated (Satheesh & Wesley, 2010). 

Similar results were obtained for the Australian species Tesseropora rosea (Krauss, 

1848), whose settlement was found to be largely independent of differences in the 

rocky substrate (Caffey, 1982). In these cases, however, the ability to settle on 

unsuitable substrates could be related to the capacity of the barnacles to quickly 

produce a calcareous base to isolate themselves from the substrate (Okano et al., 

1996; Burden et al., 2012), which is lacking in the studied Chthamalus. 

Along the Ligurian coast, the barnacle densities in the lower splash zones appeared 

generally less crowded although the frequent wave washout can lead to a major 

calcium supply from seawater and minimise the quartz effect. This condition could be 

related with a major competition for substrate, also considering the presence of a 

structured biofilm, which could mediate the interaction between barnacle cyprids 

and rock surface. 

In conclusion, our results suggest that the mineralogical features of the substrate 

may play an important role in structuring supralittoral benthic communities. Calcite-

rich rocks emerge as more suitable substrates for Chthamalus settlement than 

compounds rich in silica and quartz. Moreover, the lack of a carbonatic basal plate in 

this genus could allow a calcium uptake even in a habitat rarely affected by waves, 

such as the upper splash zone. 

Therefore, our results suggest a crucial role of the coastal mineralogy in influencing 

the density of Chthamalus in Mediterranean rocky habitats when the biofilm coverage 

is lacking. 
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Analysis at community levels implies multi-factor interactions among organism that 

vary according to the considered habitat. In this second stage of the investigation, 

coralligenous reefs are firstly studied as example of complex dynamic assemblages, 

where algae play a primer role in forming the basal layer, directly in contact with rocky 

surface. This part of the thesis focuses the attention also on the evaluation and 

conservation aspect, since indexes used for coralligenous health assessment do not take 

into account the repercussion that this abiotic factor may have on the whole 

assemblages. 

In consequence of it, a situation without algal presence was used to test for differences 

in condition without this benthic component, as under stones microhabitat allows, in 

terms of diversity, abundance and coverage of zoobenthos. 

  



59 

 

Chapter 2  

CORALLIGENOUS ASSEMBLAGES DIFFER BETWEEN  

LIMESTONE AND GRANITE: A CASE STUDY AT THE TAVOLARA-

PUNTA CODA CAVALLO MARINE PROTECTED AREA  

(NE SARDINIA, MEDITERRANEAN SEA) 

 
ABSTRACT 

The Tavolara-Punta Coda Cavallo Marine Protected Area (North-eastern Sardinia, western 

Mediterranean Sea) includes, in a restricted area, substrates of different lithology. In fact, the Tavolara 

Island is characterized by limestone (high carbonate content), while the nearby Molara Island and the 

Molarotto islet are granitic (high quartz content). These peculiar features create a suitable condition 

to test the hypothesis that the taxonomic richness of the Mediterranean coralligenous communities 

could be also driven by the lithological characteristics of the substrate. Differences, in terms of 

recurrences of the macrobenthic sessile species, mainly macroalgae, sponges, anthozoans and 

bryozoans, of the coralligenous communities settled on limestone and granite, were investigated by 

image analysis. 240 photos on standard surfaces and four video transects were taken in 12 sites at 

comparable depth (40–50 m) but characterized by a different lithology. Multivariate analyses 

highlighted significant differences among sites, characterized by carbonate and granitic substrates. In 

general, limestone proved to be more suitable for the development of a thick differentiated 

coralligenous basal layer and showed a marked heterogeneity. Among structuring species, the 

gorgonian Eunicella cavolini was more recurrent on limestone than on granite, while the sponges 

Sarcotragus foetidus, Axinella polypoides and Axinella spp. were significantly more abundant on 

granite. 

Results suggest that a number of mechanisms could be involved to explain the observed patterns, 

such as a selective capacity of several sessile organisms, towards substrate, with ultimate 
repercussions on the structure of the whole coralligenous assemblage. 

Keywords: Coralligenous habitats, Tavolara-Punta Coda Cavallo MPA, biomineralogy, limestone, 
granite, image analysis, Mediterranean Sea.  
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INTRODUCTION 

In the Mediterranean Sea, the coralligenous formations are endemic carbonate 

bioherms often present on hard bottoms below 20–30 m depth (Ballesteros, 2006; 

Ingrosso et al., 2018; Rindi et al., 2019). They derive from abundant multilayer calcium 

carbonate depositions, due to the activities of some corallinacean macroalgae (i.e., 

Lithophyllum, Lithothamnion, Mesophyllum, Neogoniolithon) and animals, whose 

remains persist for a long time in situ after the organisms’ death (Bianchi, 2001; 

Ballesteros, 2006; Ingrosso et al., 2018). The age of these bioherms may even date 

back to 8000 years ago (Bertolino et al., 2013, 2017a,b; Rindi et al., 2019). Over time, 

complex and heterogeneous structures became the ideal substrate for the 

establishment and growth of many habitats forming and erect organisms such as 

sponges, bryozoans, scleractinians and gorgonians (Ballesteros, 2006). 

Numerous factors (irradiance, water transparency, exposure, intensity and direction 

of the currents, trophic supply, sedimentation rates, etc.) drive the spatial 

distribution, growth forming, structure and dynamics of these assemblages, which 

show different algal associations and animal facies (Sala et al., 2012). The depth range 

of the coralligenous assemblages is very wide with bioherms settled up to 130 m, 

often characterized by species typical of the twilight zone (Bo et al., 2009; Cerrano et 

al., 2010; Giusti et al., 2015). Mediterranean coralligenous bioconstructions have great 

biological importance and high naturalistic value and the European Community has 

recommended particular care to their conservation. 

Their integrity is recognized as one of the descriptors of the health state of the 

Mediterranean Sea by the Marine Strategy Framework Directive (Cecchi et al., 2014; 

Ferrigno et al., 2017; Longo et al., 2018; Enrichetti et al., 2019). 

In the last years, attention has been given to the role of the mineral composition of 

the substrate in determining the structure and the dynamics of the benthic 

communities (Cerrano et al., 1999; Bavestrello et al., 2000; Cattaneo-Vietti et al., 2002; 

Schiaparelli et al., 2003; Guidetti et al., 2004). These studies have demonstrated the 

ability of benthic organisms, mainly during the settling process, to recognize, select, 

react and possibly exploit different rocky substrates, with important repercussions in 
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the definitive community structure (Cerrano et al., 1999). For example, a strong 

preference towards carbonate vs quartz was experimentally demonstrated on 

cnidarian planulae by Bavestrello et al. (2000). 

At community level, the effects of the lithological composition of the substrates 

(limestones, serpentinites, basalts, gabbros, sandstones, granites and quartzites) on 

the structure of the marine benthic communities were studied in different 

Mediterranean areas. Significant differences in biomass and coverage values as well 

as in species richness were found between communities developing on silica enriched 

substrata, which host poorly diversified benthic assemblages, and those on 

carbonate rocks (Cerrano et al., 1999; Bavestrello et al., 2000; Cattaneo-Vietti et al., 

2002; Guidetti et al., 2004; Bavestrello et al., 2018; Canessa et al., 2019). In spite of 

these observations, the putative role of lithology in driving the structure and 

dynamics of the coralligenous communities has never been carefully investigated. 

The Marine Protected Area (MPA) of Tavolara-Punta Coda Cavallo was established in 

the North-east of Sardinia on the 12th December 1997 by decree of the Italian Ministry 

of Environment. It extends from Capo Ceraso to Capo Coda Cavallo for a total surface 

of 15,280 ha. The main island, Tavolara, is characterized by Jurassic (201–145 Myr) 

limestone while, conversely, the close Molara and Molarotto are composed by a 

granite of Ercinic origin (304–251 Myr) (granular red pegmatite) (Orrù and Pasquini, 

1992). Consequently, the rocky bottoms of the MPA show wide mineralogical 

differences, going through high quartz to high carbonate contents. Herein, 

coralligenous communities develop at different depths on calcareous cliffs, platforms 

and beach-rocks, constituted by cemented carbonate sandy curbs dating back the 

Holocenic period and present between 25 to 90 m depth as well as on granite shoals 

or outcrops (Bianchi et al., 2007, 2010; Panzalis et al., 2009; Rovere et al., 2013; 

Trainito, 2018; Valisano et al., 2019). 

Therefore, this area shows a unique setting for testing the open hypothesis that 

lithology contributes to driving structure and biodiversity of the coralligenous 

assemblages settled on carbonate and granitic substrates at the Tavolara MPA. 
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MATERIALS AND METHODS 

SAMPLING PROCEDURE  

The spatial distribution of the different coralligenous structures present within the 

Tavolara MPA, their surfaces at different bathymetric level, as well as the lithology of 

the sublittoral hard bottoms were made available on GIS platform thanks to the 

geomorphological and biological information obtained by several multibeam surveys 

and direct underwater observations (Navone & Bianchi, 1992; Navone et al., 1992; 

Orrù & Pasquini, 1992; Trainito, 2003, 2007; Panzalis et al., 2009; Bianchi et al., 2010; 

Rovere et al., 2013; ANDROMEDE, 2016; Vassallo et al., 2018; Trainito, 2018). 

The coralligenous assemblages cover a surface estimated in about 100 ha (0.6% of the 

total surface of the MPA). Of these, carbonate cliffs and shoals cover about 20 ha, 

while granitic shoals, as inselberg and tor, mainly present in the Tavolara channel, 

reach a surface of about 62 ha. The remaining fraction is constituted by beach-rocks 

(approximately, 18 ha). 

In order to investigate possible differences in taxonomic composition, in terms of 

sessile species presence and recurrence, of the coralligenous assemblages settled 

respectively on limestone and granite, twelve sites were chosen at comparable 

depths (40–50 m) and studied using imaging methods. Six sites were characterized 

by limestone substrates and located along the eastern coast of Tavolara Is. (Occhio 

di Dio (OdD), Tegghja Liscia (TL), Papa Point (PP), Picchi della Mandria (PdM), Papa 

shoal 1 (P1), Papa shoal 2 (P2)). The other six sites were granitic outcrops (NEW 27 

(N27), Gerard shoal (SG), Mandria shoal (SdM), Angelo shoal (SA), New 41 (N41), New 

104 (N104)) placed in the Tavolara channel (Table 1; Figure 1). 
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Figure 1 Tavolara-Punta Coda Cavallo Marine Protected Area (MPA). A, MPA zonation, green line 
surrounds the C zone, yellow line the B-zone and red line the A zone. (B) Location of the twelve 
investigated sites. White spots: Limestone sites (Papa Shoal1 (P1), Papa Shoal2 (P2), Papa Point (PP), 
Tegghja Liscia (TL); Occhio di Dio (OdD); Picchi della Mandria (PdM)). Grey spots: Granite sites (New 27, 
(N27); New 41, (N41); New 104, (N104), Mandria Shoal (SdM), Angelo Shoal (SA), Gerard Shoal (SG)). (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article. 
 

Table 1 Investigated sites within the Tavolara MPA and their lithological description. 

Sites ID Coordinates Depth (m) Substrate Area (ha) 

Occhio di Dio OdD 40.89653 N 9.7072 E 40 Limestone cliff 0.094 
Tegghja Liscia TL 40.89823 N 9.70945 E 40 Limestone cliff 0.406 
Papa Point PP 40.91319 N 9.72242 E 40 Limestone cliff 0.282 
Picchi della Mandria PdM 40.88724 N 9.69523 E 40 Limestone platform 0.026 
Papa Shoal 1 P1 40.91495 N 9.74793 E 45 Limestone platform 0.761 
Papa Shoal 2 P2 40.91517 N 9.74782 E 45 Limestone platform 0.277 
       
Angelo Shoal SA 40.87716 N 9.68614 E 40 Granite shoal 0.060 
Gerard Shoal SG 40.8853 N 9.7045 E 50 Granite shoal 0.055 
Mandria Shoal SdM 40.88259 N 9.70267 E 45 Granite shoal 0.045 
New27 N27 40.88303 N 9.7013 E 45 Granite shoal 0.104 
New41 N41 40.8717 N 9.6942 E 40 Granite shoal 0.320 
New104 N104 40.8839 N 9.71311 E 45 Granite shoal 0.151 
 

In each site, twenty photographs on standard surface 50 × 70 cm (3500 cm2) were 

randomly taken for a total of 240 images. Photographs were analysed to identify taxa 

at the maximum possible taxonomic resolution. Values of recurrence were calculated 

for each species as percent presence on 20 photographs shot per each site. When 

specific or generic identifications were not achieved, operational taxonomic units 

(OTUs) were adopted. 
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To analyse the density of the large, structuring species as gorgonians (Paramuricea 

clavata, Eunicella cavolini, Eunicella singularis) and massive/erected sponges (Axinella 

polypoides, Axinella spp. (A. damicornis + A. verrucosa), Sarcotragus foetidus), four 

video transect, each 200 m long, were conducted respectively in two carbonatic sites 

(Papa Point, Papa shoal 1) and in two granitic ones (New 27, New 41). 

Videos were made in XAVCS 50p format (HD 1920 × 1080 50p) along the 

predetermined transect on ArcGIS platform with a transfer speed of about 0.5 knots 

(about 15 m/min) at a distance of about 1 m from the bottom. Each transect, 50 cm 

wide, was divided into 10 adjacent sections of 10 m2 each (20 × 0,5 m); the frequency 

of the structuring/erected species was calculated as the number of the specimens of 

each species present in each section. A pointer estimated the transects’ width with 

two red light lasers calibrated on the 25 cm distance. Video footages and 

photographs were obtained by a Sony A6000 camera, 24 megapixels, with 2 × 5000 

lumen video illuminators, 5000◦ K colour temperature and 2 Inon S2000 flashes, 

colour temperature 5000◦ K; Sony 16–50 focal lens 16; Sea & Sea MDX-a6000 

underwater case with flat porthole. 

STATISTICAL ANALYSES 

In order to test for differences among the taxonomic composition of the 

coralligenous assemblage settled on limestone and granite, multivariate analyses of 

the species matrix were performed. The non-metric Multi-Dimensional Scaling 

(nMDS) plot was produced to ascertain clustering patterns among sites, using the 

frequency matrix comprehensive of all the benthic specimens (macroalgae, forams, 

sponges, cnidarians, bryozoans, serpulids, tunicates). PERMutational ANalysis Of 

VAriance (PERMANOVA) was performed to test for possible effects of lithology on 

communities (Anderson, 2001, 2005). Factors were ‘‘Lithology’’ (two levels, fixed) 

and ‘‘Site’’ (12 levels, random and nested in ‘‘Lithology’’. SIMPER (SIMilarity 

PERcentage) test was performed to assess which taxa among macroalgae, sponges, 

anthozoans and bryozoans were primarily responsible for the observed differences 

(data not transformed, Bray–Curtis similarity measure, permutation = 9999) (Clarke, 

1993). 
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RESULTS 

PHOTO ANALYSIS 

Within the Tavolara MPA, the seascape of limestone and granite sites appeared very 

complex and rich, with the presence of algal associations and animal facies 

characterized, mainly by corallinaceans, sponges and gorgonians. The images of 

benthic communities collected on the two substrates were visually different, creating 

heterogeneous environments (Figure 2). The taxonomic richness of the studied 

coralligenous assemblages present at 40–50 m depth inside the Tavolara-Punta Coda 

Cavallo MPA was of 137 different sessile species (or OTUs) (Table 2). Macroalgae (29 

OTUs, 21% of the total) comprised 13 rhodophyceans, 8 phaeophyceans and 8 

chlorophyceans. Among the sessile zoobenthos, sponges were the most 

representative phylum (52 OTUs, 38.4%) followed by anthozoans (27, 19.6%) and 

bryozoans (12, 8.7%). Annelids, ascidians and the foram Miniacina miniacea (in total 17 

OTUs) constituted the remaining 12.3% of animal fraction (Table 2). 
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Figure 2 Different aspects of the studied coralligenous assemblages. Limestone sites: a, Paramuricea 
clavata facies at Picchi della Mandria; b, rich sponge assemblage with the scleractinian Leptopsammia 
pruvoti and branched bryozoans at Papa Point; c-d Eunicella cavolini facies with sponges and green algae 
(Halimeda tuna and Codium sp.) at Tegghja Liscia and Occhio di Dio. Granite sites: e, Axinella spp. facies 
with epibiontic Parazoanthus axinellae and rare colonies of E. cavolini at Mandria Shoal; f, mixed facies 
with Axinella spp., Sarcotragus foetidus and Eunicella singularis at New 104; g, Paramuricea clavata facies 
with a colony of E. cavolini and the sponges Dysidea avara and A. polypoides at Gerard Shoal; h, facies 
characterized by Aplysina cavernicola and red encrusting sponges at New 41. 



67 

 

Table 2 Percental recurrence of each species (or OTU) in 20 standard images taken for each site, according 
to the two different lithologies. R, total percental recurrence in all sites (240 standard images) and in 
limestone (Rl) and granites (Rg) separately (120 images each). 

Species/OTUs 
Limestone Granite 

R Rl Rg 
TL OdD PP PdM P1 P2 SA N41 N104 SG SdM N27 

Clorophyceans                

Caulerpa cylindracea 0 5 15 20 0 5 5 25 0 0 40 0 9.6 7.5 11.7 

Codium bursa 35 10 0 0 0 0 0 0 0 0 0 0 3.8 7.5 0.0 

Codium coralloides 0 5 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Flabellia petiolata 85 55 25 45 55 25 5 0 10 0 0 0 25.4 48.3 2.5 

Halimeda tuna 80 50 10 50 55 25 0 0 10 0 5 0 23.8 45.0 2.5 

Palmophyllum crassum 75 35 40 0 80 90 0 0 10 0 0 0 27.5 53.3 1.7 

Pseudochlorodesmis furcellata 10 20 0 5 0 0 10 0 0 0 0 0 3.8 5.8 1.7 

Valonia sp. 20 25 0 15 15 20 0 0 0 0 0 0 7.9 15.8 0.0 

Phaephyceans                

Cystoseira zosteroides 0 5 0 0 0 0 15 5 15 0 0 10 4.2 0.8 7.5 

Dasycladus vermicularis 0 0 0 0 0 5 0 0 0 0 0 0 0.4 0.8 0.0 

Dyctiopteris polypodioides 0 0 10 0 10 40 5 0 0 0 0 0 5.4 10.0 0.8 

Dyctiota dichotoma 25 45 0 10 25 50 5 0 5 0 0 10 14.6 25.8 3.3 

Phyllariopsis brevipes 0 0 0 0 0 25 0 0 0 0 0 0 2.1 4.2 0.0 

Sporochnus pedunculatus 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Stypocaulon scoparium 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Zanardinia typus 5 5 15 5 50 65 0 0 0 0 0 0 12.1 24.2 0.0 

Rodophyceans                

Amphiroa rigida 45 30 80 10 0 20 0 0 0 0 0 0 15.4 30.8 0.0 

Asparagopsis sp. 10 0 0 0 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Carpomitra costata 0 0 0 0 45 45 20 25 100 25 5 75 28.3 15.0 41.7 

Red algae n.i. 100 90 85 90 100 100 95 25 50 35 40 10 68.3 94.2 42.5 

Gelidium cf. bipectinatum 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Lithophyllum stictiforme 95 75 65 10 100 100 45 60 15 35 45 15 55.0 74.2 35.8 

Lithothamnion cf. crispatum 95 95 75 45 96 100 55 40 20 15 25 5 55.4 84.2 26.7 

Mesophyllum cf. philippii 95 85 60 35 90 100 50 40 15 35 45 5 54.6 77.5 31.7 

Osmundaria volubilis 5 5 0 0 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Peyssonnelia spp. 95 85 65 45 95 95 40 40 5 5 5 0 47.9 80.0 15.8 

Phyllophora crispa 0 5 10 0 35 5 0 0 0 0 0 0 4.6 9.2 0.0 

Sphaerococcus coronopifolius 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Spongites fruticulosus 10 10 0 0 0 0 0 0 0 0 0 0 1.7 3.3 0.0 

Tricleocarpa fragilis 15 5 0 0 0 0 0 0 0 0 0 0 1.7 3.3 0.0 

Forams                

Miniacina miniacea 60 55 75 10 15 20 5 0 0 0 0 0 20.0 39.2 0.8 

Sponges                

Acanthella acuta 45 5 0 5 0 5 20 5 20 0 5 0 9.2 10.0 8.3 
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Agelas oroides 45 25 30 5 25 10 5 0 0 0 0 0 12.1 23.3 0.8 

Antho incostans 0 15 40 0 5 5 45 45 30 5 0 25 17.9 10.8 25.0 

Aplysina cavernicola 0 0 0 0 0 0 20 45 10 5 10 15 8.8 0.0 17.5 

Axinella damicornis 5 0 20 0 0 0 25 5 50 80 60 40 23.8 4.2 43.3 

Axinella polypoides 0 5 0 5 0 0 0 0 35 80 45 80 20.8 1.7 40.0 

Axinella verrucosa 0 10 30 0 0 10 50 25 85 85 75 70 36.7 8.3 65.0 

Axynissa digitata 0 0 0 0 0 5 0 0 0 0 0 5 0.8 0.8 0.8 

Calyx nicaeensis 0 5 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Chondrilla nucula 0 0 10 0 0 0 0 0 5 0 0 0 1.3 1.7 0.8 

Chondrosia reniformis 15 0 10 5 0 5 5 0 0 0 0 0 3.3 5.8 0.8 

Clathria compressa 0 0 0 0 5 10 0 0 5 0 0 0 1.7 2.5 0.8 

Clathrina clathrus 25 10 30 5 20 25 10 0 0 0 0 0 10.4 19.2 1.7 

Clathrina coriacea 20 5 0 0 0 0 0 0 0 0 0 0 2.1 4.2 0.0 

Cliona celata 10 5 20 0 25 40 0 0 0 0 0 0 8.3 16.7 0.0 

Cliona sp. 0 15 5 0 10 5 10 0 0 0 0 0 3.8 5.8 1.7 

Cliona schmidti 5 5 5 15 10 0 0 0 0 0 0 0 3.3 6.7 0.0 

Cliona viridis 30 35 15 15 30 15 0 0 0 5 5 0 12.5 23.3 1.7 

Corticium candelabrum 10 10 0 0 0 0 5 0 0 0 5 0 2.5 3.3 1.7 

Crambe crambe 0 0 30 15 0 0 35 45 35 0 10 30 16.7 7.5 25.8 

Crambe tailliezi 0 0 0 0 0 0 0 0 0 0 0 10 0.8 0.0 1.7 

Crella elegans 0 0 0 0 0 0 25 0 30 40 15 50 13.3 0.0 26.7 

Crella pulvinar 15 15 25 10 0 5 0 0 0 10 0 5 7.1 11.7 2.5 

Dendroxea sp. 10 0 25 0 5 15 0 5 0 0 0 0 5.0 9.2 0.8 

Diplastrella bistellata 20 0 0 0 0 0 0 0 0 0 0 0 1.7 3.3 0.0 

Dyctionella incisa 10 10 0 15 15 0 5 5 0 5 15 0 6.7 8.3 5.0 

Dysidea avara 15 5 0 5 0 0 5 5 30 0 0 30 7.9 4.2 11.7 

Dysidea fragilis 0 10 0 0 0 0 25 0 25 30 30 25 12.1 1.7 22.5 

Dysidea perfistulata 0 0 0 0 0 0 0 0 0 65 35 0 8.3 0.0 16.7 

Halichondria (Pellina) semitubulosa 30 0 5 0 0 0 0 0 0 0 0 0 2.9 5.8 0.0 

Haliclona fulva 50 20 55 55 65 55 30 0 25 0 0 5 30.0 50.0 10.0 

Haliclona mediterranea 10 5 0 0 0 0 10 0 0 10 10 0 3.8 2.5 5.0 

Haliclona mucosa 35 25 65 5 0 5 0 0 0 0 0 0 11.3 22.5 0.0 

Hemimicale columella 0 0 0 0 20 5 0 0 15 0 0 0 3.3 4.2 2.5 

Hexadella cf. pruvoti 10 0 0 0 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Hexadella racovitzai 10 0 0 10 0 0 5 0 0 0 0 0 2.1 3.3 0.8 

Ircinia oros 45 5 10 0 0 5 25 0 25 15 30 15 14.6 10.8 18.3 

Ircinia variabilis 45 10 5 20 0 0 15 0 0 5 10 0 9.2 13.3 5.0 

Oscarella lobularis 0 0 30 0 0 0 0 0 0 20 5 0 4.6 5.0 4.2 

Petrosia ficiformis 45 25 25 5 0 5 20 5 25 0 30 35 18.3 17.5 19.2 

Phorbas tenacior 50 15 55 40 10 35 0 0 10 60 0 0 22.9 34.2 11.7 

Pleraplysilla spinifera 0 5 25 0 0 0 20 0 15 0 5 35 8.8 5.0 12.5 

Raspaciona aculeata 5 0 50 10 0 0 5 0 0 20 0 0 7.5 10.8 4.2 
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Sarcotragus foetidus 0 0 0 0 0 0 25 0 20 60 35 20 13.3 0.0 26.7 

Sarcotragus spinosulus 0 0 0 0 0 0 0 0 0 0 5 0 0.4 0.0 0.8 

Spirastrella cunctatrix 0 5 50 25 20 20 40 35 5 0 25 10 19.6 20.0 19.2 

Spongia lamella 0 0 0 0 0 0 0 0 0 15 0 5 1.7 0.0 3.3 

Spongia officinalis 0 0 0 0 0 0 0 0 0 25 25 0 4.2 0.0 8.3 

Suberitidae sp. 0 10 10 0 5 0 0 5 5 0 0 10 3.8 4.2 3.3 

Terpios fugax 30 0 0 0 0 5 0 0 0 5 0 0 3.3 5.8 0.8 

Encrusting sponges n.i. 90 60 90 75 40 55 90 75 70 85 75 75 73.3 68.3 78.3 

Massive sponges n.i. 10 70 90 80 55 60 55 20 30 25 10 25 44.2 60.8 27.5 

Anthozoans                

Aiptasia mutabilis 0 0 0 10 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Alcyonium acaule 0 0 0 0 0 0 0 0 0 5 10 5 1.7 0.0 3.3 

Alcyonium coralloides 0 0 0 0 35 5 0 5 5 20 20 0 7.5 6.7 8.3 

Anemonia viridis 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Balanophyllia europea 0 5 0 0 0 0 0 25 5 0 0 15 4.2 0.8 7.5 

Caryophyllia inornata 30 5 0 20 0 0 20 15 25 20 20 10 13.8 9.2 18.3 

Caryophyllia smithii 0 0 5 0 0 10 20 0 10 25 5 0 6.3 2.5 10.0 

Cerianthus membranaceus 0 0 0 5 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Cladocora caespitosa 0 5 0 5 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Clavularia crassa 0 0 0 0 20 30 0 0 0 0 0 0 4.2 8.3 0.0 

Cribrinopsis crassa 0 0 0 0 0 0 0 0 5 0 0 0 0.4 0.0 0.8 

Epizoanthus sp. 0 0 0 15 0 0 15 0 0 5 10 0 3.8 2.5 5.0 

Eunicella cavolini 45 20 0 5 55 10 0 0 10 10 15 5 14.6 22.5 6.7 

Eunicella singularis 0 5 0 5 5 0 0 20 15 15 30 0 7.9 2.5 13.3 

Eunicella verrucosa 0 0 0 0 5 0 0 0 0 10 5 10 2.5 0.8 4.2 

Hoplangia durotrix 15 5 0 10 0 0 10 0 0 0 5 0 3.8 5.0 2.5 

Leptogorgia sarmentosa 0 5 0 0 5 0 0 5 5 0 0 0 1.7 1.7 1.7 

Leptopsammia pruvoti 85 45 80 35 35 65 10 0 0 5 5 0 30.4 57.5 3.3 

Madracis pharensis 0 0 10 0 0 0 0 0 0 0 0 0 0.8 1.7 0.0 

Paracyathus pulchellus 0 0 0 0 0 5 0 10 5 0 0 5 2.1 0.8 3.3 

Paramuricea clavata 0 0 0 20 55 60 30 0 5 55 45 40 25.8 22.5 29.2 

Parazoanthus axinellae 10 50 10 35 55 80 70 30 90 85 75 95 57.1 40.0 74.2 

Phyllangia americana mouchezi 0 0 5 5 0 0 10 0 0 0 0 10 2.5 1.7 3.3 

Phymanthus pulcher 0 0 0 0 0 0 5 0 0 0 0 0 0.4 0.0 0.8 

Polycyathus mullerae 5 0 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 

Savalia savaglia 0 0 0 0 0 0 0 0 0 5 0 10 1.3. 0.0 2.5 

Cnidaria n.i. 25 0 15 30 5 0 0 0 0 5 0 0 6.7 12.5 0.8 

Bryozoans                

Adeonella calveti 25 0 70 5 75 85 0 0 35 10 15 35 29.6 43.3 15.8 

Beania magellanica 15 0 0 30 0 0 10 0 0 0 20 0 6.3 7.5 5.0 

Chartella papyrea 25 0 0 0 0 0 0 0 0 0 0 0 2.1 4.2 0.0 

Disporella ispida 5 5 0 0 0 0 0 0 0 0 0 0 0.8 1.7 0.0 
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Myriapora truncata 30 25 55 55 70 75 25 15 0 10 30 5 32.9 51.7 14.2 

Pentapora fascialis 0 0 0 0 45 60 0 15 10 10 35 10 15.4 17.5 13.3 

Reteporella sp. 5 10 75 5 25 80 0 5 10 0 0 0 17.9 33.3 2.5 

Rhynchozoon pseudodigitatum 50 25 0 10 0 5 15 0 0 0 0 0 8.8 15.0 2.5 

Schizomavella mamillata 35 15 35 5 25 45 10 50 0 5 10 5 20.0 26.7 13.3 

Smittina cervicornis 15 20 35 10 30 20 0 0 5 20 0 0 12.9 21.7 4.2 

Turbicellepora avicularis 0 0 0 5 20 30 0 5 0 10 20 10 8.3 9.2 7.5 

Bryozoa n.i. 20 50 0 50 15 30 40 0 0 45 40 0 24.2 27.5 20.8 

Annelids                

Bispira mariae 0 0 0 5 0 0 0 0 0 0 0 5 0.8 0.8 0.8 

Bonellia viridis 0 0 0 0 5 0 0 0 0 0 0 0 0.4 0.8 0.0 

Filograna implexa 10 0 0 0 0 10 15 0 10 20 30 10 8.8 3.3 14.2 

Protula tubularia 0 15 25 0 0 15 5 0 0 0 20 0 6.7 9.2 4.2 

Sabella spallanzanii 0 0 0 15 0 5 0 0 0 0 0 0 1.7 3.3 0.0 

Salmacina dysteri 10 0 20 0 0 15 25 0 20 20 35 20 13.8 7.5 20.0 

Serpula vermicularis 5 5 10 10 5 5 15 25 5 5 15 20 10.4 6.7 14.2 

Molluscs                

Thylacodes arenarius 0 0 20 0 15 0 10 10 0 5 20 10 7.5 5.8 9.2 

Tunicates                

Aplidium undulatum 0 5 0 5 0 5 0 0 0 20 0 0 2.9 2.5 3.3 

Clavelina dellavallei 0 5 0 0 20 20 0 0 15 0 5 15 6.7 7.5 5.8 

Clavelina lepadiformis 5 0 0 15 0 0 10 0 0 0 0 0 2.5 3.3 1.7 

Halocynthia papillosa 5 5 15 15 5 10 5 0 5 0 0 5 5.8 9.2 2.5 

Microcosmus sabatieri 0 0 0 0 0 0 5 0 0 5 5 0 1.3 0.0 2.5 

Polysyncraton sp. 0 0 0 0 0 0 0 5 0 0 0 0 0.4 0.0 0.8 

Pycnoclavella taureanensis 0 0 0 0 0 0 0 0 0 0 0 5 0.4 0.0 0.8 

Rhopalaea neapolitana 0 5 0 0 0 0 0 0 0 0 0 0 0.4 0.8 0.0 
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The average (±SE) species number per site was higher on limestone than on granite 

(64.5 ± 3.2 OTUs versus 52.7 ± 3.4) (ANOVA p = 0.02). This difference was also 

observed considering separately the number of species (or OTUs) of each taxonomic 

group: in particular, algal richness ranged from 3.4 ± 0.4 to 8.3 ± 0.6 per limestone 

site and from 1.3 ± 0.2 to 3.0 ± 0.4 per granite site. A similar trend was mirrored by 

bryozoans (Figure 3b). On the contrary, the sponge richness was greater in granite 

sites (Figure 3c) while no differences arose for cnidarians and other groups (Figure 

3d, e). The same situation was recorded comparing the average number of species 

(or OTUs) merging sites according to the ‘‘lithology’’ factor (ANOVA p < 0.01) (Figure 

3f). 

Figure 3a–e Average 
number of species (or 
OTUs) ± SE of each 
taxonomic group within 
the considered limestone 
and granitic sites. f, 
average number of species 
(or OTUs) ± SE of each 
considered taxonomic 
group, globally present on 
limestone and granite. 
Green bars, algae; yellow 
bars, Porifera; orange bars, 
Cnidaria; blue bars, 
Bryozoa; grey bars, others. 
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The non-metric Multi-

Dimensional Scaling (nMDS) plot, 

considering the recurrence of all 

the taxa, showed a marked 

clustering of sites, characterized 

by the same lithology (Figure 4) 

and PERMANOVA analysis 

confirmed the that both the 

factors were significant (Table 3). 

 

Table 3 PERMANOVA analysis performed on the recurrence dataset. Bray–Curtis resemblance matrix, 

permutation N: 9999. Significant values are in bold. 

Source df SS MS Pseudo-F P(perm) Unique perms 
Su 1 1.20E+05 1.20E+05 8.3486 0.002 462 
Si(Su) 10 1.44E+05 14407 8.0104 0.0001 9776 
Res 228 4.10E+05 1798.6    

Total 239 6.74E+05     

 

By the SIMPER analysis (Table 4) it was evidenced that the red algae (Peyssonnelia 

spp., Mesophyllum cf. philippii, Lithophyllum stictiforme complex) constituted the 

major discriminant components between the two lithologies. Moreover, also 

Carpomitra costata, Dyctiota dichotoma, Flabellia petiolata, Halimeda tuna and 

Palmophyllum crassum contributed to discriminate sites according to lithology, 

although with sporadic records. 

Among the zoobenthic organisms, the sponges Axinella damicornis and A. verrucosa, 

the madreporarian Leptopsammia pruvoti and the zoanthid Parazoanthus axinellae 

had a significant role in determining the differences. These two groups of species 

represented the 20% of the cumulative contribution to the overall dissimilarity. 

This situation is also displayed by difference between the percental recurrence of the 

main species on limestone and that on granite (Figure 5). 

Figure 4 nMDS plot from frequency matrix, showing the 
clustering pattern between carbonate (white) and granitic 
(grey) sites. Bray–Curtis similarity index, Shepard plot 
stress: 0.078. 
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Figure 5 Main species showing a preference for granite or limestone. The bars represent the difference 
between the percental recurrence of a species on limestone and that on granite (Rg-Rl). The values range 
from −100 for species recorded in all the 120 images taken on granite to 100 for those recorded in all the 
120 images taken on limestones. The elaboration includes only species present in at least 25% of the sites 
in at least one substrate. 
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Table 4 SIMPER analyses for the main representative phyla derived by photographic and video transect 
analysis (this last only for Structuring species). Permutation N: 9999. Cut off at 50% of cumulative 
contribution. 

OVERALL OVERALL DISSIMILARITY: 13.31  
 

OTUs Av. Dissim Contrib. % Cumulative % LIMESTONE GRANITE 

Peyssonnelia spp. 0.2866 3.003 3.003 4.29E08 1.81E09 
Axinella verrucosa 0.2547 2.668 5.671 1.97E09 7.52E08 
Mesophyllum cf. philippii 0.2438 2.555 8.226 4.83E08 1.47E09 
Leptopsammia pruvoti 0.2337 2.448 10.67 9.13E08 2.08E09 
Lithophyllum stictiforme 0.2307 2.417 13.09 5.55E08 1.38E09 
Red algae n.i. 0.2284 2.393 15.48 1.25E08 1.23E09 
Massive sponges n.i. 0.2230 2.336 17.82 8.41E08 1.56E09 
Parazoanthus axinellae 0.2224 2.330 20.15 1.29E09 5.55E08 
Palmophyllum crassum 0.2183 2.288 22.44 1.00E09 2.11E09 
Myriapora truncata 0.2087 2.187 24.63 1.04E09 1.84E09 
Haliclona fulva 0.2041 2.139 26.76 1.07E09 1.93E09 
Flabellia petiolata 0.1969 2.063 28.83 1.11E09 2.09E09 
Adeonella calveti 0.1860 1.949 30.78 1.22E09 1.81E09 
Halimeda tuna 0.1839 1.926 32.70 1.18E09 2.09E09 
Carpomitra costata 0.1795 1.881 34.58 1.83E09 1.25E09 
Axinella damicornis 0.1790 1.875 36.46 2.06E09 1.22E09 
Axinella polypoides 0.1640 1.718 38.18 2.11E09 1.29E09 
Miniacina miniacea 0.1617 1.695 39.87 1.31E09 2.13E09 
Encrusting sponges n.i. 0.1590 1.666 41.54 6.80E08 4.65E08 
Paramuricea clavata 0.1575 1.650 43.19 1.66E09 1.52E09 
Phorbas tenacior 0.1555 1.629 44.82 1.41E09 1.90E09 
Bryozoa n.i. 0.1503 1.575 46.39 1.56E09 1.70E09 
Reteporella sp. 0.1404 1.471 47.86 1.43E09 2.09E09 
Schizomavella mamillata 0.1345 1.409 49.27 1.57E09 1.86E09 
Spirastrella cunctatrix 0.1284 1.346 50.62 1.72E09 1.74E09 

STRUCTURING SPECIES OVERALL DISSIMILARITY: 95.16  

OTUs Av. dissim Contrib. % Cumulative % LIMESTONE GRANITE 

Axinella damicornis + 
A. verrucosa 53.46 56.18 56.18 0.75 78.0 
Eunicella cavolini 19.31 20.29 76.47 44.5 0.4 
Paramuricea clavata 10.24 10.76 87.23 15.8 13.1 
Axinella polypoides 7.106 7.467 94.7 0 15.3 
Eunicella singularis 3.826 4.02 98.72 6.4 1.3 
Sarcotragus foetidus 0.9251 0.9722 99.69 0 1.75 
Savalia savaglia 0.1639 0.1723 99.86 0 0.4 
Eunicella verrucosa 0.0868 0.09122 99.96 0 0.25 
Leptogorgia sarmentosa 0.0427 0.04487 100.0 0 0.05 
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VIDEO ANALYSIS 

The video transect analysis allowed to evaluate the role of the large structuring 

species in differentiating the coralligenous assemblages. The sponges Sarcotragus 

foetidus, Axinella polypoides and Axinella spp. (A. damicornis + A. verrucosa) appeared 

more frequent on granite, while Eunicella cavolini was almost exclusive of limestone 

(Figure 6). 

In particular, according to the SIMPER analysis (Table 4), the mere presence of 

Axinella spp. contributed to differentiating the two coralligenous assemblages for 

56.18%, followed by E. 

cavolini (20.29%), 

Paramuricea clavata 

(10.76%), and A. 

polypoides (7.47%). Even if 

Axinella spp. and E. 

cavolini discriminated the 

two substrates thanks to 

their abundance, other 

minor exclusivities 

emerged from the 

analysis: Eunicella 

verrucosa and Leptogorgia 

sarmentosa were 

observed only in granitic 

sites, despite their exiguous 

occurrence. 

  

Figure 6 Density (specimens m−2) ± SE of the main 
erected/structuring species present on limestone (white bars) and 
granite (grey bars), measured by video transect analysis. 
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DISCUSSION 

Several abiotic and biotic factors determine the structure and the location of the 

Mediterranean coralligenous assemblages (Ballesteros, 2006; Ingrosso et al., 2018). 

Among these, Vassallo et al. (2018) evidenced the influence of the distance from 

coast, depth and substrate lithology in determining the distribution of Cystoseira 

zosteroides and Axinella polypoides within the Tavolara MPA coralligenous. 

Our data show that species richness and recurrence differ between the two main 

lithology herein considered, plausibly independently by other environmental 

features. The coralligenous assemblage growing on carbonate appeared richer and 

more complex than that present on granite. In fact, in the latter, the development of 

the basal layer, mainly due to crustose macroalgae, appeared strongly limited. 

Coralline algae and calcified animals (bryozoans, Leptopsammia pruvoti) are 

dominant on limestone while are rare or virtually absent on granites. Consequently, 

limestones seem to be more suitable for the development of a thick multilayer 

calcium carbonate layer, showing a more marked heterogeneity. Recently, Pezzolesi 

et al. (2019) analysed thalli of Lithophyllum stictiforme from several Mediterranean 

localities, ascertaining the existence of at least 13 genetic species. In particular, these 

authors considered specimens coming from the limestone of Tavolara Is. and others 

from the granites of Molara, concluding that they belong to different lineages. This 

pattern could explicate the different building capacity evidenced here by 

Lithophyllum on the two considered substrates. Sponges demonstrated a good 

capacity of development on granite as well as on limestone, but the recurrence of 

some taxa a clear preference for granites. Although rarer, also Aplysina cavernicola, 

Crella elegans, Spongia lamella and S. officinalis, with their exclusive recurrence, 

contribute to characterize the granitic seascapes. Among structuring anthozoans the 

gorgonian Eunicella cavolini was less frequent on granite, while the solitary stony 

coral L. pruvoti, one of most important carbonatic cnidarians, was very common on 

limestone and almost absent on granite. On the contrary, the large purple gorgonian 

Paramuricea clavata did not show any significant difference between the two 

substrates. Over and above that, the distribution of Parazoanthus axinellae, more 
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frequent on granite, seemed more related to that of the Axinella, on which it can live. 

Still, bryozoans (Adeonella calveti, Myriapora truncata, Reteporella sp. and 

Schizomavella mamillata) were frequent on limestone and absent on granite. 

The significant differences in diversity and abundance of the animal fraction could be 

strongly related to the negative influence of quartz (Cerrano et al., 1999), one of the 

most abundant minerals of the granitic rocks. In fact, quartz seems to produce an 

inhibition effect on several sessile species due to its oxidant and hydrophobic 

proprieties (Bavestrello et al., 2003; Canessa et al., 2019), while carbonates have a 

facilitation effect, thanks to the putative ability of the organisms to obtain ions 

necessary for their skeleton growth directly from the substrate (Andrews & Williams, 

2000). Facilitation and inhibition processes suggest a remarkable selective ability 

towards substrate of benthic sessile organisms, with potential repercussions on the 

structure of the whole coralligenous assemblages. 

In conclusion, although it is well known how several chemical, physical and biological 

variables contribute to driving the coralligenous habitat structure, in synergy with the 

substrate morphology, the lithological aspect seems to play a not secondary role in 

conditioning the hard-bottom benthic populations. 
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Chapter 3 

THE LARGE AND ERECTED SPONGE ASSEMBLAGE ON 

GRANITE OUTCROPS IN A MEDITERRANEAN MARINE 

PROTECTED AREA (NE SARDINIA, MEDITERRANEAN SEA) 

 

ABSTRACT 

Coralligenous reefs represent one of the key ecosystems of the Mediterranean Sea, in terms of both 

species richness and habitat heterogeneity. Their main characteristic is the massive development of 

crustose macroalgae, the corallines, which form a bio-constructed basal layer. However, when 

growing on granitic substrates, these algae show a lower capacity to build thick concretions, as 

compared with those present on limestone. Assemblages developing on isolate granitic outcrops have 

been investigated by scuba diving in 73 sites down to 56 m depth within the Tavolara - Punta Coda 

Cavallo Marine Protected Area (NE Sardinia, Mediterranean Sea). These outcrops were characterised 

by a scarce development of the crustose corallines, by the widespread presence of the brown algae 

Carpomitra costata and, to a lesser extent, Cystoseira zosteroides. Animal dominance increased with 

depth, mainly due to sponges, in particular to Axinella spp. and several species of Keratosa (Dysidea 

spp., Sarcotragus foetidus, Spongia lamella and S. officinalis). Gorgonians, which typically characterise 

the upper layer of coralligenous assemblages, were scarcely represented: Eunicella cavolini and E. 

verrucosa were generally rare, E. singularis was widespread, while Paramuricea clavata was 

comparatively frequent only at depth. All these features determined a peculiar community, markedly 

different from the coralligenous assemblages occurring on neighbouring limestone rocks, previously 

investigated. Such a community, clearly characterised by the dearth of the typical biogenic hard 

substrate made by the coralline algae, by the uneven distribution of gorgonians and, especially, by the 

dominance of large and erect sponges, constitutes a distinctive facies of Mediterranean circalittoral 

communities worthy of conservation. 

Key-words: circalittoral communities, large and erect sponge facies, coralligenous assemblages, 
granites, Tavolara - Punta Coda Cavallo MPA, Mediterranean Sea. 
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INTRODUCTION 

Coralligenous reefs are considered as the typical community of Mediterranean Sea 

circalittoral hard bottoms (Pérès and Picard, 1964; Ballesteros, 2006; EUNIS, 2019; 

Montefalcone, 2020). They are characterised by bio-carbonatic structures that, over 

time, can form a secondary hard substrate, sometimes of remarkable thickness, 

mainly produced by crustose coralline algae belonging to the genera Lithophyllum, 

Lithothamnion, Mesophyllum, Neogoniolithon, and Peyssonnelia (Oprandi et al., 2016). 

Coralligenous reefs mostly develop between 30 m and 90 m depth (Ballesteros, 

2006), and include various physiognomic types, ranging from rims on rocky walls to 

thick banks on the coastal shelf, sometimes with clumps and pillars. These formations 

are anfractuous, enhancing three-dimensionality that in turn support high species 

diversity (Ros et al., 1985; Bianchi, 2001; Boudouresque, 2004; Boudouresque et al., 

2017; Ingrosso et al., 2018). 

Although several abiotic and biotic factors drive community composition and 

structure of coralligenous reefs, the role of the mineralogy of the substrata has only 

recently been underlined (Canessa et al., 2020). In different coastal habitats, 

significant differences in biomass and cover values, as well as in species richness, 

were found comparing communities developing on silica-enriched substrates (e.g., 

granites), which host poorly diversified benthic assemblages, with those on 

limestone (Cerrano et al., 1999; Bavestrello et al., 2000, 2018; Cattaneo-Vietti et al., 

2002; Guidetti et al., 2004; Canessa et al., 2019). 

The Marine Protected Area (MPA) of Tavolara - Punta Coda Cavallo (North-East 

Sardinia) is particularly suitable for these comparative studies, as it includes 

substrates with different lithological features in a restricted area. The main island, 

Tavolara, is made of limestone, while the close Molara and Molarotto are granitic 

(Orrù & Pasquini, 1992). The rocky bottoms surrounding these islands host 

coralligenous communities, developing at different depths on calcareous cliffs and 

outcrops, granite outcrops, and beach-rocks (Navone & Bianchi, 1992; Navone et al., 

1992; Bianchi et al., 2007a, b; 2008a, b; 2009; 2010; Trainito, 2007, 2018; Panzalis et al., 

2009; Canessa et al., 2020). On such a variety of substrata, Vassallo et al. (2018) 

distinguished five coralligenous assemblages: an algal association, with Cystoseira 
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zosteroides, between 17 m and 43 m depth; and four animal facies, namely, Axinella 

polypoides, Eunicella cavolini, E. singularis, Paramuricea clavata, in a depth range 

between 25 m and 54 m depth. Only the Cystoseira zosteroides facies and the Axinella 

polypoides facies have been observed on granite. Canessa et al. (2020) focused on the 

differences between the coralligenous assemblages settled on limestone and 

granite, respectively. On limestone, the assemblage appeared more complex than 

that on granite: in the latter, the development of the basal layer of crustose 

macroalgae was strongly limited. Some sponges, such as Axinella spp., and several 

horny sponges, showed a clear preference for granites. On the contrary, calcified 

animals such as the solitary coral Leptopsammia pruvoti and many bryozoans (such 

as Adeonella calveti, Myriapora truncata, Reteporella sp. and Schizomavella mamillata) 

were rare or virtually absent on granites. Among gorgonians, Paramuricea clavata was 

concentrated in few sites on limestone and appeared more diffused on granite, while 

Eunicella cavolini appeared less frequent on granite. 

This paper aims to provide a description of the benthic communities living on the 

granite outcrops in the Tavolara channel, i.e., the channel between the islands of 

Tavolara and Molara, within the Tavolara - Punta Coda Cavallo MPA (Figure 1). The 

analysis of a newly produced large dataset allowed exploring for the first-time 

richness and frequency of the main sessile species within this sponge-dominated 

assemblage. Comparison with previous studies will emphasize its relationship with 

the granitic substrate. 
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Figure 1 A, Tavolara - Punta Coda Cavallo MPA with, in the rectangle, the study area. The coloured polygons are 
the boundaries of the zones with different levels of protection: red, no entry-no take zones; yellow, general use 
zones; green, buffer zone. B, Enlargement of the study area with depth contours (in m) and location of the 
outcrops investigated in the channel between Tavolara and Molara (dots). WGS84 reference coordinate systems. 
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MATERIAL AND METHODS 

DATA COLLECTION 

Geomorphology of the granite outcrops within the Tavolara channel and the benthic 

communities living on them were preliminarily identified through rapid visual 

assessment (Gatti et al., 2015) by scuba diving (Figure 2). 

Between 2015 and 2020, photographic surveys were carried out in 73 granite 

outcrops, during 110 scuba dives, between 12 m and 56 m depth. 

The outcrops considered were previously identified thanks to extensive Side Scan 

Sonar and multibeam surveys (Navone and Bianchi, 1992; Navone et al., 1992; Orrù 

and Pasquini, 1992; Bianchi et al., 2009, 2010; Panzalis et al., 2009; ANDROMÈDE, 2012, 

2016) and a limited number of direct underwater observations (Navone & Bianchi, 

1992; Pais et al., 1992; ANDROMÈDE, 2016; Trainito, 2018). Each outcrop has been 

georeferenced on a Geographic Information System (GIS), and the geographical 

coordinates of the sites investigated were registered in the MPA platform. Richness 

and structure of the benthic communities living on 69 out of the 73 sites were 

previously undescribed, and the geomorphological characterisation was limited to 

the interpretation of the geophysical rendering. 

Multi-zoom photographs (Pititto et al., 2014) were carried out to characterize the 

outcrop geomorphologies and the richness and structure of the benthic assemblages 

(Figures 2, 7). 

The assemblage structure, in terms of sessile species presence and percent 

frequency, was estimated from twelve photographs randomly shot at each outcrop. 

Each photograph had a surface of 3,500 cm2, so that an average of 4.2 m2 of each 

outcrop was explored. The area of the photo was calculated on the basis of the 

protocol tested in other investigations, using a twin laser point with a 25 cm 

wheelbase (Trainito, 2018). 

In total 876 (12 shots × 73 outcrops) images were taken, using a Sony A6000 camera, 

having 24 megapixels, with two Inon S2000 flashes, colour temperature 5000 °K; 

Sony 16-50 lens, focal 19 mm; Nauticam WW1 wet wide lens (130° rectilinear field 

angle); Sea & Sea MDX-a6000 underwater case with a flat porthole. The panoramic 
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renderings of the sites were obtained with multiple shots subsequently joined and 

optimised in postproduction with the Photoshop CS6 Merge tool. 

Photographs were analysed to identify taxa at the lowest possible taxonomic 

resolution. Species percent frequency in each outcrop was computed with respect to 

the twelve photos taken (species percent frequency = number of photographs with 

the species / 12 × 100). When specific identifications were not possible, Operational 

Taxonomic Units (OTUs), combining higher taxa with descriptive terms, were 

adopted. Taxonomic richness (number of species or OTUs per outcrop) was also 

calculated as the total number of species or OTUs per outcrop. 

STATISTICAL ANALYSIS 

Multivariate analysis of the matrix species (or OTUs) × photographic samples of each 

outcrop was performed in order to supply a description of the spatial distribution and 

species composition of the communities settled on granite outcrops within the 

Tavolara channel. 

The original frequency dataset, comprehensive of all the species identified, was 

skimmed of the ones that occurred in less than 10% of the outcrops, to strengthen the 

information and decrease the background noise. The final data matrix (macroalgae, 

forams, sponges, cnidarians, bryozoans, serpulids), was square-root transformed to 

underweight over-frequent OTUs and analysed by non-metric multidimensional 

scaling (nMDS) ordination method, based on Bray-Curtis similarity index (Clarke et al., 

2006). A cluster analysis was coupled with it to define sample groups. 

The SIMilarity PERcentage procedure (SIMPER, Clarke, 1993) was performed to 

identify the contribution of taxa to the significant dissimilarities among sample 

groups. 

All the statistical analyses were computed using the program PRIMER v7. 
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RESULTS 

The 73 granitic outcrops studied within the Tavolara – Punta Coda Cavallo MPA occur 

at various depths: in general, their tops are located between 12 m and 50 m, their base 

between 28 m and 56 m (Table 1). Limited coralligenous bioherms, mainly found at 

the contact between the rock and the surrounding sedimentary deposits, were 

present in only nine outcrops located within 45 m depth. All the outcrops considered 

showed a remarkable morphological and structural heterogeneity, due to the 

presence of anfractuosities of different size and were sometimes irregularly covered 

by a thin veneer of coralline algae of the Lithophyllum stictiforme complex (Figure 

2A). A total of 103 sessile species or OTUs were detected in the 876 photos analysed 

(Table 2). 

Table 1 Area, depth range and specific richness of the granite outcrops studied in the Tavolara-Punta 
Coda Cavallo Marine Protected Area. 

ID 
Surface  

area 
(m2) 

Min 
depth 

(m) 

Max 
depth 

(m) 

Specific 
richness 

(N of OTUs) 
ID 

Surface 
area 
(m2) 

Min 
depth 

(m) 

Max 
depth 

(m) 

Specific 
richness 

(N of 
OTUs) 

01 163 37 44 44 74 48 42 49 44 
02 1170 40 44 42 75 410 40 45 40 
03 542 30 38 31 76 158 41 43 33 
04 426 27 35 38 79 67 41 45 46 
05 2270 27 41 36 80 124 40 45 32 
06 5261 20 36 25 83 943 48 52 53 
07 470 37 43 39 84 4418 22 36 42 
08 4478 34 41 35 94 550 44 50 44 
09 3563 29 37 35 95 145 41 50 43 
24 1103 38 44 44 98 30 43 47 23 
25 1102 43 54 41 99 901 45 50 44 
26 464 36 45 55 100 853 38 45 51 
27 868 39 47 50 101 440 46 52 49 
28 1403 43 50 44 102 154 47 53 36 
29 432 42 49 45 104 1151 40 45 41 
30 267 47 52 51 106 516 39 44 46 
31 1560 38 46 42 108 490 40 46 46 
32 165 47 52 55 117 250 46 50 52 
33 628 50 56 52 118 370 47 52 46 
34 301 38 45 51 119 342 39 44 50 
35 742 36 42 51 120 354 40 45 49 
36 887 36 40 40 125 747 30 37 46 
37 987 35 41 46 140 496 42 48 49 
38 210 37 42 27 148 132 48 54 51 
41 3071 32 39 32 150 92 43 49 41 
45 1464 33 40 31 151 114 38 46 52 
50 475 36 45 43 159 207 48 54 53 
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51 866 37 44 49 160 716 44 49 51 
54 2943 12 28 26 161 130 44 49 47 
55 141 26 34 30 167 243 44 48 50 
63 197 30 35 26 169 192 44 48 50 
64 153 27 35 26 171 139 40 44 51 
65 188 30 36 45 175 756 37 43 40 
66 146 31 36 45 177 59 37 43 43 
70 1135 36 42 38 179 40 40 45 60 
71 153 40 45 35 180 60 40 45 60 
72 158 36 42 45      
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Figure 2 Examples of the typical seascapes occurring at three bathymetric ranges. A-F: The outcrops at 
depths < 40 m hosted a wide algal cover, made of encrusting red algae (A), the brown algae Carpomitra 
costata and Cystoseira zosteroides (B), and the alien green alga Caulerpa cylindracea (C). Encrusting 
sponges (D-F), Axinella spp. (B, C, E) with their epibiont Parazoanthus axinellae (E) and Dysidea sp. (E-F) 
were the main animals. G-N: The outcrops at intermediate depths (40-50 m) were dominated by the same 
species of sponges as Axinella spp. (G, H, M, N); Dysidea (J); encrusting sponges (H), and by Ircinia sp. (H), 
Sarcotragus foetidus (G); Spongia lamella (L) and S. officinalis (I). The gorgonians Eunicella singularis and 
E. verrucosa (K) and Paramuricea clavata (G) were comparatively more frequent. M-R: The deepest 
outcrops (> 50 m depth) are characterised by the same animal species as Axinella spp. (M-R); S. foetidus 
(O, Q, R); S. lamella (O); S. officinalis (P); Dysidea spp. (M); Ircinia spp. (P-Q); encrusting sponges (M, P, Q); 
P. clavata (O, Q, R) and E. singularis (N). 
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Table 2 Species/OTUs list found in the study area and their percent frequency in the three bathymetric 
ranges. 

Species/OTUs <40m 40-50m >50m Species/OTUs <40m 40-50m >50m 

Forams    Anthozoans    
Miniacina 
miniacea 

5.6±2.4 4.7±1.1 10.0±5.1 Alcyonium acaule --- 3.4±0.9 0.8±0.8 

Algae    
Alcyonium 
coralloides 

2.5±1.1 7.8±1.5 9.0±1.9 

Lithophyllum 
stictiforme 
complex 

70.0±5.1 65.5±4.0 36.4±7.2 
Balanophyllia 
europaea 

2.8±1.3 0.7±0.3 --- 

Photophilic algae 
49.4±9.

7 
32.9±4.2 7.5±4.0 

Caryophyllia 
inornata 

1.1±0.8 1.7±0.7 4.2±2.6 

Arthrocladia 
villosa 

1.5±0.2 --- --- 
Caryophyllia 
smithii 

3.3±1.4 14.1±2.0 19.7±4.1 

Carpomitra 
costata 

52.8±9.
0 

72.3±3.7 62.8±8.0 Cerianthus sp. 1.1±1.1 0.5±0.3 --- 

Caulerpa 
cylindracea 

39.4±7.
4 

10.5±2.9 --- 
Cladocora 
caespitosa 

3.3±1.4 0.2±0.2 --- 

Cystoseira 
zosteroides 

5.8±1.8 10.9±2.9 --- Corynactis viridis 1.1±1.1 1.4±0.8 --- 

Osmundaria 
volubilis 

12.8±4.4 4.0±1.3 --- Epizoanthus sp. 0.6±0.6 10.0±1.7 4.9±2.2 

Sargassum sp. 0.6±0.6 --- --- Eudendrium sp. 1.1±0.8 6.6±1.4 16.6±5.1 
Sporochnus 
pedunculatus 

10.6±5.3 6.2±2.6 0.8±0.8 Eunicella cavolini 8.1±2.1 7.7±1.7 6.4±3.3 

Sponges    Eunicella singularis 12.8±3.5 16.8±1.8 
20.8±3.

4 
Massive sponges 47.5±7.2 65.2±3.0 84.3±3.4 Eunicella verrucosa --- 5.1±1.2 13.2±2.2 
Encrusting 
sponges 

79.7±3.
4 

88.0±1.9 88.5±3.5 Hoplangia durotrix 10.3±3.7 8.5±1.9 10.0±3.5 

Acanthella acuta 7.8±2.5 19.6±2.4 19.9±4.2 
Leptogorgia 
sarmentosa 

0.6±0.6 1.4±0.5 --- 

Agelas oroides 2.2±1.7 2.6±1.2 5.0±2.8 
Leptopsammia 
pruvoti 

22.2±4.7 17.4±2.2 17.4±5.2 

Antho inconstans 1.7±0.9 8.7±1.5 9.2±5.0 
Paramuricea 
clavata 

5.0±2.3 26.5±3.5 
45.3±8.

4 

Aplysilla sulfurea 0.6±0.6 0.7±0.3 --- 
Parazoanthus 
axinellae 

38.1±5.6 
82.6±2.

8 
93.4±2.7 

Aplysina 
cavernicola 

2.2±1.0 5.6±1.3 5.8±3.3 
Phyllangia 
americana 
mouchezii 

2.2±1.0 1.2±0.5 2.5±2.5 

Axinella 
polypoides 

13.3±5.3 44.2±4.5 62.1±9.9 
Polycyathus 
muellerae 

--- 0.3±0.4 --- 

Axinella spp. 32.8±5.1 76.3±2.9 90.9±2.6 Savalia savaglia --- 1.2±0.6 3.3±2.5 
Axinyssa digitata --- 4.0±1.1 16.7±8.1 Bryozoans    

Calyx nicaeensis --- 0.2±0.2 --- Adeonella calveti 6.1±3.4 29.7±3.3 
49.5±7.

6 
Chondrilla nucula 0.6±0.6 1.0±0.4 --- Beania magellanica 7.8±2.5 14.3±2.7 10.7±4.3 
Chondrosia 
reniformis 

2.5±1.1 8.7±1.3 12.3±5.3 
Myriapora 
truncata 

9.2±2.9 13.6±2.0 7.5±3.8 

Ciocalypta 
penicillus 

--- 1.6±0.9 3.3±1.8 Pentapora fascialis 5.6±2.4 6.3±1.3 3.3±1.3 
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Clathria 
compressa 

--- 0.2±0.2 0.8±0.8 
Reteporella 
grimaldii 

3.9±2.8 1.8±0.8 4.2±4.2 

Clathrina clathrus 2.5±1.4 1.4±0.5 1.7±1.1 Rhynchozoon sp. 11.1±2.7 14.8±2.2 9.1±2.9 

Clathrina coriacea 0.6±0.6 --- 0.8±0.8 
Schizomavella 
mamillata 

24.7±5.1 21.4±2.9 10.0±3.0 

Cliona celata 0.6±0.6 --- --- Schizoporella sp. 5.0±2.7 2.3±0.9 5.0±2.5 

Cliona viridis 2.8±1.9 1.2±0.5 --- 
Smittina 
cervicornis 

2.2±1.0 5.2±1.8 7.4±3.2 

Corticium 
candelabrum 

1.1±0.8 2.9±0.9 1.6±1.1 
Turbicellepora 
avicularis 

6.1±1.5 16.8±2.3 
20.6±6.

4 

Crambe crambe 35.8±5.7 45.4±3.5 29.7±5.1 
Encrusting 
bryozoans 

59.4±5.
9 

68.1±2.5 
65.9±6.

0 
Crella elegans 13.9±3.0 42.9±3.6 40.5±4.4 Anellids    

Crella pulvinar 5.8±2.6 15.3±2.3 28.1±7.5 
Salmacina/Filogran
a complex 

4.4±2.1 27.7±2.9 42.3±5.7 

Dictyonella incisa 1.7±1.7 0.2±0.2 --- 
Serpula 
vermicularis 

6.1±3.1 6.6±1.3 11.7±3.8 

Diplastrella 
bistellata 

--- 0.5±0.4 5.8±3.1 Bispira mariae 3.3±2.3 5.8±1.0 9.0±2.9 

Dysidea 
avara/perfistulata 

12.8±4.1 37.5±3.0 65.1±5.5 Bispira viola --- 0.9±0.6 --- 

Dysidea fragilis 5.0±1.8 35.3±3.2 52.0±5.6 Sabellids 1.1±1.1 0.2±0.2 --- 

Haliclona fulva 2.8±1.3 7.7±1.9 5.0±2.2 Serpulids 
36.9±5.

8 
44.4±3.

8 
48.7±9.

9 
Haliclona 
mediterranea 

6.4±2.7 6.1±1.5 5.0±2.2 Spirorbids 1.7±0.9 --- --- 

Haliclona mucosa. --- 0.5±0.4 --- Molluscs    
Haliclona sp. --- 0.2±0.2 --- Pinna nobilis 1.1±0.8 --- --- 
Hemimycale 
columella 

1.7±0.9 4.4±0.9 9.2±3.4 Tunicates    

Hexadella 
racovitzai 

--- 0.5±0.5 4.1±2.2 
Aplidium 
undulatum 

3.3±2.3 --- --- 

Ircinia oros 8.3±1.8 20.7±2.1 36.6±6.1 Aplidium spp. --- 1.4±0.8 3.3±2.5 
Ircinia variabilis 15.3±4.1 18.7±2.6 22.3±5.3 Clavelina dellavallei 4.4±3.4 18.8±3.1 15.6±6.4 

Oscarella lobularis 6.1±3.3 7.3±1.6 21.7±5.2 
Clavelina 
lepadiformis 

1.1±0.8 4.5±1.3 8.1±3.2 

Petrosia ficiformis 4.7±1.2 29.0±2.8 41.1±7.1 Diazona violacea 0.6±0.6 0.2±0.2 --- 

Phorbas fictitius --- 2.3±0.7 1.7±1.7 
Halocynthia 
papillosa 

1.7±0.9 5.2±1.2 2.4±1.2 

Phorbas tenacior 18.6±5.6 2.6±0.9 0.8±0.8 Pycnoclavella sp. --- 0.2±0.2 --- 
Pleraplysilla 
spinifera 

6.7±2.6 16.9±2.6 22.1±5.4 Didemnids 5.0±2.3 14.4±2.5 19.7±6.3 

Sarcotragus 
foetidus 

5.0±1.4 31.8±3.0 52.1±4.3     

Spirastrella 
cunctatrix 

8.9±3.2 17.9±2.5 12.5±5.9     

Spongia lamella --- 3.3±0.9 28.7±4.4     
Spongia officinalis 1.7±0.9 24.0±3.4 43.1±4.7     
Terpios fugax 2.2±1.3 4.9±1.1 12.4±4.9     
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Algae were represented by 9 OTUs (8.7%). Among the sessile zoobenthos, sponges 

were the more represented phylum (45 OTUs, 43.6%), followed by anthozoans (21 

OTUs, 20.3%) and bryozoans (11 OTUs, 10.7%). Annelids, molluscs, ascidians and the 

foram Miniacina miniacea (in total 17 OTUs) constituted the remaining 16.5% of the 

animal fraction. Taxonomic richness (number of species or OTUs per outcrop) varied 

between 25 and 60 (Figure 3). 

From a spatial point of view, the highest values of species richness were concentrated 

in the middle of the Tavolara channel, at 45-50 m depth. This distribution pattern was 

shared by the most frequent species of sponges and cnidarians (Figure 4). 

 

Figure3 Distribution of the taxonomic richness (number of OTUs per outcrop) in the study area. 
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Figure 4 Spatial distributions and percent frequency of the main sponge and cnidarian OTUs. 

Non-metric Multi-Dimensional Scaling (nMDS), performed on the reduced frequency 

dataset, showed that outcrops were ordered according to depth (Figure 5A). Cluster 

analysis highlighted three groups of outcrops: i) located at less than 40 m, ii) between 

40 m and 50 m, and iii) at more than 50 m (Figure 5B). 
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Figure 5 A, Non-metric Multi-Dimensional Scaling (nMDS) performed on the frequency dataset. Data 
square-root transformed; Bray-Curtis similarity index used for the resemblance matrix construction. 
Stress: 0.156. B, cluster analysis evidencing three groups, according to bathymetrical ranges. Triangles, 
outcrops at < 40 m depth; dots, outcrops between 40 m and 50 m depth; squares, outcrops at > 50 m 
depth. 
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SIMPER routine evidenced the increase of the value of similarity within clusters, from 

the shallowest (48.5%) to the deepest (69.1%). This trend in the assemblage structure 

was not due to the variation in species composition, but rather to change in percent 

frequency of different species or OTUs (Table 3). The pairwise comparisons between 

the bathymetric groups showed that Caulerpa cylindracea, Dysidea fragilis and Axinella 

polypoides were the species that most contributed to distinguish the shallowest 

cluster (< 40 m) from the intermediate one (40-50 m depth). Spongia lamella, S. 

officinalis, Adeonella calveti, Axinella polypoides, and Paramuricea clavata 

differentiated the intermediate from the deepest cluster (Figure 2). 

Table 3 SIMilarity PERcentage analysis, performed on the frequency dataset, according to “depth” factor. 
Square root pre-treatment of data, Bray-Curtis similarity index used for the resemblance matrix 
construction. Cut off at 70% cumulative percent contribution to similarity. 

OTUs Av. Abund. Av. Sim. Sim./SD Contrib% Cum.%  
 

Group 1 Av. similarity: 48.5 
Parazoanthus axinellae 5.8 3.99 4.26 8.23 8.23  
Lithophyllum stictiforme complex 6.34 3.96 1.75 8.18 16.40  
Axinella spp. 5.37 3.53 1.94 7.27 23.68  
Crambe crambe 5.43 3.49 1.68 7.19 30.87  
Carpomitra costata 6.02 3.02 1.01 6.24 37.10  
Caulerpa cylindracea 5.41 3.01 1.17 6.2 43.31  
Schizomavella mamillata 4.45 2.91 3.40 6.01 49.31  
Leptopsammia pruvoti 4.55 2.86 1.44 5.91 55.22  
Phorbas tenacior 3.83 2.04 1.07 4.2 59.42  
Crella elegans 3.14 1.45 0.88 3.00 62.43  
Ircinia variabilis 3.13 1.38 0.87 2.85 65.28  
Eunicella cavolini 2.49 1.31 0.87 2.7 67.97  
Rhynchozoon sp. 2.75 1.26 0.86 2.59 70.57  

 
Group 2 Av similarity: 60.6 

Parazoanthus axinellae 8.88 4.6 5.95 7.60 7.60  
Axinella spp. 8.42 4.27 5.47 7.05 14.65  
Carpomitra costata 8.20 4.01 2.49 6.62 21.27  
Lithophyllum stictiforme complex 7.53 3.57 3.01 5.9 27.16  
Crambe crambe 6.41 2.94 2.9 4.86 32.02  
Crella elegans 5.95 2.56 2.29 4.22 36.24  
Dysidea avara/perfistulata 5.62 2.52 2.42 4.15 40.39  
Sarcotragus foetidus 5.07 2.14 2.40 3.53 43.92  
Dysidea fragilis 5.18 2.13 1.78 3.52 47.44  
Axinella polypoides 5.59 2.07 1.16 3.42 50.86  
Petrosia ficiformis 4.79 1.84 1.65 3.04 53.90  
Paramuricea clavata 4.26 1.50 1.15 2.48 56.38  
Ircinia oros 3.86 1.49 1.37 2.46 58.84  
Schizomavella mamillata 3.98 1.48 1.22 2.44 61.28  
Salmacina/Filograna complex 4.17 1.45 1.16 2.4 63.68  
Eunicella singularis 3.49 1.4 1.17 2.3 65.98  
Acanthella acuta 3.71 1.36 1.33 2.25 68.23  
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Adeonella calveti 4.27 1.36 0.96 2.25 70.48  
 

Group 3 Av. similarity: 69.1 
Parazoanthus axinellae 9.48 4.28 7.47 6.19 6.19  
Axinella spp. 9.35 4.21 7.83 6.09 12.28  
Carpomitra costata 8.09 3.36 4.13 4.87 17.15  
Dysidea avara/perfistulata 7.34 2.97 2.88 4.3 21.45  
Dysidea fragilis 7.01 2.91 4.91 4.2 25.65  
Sarcotragus foetidus 6.73 2.87 5.46 4.15 29.8  
Axinella polypoides 7.09 2.72 2.53 3.94 33.74  
Salmacina/Filograna complex 6.42 2.68 5.68 3.88 37.62  
Spongia officinalis 6.34 2.59 4.2 3.75 41.37  
Crella elegans 6.39 2.47 3.34 3.58 44.95  
Adeonella calveti 6.37 2.40 2.17 3.47 48.42  
Lithophyllum stictiforme complex 6.14 2.25 3.43 3.26 51.68  
Ircinia oros 5.64 2.24 3.32 3.24 54.92  
Petrosia ficiformis 5.69 2.20 3.54 3.18 58.11  
Crambe crambe 5.82 2.19 3.9 3.17 61.28  
Paramuricea clavata 5.76 1.98 1.83 2.86 64.14  
Crella pulvinar 4.76 1.64 2.21 2.37 66.51  
Pleraplysilla spinifera 4.6 1.64 2.15 2.37 68.88  
Eunicella singularis 4.19 1.56 2.24 2.25 71.13  

 
Group 1 vs2 Av. dissimilarity = 53.49 

OTUs G1Av.Abund G2Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Caulerpa cylindracea 5.41 2.08 1.52 1.42 2.85 2.85 
Dysidea fragilis 0.98 5.18 1.50 1.78 2.8 5.65 
Axinella polypoides 2.70 5.59 1.49 1.36 2.78 8.43 
Dysidea avara/perfistulata 2.20 5.62 1.38 1.55 2.59 11.02 
Sarcotragus foetidus 1.33 5.07 1.32 1.60 2.46 13.48 
Adeonella calveti 1.16 4.27 1.30 1.36 2.43 15.91 
Paramuricea clavata 0.89 4.26 1.28 1.41 2.39 18.3 
Carpomitra costata 6.02 8.20 1.27 0.91 2.37 20.67 
Petrosia ficiformis 1.38 4.79 1.22 1.7 2.28 22.95 
Phorbas tenacior 3.83 0.69 1.21 1.43 2.26 25.22 
Salmacina/Filograna complex 1.23 4.17 1.20 1.41 2.24 27.46 
Crella elegans 3.14 5.95 1.19 1.30 2.23 29.68 
Parazoanthus axinellae 5.80 8.88 1.14 1.59 2.14 31.82 
Axinella spp. 5.37 8.42 1.14 1.40 2.12 33.94 
Spirastrella cunctatrix 1.53 3.62 1.07 1.34 2.01 35.95 
Spongia officinalis 0.44 3.48 1.07 1.22 2.00 37.96 
Clavelina dellavallei 0.54 3.17 1.05 1.25 1.97 39.92 
Lithophyllum stictiforme complex 6.34 7.53 0.98 1.08 1.82 41.75 
Osmundaria volubilis 2.72 0.80 0.94 1.04 1.76 43.51 
Ircinia variabilis 3.13 3.19 0.93 1.31 1.74 45.26 
Pleraplysilla spinifera 1.6 3.17 0.91 1.33 1.71 46.96 
Leptopsammia pruvoti 4.55 3.44 0.91 1.21 1.70 48.66 
Acanthella acuta 2.16 3.71 0.90 1.23 1.68 50.34 
Ircinia oros 2.05 3.86 0.89 1.30 1.66 52.00 
Crambe crambe 5.43 6.41 0.87 1.13 1.63 53.64 
Caryophyllia smithii 0.67 2.89 0.87 1.26 1.62 55.26 
Beania magellanica 2.16 2.45 0.86 1.19 1.61 56.87 
Myriapora truncata 1.97 2.95 0.86 1.27 1.61 58.48 
Crella pulvinar 1.57 2.71 0.86 1.20 1.60 60.08 
Cystoseira zosteroides 1.57 2.14 0.86 0.96 1.60 61.68 
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Rhynchozoon sp. 2.75 2.91 0.85 1.22 1.59 63.27 
Eunicella singularis 2.81 3.49 0.85 1.26 1.59 64.86 
Turbicellepora avicularis 1.74 3.29 0.84 1.23 1.57 66.43 
Hoplangia durotrix 2.44 1.63 0.84 1.18 1.57 68.00 
Schizomavella mamillata 4.45 3.98 0.84 1.30 1.56 69.57 
Eunicella cavolini 2.49 1.67 0.81 1.24 1.51 71.08 

 
Group 2 vs 3 Av. dissimilarity = 37.49 

 G2Av.Abund G3Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Spongia officinalis 3.48 6.34 0.94 1.34 2.50 2.50 
Spongia lamella 0.69 3.94 0.92 1.51 2.45 4.95 
Adeonella calveti 4.27 6.37 0.87 1.15 2.33 7.28 
Axinella polypoides 5.59 7.09 0.87 1.19 2.32 9.60 
Paramuricea clavata 4.26 5.76 0.83 1.31 2.20 11.8 
Crella pulvinar 2.71 4.76 0.78 1.37 2.08 13.88 
Clavelina dellavallei 3.17 3.68 0.76 1.31 2.02 15.9 
Ircinia variabilis 3.19 4.57 0.75 1.31 1.99 17.89 
Schizomavella mamillata 3.98 3.08 0.74 1.26 1.98 19.87 
Salmacina/Filograna complex 4.17 6.42 0.74 1.16 1.97 21.85 
Spirastrella cunctatrix 3.62 2.56 0.73 1.35 1.95 23.79 
Beania magellanica 2.45 2.78 0.73 1.23 1.94 25.73 
Oscarella lobularis 1.67 3.47 0.69 1.33 1.84 27.57 
Lithophyllum stictiforme complex 7.53 6.14 0.68 1.34 1.82 29.38 
Dysidea avara/perfistulata 5.62 7.34 0.68 1.26 1.81 31.19 
Rhynchozoon sp. 2.91 2.52 0.68 1.22 1.81 33.00 
Leptopsammia pruvoti 3.44 3.29 0.67 1.25 1.79 34.79 
Dysidea fragilis 5.18 7.01 0.66 1.18 1.75 36.54 
Myriapora truncata 2.95 2.18 0.65 1.27 1.74 38.29 
Pleraplysilla spinifera 3.17 4.60 0.65 1.21 1.73 40.02 
Axinyssa digitata 0.83 2.48 0.65 0.95 1.72 41.74 
Caryophyllia smithii 2.89 4.04 0.64 1.25 1.72 43.46 
Ircinia oros 3.86 5.64 0.63 1.17 1.67 45.13 
Hoplangia durotrix 1.63 2.37 0.62 1.15 1.66 46.78 
Acanthella acuta 3.71 4.01 0.62 1.29 1.66 48.44 
Turbicellepora avicularis 3.29 4.13 0.62 1.16 1.65 50.09 
Petrosia ficiformis 4.79 5.69 0.61 1.14 1.64 51.73 
Sarcotragus foetidus 5.07 6.73 0.61 1.22 1.62 53.35 
Alcyonium coralloides 1.62 2.91 0.6 1.26 1.61 54.95 
Crella elegans 5.95 6.39 0.6 1.15 1.59 56.54 
Caulerpa cylindracea 2.08 0.36 0.59 0.73 1.58 58.12 
Epizoanthus sp. 2.08 2.41 0.59 1.19 1.58 59.70 
Eunicella verrucosa 1.25 2.78 0.59 1.27 1.57 61.28 
Cystoseira zosteroides 2.14 0.34 0.58 0.79 1.56 62.83 
Chondrosia reniformis 2.21 2.46 0.58 1.24 1.55 64.38 
Terpios fugax 1.16 2.47 0.58 1.12 1.54 65.92 
Smittina cervicornis 0.88 2.19 0.57 0.99 1.53 67.45 
Antho inconstans 2.11 1.75 0.57 1.12 1.52 68.97 
Crambe crambe 6.41 5.82 0.56 1.29 1.50 70.47 

 

The average percent frequency of the main species of macroalgae decreased or 

changed little with depth (Figure 6). Among the macroalgae (Figure 6A), Carpomitra 

costata was similarly present at all depths, while Cystoseira zosteroides, the alien 
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green alga Caulerpa cylindracea, and the red alga Osmundaria volubilis resulted much 

more frequent in the shallowest sites.  

Unlike macroalgae, the richness of the zoobenthic fraction showed a tendency to 

increase with depth, in particular thanks to sponges (Figure 6). For example, the most 

common sponge species of the whole investigated area, Axinella polypoides and 

Axinella spp. (A. damicornis and A. verrucosa), strongly increased their frequency with 

depth. Their epibiont, the zoanthid Parazoanthus axinellae, showed the same trend 

(Figure 6B). Similarly did the most frequent species of Keratosa (Figure 6C). The 

commonest gorgonian of the area, Paramuricea clavata, increased its frequency with 

depth, and a similar trend was mirrored by its epibionts, mainly bryozoans and 

serpulids (Figure 6D). 

As a whole, the assemblage characterising the granitic outcrops of the Tavolara-

Punta Coda Cavallo MPA was mainly made up by massive and erected sponges, 

among which Sarcotragus foetidus, Spongia lamella, Dysidea spp., and especially 

Axinella spp. (A. damicornis and A. verrucosa) and A. polypoides. Encrusting sponges 

and, in particular, Crambe crambe, were also widespread at all depths, losing 

importance only slightly with depth. 

Figure 6 Bathymetric trends of the 
average frequency (± SE) of the main 
OTUs. A, algae; B, Axinella 
polypoides, Axinella spp.  
(A. verrucosa + A. damicornis) with 
their epibiont, the zoanthid 
Parazoanthus axinellae; C, keratose 
sponges; D, Paramuricea clavata with 
its epibionts. 
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DISCUSSION 

The assemblage settled on the granitic outcrops in Tavolara - Punta Coda Cavallo MPA 

was previously characterised by a negligible growth of encrusting corallines (Canessa 

et al., 2020). The process underlining the incapacity of coralline algae to produce 

bioconstructions on granite substrates is not entirely elucidated. Pezzolesi et al. 

(2019) showed that the algae of the Lithophyllum stictiforme complex living on 

granite in Tavolara-Punta Coda Cavallo MPA belong to a genetic lineage different to 

the one of those growing on limestone. This might imply the existence of different 

cryptic species, of which only the one growing on limestone is bio-constructional. 

Studies conducted on the encrusting coralline Lithothamnion sp. and other algal 

species demonstrated that algae are capable of exploiting the physical-chemical 

characteristics of the minerals composing the substrate in order to penetrate the 

bedrock and thus facilitate the attachment process (Morrison et al., 2009): limestone 

has greater susceptibility than granite to such a penetration, thus allowing for 

enhanced algal development .This evidence is probably not sufficient to understand 

why coralline algae cannot produce multi-layered structures on granitic rocks; it is 

possible that limestone supplies the ions necessary to the rapid growth of the 

coralline algae, as already hypothesised for the barnacle Chthmalus settled on rocks 

rich in calcites (Canessa et al., 2019). In any case, granite appears to be an inhibiting 

substrate for corallines, and the consequent scarce development of bioherms seems 

to be the pivotal step in driving the further development of the whole sessile 

assemblage (Bavestrello et al., 2000). 

Encrusting corallines apart, the vegetal fraction was generally modest and 

characterised by Cystoseira zosteroides (37% of the outcrops), missing however in the 

deepest outcrops, and by the widespread Carpomitra costata (93% of the outcrops), 

which formed holdfasts up to 20 cm long (Figure 7A). The alien alga Caulerpa 

cylindracea recently added to these native species: compared to the earliest record in 

2007, when only scattered stands were found at 25 m depth off Molarotto (CNB and 

CM, unpublished observation), it has now established stable and conspicuous 
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populations over a wide bathymetric range in Tavolara – Punta Coda Cavallo MPA 

(Bernardi et al., 2015), and should be monitored over time. 

The animal fraction was strongly dominated by sponges, in terms of both frequency 

and diversity. In particular, Axinella polypoides, Axinella spp., Dysidea spp., 

Sarcotragus foetidus, Spongia lamella and S. officinalis contributed to characterise the 

granitic seascapes progressively increasing their frequency with depth. 

The presence of some species of gorgonians (Eunicella cavolini and E. verrucosa) was 

sporadic, while E. singularis and Paramuricea clavata was widespread, occurring in 74% 

and 90% of the sites, respectively. The latter was found especially on outcrops deeper 

than 45 m (Figures 6, 7B, C). The scleractinian coral Leptopsammia pruvoti, considered 

virtually absent from the granite substrata of Tavolara – Punta Coda Cavallo MPA by 

Canessa et al. (2020), was actually widespread (78% of the sites) and locally abundant, 

limited by the geomorphology of the sites and the consequent relative scarcity of 

suitable walls, cavities and/or overhangs. 

Sponge-dominated assemblages, like the one described in the present paper, have 

been only recently included within the coralligenous habitat under the denomination 

of “facies with large and erect sponges” (EUNIS, 2019, Montefalcone, 2020). Pérès & 

Picard (1964) distinguished different coralligenous facies, mainly dominated by algal 

or gorgonian species. They depend on the geographical location and local 

environmental conditions and show little spatial and temporal variability (Casas-Guell 

et al., 2015). The facies with large and erect sponges that develops on the granite 

outcrops of the Tavolara - Punta Coda Cavallo MPA was characterised by a 

remarkable uniformity, being composed by the same pool of species at the three 

depth zones considered: what distinguished the bathymetrical clusters identified was 

not the presence of peculiar species, but their different frequency. 
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Figure 7 Examples of the seascape on granite outcrops at the three bathymetric ranges considered. A, < 
40 m; B, 40-50 m; C, > 50 m. cc, Carpomitra costata; pc, Paramuricea clavata; ss, Savalia savaglia; arrows, 
Axinella polypoides; arrowheads, Axinella spp.; stars, Sarcotragus foetidus; asterisks, 
Salmacina/Filograna complex. 
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CONCLUSIONS 

Coralligenous reefs are well-known biodiversity hot spots (Ballesteros, 2006). For 

their uniqueness, complexity, fragility and ecological importance, the European 

Union has assigned them with the priority habitat conservation status (Habitat Code 

Flora 92/43EC, 1170-1114 Code: reefs), and the Marine Strategy Framework European 

Directive (MSFD 2008/56EC) has required the maintenance and restoration of these 

ecosystems (Bavestrello et al., 2016). Several programs have therefore been started 

with the primary purpose to define the state of health and the economic value of 

coralligenous reefs, applying different ecological indices, typically linked to the 

presence of the main structural species (Deter et al., 2012, 2015; Piazzi et al., 2012, 

2015, 2017, 2019a,b; Cecchi et al., 2014; Ruitton et al., 2014; Sartoretto et al., 2014, 2017; 

Gatti et al., 2015; Cánovas-Molina et al., 2016a; Ferrigno et al., 2017). The lithology of 

the substrates on which these habitats occur has never been taken into 

consideration, although it seems to play a not secondary role in conditioning the 

hard-bottom benthic assemblages (Bavestrello et al., 2000; Cattaneo-Vietti et al., 

2002; Guidetti et al., 2004). 

Our results suggest that the facies with large and erect sponges develops on 

circalittoral hard substrata when the fine-scale environmental conditions do not 

allow a consistent growth of the corallines. In the case of the sponge-dominated 

assemblage present on outcrops in the Tavolara channel, the lithological factor 

limiting coralline algae development was interpreted as the presence of quartz 

mineral in the granite bedrock (Bavestrello et al., 2000). A similar assemblage with 

Axinella polypoides and massive sponges was described at 30-40 m depth on the 

quartzitic bedrock of Gallinara Island, western Ligurian Sea (Bianchi et al., 2018). 

Facies with large and erect sponges have also been described in other environmental 

conditions, where coralline algae growth might be limited by depth and/or high 

sedimentation rates: such were, for instance, the assemblages thriving on ‘Portoro’ 

marble (dolomitised calcilutite) bedrock in highly turbid waters less than 30 m deep 

at Portovenere Islands, eastern Ligurian Sea (Cocito et al., 1997, 2002), on calcarenitic 

outcrops at 30-100 m depth in Apulia, southern Adriatic Sea (Bedulli et al., 1986; Piazzi 
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et al., 2019b), and on silted rocks of various lithology at 40-70 m depth in the Ligurian 

Sea (Gatti et al., 2012; Cánovas-Molina et al., 2016b; Enrichetti et al., 2019). 

The term "coralligène" (the French word for coralligenous) was introduced in the XIX 

century by Antoine Fortuné Marion (1883) to describe hard bottoms between 30 and 

70 m depth in the Gulf of Marseille and has been successively applied to any 

calcareous concretion of biogenic origin of some thickness due to encrusting 

corallines growing in dim light conditions (Ballesteros, 2006). Lack of the typical 

bioconstructed basal layer of coralline algae may, therefore, make the inclusion of 

the large and erect sponge facies within the different aspects of coralligenous reefs 

questionable. This is possibly one of the reasons why this facies was not included in 

the handbook for the classification of Mediterranean habitats (Bellan‐Santini et al., 

2015), and implies that it is not granted with the status of priority habitat credited to 

coralligenous reefs. In the light of our results, the large and erected sponge facies has 

to be considered independent from the coralligenous communities mainly in the 

conservation and evaluation programs. A comparison, or, even worse, a ranking 

among different circalittoral communities that does not take into account also the 

substrate lithology would lead to deceptive conclusions. Using the territorial criteria 

defined by Bianchi et al. (2012), Rovere et al. (2013) evaluated the environmental 

quality of the entire Tavolara - Capo Coda Cavallo MPA and assigned low values to the 

Tavolara channel comprising the granite outcrops, precisely due to the absence of 

the typical coralligenous features (thick coralline algal concretion and dominance by 

gorgonians). However, some of the main constitutive species of the large and erect 

sponge facies, namely Sarcotragus foetidus, Spongia lamella, S. officinalis, Axinella 

polypoides, and A. cannabina (the latter in southern Mediterranean regions: Bedulli et 

al., 1986), are protected under the Barcelona Convention (Relini & Tunesi, 2009). We, 

therefore, advocate that the same priority habitat value of typical coralligenous reefs 

is assigned to the facies with large and erect sponges, even if the lithological nature 

of the bedrock on which it thrives hampers the development of a biogenic, carbonatic 

secondary substrate. 

  



104 

 

REFERENCES 

ANDROMÈDE, 2012. Étude et cartographie des 

biocénoses marines de l’Aire Marine Protégée 
de Tavolara - Punta Coda Cavallo, Sardaigne 

(Italie). Andromède Océanologie/Agence de 
l’Eau: 145 pp. 

ANDROMÈDE, 2016. Inventaire et cartographie des 

assemblages coralligènes de l’Aire Marine 
Protégée de Tavolara - Punta Coda Cavallo, 
Sardaigne (Italie). Initiative pour les Petites Iles 

de Méditerranée. Andromède 
Océanologie/Agence de l’Eau: 100 pp. 

Ballesteros E., 2006. Mediterranean coralligenous 

assemblages: a synthesis of present 
knowledge. Oceanography and Marine 
Biology: an Annual Review 44: 123-195. 

Bavestrello, G., Bertolino, M., Betti, F., Bianchi, 

C.N., Cattaneo-Vietti, R., Montefalcone, M., 
Morri, C., 2016. New perspectives in the study 

of Mediterranean coralligenous assemblages. 
Biologia Marina Mediterranea 23 (1): 170-173. 

Bavestrello, G., Bianchi, C.N., Calcinai, B., Cattaneo-

Vietti, R., Cerrano, C., Morri, C., Sarà, M., 2000. 
Bio-mineralogy as a structuring factor for 

rocky bottom communities. Marine Ecology 
Progress Series 193: 241-249. 

Bavestrello, G., Bo, M., Betti, F., Canessa, M., 

Gaggero, L., Rindi, F., Cattaneo-Vietti, R., 2018. 
Differences in composition of shallow-water 

marine benthic communities associated with 
two ophiolitic rock substrata. Estuarine, 
Coastal and Shelf Science 200: 71-80. 

Bedulli, D., Bianchi, C.N., Morri, C., Zurlini, G., 1986. 

Caratterizzazione biocenotica e strutturale del 

macrobenthos delle coste pugliesi. In: Viel, M., 
Zurlini, G. (Eds). Indagine ambientale del 

sistema marino costiero della regione Puglia. 
ENEA, Roma: 227-255. 

Bellan-Santini, D., Bellan, G., Bitar, G., Harmelin, 

J.G., Pergent, G. (Eds), 2015. Handbook for 
interpreting types of marine habitat for the 

selection of sites to be included in the national 

inventories of natural sites of conservation 
interest. UNEP RAC-SPA, Tunis: 168 pp. + 
Annex. 

Bernardi, G., Caronni, S., Delaria, M.A., Navone, A., 

Panzalis, P., Piras, M.C., Ceccherelli, G., 2015. 
Effect of Caulerpa cylindracea invasion on hard 

benthic macroalgal assemblages exposed to 

physical disturbance. Biologia Marina 
Mediterranea 22 (1): 121-122. 

Bianchi, C.N., 2001. Bioconstruction in marine 

ecosystems and Italian marine biology. 

Biologia Marina Mediterranea 8 (1): 112-130. 

Bianchi, C.N., Cattaneo-Vietti, R., Morri, C., Navone, 
A., Panzalis, P., Orrù, P., 2007a. Coralligenous 

formations in the Marine Protected Area of 
Tavolara Punta Coda Cavallo (NE Sardinia, 

Italy). Biologia Marina Mediterranea 14 (2): 148-
149. 

Bianchi, C.N., Cattaneo‐Vietti, R., Morri, C., Navone, 

A., Panzalis, P., Orrù, P., 2009. Coralligenous 
formations in the Marine Protected Area of 

Tavolara Punta Coda Cavallo (NE Sardinia, 
Italy). In: Pergent-Martini, C., Brichet, M. (Eds). 

Proceedings of the first Symposium on 

Mediterranean Coralligenous. Tabarca, 
Tunisia, 15/16 January 2009. UNEP/MAP‐
RAC/SPA, Tunis: 169-170. 

Bianchi, C.N., Cocito, S., Diviacco, G., Dondi, N., 

Fratangeli, F., Montefalcone, M., Parravicini, 

V., Rovere, A., Sgorbini, S., Vacchi, M., Morri, C., 
2018. The park never born: outcome of a 

quarter of a century of inaction on the sea-
floor integrity of a proposed but not 

established Marine Protected Area. Aquatic 
Conservation: Marine and Freshwater 

Ecosystems, 28: 1209-1228. 

Bianchi, C.N., Morri, C., Navone, A., 2008a. 
Classificazione degli ambienti sommersi e 

cartografia tematica. In: Navone, A., Trainito, 
E. (Eds), Tavolara: nature at work, working in 

nature. Carlo Delfino Editore, Sassari: 145-165. 

Bianchi, C.N., Morri, C., Navone, A., 2010. The 
biological assemblages of submerged rocky 

reefs in the Marine Protected Area of Tavolara 
Punta Coda Cavallo (north-east Sardinia, Italy). 

Scientific Reports of the Port-Cros National 

Park 24: 39-85. 

Bianchi, C.N., Morri, C., Trainito, E., Navone, A., 

2007b. Localizzazione e valutazione dei valori 
ambientali e turistici dei siti d’immersione 
subacquea, localizzazione e valutazione dei 
rischi potenziali di impatto e definizione di 

strumenti standardizzati di gestione e 

monitoraggio (rapid assessment). Consorzio di 
Gestione dell’Area Marina Protetta di Tavolara 
- Punta Coda Cavallo. Relazione Tecnica: 164 
pp. 

Bianchi, C.N., Morri, C., Trainito, E., Navone, A., 

2008b. Contributo alla localizzazione e 
valutazione dei valori ambientali, 

dell’eventuale degrado e delle potenziali cause 
di alterazione dell’ambiente naturale in siti 



105 

 

sede d’immersione subacquea turistica, e 
definizione di criteri di monitoraggio 

attraverso gli approcci di rapid assessment e di 
diagnostica ambientale, identificazione di 

appositi indicatori per il monitoraggio, 
elaborazione complessiva dei dati. Consorzio 

di Gestione dell’Area Marina Protetta di 
Tavolara - Punta Coda Cavallo. Relazione 
Tecnica: 145 pp. 

Bianchi, C.N., Parravicini, V., Montefalcone, M., 
Rovere, A., Morri, C., 2012. The challenge of 

managing marine biodiversity: a practical 
toolkit for a cartographic, territorial approach. 
Diversity 4: 419-452. 

Boudouresque, C.F., 2004. Marine biodiversity in 

the Mediterranean: status of species, 
populations and communities. Travaux 

Scientifiques du Parc National de Port-Cros 20: 
97-146. 

Boudouresque, C.F., Blanfluné, A., Harmelin-Vivien, 

M., Personnic, S., Ruitton, S., Thibault, T., 
Verlaque, M., 2017. Where seaweed forests 

meet animal forests: the examples of 

macroalgae in coral reefs and the 
Mediterranean coralligenous ecosystem. In: 

Rossi S., Bramanti L., Gori A., Orejas C. (Eds). 
Marine animal forests. Springer International 
Publishing: 369-398. 

Canessa, M., Bavestrello, G., Bo, M., Betti, F., 
Gaggero, L., Cattaneo-Vietti, R., 2019. The 

influence of the rock mineralogy on population 

density of Chthamalus (Crustacea: Cirripedia) 
in the Ligurian Sea (NW Mediterranean Sea). 
European Zoological Journal 86 (1): 389-401. 

Canessa, M., Bavestrello, G., Bo, M., Trainito, E., 
Panzalis, P., Navone, A., Caragnano, A., Betti, 

F., Cattaneo-Vietti, R., 2020. Different 
coralligenous assemblages on limestone and 

granite in the Tavolara - Punta Coda Cavallo 

MPA (NE Sardinia, Mediterranean Sea). 
Regional Studies in Marine Science 35: 101159. 

Cánovas-Molina, A., Montefalcone, M., Bavestrello, 

G., Cau, A., Bianchi, C.N., Morri, C., Canese, S., 
Bo, M., 2016a. A new ecological index for the 

status of mesophotic megabenthic 

assemblages in the Mediterranean based on 
ROV photography and video footage. 
Continental Shelf Research 121: 13-20.  

Cánovas-Molina, A., Montefalcone, M., Vassallo, P., 
Morri, C., Bianchi, C.N., Bavestrello, G., 2016b. 

Combining literature review, acoustic mapping 
and in situ observations: an overview of 

coralligenous assemblages in Liguria (NW 

Mediterranean Sea). Scientia Marina 80 (1): 7-
16. 

Casas-Güell, E., Teixidó, N., Garrabou, J., Cebrian, 

E., 2015. Structure and biodiversity of 

coralligenous assemblages over broad spatial 
and temporal scales. Marine Biology 162 (4): 
901-912. 

Cattaneo-Vietti, R., Albertelli, G., Bavestrello, G., 
Bianchi, C.N., Cerrano, C., Chiantore, M., 

Gaggero, L., Morri, C., Schiaparelli, S., 2002. 
Can rock composition affect sublittoral 

epibenthic communities? PSZN: Marine 
Ecology 23 (suppl. 1): 65-77. 

Cecchi, E., Gennaro, P., Piazzi, L., Ricevuto, E., 
Serena, F., 2014. Development of a new biotic 

index for ecological status assessment of 
Italian coastal waters based on coralligenous 

macroalgal assemblages. European Journal of 
Phycology 49: 298-312. 

Cerrano, C., Arillo, A., Bavestrello, G., Benatti, U., 

Calcinai, B., Cattaneo‐Vietti, R., Puce, S., Sarà, 
M., 1999. Organism-quartz interactions in 

structuring benthic communities: towards a 
marine bio‐mineralogy? Ecology Letters 2: 1-3. 

Clarke, K.R., 1993. Non‐parametric multivariate 
analyses of changes in community structure. 
Australian Journal of Ecology 18 (1): 117-143. 

Clarke, K.R., Somerfield, P.J., Chapman, M.G., 2006. 
On resemblance measures for ecological 

studies, including taxonomic dissimilarities and 

a zero-adjusted Bray–Curtis coefficient for 
denuded assemblages. Journal of 

Experimental Marine Biology and Ecology 330 
(1): 55-80. 

Cocito, S., Bedulli, D., Sgorbini, S., 2002. 
Distribution patterns of the sublittoral 

epibenthic assemblages on a rocky shoal in the 

Ligurian Sea (NW Mediterranean). Scientia 
Marina 66 (2): 175-181. 

Cocito, S., Sgorbini, S., Bianchi, C.N., 1997. Zonation 
of a suspension-feeder assemblage on a 

temperate rocky shoal: the influence of water 

current and bottom topography. In: Hawkins 
L.E., Hutchinson S. (Eds). The response of 

marine organisms to their environments. 
University of Southampton, UK: 183-192. 

Deter, J., Descamp, P., Ballesta, L., Boissery, P., 

Holon, F., 2012. A preliminary study toward an 
index based on coralligenous assemblages for 

the ecological status assessment of 
Mediterranean French coastal waters. 
Ecological Indicators 20: 345-352. 

http://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/576
http://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/576
http://scientiamarina.revistas.csic.es/index.php/scientiamarina/article/view/576


106 

 

Deter, J., Descamp, P., Ballesta, L., Boissery, P., 

Holon, F., Gatti, G., Bianchi, C.N., Morri, C., 

Montefalcone, M., Sartoretto, S., 2015. 
Coralligenous reefs state along anthropised 

coasts: Application and validation of the 
COARSE index, based on a rapid visual 

assessment (RVA) approach. Ecological 
Indicators 52: 567-576. 

Enrichetti F., Dominguez-Carrió C., Toma, M., 

Bavestrello, G., Betti, F., Canese, S., Bo, M., 
2019. Megabenthic communities of the 

Ligurian deep continental shelf and shelf-break 
(NW Mediterranean Sea). PLoS one 14(10): 
e0223949. 

EUNIS, 2019. Marine habitat classification. 

https://www.eea.europa.eu/data-and-
maps/data/eunis-habitat-classification. 

Ferrigno, F., Russo, G.F., Sandulli, R., 2017. 

Coralligenous Bioconstructions Quality Index 

(CBQI): a synthetic indicator to assess the 
status of different types of coralligenous 
habitats. Ecological Indicators 82: 271-279. 

Gatti, G., Bianchi, C.N., Morri, C., Montefalcone, M., 

Sartoretto, S., 2015. Coralligenous reefs state 

along anthropised coasts: Application and 
validation of the COARSE index, based on a 

rapid visual assessment (RVA) approach. 
Ecological Indicators 52: 567-576. 

Gatti, G., Montefalcone, M., Rovere, A., Parravicini, 

V., Morri, C., Albertelli, G., Bianchi, C.N., 2012. 
Seafloor integrity down the harbour 

waterfront: the coralligenous shoals off Vado 

Ligure (NW Mediterranean). Advances in 
Oceanography and Limnology 3 (1): 51-67. 

Guidetti, P., Bianchi, C.N., Chiantore, M., 
Schiaparelli, S., Morri, C., Cattaneo-Vietti, R., 

2004. Living on the rocks: substrate 
mineralogy and the structure of subtidal rocky 

substrate communities in the Mediterranean 

Sea. Marine Ecology Progress Series 274: 57-
68.  

Ingrosso, G., Abbiati, M., Badalamenti, F., 

Bavestrello, G., Belmonte, G., Cannas, R., 

Benedetti-Cecchi, L., Bertolino, M., Bevilacqua, 

S., Bianchi, C.N., Bo, M., Boscari, E., Cardone, 
F., Cattaneo-Vietti, R., Cau, A., Cerrano, C., 

Chemello, R., Chimienti, G., Congiu, L., 
Corriero, G., Costantini, F., De Leo, F., 

Donnarumma, L., Falace, A., Fraschetti, S., 

Giangrande, A., Gravina, M.F., Guarnieri, G., 
Mastrototaro, F., Milazzo, M., Morri, C., 

Musco, L., Pezzolesi, L., Piraino, S., Prada, F., 
Ponti, M., Rindi, F., Russo, G.F., Sandulli, R., 

Villamor, A., Zane L., Boero F., 2018. 

Mediterranean bioconstructions along the 

Italian coast. Advances in Marine Biology 79: 
61-136. 

Marion, A.F., 1883. Esquisse d’une topographie 
zoologique du Golfe de Marseille. Annales du 

Musée d’Histoire Naturelle de Marseille 1 (1): 1-
108.  

Montefalcone, M. (Ed), 2020. Updated 

classification of benthic marine habitat types 
for the Mediterranean Region. Specially 

Protected Areas Regional Activity Centre 
(SPA/RAC). UN Environment/MAP: 14 pp. 

Morrison, L., Feely, M., Stengel, D.B., Blamey, N., 

Dockery, P., Sherlock, A., Timmins, E., 2009. 
Seaweed attachment to bedrock: biophysical 

evidence for a new geophycology paradigm. 
Geobiology 7 (4): 477-487. 

Navone, A., Bianchi, C.N., 1992. Riserva marina di 

Tavolara - Capo Coda Cavallo (Sardegna NE). 
Carta bionomica dei fondi marini. Studio 
Navone, Olbia. 

Navone, A., Bianchi, C.N., Orrù, P., Ulzega, A., 1992. 

Saggio di cartografia geomorfologica e 

bionomica nel parco marino di Tavolara - Capo 
Coda Cavallo. Oebalia 17 (2) suppl.: 469-478.  

Oprandi, A., Montefalcone, M., Musumeci, S., 

Morri, C., Povero, P., Bavestrello, G., Bianchi 

C.N., 2016. Bioconstruction in the Marine 
Protected Area of Portofino (Ligurian Sea). 
Biologia Marina Mediterranea 23 (1): 190-193. 

Orrù, P., Pasquini, C., 1992. Rilevamento 

geomorfologico sottomarino della riserva 

marina di Tavolara Capo Coda Cavallo 
(Sardegna nord-orientale). Giornale di 
Geologia 54 (2): 49-63. 

Pais, A., Trainito, E., Romor, M., Contis, M.G., 1992. 

Sulla presenza di Gerardia savaglia (Bertoloni, 

1819) nelle acque dell’isola di Tavolara. Oebalia 
17: 377-378. 

Panzalis, P., Navone, A., Bianchi, C.N., Cattaneo‐
Vietti, R., Morri, C., Orrù, P., 2009. 

Coralligenous formations in the Marine 

Protected Area of Tavolara Punta Coda Cavallo 
(NE Sardinia, Italy). 1st Symposium on 

Mediterranean coralligenous. Tabarca 15/16 
January 2009. 

Pérès, J.M., Picard, J., 1964. Nouveau manuel de 

bionomie benthique de la Méditerranée. 



107 

 

Recueil des Travaux de la Station Marine 
d’Endoume 31 (47): 1-137. 

Pezzolesi, L., Peña, V., Le Gall, L., Gabrielson, P.W., 

Kaleb, S., Hughey, J.R., Rodondi, G., 

Hernandez-Kantun, J.J., Falace, A., Basso, D., 
Cerrano, C., Rindi, F., 2019. Mediterranean 

Lithophyllum stictiforme (Corallinales, 

Rhodophyta) is a genetically diverse species 
complex: implications for species 

circumscription, biogeography and 
conservation of coralligenous habitats. Journal 
of Phycology 55 (2): 473-492. 

Piazzi, L., Bianchi, C.N., Cecchi, E., Gatti, G., Guala, 

I., Morri, C., Sartoretto, S., Serena, F., 

Montefalcone, M., 2017. What’s in an index? 
Comparing the ecological information 

provided by two indices to assess the status of 
coralligenous reefs in the NW Mediterranean 

Sea. Aquatic Conservation: Marine and 
Freshwater Ecosystems 27 (6): 1091-1100. 

Piazzi, L., Gennaro, P., Balata, D., 2012. Threats to 

macroalgal coralligenous assemblages in the 
Mediterranean Sea. Marine Pollution Bulletin, 
64: 2623–2629. 

Piazzi, L., Gennaro, P., Cecchi, E., Serena, F., 2015. 

Improvement of the ESCA index for the 

evaluation of ecological quality of 
coralligenous habitat under the European 

framework directives. Mediterranean Marine 
Science 16: 419-426. 

Piazzi, L., Gennaro, P., Montefalcone, M., Bianchi, 

C.N., Cecchi, E., Morri, C., Serena, F., 2019a. 
STAR: An integrated and standardised 

procedure to evaluate the ecological status of 
coralligenous reefs. Aquatic Conservation: 

Marine and Freshwater Ecosystems 29 (2): 189-
201. 

Piazzi, L., Kaleb, S., Ceccherelli, G., Montefalcone, 

M., Falace, A., 2019b. Deep coralligenous 
outcrops of the Apulian continental shelf: 

biodiversity and spatial variability of sediment-
regulated assemblages. Continental Shelf 
Research 172: 50-56. 

Pititto, F, Trainito, E, Mačić, V., Rais, C., Torchia, G., 

2014. The resolution in benthic cartography: a 

detailed mapping technique and a multiscale 
GIS approach with applications to 

coralligenous assemblages. Proceedings of the 

second Mediterranean Symposium on the 
conservation of Coralligenous and other 

Calcareous Bio‐Concretions. Portorož, 

Slovenia, 29-30 October 2014. UNEP/MAP‐

RAC/SPA, Tunis: 153-158. 

Relini, G., Tunesi, L., 2009. Protected species 

according to the SPA/BIO protocol (Barcelona 

Convention) present in Italy. Identification 
sheets. Biologia Marina Mediterranea 16 
(Suppl. 2): 77-80. 

Ros, J.D., Romero, J., Ballesteros, E., Gili, J., 1985. 

The circalittoral hard bottom communities: the 
coralligenous. In: Margalef, R. (Ed.), Western 

Mediterranean. Pergamon Press, Oxford: 263-
273. 

Rovere, A., Ferraris, F., Parravicini, V., Navone, A., 

Morri, C., Bianchi, C.N., 2013. Characterisation 
and evaluation of a marine protected area: 

Tavolara - Punta Coda Cavallo (Sardinia, NW 
Mediterranean). Journal of Maps 9 (2): 279-
288. 

Ruitton, S., Personnic, S., Ballesteros, E., Bellan-

Santini, D., Boudouresque, C.F., Chevaldonné, 

P., Bianchi, C.N., David, R., Féral, J.P., Guidetti, 
P., Harmelin, J.G., Montefalcone, M., Morri, C., 

Pergent, G., Pergent-Martini, C., Sartoretto, S., 
Tanoue, H., Thibaut, T., Vacelet, J., Verlaque, 

M., 2014. An ecosystem-based approach to 

assess the status of the Mediterranean 
coralligenous habitat. In: Bouafif, C., Langar, 

H., Ouerghi, A. (Eds). Proceedings of the 
second Mediterranean Symposium on the 

conservation of Coralligenous and other 

Calcareous Bio‐Concretions. Portorož, 
Slovenia, 29-30 October 2014. UNEP/MAP‐
RAC/SPA, Tunis: 153-158. 

Sartoretto, S., David, R., Aurelle, D., Chenuil, A., 

Guillemain, D., Thierry De Ville D’Avray, L., 
Feral, J.P., Çinar, M.E., Kipson, S., Arvanitidis, 

C., Schohn, T., Daniel, B., Sakher, S., Garrabou, 

J., Gatti, G., Ballesteros, E., 2014. An integrated 
approach to evaluate and monitor the 

conservation state of coralligenous bottoms: 
the INDEX‐COR method. In: Bouafif C., Langar 
H., Ouerghi A. (Eds). Proceedings of the 

second Mediterranean Symposium on the 
conservation of Coralligenous and other 

Calcareous Bio‐Concretions. Portorož, 
Slovenia, 29-30 October 2014. UNEP/MAP‐
RAC/SPA, Tunis: 159-165. 

Sartoretto, S., Schohn, T., Bianchi, C.N., Morri, C., 

Garrabou, J., Ballesteros, E., Ruitton, S., 

Verlaque, M., Daniel, B., Charbonnel, E., 
Blouet, S., David, R., Féral, J.-P., Gatti, G., 2017. 

An integrated method to evaluate and monitor 
the conservation state of coralligenous 

habitats: The INDEX-COR approach. Marine 
Pollution Bulletin 120 (1-2): 222-231. 



108 

 

Trainito, E., 2007. Progetto mappaggio, 

valutazione, monitoraggio e documentazione 

di risorse sottomarine per lo sviluppo 
sostenibile del turismo subacqueo nell’AMP 
Tavolara - Punta Coda Cavallo. Consorzio di 
Gestione Area Marina Protetta di Tavolara - 
Punta Coda Cavallo: 140 pp. 

Trainito, E., 2018. Analisi delle strutture coralligene 

nell'AMP di Tavolara Punta Coda Cavallo 

secondo le direttive della Marine Strategy. 

Consorzio di Gestione Area Marina Protetta di 

Tavolara - Punta Coda Cavallo. Relazione 
tecnica. 

Vassallo, P., Bianchi, C.N., Paoli, C., Holon, F., 

Navone, A., Bavestrello, G., Cattaneo-Vietti, R. 
Morri, C., 2018. A predictive approach to 

benthic marine habitat mapping: efficacy and 

management implications. Marine Pollution 
Bulletin 131: 218-232.

  



109 

 

Chapter 4 

LITHOLOGY COULD AFFECT THE BENTHIC COMMUNITIES LIVING 

BELOW BOULDERS 

 

ABSTRACT 

Structure and diversity of sessile zoobenthic assemblages seem to be driven not only by chemical-

physical constraints and biological interactions but also by the substrate lithology and its surface 

features. Nevertheless, the broadly distributed crustose epilithic corallines could mask the role of the 

substrate on animal settling. To evaluate the direct influence of different rocky substrates, occurrence 

and coverage of several sessile species, growing on the dark (i.e., coralline-free) face of sublittoral 

limestone and granite boulders were compared in the Tavolara MPA (Mediterranean Sea). The analysis 

of photographic samples demonstrated significant differences in term of species composition and 

coverage, according to lithology. Moreover, limestone boulders were widely bare, while the cover per 

cent was almost total on granite. The leading cause of observed patterns can be the different level of 

dissolution of the two types of rocks, due to their different mineral composition and textural 

characteristics. Limestone shows a significantly higher level of dissolution in comparison to granite, 

and consequently, a more unstable surface. Our results suggest that, in dark habitats, the absence of 

the crustose coralline layer allows a more significant rock dissolution and consequent lower stability 
of the limestone, which, in turn, reduces the zoobenthos colonization. 

Keywords: Microhabitat diversity, species occurrence, dark habitat, lithology, Mediterranean. 
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INTRODUCTION 

The lithological characteristics of the substrate may influence richness and dynamics 

of the hard-bottom benthic assemblages (Cerrano et al., 1999; Bavestrello et al., 2000; 

2018; Cattaneo-Vietti et al., 2002; Faimali et al., 2004; Canessa et al., 2019; 2020; 

Johansen, 2018). In fact, under comparable edaphic conditions, several communities 

resulted structurally different on substrates of different lithology, in terms of 

presence and abundance of some sessile species (Coombes, 2011). However, a 

general scarcity of studies about this topic must be underlined. During tests 

performed using experimental blocks of different rocks along Cornwall coasts, 

barnacle settling was higher on granites and concrete than on limestones, suggesting 

that the roughness of the substrate could positively influence the settling (Coombes, 

2011). The influence of different rock types was particularly evident also for the 

supralittoral barnacle Chthamalus spp. which, in the Ligurian Sea, appeared more 

abundant on limestones than on marly substrates (Canessa et al., 2019). Also, 

comparing barnacle populations living on different ophiolitic rocks, differences in 

density arose: they were abundant on serpentinite rocks and virtually absent on 

metagabbros (Bavestrello et al., 2018). 

In the subtidal zone of the Mediterranean, the species richness of sponges, 

anthozoans, serpulids and sessile gastropods living on hard bottom characterized by 

different lithology showed differences in density or covering capacity (Cattaneo-

Vietti et al., 2002; Bavestrello et al., 2003; Guidetti et al., 2004; Schiaparelli et al., 2003). 

For example, in coralligenous habitats of northeast Sardinia, some sponges (Axinella 

sp., Axinella polypoides and Sarcotragus foetidus), although present on both granite 

and carbonate, showed a clear preference for granite (Canessa et al., 2020). 

A bulk of evidence suggests an intricate pattern of interactions exists between sessile 

organisms, rock morphology and composition, together with several local 

environmental factors (Aguilera et al., 2014; Angiolillo et al., 2016).  

In particular, the structure and the diversity of algal assemblages seem particularly 

sensitive to the substrate lithology (McGuinness, 1989; Hadfield and Paul, 2001; 

Bavestrello et al., 2018). 



111 

 

Crustose epilithic red algae may act as ecosystem engineers, modifying conditions, 

creating habitat, but also competing for space with sessile animals (Bressan, 1974; 

Steneck, 1986; Johansen, 2018). Comparing the development of calcareous algae on 

two contiguous ophiolitic rocks in the upper tidal zone, it was evident that 

Neogoniolithon brassica-florida was only present on serpentinites, while virtually 

absent on metagabbros (Bavestrello et al., 2018). Moreover, in subtidal habitats 

within the area of Tavolara Island (northeast Sardinia), the thickness of the crustose 

calcareous red algae was higher on limestone rocks than on granite ones (Canessa et 

al., 2020). Here, it is possible that two different genotypes of “Lithophyllum 

stictiforme” colonised these two different lithotypes, as stated by Pezzolesi et al. 

(2019). 

This paper aims to verify the open hypothesis that the settlement of sessile 

zoobenthic organisms and the consequent development of the assemblage in terms 

of richness and occurrence could be directly driven by the substrate lithology, 

without interferences due to encrusting calcareous algae. Hence, it is necessary to 

research in dark habitats, where algae are absent. Although marine caves are the 

most obvious option, it is virtually impossible to find close caves with similar 

ecological characteristics but different lithology. A more practical choice has been 

the study of the sessile fauna settled under boulders, comparable to that of the caves 

(Harmelin et al., 1985), even if influenced by the faunistic characteristics of the 

surrounding communities (Bellan-Santini, 1962). 

Herein, we present the results obtained by evaluating the species richness and 

coverage of the sessile zoobenthic assemblage, growing under large boulders of 

different lithology, without the algal presence and assuming the invariance of all 

other ecological variables. 
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MATERIAL AND METHODS 

STUDY AREA AND SAMPLING METHODS 

In this study, aimed to describe the diversity and coverage of the benthic 

communities directly settled on the two different kinds of substrates, we have 

investigated the lower surface of granite and limestone boulders, characterised by a 

progressive decrease of algal covering, following the reduction of solar light. 72 

boulders with comparable size at 15-20 m depth were randomly selected and their 

dark side photographed in six sites, three carbonatic (Archetto (Ar), Occhio di Dio 

(OD) and Cala Cicale (CC)) and other three granitic (Isola Rossa (IR), Mezzo Canale 

(MC) and Punta Arresto (PA)) inside the Marine Protected Area of Tavolara-Punta 

Coda Cavallo in the Nord-East coast of Sardinia (Tyrrhenian Sea) (Table 1; Figure 1). 

Table 1 Per cent occurrence of each species/OTU in each site and average occurrence on limestone (Ol) 
and granite (Og) boulders. #, species/OTU exclusive of limestone; ‡, species/OTU exclusive of granites; *, 
species found on both substrates. 

Sites Archetto Cala Cicale 
Occhio di 

Dio 
Isola Rossa 

Punta 
Arresto 

Mezzo 
Canale Limestone 

occurrence 
(Ol) 

Granite 
occurrence 

(Og) 
Substrate Limestone Limestone Limestone Granite Granite Granite 
Latitude 
Longitude 

9.69662E 
40.8892N 

9.7056E 
40.8953N 

9.7072E 
40.89653N 

9.67345E 
40.87731N 

9.73665E 
40.87707N 

9.66603E 
40.88487N 

Average total boulder 
area (cm2) ± SE 

783.2 ± 71.9 820.4 ± 101.1 820.3 ± 75.7 720.3 ± 60.7 941.9 ± 110.3 613.5 ± 47.6 808.0 ± 47.1 758.6 ± 49.3 

Average algal-free 
boulder area (cm2) ± SE 

413.5 ± 72.5 431.1 ± 63.1 521.9 ± 68.6 438.6 ± 66.0 588.1 ± 83.8 519.2 ± 40.2 455.5± 39.0 515.3 ±38.3 

Miniacina miniacea* 66.6 91.6 75 58.3 100 83.33 77.7 ± 7.3 80.6 ± 12.1 
Acanthella acuta# --- --- 8.3 --- --- --- 2.8 ± 2.8 --- 
Hemimycale columella# 41.6 8.3 --- --- --- --- 16.7 ± 12.7 --- 
Ircinia sp.* 8.3 --- --- --- 8.3 --- 2.8 ± 2.8 2.8 ± 2.8 
Chondrosia reniformis* 8.33 --- --- --- --- 16.67 2.8 ± 2.8 5.5 ± 5.5 
Clathrina sp. ‡ --- --- --- 33.3 8.3 --- --- 13.9 ± 10 
Cliona spp. # 58.0 75.3 83.3 --- --- --- 72.3 ± 7.5 --- 
Corticium candelabrum# 8.3 8.3 --- --- --- --- 5.5 ± 2.7 --- 
Haliclona fulva* --- 16.6 --- 8.3 16.6 --- 5.5 ± 5.5 8.3 ±4 .8 
Haliclona mucosa* 8.3 75 16.6 25 33.3 8.3 33.3 ± 20.9 22.2 ± 7.3 
Oscarella lobularis# 8.3 --- --- --- --- --- 2.8 ± 2.8 --- 
Petrobiona massiliana‡ --- --- --- --- 25 8.3 --- 11.1 ± 7.3 
Petrosia ficiformis* --- 8.3 --- 16.6 41.6 16.6 2.8 ± 2.8 25 ± 8.3 
Phorbas tenacior‡ --- 8.3 --- 8.3 16.6 25 2.8 ± 2.8 16.7 ± 4.8 
Spirastrella cunctatrix‡ --- --- --- 33.3 --- 25 --- 19.4 ± 10 
Terpios fugax* 16.6 --- --- 25 16.6 16.6 5.6 ± 5.6 19.4 ± 2.7 
Massive sponges* 8.3 16.6 --- 33.3 8.3 --- 8.3 ± 4.8 13.9 ± 10 
Encrusting sponges* 75 66.6 75 91.6 100 91.6 72.2 ± 2.7 94.4 ± 2.7 
Balanophyllia europea# 16.67 8.33 --- --- --- --- 8.3 ± 4.8 --- 
Caryophyllia inornata‡ --- --- --- --- 8.3 41.6 --- 16.7 ± 12.7 
Scleractinians* 16.67 8.33 16.6 --- 8.3 --- 13.9 ± 2.7 2.8 ± 2.8 
Beania magellanica‡ --- --- --- --- --- 8.3 --- 2.8 ± 2.8 
Myriapora truncata‡ --- --- --- 75 66.6 16.6 --- 52.7 ± 18.2 
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Patinella radiata‡ --- --- --- --- 8.3 --- --- 2.8 ± 2.8 
Reptadeonella violacea* 8.3 16.6 --- 25 25 --- 8.3 ± 4.8 16.6 ± 8.3 
Reteporella sp. ‡ --- --- --- --- 33.3 --- --- 11.1 ± 11.1 
Encrusting bryozoans* 75 58.3 83.3 91.6 100 100 72.2 ± 7.4 97.2 ± 2.7 
Novocrania anomala* 8.3 8.3 --- 8.3 25 33.3 5.5 ± 2.7 22.2 ±7.3 
Serpulids* 75 100 91.6 91.6 100 100 88.8 ± 7.3 97.2 ± 2.7 
Terebellidae* 8.3 8.3 8.3 --- --- 16.6 8.33 5.6 ± 5.6 
Didemnids* 8.3 --- 8.3 --- 33.3 25 5.5 ± 2.8 19.4 ± 10 
Halocynthia papillosa# 8.3 --- --- --- --- --- 2.8 ± 2.8 --- 
Polycitor adriaticus# 8.3 --- --- --- --- --- 2.8 ± 2.8 --- 
Phallusia fumigata‡ --- --- --- --- 8.3 8.3 --- 5.5 ± 2.7 

 

The selected sites are 

characterised by the calcareous-

dolomitic limestone of Tavolara 

Island and by the granitic granular 

red pegmatite (Orrù & Pasquini, 

1992). Very likely, each boulder has 

its own specific position with 

respect to the bottom and 

therefore specific micro-

environmental conditions affecting 

the development of the benthic 

communities.  

Nevertheless, we think that it was reasonable to assume that, due to the number of 

replicates, the average conditions under boulders of comparable size of the two 

lithologies can be considered similar. During SCUBA diving performed in July 2019, we 

turned the boulders upside down and the lower side was photographed by a Sony 

A6000 camera, 24 megapixels, 2 Inon S2000 flashes, colour temperature 5000° K; 

Sony 16-50 at 16 mm focal length; Sea & Sea MDX-a6000 underwater case with a flat 

porthole. A twin laser pointer, calibrated at 10 cm, was used as a metric reference. 

The lower surface was evaluated for each image, separating the algal-free portion 

used for the study from the total area (Figure 2). 

Figure 1 Study area and sample sites within the Tavolara-
Punta Coda Cavallo MPA. White dot, limestone, grey dot 
granite. Ar: Archetto; CC: Cala Cicale; OD: Occhio di Dio; MC: 
Mezzo Canale; IR: Isola Rossa; PA: Punta Arresto. 
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DATA ANALYSIS 

The sessile zoobenthic organisms present under the boulders were tentatively 

classified at a specific level, and their per cent coverage, in terms of main taxonomic 

groups, calculated by a superimposed grid, using ImageJ Software. When specific or 

generic identification was not possible, other taxonomic and morphological units 

(OTUs) were adopted. Also, the bare surface present on the dark side of the boulders 

was measured. 

Values of relative occurrence (Ol and Og, respectively for limestone and granite) were 

calculated for each species/OTUs, as per cent presence on the 12 photographs shot 

per site (Table 1). For the statistical analysis, we considered only the species/OTUs 

present in all the three sites of almost one substrate. 

Resemblance similarity matrices, based on the Bray-Curtis index, were constructed 

for species/OTUs occurrence and per cent coverage of the main taxonomic groups 

(Anderson, 2001). The multivariate configuration of both the datasets was visualised 

through non-metric multi-dimensional scaling (nMDS). 

PERMutational ANalysis Of VAriance (PERMANOVA) (Anderson, 2001) was 

performed using a two-way experimental design, with “Substrate” (Su) as a fixed 

factor with two levels (Limestone (L) and Granite (G)) and “Site” (Si), a random factor 

with six levels nested within the substrate. Each analysis used 9999 random 

permutations; Monte Carlo Test was performed for deficient order of permutations; 

pair-wise tests were used to compare condition levels when significant differences 

were detected by PERMANOVA (Tab. 2). SIMilarity PERcentages analysis (SIMPER) 

(Clarke, 1993) was performed to identify the percentage contribution of each 

descriptor to the Bray-Curtis similarity among the two substrates (Table 3). 

All the statistics were performed using PRIMER_E (Version 7). 
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Figure 2 Examples of limestone and granite boulders photographed during the sampling activity. The 
stacked lines include the algal-free surfaces in the dark side of the boulders selected for the analysis. A-D, 
granites; E-H, limestones. Notes the extensive coverage of sponges and bryozoans on granites and the 
sizeable bare area, often bored by date-mussels, recorded on limestones. 
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RESULTS 

The sessile zoobenthic communities settled on the dark side of large boulders were 

investigated according to the substrate lithology. 

The total area of the lower face of the boulders was, on average, 808 cm2 ± 47.1 SE 

for limestone and 758.6 cm2 ± 49.3 SE for granite. The average area wholly deprived 

of algae, (the suitable boulder portion for the investigation) was 455.5 cm2 ± 39 SE 

for limestone and 515.3 cm2 ± 38.3 SE for granite (Table 1). No correlation between 

the number of species/OTUs and the considered surfaces was found (R = 0.17). 

The analysis of the photographic samplings allowed to identify 34 species/OTUs: 24 

of them were observed under granitic boulders (9 exclusives) and 25 under limestone 

ones (10 exclusives). The number of species/OTUs recorded on granite ranged from 

4 to 10 per image, and that recorded on limestone from 2 to 10. The 44.1% of the 

species was found in common, although with variable occurrences, between the two 

substrates. 21 species/OTUs were occasional or rare, being recorded only in less than 

the 10% of the samples. The most represented taxonomic group was the sponges 

(with 17 OTUs) (Table 1). 

Only considering the species/OTUs recorded in all the sites of at least one lithology, 

it is possible to put in evidence a group of ubiquitarians OTUs recorded with a high 

occurrence on both substrata and comprising the encrusting bryozoans, serpulids 

and encrusting sponges together with the benthic foram Miniacina miniacea. Also, the 

sponge Haliclona mucosa, although present with lower occurrences, did not show any 

particular preference for a substratum. On the contrary, the boring sponges of the 

genus Cliona showed, as expected, a complete preference for the limestone, while 

the brachiopod Novocrania anomala, the sponges Terpios fugax, Phorbas tenacior, 

Petrosia ficiformis and the branched bryozoan Myriapora truncata were virtually 

recorded only on granites (Figure 3). 

Among species recorded with lower frequency, the bryozoan Reptadeonella violacea 

was indifferently recorded on both substrates while the behaviour of the two 

identified scleractinians was particularly interesting: Balanophyllia italica was 

recorded only on limestone and Caryophyllia inornata only on granite. Ascidians 
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showed similar trends, with Halocyntia papillosa and Polycitor adriaticus exclusive of 

limestone and Phallusia fumigata present only on granite (Table 1). 

 

Only considering the species/OTUs recorded in all the sites of at least one lithology, 

nMDS and PERMANOVA showed 

significant differences for both the 

factors (“Substrate” and “Site”), with 

a marked effect of “Substrate” in 

clustering sites (Figure 4A, Table 2).  

 

Figure 3 Lithological affinity of species/OTUs ± SE present in all the sites of at least one substrate. 
White bar, limestone; grey bar, granite. 

Figure 4 Non-metric Multi-Dimensional Scaling 

(nMDS) performed for species occurrence (A) and 
per cent coverage (B) of main OTUs and bare 
substrate. White dots: limestone; grey dots: granite. 
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Table 2PERMANOVA performed on the occurrence for the species /OTUs recorded in all the sites of at 
least one lithology, and coverage of the main taxonomic groups. Bray-Curtis similarity index used for the 
resemblance matrix construction; permutation n= 9999. Monte Carlo test applied for insufficient unique 
permutations. Significative values are in bold. 

 

 

 

 

 

 

 

Table 3 SIMPER analysis performed for occurrence of the main species/OTUs recorded in all the sites for 
almost one substrate, and coverage datasets. Bray-Curtis similarity index used for the resemblance matrix 
construction. 

Occurrence Average dissimilarity = 34.95 
OTUs Limestone Av.Abund Granite Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Cliona spp. 0.72 0.00 7.08 1.56 20.25 20.25 
Myriapora truncata 0.00 0.53 5.04 1.03 14.42 34.67 
Haliclona mucosa 0.33 0.19 3.89 0.80 11.13 45.80 
Encr. Sponges 0.72 0.94 3.18 0.65 9.10 54.89 
Miniacina miniacea 0.78 0.92 3.06 0.59 8.75 63.64 
Novocrania anomala 0.06 0.22 2.42 0.57 6.92 70.56 
Phorbas tenacior 0.03 0.17 1.84 0.47 5.25 75.81 
Spirastrella cunctatrix 0.00 0.19 1.83 0.48 5.24 81.05 
Scleractinians 0.14 0.03 1.51 0.43 4.32 85.37 
Serpulids 0.89 1.00 1.38 0.34 3.96 89.33 
Terebellidae 0.08 0.06 1.35 0.38 3.87 93.20 
Clatrina sp. 0.00 0.14 1.33 0.40 3.80 97.00 
Encr. Bryozoans 0.92 1.00 1.05 0.29 3.00 100.00 
  
Coverage Average dissimilarity = 76.51 
 Limestone Av.Abund Granite Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Bare Substrate 70.58 0.47 35.42 10.96 46.29 46.29 
Sponges 7.42 49.06 21.05 5.21 27.51 73.80 
Bryozoans 6.81 37.42 15.45 7.20 20.19 93.99 
Serpulids 12.42 9.00 3.64 1.25 4.76 98.75 
Tunicates 2.89 1.97 0.96 1.05 1.25 100.00 

 

  

Occurrence Df SS MS Pseudo-F P(perm) Unique Perm P(MC) 
Su 1 6118 6118 6.0018 0.0986 10 0.0174 
Si(Su) 4 4077.5 1019.4 1.8901 0.0392 9933 0.0463 
Res 66 35595 539.31     
Total 71 45790      
Coverage        
Su 1 96581 96581 76.001 0.1026 10 0.0001 
Si(Su) 4 5083.1 1270.8 1.7505 0.0674 9914 0.0764 
Res 66 47914 725.97     
Total 71 1.50E+05      
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Also, the comparison of the cover per cent on the two different substrata confirmed 

this trend. On limestone, a large portion of the substrate was bare (on average 70%), 

while granite was always completely bio-covered (Figures. 2; 5; Table 1). 

 

Figure 5 Average per cent area of bare substrate ± SE (A) and average per cent coverage ± SE (BE) of 
main taxonomic groups in each site. 

Considering the per cent coverage of the main taxonomic groups, the nMDS (Figure 

4B) and PERMANOVA (Table 2) highlighted two well-defined clusters, according to 

“Substrate” factor, but not for the “Site”. 

The SIMPER analysis reported the contribution of sponges (27.51%) and bryozoans 

(20.19%) to descript the dissimilarity between the two assemblages and remarked the 

critical contribution of the bare substrate (46.29%) (Table 3). 
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DISCUSSION 

In several hard-bottom communities of the photic zone, the presence of secondary 

substrates of biological origin frequently prevents the direct contact of the larvae 

with the rock. In particular, the development of the epilithic corallines is often so 

broad that it produces a virtually continuous secondary substrate on which other 

organisms grow (Johansen, 2018). Consequently, the presence of crustose red algae 

can mask the influence of the primary substrate on the zoobenthos settling. Several 

invertebrate larvae, in fact, recruit in response to chemical traits of specific crustose 

coralline algae (Hadfield & Paul, 2001). In this situation, some conclusions until now 

obtained about the influence of rock composition on the development of benthic 

communities could be biased by the interference due to the coralline coverage. It 

was, in fact, generally stated that, when comparing benthic communities settled on 

limestone and granite, the latter is less abundant in species diversity and the bio-

coverage is lower (Canessa et al., 2020; Bavestrello et al., 2000). The present study 

was planned to evaluate, in the field, the direct effect of limestone and granite on the 

settling and development of the zoobenthic species, without the influence of the 

epilithic crustose corallines. The dark sides of large boulders turned out seems to be 

particularly fit for this purpose, providing light conditions comparable to those found 

in caves, as the presence of the sponge Petrobiona massiliana, considered exclusive 

to the biocenosis of dark caves, confirms (Harmelin et al., 1985; Manconi et al., 2009). 

The results obtained were mostly unexpected. In fact, we have shown that the dark 

sides, coralline-free, of the limestone boulders, were widely bare, while the cover per 

cent was almost total on granite. The only exclusive species with a high occurrence 

recorded on limestones were clionids, able to bore carbonates due to acid secretions 

of their etching cells (Ruetzler, 1975). On the contrary, several species, mainly 

sponges and bryozoans, were almost exclusive of granite. A pool of other species or 

morphological OTUSs indifferently occupied both substrates, although with different 

occurrences. 

The leading cause that could explain these pieces of evidence can be the different 

level of chemical stability of the two types of rocks, due to their different composition 
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and textural characteristics. In the sea, carbonates precipitate in the light zone and 

dissolve in dark ones where the CO2 increases, favouring a progressive bacterial-

induced carbonate dissolution (Golubić & Schneider, 1979). Moreover, directed 

carbonate removal is carried out by specialised macroborers as bivalves (mainly 

Lithophaga lithophaga) and clionid sponges which produce a further, more in-depth 

erosion with a consequent increase of substrate instability (Schneider & Torunski, 

1983). On the contrary, granites are much more stable, as already stated by Coombes 

(2011). 

High level of substrate superficial instability was already demonstrated to strongly 

affect larval settling and assemblage development. Some friable rocks, such as chalk 

and sandstones, appeared much more unsuitable compared to harder granites for 

settling of the barnacle Chthamalus montagui in the English Channel, where the 

survival rate of its cyprids was relatively low even in the presence of high 

recruitments (Herbert & Hawkins, 2006). 

The substrate roughness has always been claimed as one of the main features of the 

rock to determine the success of the larval settlement (Barnes, 1970; Berntsson et al., 

2000; Holmes et al., 1997; Raimondi, 1988; Coombes, 2011). Our data do not support 

this statement. In our opinion, it is possible to hypothesise that when two substrata 

have comparable chemical stability, the roughness can enhance the settlement and 

the development of epilithic communities, but when a substrate is subject to a 

continuous superficial dissolution this characteristic overcome any other surface 

feature. Although it is evident that some species were positively attracted by one or 

the other substrate, in general, the lithology did not affect the richness of the 

communities. Our data support, on the contrary, a profound influence of the lithology 

on the cover capacity of modular organisms: on limestone, a pool of 29 species 

produced coverage of about 30% of the available substrate. In contrast, 26 

species/OTUs resulted in virtually complete coverage on granites. 

In our study, the first conclusion is that the lithology and in particular the substrate 

stability is one of the primary drivers of colonisation, also taking into account that the 

rock roughness is directly proportional not only to the type of lithology but also to its 

greater or lesser resistance to erosive processes. 
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A second conclusion regards the pivotal role of the epilithic corallines in the 

colonisation of rocky substrates. Canessa et al. (2020) have demonstrated a strong 

preference of these macroalgae for calcareous substrates, and it is possible to 

hypothesise that their settling affects the following phases of the colonisation 

producing a stabilisation of the limestone, preserving it from the surface dissolution. 

This scenario can explain the differences observed in the richness of coralligenous 

communities dwelling on granites and limestones within the Tavolara MPA. 

Martin & Gattuso (2009) have demonstrated changes in the balance between algal 

carbonate production and dissolution induced by elevated pCO2 and temperature in 

coralligenous communities. In light of these considerations and of our results, marine 

acidification, causing a loss of coralline layer, could also have an impact on the 

structure of the zoobenthic assemblages living on limestone and, consequently, a 

significant adverse effect on the biodiversity of whole Mediterranean coastal 

ecosystems. 
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PART 3 

ASSOCIATED VAGILE FAUNA  
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The observation of vagile organisms at medium and large scale can prove challenging 
due to the multiple interaction between the different factors involved in ecological 
processes, like prey/predator relationships especially if species have a wide range of 
prey. At the same time, the relationships with the sessile benthic community, putatively 
shaped by the mineral composition of the substrate, are not obvious. 
This last part of the thesis explores the interactions that occur at the higher levels of 
trophic nets, testing for differences in the distribution and abundance of some target 
species, with different feeding behavior from stenophagous, like heterobranch 
molluscs, to generalist like fishes. 
In some cases, the different affinity of each species was clarified by the distribution of 
their food sources, but, in others, it was possible to hypothesise that the structure of 
the whole benthic community, affected by the substrate characteristics, may drive the 
whole assemblage' distribution. It is plausible that a more complex community, like 
that settled on limestone and characterised by a greater intrinsic 3D complexity, can 
be more attractive for several species. 
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ROCKY SUBSTRATE AFFECTS THE BENTHIC HETEROBRANCH 

ASSEMBLAGES AND PREY/PREDATOR RELATIONSHIPS 

 

ABSTRACT 

During the last twenty years, several studies have demonstrated the primary role of the lithological 
properties of hard substrates in conditioning the diversity and structure of marine sessile communities 
(aka bio-mineralogy). This research was dedicated to testing whether different substrates (limestones 
and granites) influence higher levels of the trophic net. For this purpose, the diversity and abundance 
of heterobranch molluscs were used to test the hypothesis that their distribution could mirror their 
prey. The study was conducted in the 'Tavolara-Punta Coda Cavallo' Marine Protected Area (NE Sardinia, 
Mediterranean Sea), where substrates of different lithology co-occur in a restricted area. Diversity and 
abundance of heterobranchs were investigated by photographic sampling (3300 studied images) in 
twelve sites (six limestones and six granites), between 35 and 50 m depth, demonstrating clear 
preferences of several species for a specific substratum, while others are ubiquitarian. In general, 
diversity and abundance were higher on limestones due to the exclusive presence of Sacoglossa coupled 
with a more significant number of Cladobranchia and Doridina; on the other hand, Umbraculida were 
strongly granite-selected. In some cases, the different affinity of each species was clarified by the 
distribution of their food sources, but, in others, it is possible to hypothesise that the structure of the 
whole benthic community, affected by the substrate characteristics, may drive the heterobranchs' 
distribution. 
 

Keywords: bio-mineralogy, sea slugs, limestone, granite, Mediterranean Sea. 
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INTRODUCTION 

Several years of studies conducted in different Mediterranean localities have allowed 

stating that the structure and the diversity of sessile zoobenthic assemblages are 

driven not only by chemical-physical constraints and biological interactions but also 

by the substrate lithology and texture (Bavestrello et al., 2000). Although differences 

in the community composition were described among different kinds of ophiolitic 

rocks (Bavestrello et al., 2018), the most remarkable amount of data comes from the 

comparison between limestones and granites (Canessa et al., 2018, 2020 a, b). In 

addition to the differences regarding the chemical (Ca vs Si concentration) and 

mineral (calcite vs quartz concentration) composition, these two lithotypes have 

many peculiarities regarding their surface properties, hardness and crystal size. In 

particular, being the susceptibility to biological excavation remarkably different, 

limestones have a higher 3D complexity due to galleries and holes, both at macro and 

microscale (Trudgill, 1987, Coombes et al., 2015). On the contrary, granitic rocks show 

a more homogeneous surface, with shaded enclaves due to the mechanical fracturing 

and weathering produced during the exposition of these substrata to aerial 

conditions through geological periods characterised by a lower sea level (Coombes 

et al., 2013 and reference therein). Although it is not easy to disentangle the effects 

of rock morphology, surface features at macro and microscale, and chemical 

composition of the substrate, the recorded differences at the level of benthic 

communities are sometimes considerable (Canessa et al., 2020a, b; 2021). 

The most impressive evidence regards the thickness of the coralline algal layer that, 

on granite substrata, only occasionally forms the typical coralligenous accretions. At 

the same time, limestones produce an algal deposition and accumulation that, at the 

millennial-scale, results in the formation of a distinct coralligenous basal layer. 

Considering the upper layer, the gorgonian Eunicella cavolini is more recurrent on 

limestone than on granite, while large, massive and erected sponges as Sarcotragus 

foetidus, Axinella polypoides and Axinella spp. are significantly more abundant on 

granite (Canessa et al., 2020a, b; 2021). 
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If the difference between benthic communities settled on different kinds of rocks is 

a topic widely explored, only very few attempts were made to verify if these 

differences are also reflected at higher levels of the trophic net. For example, in the 

Tavolara MPA (Tyrrhenian Sea), it was stated that spatial distribution patterns of fish 

assemblages at shallow depth (5 m) were significantly different according to the 

substrate type. Labrids of the genus Symphodus and the serranid Serranus scriba were 

more abundant on granite. In contrast, Serranus cabrilla, the blennid Parablennius 

rouxi, the gobid Gobius incognitus and the labrid Thalassoma pavo showed greater 

densities on limestone (Guidetti et al., 2002; 2004). All these species have a wide 

range of prey. At the same time, the relationships with the benthic community, 

putatively shaped by the mineral composition of the substrate, are not obvious. 

This work compared the diversity and abundance of the gastropod heterobranchs 

living in the benthic communities settled on limestone and granitic rocks within a 

Mediterranean MPA. Marine heterobranchs are typically stenophagous species, 

specialised to feed exclusively on a single or a reduced number of benthic species as 

algae, cnidarians, sponges and bryozoans (Baretta-Bekker et al., 2012; Prkic et al., 

2014; Furfaro et al., 2017; Chimienti et al., 2020). Although ecological in situ 

investigations about heterobranchs are scarce, due to the relatively low abundance 

of these organisms and difficulties in sampling methods (Todd 1981, Domenech et al., 

2002), studies about relationships between sea slugs and benthic communities in a 

coral reef of the Gulf of Mexico suggest that their small-scale distributions are 

influenced by feeding associations (Sanvicente-Añorve et al., 2012). 

This study aims to test putative differences between marine heterobranchs present 

in the benthic communities settled on granite and limestone, identify the available 

prey inside the two communities, establish if the distribution of the heterobranchs 

over the different habitats primarily reflects the variety and availability of their food 

items. 
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MATERIALS AND METHODS 

SAMPLING PROCEDURE 

This study was performed in the Tavolara-Punta Coda Cavallo Marine Protected 

Area (MPA) (North-eastern Sardinia, western Mediterranean Sea) hosting, in a 

restricted area, substrates of different lithology. The Tavolara Island is characterised 

by limestone, while the nearby Molara Island and the Molarotto islet are granitic.  

Twelve sites were chosen based on their comparable depths (35–50 m). Six sites 

were characterised by limestone cliffs and outcrops located along the eastern coast 

of Tavolara Is. (Occhio di Dio (OdD), Tegghja Liscia (TL), Cala Cicale (CC), Grottone 

(Gr), Papa Shoal 1 (P1), Papa Shoal 2 (P2)). The other six sites were granitic outcrops 

(NEW 01 (N01), Mandria Shoal (MS), NEW 27 (N27), Angelo Shoal (AS), Lulù Shoal 

(LS), Pinnacolo (Pi)) placed in the middle of the Tavolara Channel (Table 1; Fig. 1). 

 
Figure 1 A, the “Tavolara-Punta Coda Cavallo Marine Protected Area (MPA) location. B, position of the 
investigated limestone (white spots) and granite (grey spots) sites. White spots: limestone sites (Papa 
Shoal1 (P1); Papa Shoal2 (P2); Cala Cicale (CC); Tegghja Liscia (TL); Occhio di Dio (OdD)). Grey spots: Granite 
sites (NEW01 (N1); Mandria Shoal (MS); Angelo Shoal (AS); Lulù Shoal (LS); NEW27 (N27); Pinnacolo (Pi)). 
C, an example of a granite site (Mandria Shoal) and D, an example of a limestone site (Occhio di Dio). 
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Table 1 Geographic location, depth range (m) and biodiversity of the six limestones (CC, Cala Cicale; OdD, 

Occhio di Dio; Gr, Grottone; P1, Papa Shoal 1; P2, Papa Shoal 2; TL, Tegghja Liscia) and the six granites (N01, 

NEW01; MS, Mandria Shoal; N27, NEW27; AS, Angelo Shoal; LS, Lulù Shoal; Pi, Pinnacolo) investigated sites. 

 

 

 

 

 

 

 

 

 

 

In these sites, we have examined photographs present in the collection of one of us 

(ET), taken by SCUBA diving in 2016-2019. 3302 images with a suitable magnification 

were examined, 1675 for limestone and 1627 for granite. Photographs were obtained 

by a Sony A6000 camera, 24 megapixels, with 2 Inon S2000 flashes, colour 

temperature 5000° K; Sony 16–50 lens; Sea & Sea MDX-a6000 underwater case with 

flat porthole with Wide Wet Lens Nauticam WWL1. The images correspond to wide-

angle close-ups taken to identify the highest possible level of organisms up to a 

minimum size of 5 mm. Photographs were analysed in Photoshop CS6 at maximum 

screen resolution using the short-cut cmd 1. The original image, measuring 50 x 34 cm 

at 300 dpi, was examined three times larger at 72 dpi (Fig. 2), allowing identifying the 

heterobranchs and, when possible, of their putative prey. Based on the available 

literature, the recorded species were grouped according to their previously known 

diet targets (i.e., algae, sponges, hydroids, octocorals, entoprocts, bryozoans). 

Substrate Site  ID Latitude Longitude 
Depth 

range (m) 
N 

Dives 
N 

Photos 
N 

species 

Average  

N species ± SE 

Limestone 

Cala Cicale CC 9.7E 40.8N 25 – 37 17 251 24 

15.3± 3.3 

Occhio di Dio OdD 9.7E 40.8N 25 – 37 25 485 26 

Grottone Gr 9.7E 40.9N 25 – 37 12 67 7 

Papa Shoal 1 P1 9.7E 40.9N 25 – 45 14 269 8 

Papa Shoal 2 P2 9.7E 40.9E 24 – 45 15 358 15 

Tegghjia Liscia TL 9.7E 40.8N 25 – 37 14 245 12 

Granite 

NEW01 N01 9.6E 40.8N 37 – 44 4 130 8 

7.3 ± 1.6 

Mandria Shoal MS 9.7E 40.8N 36 – 45 17 364 10 

NEW27 N27 9.7E 40.8N 39 – 47 16 503 5 

Angelo Shoal AS 9.6E 40.8N 36 – 42 15 303 13 

Lulù Shoal LS 9.6E 40.8N 36 – 40 10 220 2 

Pinnacolo Pi 9.7E 40.8N 38 – 46 5 107 6 
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Additional data about the 

abundance of the 

heterobranch putative 

preys in the Tavolara MPA, 

necessary to verify the 

prey/predator mutual 

occurrence, was obtained 

from Canessa et al. 

(2020a).  

According to the substrate 

type, to compare sites 

characterised by different 

lithology, the average 

species abundance ± SE of 

heterobranchs was 

calculated as the 

percentage of sites 

hosting each species.  

To check the putative 

relationships among 

heterobranchs and food targets, data published by Canessa et al. 2020a were used. 

In this study, prey occurrences were calculated as the average percentage of the 

photo containing each target per site. To make a comparison, heterobranch 

occurrences were calculated as the average percentage abundance of each species 

per site. 

STATISTICAL ANALYSES 

Potential differences among heterobranchs occurrence and abundance associated 

with limestone and granite were studied by multivariate analyses. 

The non-metric Multi-Dimensional Scaling (nMDS) plot was produced to ascertain 

clustering patterns between the two lithotypes, using the species abundance 

Figure 2 Example of the multi-zoom 

photographic approach applied on 

Duvaucelia odhneri, predating Eunicella 

verrucosa. 
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dataset (Fig. 4). PERMutational ANalysis Of VAriance (PERMANOVA) was 

performed to test for possible effects of the factor "Lithology" (two levels, fixed) 

and "Site" (twelve levels, random, nested in "Lithology") on targets (Anderson, 

2001, 2005) (Table 4). Finally, SIMPER (SIMilarity PERcentage) procedure was 

conducted to assess species contribution to the dissimilarity between groups (data 

not transformed, Bray–Curtis similarity measure, permutation = 9999) (Clarke, 

1993) (Table 5). All the statistics were performed using PRIMER_E (Version 7). 

 

RESULTS 

HETEROBRANCHS OCCURRENCE AND ABUNDANCE 

During the present survey, 43 species of heterobranchs were recorded for a total of 

416 specimens, sixteen species of Doridina (160 specimens), twelve species of 

Cladobranchia (216 specimens), three species of Sacoglossa (14 specimens), two 

species of Umbraculida (8 specimens), one species of Pleurobranchida (3 

specimens) and one species of Cephalaspidea (15 specimens). 

The total number of 

species per site ranged 

from 7 to 26 on limestone 

(on average 15.3 ± 3.3) 

and from 2 to 12 (on 

average 7.1 ± 1.5) on 

granite (Fig. 3 A, B). 

Eighteen species were 

exclusively found on 

limestone, seven on 

granites and eighteen 

were shared between the 

two lithotypes (Table 2). 

Fifteen species (about 

37%) occurred in only one site, of which ten with only one individual surveyed in the 

photographic sample (Table 2). 

Figure 3 A, Number of species (presence/absence) of heterobranchs 
found in each site. B, Average number of species ± SE recorded on the 
two substrates. C, Number of species with more than four specimens, 
divided per taxonomic groups in the investigated sites, according to 
the two substrates. White bar, limestone sites; grey bar, granite 
sites, black bar, commonly distributed. 
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Table 2 List and abundance of heterobranchs found in each site and average abundance ± SE on limestone 
and on granite. #, species exclusive of limestone; §, species exclusive of granites; *, species found on both 
the substrates. 

 Limestone Granite Av. Abundance ± SE 
 CC OdD Gr P1 P2 TL N01 MS N27 AS LS Pi Limestone Granite 

Antiopella cristata* 2 2 1 1 4 0 0 1 0 0 0 0 1.7 ± 0.6 0.2 ± 0.2 
--- 
--- 
--- 

Berthella ocellata# 0 2 0 0 1 0 0 0 0 0 0 0 0.5 ± 0.3 
Bosellia mimetica# 1 1 0 1 2 0 0 0 0 0 0 0 0.8 ± 0.3 
Caloria elegans# 2 1 0 0 0 0 0 0 0 0 0 0 0.5 ± 0.3 
Cratena peregrina* 2 0 0 0 6 3 1 5 0 0 0 0 1.8 ± 1.0 1.0 ± 0.8 
Crimora papillata# 2 1 0 0 0 0 0 0 0 1 0 0 0.5 ± 0.3 0.2 ± 0.2 
Cyerce graeca# 1 0 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2 --- 
Diaphorodoris alba§ 0 0 0 0 0 0 1 0 1 2 0 0 --- 0.7 ± 0.3 
Diaphorodoris papillata* 2 3 0 1 0 1 0 2 0 2 0 0 1.2 ± 0.5 0.7 ± 0.4 
Dicata odhneri# 0 1 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2 0 ± 0 
Dondice banyulensis* 3 0 0 0 0 0 0 0 0 1 0 0 0.5 ± 0.5 0.2 ± 0.2 
Doto koenneckeri# 0 1 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2  ---  
Duvaucelia odhneri* 2 0 0 0 0 0 0 3 14 1 0 0 0.3 ± 0.3 3.0 ± 2.3 
Duvaucelia striata§ 0 0 0 3 1 0 0 0 0 0 0 0 0.7 ± 0.5 0 ± 0 
Edmundsella pedata* 5 10 2 1 4 1 1 2 0 6 0 0 3.8 ± 1.4 1.5 ± 1.0 
Facelina quatrefagesi# 3 0 0 0 0 0 0 0 0 0 0 0 0.5 ± 0.5  ---  
Facelina rubrovittata# 0 0 1 0 0 0 0 0 0 0 0 0 0.2 ± 0.2  ---  
Favorinus branchialis# 0 1 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2  ---  
Felimare orsinii* 0 1 0 0 0 1 0 0 0 0 0 22 0.3 ± 0.2 3.7 ± 3.7 
Felimare picta§ 0 0 0 0 0 0 0 1 0 7 0 0 --- 1.3 ± 1.1 
Felimare tricolor* 3 1 2 9 16 1 1 0 0 0 0 0 5.3 ± 2.5 0.2 ± 0.2 
Felimida krohni* 0 1 0 0 2 2 0 1 0 0 0 0 0.8 ± 0.4 0.2 ± 0.2 
Felimida purpurea§ 0 0 0 0 0 0 0 0 0 1 0 0 --- 0.2 ± 0.2 
Flabellina affinis* 5 9 3 1 5 2 3 7 2 19 9 2 4.2 ± 1.2 7.0 ± 2.7 
Flabellina cavolini# 0 1 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2 --- 
Flabellina ischitana* 4 11 0 0 5 1 2 0 1 6 1 0 3.5 ± 1.7 1.7 ± 0.9 
Lamprohaminoea ovalis# 7 7 0 0 1 0 0 0 0 0 0 0 2.5 ± 1.4 --- 

--- 
--- 
--- 

Limacia inesae# 0 1 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2 
Luisella babai# 0 3 0 0 0 0 0 0 0 0 0 0 0.5 ± 0.5 
Paradoris indecora# 1 0 0 0 0 0 0 0 0 0 0 0 0.2 ± 0.2 
Peltodoris atromaculata* 4 11 3 3 1 6 0 4 0 0 0 0 4.7 ± 1.4 0.7 ± 0.7 
Phillidia flava* 6 4 0 0 0 0 1 0 0 0 0 1 1.7 ± 1.1 0.3 ± 0.2 
Platydoris argo§ 0 0 0 0 0 0 0 0 0 0 0 1 --- 0.2 ± 0.2 
Polycera quadrilineata* 1 0 0 0 4 0 0 0 0 0 0 1 0.8 ± 0.7 0.2 ± 0.2 
Tethys fimbria§ 0 0 0 0 0 0 0 0 2 0 0 0 --- 0.3 ± 0.3 
Thuridilla hopei# 3 3 1 0 1 0 0 0 0 0 0 0 1.3 ± 0.6 --- 

--- Trapania lineata# 3 3 0 0 0 2 0 0 0 0 0 0 1.3 ± 0.6 
Trapania maculata* 3 1 0 0 0 1 0 1 0 2 0 0 0.8 ± 0.5 0.5 ± 0.3 
Trinchesia caerulea* 1 3 0 0 7 0 0 0 0 1 0 0 1.8 ± 1.1 0.2 ± 0.2 
Trinchesia genovae* 0 1 0 0 0 0 1 0 0 0 0 0 0.2 ± 0.2 0.2 ± 0.2 
Trinchesia morrowae# 1 0 0 0 0 1 0 0 0 0 0 0 0.3 ± 0.2 --- 
Tylodina perversa§ 0 0 0 0 0 0 0 0 0 0 0 4 --- 

--- 
0.7 ± 0.7 

Umbraculum umbraculum§ 0 0 0 0 0 0 0 0 0 4 0 0 0.7 ± 0.7 

 

To avoid the influence of stochastic records, we have considered in the following 

elaborations only the species recorded with more than four specimens. 

Consequently, Cladobranchia and Doridina showed 44% and 58% of species, 

respectively, with a clear preference for limestone (with a number of recorded 

specimens more than triple on this substratum) and 11% and 25% of the species 
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mainly recorded on granites. The remaining species were ubiquitarians. The species 

of Sacoglossa were recorded exclusively on limestone, and Umbraculida were 

exclusive of granites (Fig. 3C). 

From the statistical point of view, the significative differences were confirmed by 

the PERMANOVA test, both between the two substrates (i.e., "Lithology" factor, p 

= 0.0021) and among sites (i.e., "Site", p = 0.001) and showed by the nMDS plot 

(Table 3, Fig. 4). This result remained similar, considering only the more abundant 

species (> 4 specimens) 

than the rare and 

occasional species in the 

matrix (< 4 specimens). 

 

Table 3 PERMutational Analysis Of VAriance (PERMANOVA) performed on the species abundance matrix, 
showing the significative effect of the factor “Lithology” (fixed, two levels), reported in bold. Data 
not transformed; Bray-Curtis resemblance matrix; permutation N: 9999. 

Source df SS MS Pseudo-F P(perm) Unique perms 
Lithology 1 6600.5 6600.5 2.4756 0.0031 462 
Site(Lithology)       
Res 10 2663 2666.3    
Total 11 33263     

 

The SIMPER test showed how the two substrates hosted two very different 

patterns in species composition, with a marked dissimilarity between groups 

(79.3%). Moreover, the average similarity among limestone sites resulted higher 

than that among granitic ones (34.4% and 21.0%, respectively). 

This outcome was due to the relative abundance of Felimare tricolor and Flabellina 

affinis, that, together with other five species (Peltodoris atromaculata, Felimare 

orsinii, Duvaucelia odhneri, Edmundsella pedata and F. ischitana), with a percentage 

Figure 4 Non-metric Multi-
Dimensional Scaling (MDS) plot, 
performed on the whole 
abundance matrix, showing the 
clustering between limestone 
(white) and granite (grey) sites. 
Brey-Curtis similarity index, 
Shepard plot stress: 0.096. 
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contribute higher than 5%, explained about the 55% of the dissimilarity between 

limestone and granite (Table 4, Fig. 5). 
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Table 4 SIMilarity PERcentage (SIMPER) procedure for species contributions to the dissimilarity 
between limestone and granite, performed on the species abundance dataset. Permutation N: 9999. 

 Cut off at the 90% of cumulative contribution. 
 

Limestone vs Granite       
Average dissimilarity = 79.27 

 Limestone Av.Abund Granite Av.Abund Av.Diss Diss/SD Contrib% Cum.% 
Felimare tricolor 5..33 0.17 8.57 0.96 10.82 10.82 
Flabellina affinis 4.17 7.00 7.96 0.96 10.4 20.86 
Peltodoris atromaculata 4.67 0.67 7.06 1.43 8.90 29.76 
Felimare orsinii 0.33 3.67 5.99 0.45 7.56 37.32 
Duvaucelia odhneri 0.33 3.00 5.50 0.52 6.93 44.25 
Edmundsella pedata 3.83 1.50 4.49 1.58 5.66 49.91 
Flabellina ischitana 3.50 1.67 4.43 1.35 5.58 55.49 
Cratena peregrina 1.50 1.00 2.94 0.93 3.70 59.20 
Lamprohaminoea ovalis 2.50 0 2.58 0.77 3.26 62.45 
Antiopella cristata 1.67 0.17 2.23 1.37 2.82 65.27 
Phillidia flava 1.67 0.33 2.14 0.90 2.70 67.98 
Trinchesia caerulea 1.83 0.17 2.12 0.69 2.67 70.65 
Trapania lineata 1.33 00 1.80 0.90 2.28 72.93 
Diaphorodoris papillata 1.17 0.67 1.77 1.32 2.23 75.16 
Thuridilla hopei 1.33 0 1.72 1.16 2.17 77.33 
Felimare picta 0 1.33 1.57 0.52 1.99 79.31 
Duvaucelia striata 0.67 0 1.41 0.50 1.78 81.10 
Felimida krohni 0.83 0.17 1.39 0.78 1.75 82.85 
Trapania maculata 0.83 0.50 1.31 0.98 1.66 84.51 
Bosellia mimetica 0.83 0 1.15 1.08 1.45 85.96 
Polycera quadrilineata 0.83 0.17 1.13 0.64 1.43 87.39 
Diaphorodoris alba 0 0.67 1.08 0.85 1.37 88.75 
Tylodina perversa 0 0.67 1.02 0.41 1.28 90.4 
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Figure 5 Average abundance ± SE of heterobranchs recorded with more than four specimens. Data were 

calculated as percent of sites hosting each species, according to the substrate type. A, species recorded 

on both the substates; B, granite-selected species; C, limestone-selected species. White bars, limestone; 

Grey bars granite. 
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DIET TARGETS-HETEROBRANCHS RELATIONSHIPS  

Based on the selective feeding behaviour of the recorded heterobranchs (Table 5), 

it was possible to focus the analysis on the level of interactions between 

prey/predator on the two substrata (Fig. 6). 

 

Figure 6 Average species abundance 
± SE of heterobranchs, grouped 
according to their feeding 
preference. Data were calculated as 
the per cent of sites hosting each 
species, according to the substrate 
type. A, herbivorous and 
bacteriophages; B, sponge eaters; C, 
hydroids eaters; D, octocorals 
feeders; E, entoprocts predators; F, 
bryozoans eaters. White bars, 
limestone; Grey bars granite. 
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Herbivorous and bacteriophages species (Lamprohaminoea ovalis, Thuridilla hopei, 

Bosellia mimetica) were always present only on limestone where algae and 

cyanobacteria are more abundant (Table 5; Fig. 6A). Two typical cases were B. 

mimetica always recorded eating Halimeda tuna and Flabellia petiolata in their turn 

virtually exclusive of limestone (Fig. 7A, 8A, B) and L. ovalis found on photophilic 

algae, strongly limestone-selected (Fig. 7B, 8C). 

Regarding sponge predators, the situation appeared more complex, with four 

species limestone-selected (Felimare tricolor, Peltodoris atromaculata, Philladia 

flava, Felimida krohni) and four species granite-selected (F. orisinii, F. picta, Tylodina 

perversa, Umbraculum umbraculum) (Table 5; Fig. 6B). In some of these cases, the 

co-occurrence predator-prey was evident: T. perversa grazing on Aplysina 

cavernicola (Fig. 7C, 8D), F. orsinii eating Spongia officinalis (Fig. 7D, 8E) and U. 

umbraculum feeding on Crella elegans (Fig. 7E, 8F) that, in the Tavolara area, are 

exclusive of granitic substrata. On the other hand, F. tricolor mirrored its food 

sources distribution and resulted limestone-selected (Fig. 7F, 8G). 

The situation of P. flava resulted in particularly enigmatic. This species is considered 

a predator of several axinellid sponges, particularly Axinella spp. These are probably 

the most abundant and widely diffused sponges on granitic substrata of the 

Tavolara MPA. Nevertheless, the recorded P. flava specimens were exclusively 

observed on the ubiquitarian Achantella acuta and Dyctionella incisa, with a strong 

selection towards sponge specimens settled on limestone (Table 5; Fig. 7G, 8H, I). A 

similar situation was observed for P. atromaculata: its prey, Petrosia ficiformis and 

Haliclona fulva, were recorded on limestone and granites. Despite this evidence, the 

occurrence of the mollusc was several times higher on limestones (Table 5; Fig. 7H, 

8J, K). The problem of keratosa-eating eolidians (Felimare spp., Felimida spp.) was 

complicated by the difficulty of determining these sponges based solely on images, 

not allowing to explain the differential distribution of these species on the two 

substrata. 

Hydroid-eaters were the most abundant heterobranchs present in the studied area 

(Table 5, Fig. 6C). They are generally ubiquitarians, excluding T. caerulea and D. 

banyulensis, which resulted limestone-selected. Unfortunately, any quantitative 
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information about distribution patterns of large hydroids colonies (mainly 

Eudendrium spp.) on the two kinds of substrata was available, but, from field 

observations of one of us (ET), it arose that they are widespread on both types of 

substrata, in line with their predator's distribution. 

The genus Duvaucelia, feeding on octocorals, was mainly represented by D. odhneri, 

definitely more abundant in granitic sites (Table 5; Fig. 6D). This distribution was 

driven by the relationship with Eunicella verrucosa, exclusively recorded on granite 

substrata (Table 5; Fig. 2, 7I). 

The two species of Trapania are known as predators of entoprocts. Trapania lineata 

was recorded only on limestone, while T. maculata abundance was equally 

distributed on both substrates (Table 5, Fig. 6E). The relationship of these two 

species of Trapania with entoprocts distribution was difficult to state due to the 

impossibility to record these organisms by photo analysis. 

Bryozoan predators were generally more abundant or exclusive (Crimora papillata 

and Limacia inesae) of limestone sites. The determination of bryozoan species from 

photographs was not always easy, but, generally speaking, it is clear that these 

organisms are more common on limestone, according to the distribution of their 

predators (Table 5, Fig. 6F). A particular situation was represented by Antiopella 

cristata and Adeonella calveti, with a similar trend according to a common affinity 

for limestones (Fig. 7J, 8L). 
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Figure 7 Average species occurrence ± SE of heterobranchs (striped bars) and food targets (dotted bars) 
on the two substrates. Heterobranch occurrences were calculated as the average per cent abundance of 
each species per site. Prey occurrences were calculated as the average per cent of photo containing each 
target per site (Canessa et al., 2020a). A, B herbivorous species, C-H, sponges feeders, I, octocorals eaters, 
J, bryozoans predators. Upper white bars, limestone; lower grey bars, granites. 
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Table 5 Food target of heterobranchs indicated in literature and recorded in the present study. In brackets, 
number of specimens found on each target. A, McDonald, 2014; B, Trainito & Doneddu, 2014; C, Civatta et 
al., 2014; D, Korshunova et al., 2019; E, Furfaro et al., 2017; F, Ros, 1975; G. Cattaneo-Vietti et al., 1990; H, 
Betti, 2011; J, Barletta, 1980; L, Cattaneo-Vietti R., 1986; M. Cruz-Rivera & Paul, 2006; N, Oskars & Malaquias, 
2019; O, Cimino & Ghiselin, 1998; P. Händeler & Wägele, 2007; Q Christa et al., 2014. 

Species 
Food target 
(literature) 

Reference 
Food target 
(this study) 

Antiopella cristata 

Alcyonidium gelatinosum, Bicellariella 
ciliata, Bugulina avicularia, B. flabellata, 
B. turbinata, Bugulina avicularia, Bugula 

neretina, Cellaria sp. 

A 
Bugula sp. (3) 

Adeonella calveti (1) 
Other (7) 

Berthella ocellata Plakina trilopha, Plakinastrella copiosa F, L 
Cavity dwelling sponge 

(1) 
Other (2) 

Boselliamimetica Halimeda tuna, Flabellia petiolata B, J 
Flabellia petiolata (2) 

Halimeda tuna (3) 

Caloria elegans 

Aglaophenia pluma, Campanularia 
hincksi, Eudendrium ramosum, 

Eudendrium sp. Halecium halecinum, H. 
pusillum, Nemertesia ramosa, Obelia sp., 

Plumularia setacea, Tubularia sp. 

A Other (3) 

Cratena peregrina 

Aiptasia mutabilis, Corydendrium sp., 
Eudendrium racemosum, E. rameum, E. 

ramosum, Eudendrium sp., Pennaria sp., 
Tubularia sp. 

A 
Eudendrium spp. (11) 

Other Hydroids (1) 
Other (5) 

Crimora papillata 

Bugula sp., Chartella papyracea, 
C. tenella, Flustra foliacea, 

Membranipora membranacea, 
Securiflustra securifrons 

A 

Hincksinia flustroides (2) 
Carthella tenella (1) 
Eggs on Flabellia 

petiolata (1) 

Diaphorodoris alba 
Encrustying bryozoans, Cellepora 

pumicosa, Crisia sp., Smittina 
reticuloides, Smittina sp. 

A Turf (4) 

Diaphorodoris papillata 

Aetea truncata, Caberea boryi, 
Celleporina hassalli, Chorizopora 

brongniarti, Crisia sp., Escharina vulgaris, 
Pentapora fascialis, P. ottomulleriana, 
Parasmittina raigii, Savignyella lafonti, 
Celleporina avicularia, Schizobrachiella 
sanguinea, Schizomavella auriculata, S. 

discoidea, S.linearis, Stephanotheca 
watersi, Smittina reticulata 

A 

Cyclostomatida (1) 
Celleporina pumicosa (1) 

Bugula sp. (1) 
Other (8) 

Dicata odhneri Podocoryne sp. A Other (1) 

Dondice banyulensis 

Turbicellepora armata, Eudendrium 
ramosum, E. racemosum, Eudendrium 
sp., Eunicella singularis, E. verrucosa, 

Eunicella sp. 

A 
Eudendrium racemosum 

(3) 
Turf (1) 

Doto koenneckeri 
Aglaophenia kirchenpaueri, A. pluma, A. 
tubiformis, Thecocarpus myriophyllum 

A Hydroid (1) 

Duvaucelia odhneri 
Eunicella cavolinii, E. singularis, E. 
verrucosa, E. labiata, Leptogorgia 

sarmentosa 
A, E 

E. cavolini (8) 
E. singularis (2) 

E. verrucosa (10) 

Duvaucelia striata 
Paralcyonium elegans, Maasella 

edwardsii 
A, B Other (4) 

Edmundsella pedata 

Abietinaria abietina, Abietinaria sp., 
Aglaophenia sp., Nemertesia sp., 

Bougainvillea sp., Eudendrium 
racemosum, E. rameum, E. ramosum, 
Garveia nutans, Garveia sp., Halecium 

halecinum, Hydrallmania falcata, 
Hydrallmania sp., Obelia geniculata, 

A 
Eudendrium spp. (17) 

Hydractinia sp. (1) 
Other (14) 
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Sertularella gayi, Tubularia indivisa, T. 
larynx, Tubularia sp. 

Facelina quatrefagesi Halecium sp. B 
Hydroids (2) 

Halecium halecinum (1) 
Facelina rubrovittata Eudendrium spp. A Other (1) 

Favorinus branchialis 

Heterobranchs eggs, Actinia equina, 
Anemonia sulcata, Parastephanauge paxi 

Nemertesia sp., Hydrallmania falcata, 
Obelia geniculata, Obelia sp.,  Ectopleura 

sp., Scruparia chelata, Sertularia 
argentea, Bugula neritina, Crisularia 

plumosa. 

A Trinchesia sp. eggs (1) 

Felimare orsinii 

Cacospongia mollior, Scalarispongia 
scalaris, Cliona celata, Dysidea fragilis, 

Hymeniacidon perlevis, Ircinia 
fasciculata, Ircinia sp., Petrosia ficiformis 

A 

cf. Fasciospongia 
cavernosa (9) 

cf Spongia officinalis (13) 
Cavity dwelling sponge 

(2) 

Felimare picta 
Pione vastifica, Dysidea fragilis, Ircinia sp. 

I. fasciculata, Pleraplysilla spinifera 
A 

Orange sponges (1) 
Other (7) 

Felimare tricolor 
Dysidea spp., Scalarispongia sp., Spongia 

sp. 
B 

Agelas oroides (1) 
Haliclona mucosa (1) 

Crella pulvinar (1) 
Keratosa (1) 
Other (29) 

Felimida krohni Hymeniacidon perlevis, Ircinia sp. A 
Yellow sponge (1) 

Other (5) 

Felimida purpurea 
Anchinoe tenacior, Ircinia sp., 

Spongionella pulchella 
A Other(1) 

Flabellina affinis 
Eudendrium glomeratum, E. racemosum, 

E. ramosum. 
A 

Eudendrium spp. (60) 
Other Hydroids (1) 

Other (6) 

Flabellina cavolini 

Clytia hemisphaerica, 
Eudendrium racemosum, E. merulum 

Eudendrium spp., Halecium pusillum, H. 
tenellum, Paramuricea sp., Eudendrium 

merulum 

A, H Other (1) 

Flabellina ischitana 
Eudendrium glomeratum, 

E. racemosum, Eudendrium spp. 
A 

Eudendrium spp. (25) 
Other Hydroids (2) 

Other (4) 

Lamprohaminoea ovalis Cyanobacteria M, N 
Codium bursa (5) 

Peyssonnelia spp. (1) 
Other Algae (9) 

Limacia inesae 

Aetea truncata, Caberea boryi, Callopora 
dumerili, Celleporina caliciformis, 

Chorizopora brongniarti, Crisia sp., 
Cryptosula pallasiana, Electra pilosa, 

Escharella immersa, Escharina vulgaris, 
Pentapora fascialis, P. ottomulleriana, 

Pentapora foliacea, Membranipora 
membranacea, Membranipora sp., 

Microporella ciliata, Parasmittina raigii, 
Porella concinna, Savignyella lafonti, 

Celleporina avicularis, Schizobrachiella 
sanguinea, Schizomavella auriculata, S. 

discoidea, S. linearis, S. rudis, 
Schizoporella unicornis, Smittina 

reticulata, Umbonula littoralis 

A Bryozoans (1) 

Luisella babai Campanularia sp., Eudendrium spp. A 
Eudendrium spp. (2) 

Other (1) 

Paradoris indecora Dysidea fragilis, Ircinia fasciculata A 
Cavity dwelling sponge 

(1) 
Peltodoris atromaculata Petrosia ficiformis, Haliclona fulva A, C P. ficiformis (23) 
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H. fulva (1) 
Sponge n.i. (3) 

Other (5) 

Phyllidia flava 
Axinella cannabina, A. polypoides, 

Axinella sp., Acanthella acuta, Veretillum 
cynomorium 

A 
A. acuta (11) 

Dyctionella incisa (1) 

Platydoris argo 
Crambe crambe, Phorbas spp., Retepora 

(Sertella) cellulosa 
A, H Orange encr. sponge (1) 

Polycera quadrilineata 

Alcyonidium polyoum, Amathia gracilis, 
Amathya sp., Bugulina avicularia, Bugula 
neritina, Bugula sp., Callopora dumerili, 

Cellaria fistulosa, C. sinuosa, Chorizopora 
brongniarti, Electra pilosa, E. posidoniae, 

Eucratea loricata, Flustrellidra hispida, 
Membranipora membranacea, 

Membranipora sp., Microporella ciliata, 
Porella concinna, Schizomavella linearis, 
Schizoporella unicornis, Tegella unicornis 

Kirchenpaueria pinnata 

A 
Bugula sp. (3) 

Other (3) 

Tethys fimbria 

Crustaceans (amphipods, copepods,, 
entomostracans, brachyurans, isopods, 
ostracods, decapods, crabs, Squilla sp.), 

echinoderms (Amphiura chiajei, 
Ophioglypha albida, small ophiuroids), 

small fishes, other molluscs 
(gastropods, Spondylus gaederopus), 

worms 

A Detritic bottom (2) 

Thuridilla hopei 
Cladophora vagabunda, Derbesia 

tenuissima, Cladophorales, Udoteaceae, 
Codium sp. 

H, O, P, Q 

Peyssonnelia spp. (2) 
Pseudochlorodesmis 

furcellata (3) 
Other Algae (3) 

Trapania lineata Loxosomella sp. G, H 

Entoprocts on S. scalaris 
and S. spinosulus (7) 

Entoprocts on Hydroids 
(1) 

Trapania maculata 
Eudendrium ramosum, Ircinia fasciculata, 
Sarcotragus foetidus, Scrupocellaria sp. 

A, H 

Entoprocts on S. scalaris 
(7) 

Entoprocts on Hydroids 
(1) 

 

Trinchesia caerulea 

Aglaophenia pluma, Eudendrium 
racemosum, E. ramosum, Halecium 
halecinum, Halopteris catharina, H. 

diaphana, Hydrallmania falcata, 
Hydrallmania sp., Sertularella 

crassicaulis, S. picta, S. polyzonias, 
Sertularella sp., Sertularia sp., Tubularia 

indivisa, Crisia spp. 

A 
Sertularella spp. (10) 

Other (2) 

Trinchesia genovae 

Dynamena sp., Halecium delicatulum, 
Halecium labrosum, Obelia sp., Salacia 
dismoides, Scandia gigias, Sertularella 

sp., 
Tubularia larynx 

A Hydroids (2) 

Trinchesia morrowae 
Sertularella spp., Sertularia perpusilla, 

Stylactis inermis 
D Sertularella spp. (2) 

Tylodina perversa Aplysina aerophoba, A. cavernicola B, F A. cavernicola (4) 

Umbraculum 
umbraculum 

Tethya citrina, Aaptos aaptos, Ancorina 
alata, Plakina trilopha, Diplastrella 

unistellata, Jaspis johnstoni, Alectona 
millaris, Agelas sp., Spirastrella 

cunctatrix 

A 
Crella elegans (1) 

Other (3) 
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Figure 8 Examples of prey/predator mutual occurrences in the investigated sites. A, Bosellia mimetica 
on Halimeda tuna (arrow), with eggs (dotted circle); B, B. mimetica on Flabellia petiolata (arrow); C, 
Lamphroaminoea ovalis on Peyssonnelia sp. D, Tylodina perversa on Aplysina cavernicola; E, Felimare 
orsinii on Spongia cf. officinalis; F, Umbraculum umbraculum on Crella elegans; G, H, Phyllidia flava 
respectively on Dyctionella incisa (arrow) and Acanthella acuta; I, Felimare tricolor on Agelas oroides and 
Acanthella acuta; J, K, Peltodoris atromaculata, respectively on Haliclona fulva and Petrosia ficiformis; L, 
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DISCUSSION 

The description of heterobranch community distribution in the Tavolara MPA was 

made possible thanks to a thirty-year effort of data collection (Trainito & Doneddu, 

2015, 2016); moreover, the use of a photographic method for this type of survey 

reveals to be suitable providing reliable information (Montesanto & Mastrototaro, 

2021). 

With 43 recorded species of heterobranchs, we have sampled about one-third of 

the 131 species occurring in the Tavolara MPA area (Trainito & Doneddu, 2015, 2016). 

Moreover, considering that on this total number, 24 species were recorded only 

under boulders and 18 exclusively on floating objects like buoys or ropes, our 

records accounted for about a half of the epilithic species. 

The main topic of the present study was to test if the lithological nature of the 

substratum could drive the diversity of a community of predators like that of 

heterobranch molluscs. Our data confirm a significant difference in species diversity 

and abundance in sites characterised by different rocky substrata. On limestone, the 

observed diversity is more than double that on granite; this pattern was due to a 

higher number of Cladobranchia and Doridina and the exclusive presence of species 

of Sacoglossa, while Umbraculida were found only on granites. This evidence 

follows the situation already shown from this area by the fish community (Guidetti 

et al., 2002; 2004). 

A second goal is to investigate the nature of the drivers involved in determining this 

distribution pattern. The most evident factor in organisms strongly characterised by 

stenophagus behaviour (Megina et al., 2002; Penney, 2013) seems to be the 

differential distribution of prey according to different substrata. Recent studies 

about coralligenous communities settled on limestone and granite of this region 

provide helpful information about the distribution and abundance of some 

heterobranch prey in terms of occurrence on the two substrates (Canessa et al., 

2020 and reference herein). 

For some species, we obtained strong suggestions that the presence of the 

molluscs on a specific substratum is concerning the availability of their food sources. 

It is the case of B. mimetica, exclusively recorded in limestone sites due to the green 
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algae H. tuna and F. petiolata presence, of T. perversa and D. odhneri exclusively 

found on granite, respectively, due to the occurrence of A. cavernicola and E. 

verrucosa. The pool of bryozoan consumers follows the more significant occurrence 

on limestone sites of their prey. Also, the distribution of the very common hydroid 

eaters is probably due to their food source's ubiquitarian occurrence. 

The most common doridin keratosa-eaters showed a marked selective affinity for 

the two substrata: F. orsinii was recorded virtually only on granites while F. tricolor 

was exclusive of limestone. Unfortunately, it is difficult for these species to draw 

definitive conclusions since the photographic method does not always allow a 

reliable classification of critic groups like, for example, several species of "dark 

keratosa". 

In the Tavolara context, other cases suggest that the heterobranch molluscs 

distribution could reflect a more complex scenario. 

The first case regards the strong limestone affinity of P. flava. This species avoids its 

commonly considered main target Axinella spp., widely diffused on the granitic 

substrate, preferring the ubiquitarians A. acuta and D. incisa but only in limestone 

sites, showing a sort of trophic plasticity and non-stereotyped specialisation 

regarding the prey (Megina et al., 2002).  

A similar situation is shown by P. atromaculata, virtually absent on granites, 

although its main and well-known prey (P. ficiformis) is widely present on both 

substrates. 

This surprising datum was also checked on other sites, different from those 

investigated in this study. Again, P. ficiformis was equally distributed in this enlarged 

dataset among the two substrates (73% and 84% of the analysed images, 

respectively, for limestone and granite). At the same time, P. atromaculata was 

present in 63% on limestone and 10% on granite. 

These data strongly suggest that the clear affinity of these species for limestone is 

mediated by prey availability and other unknown drivers. Moreover, it seems clear 

that literature data could not explicate a plethora of drivers that locally may affect 

prey/predator mutual occurrences and cause changes in heterobranchs diet 

(Belmonte et al., 2015). 
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Excluding the more obvious selectivity related to the prey/predator relationships in 

stenophagous species, it is possible to hypothesise that the structure of the entire 

benthic community may drive the heterobranchs distribution. It is plausible that a 

more complex community, like that settled on limestone and characterised by a 

greater intrinsic 3D complexity, can be more attractive for several species of 

heterobranchs. 

In conclusion, our data increase the evidence that the already stated influence of 

the lithological nature of the substratum on benthic communities (Canessa et al., 

2020 and reference herein) also reaches the high-level predator's scale (Guidetti et 

al., 2002; 2004). The involved drivers certainly include the prey/predator 

relationships and other factors related to the community complexity and substrate 

tridimensionality. These factors will be clarified through a better understanding of 

the feeding plasticity of different species of heterobranchs (Megina et al., 2002; 

Belmonte et al., 2015) and the ecological dynamics that occur among the habitat 

benthic communities. 

From a conservational point of view, it was already stated that the observed low 

diversity of granite in comparison with limestone communities have to be 

considered a natural situation (Canessa et al., 2021), and the present data about 

heterobranchs strengthen this evidence. At all the trophic levels, granites host a 

peculiar community that is initially driven by the absence of an algal canopy and, in 

particular, the coralline layer. The effect of the different rocky substrata, manifested 

at the species level, magnifies throughout the whole community due to the complex 

interconnected relationships between species at different trophic levels, including 

interactions such as predation, competition and mutualism (Suchanek, 1994). 
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ABSTRACT 

Recent studies suggest that the lithological properties of hard substrates play an important role in 

influencing the diversity and structure of marine assemblages involving macroalgae, sessile organisms 

and vagile animals like heterobranchs gastropods and fishes. The present study aims at testing whether 

the influence of different substrates (limestone vs granite) could drive the occurrence of different vagile 

groups (crustacean decapods, echinoderms and fishes). The study was carried out at the ‘Tavolara-Punta 

Coda Cavallo’ Marine Protected Area (NE Sardinia, Mediterranean Sea) where substrates of different 
lithology, namely granites and limestones, occur on a relatively restricted spatial scale. The diversity and 

the abundance of 16 vagile species (four crustaceans, seven echinoderms and five fishes) were 

investigated by the analysis of photographs (2352 images) collected in twenty sites (ten limestones and 

ten granites), between 30 and 50 m depth. Statistical analyses showed a clear-cut separation between 

the assemblages assessed on the two substrate types, with assemblages on granites that were tightly 

grouped and those on limestones more dispersed. The total species richness did not significantly vary 

between limestones and granites. Galathea strigosa and Marthasterias glacialis were exclusively recorded 

on granites, while Palinurus elephas, Scyllarides latus, Arbacia lixula, Ophidiaster ophidianus and Serranus 

scriba were exclusively found on limestones. The observed patterns could be explained by multiple 

factors: i) the different availability of preferred food sources, potentially influenced by substrate type; ii) 

the site geomorphology, that could provide different dens and refuges (in terms of quantity and types of 

shelters) suitable for different species; iii) the colour of different substrates enhancing the mimicry of 

different species according to their livery and camouflage ability. Our and literature data suggest that the 

substrate type in rocky reefs could interact with other environmental factors (i.e., light intensity related 

to depth) in shaping the structure of rocky-reef assemblages. 

Keywords: lithology, rocky-reef assemblages, limestone, granite, Mediterranean Sea. 
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INTRODUCTION 

Structure and diversity of hard bottom benthic assemblages are known to be shaped 

by a wide variety of bio-ecological processes (e.g., prey/predator relationships; 

competition/cooperation) (Dayton, 1971; Jones et al., 1994) as well as chemical-

physical factors (depth, water column variables, light intensity) that may act at 

different spatial and temporal scales (Gaston, 2000). 

Among the abiotic factors, the substrate features can play a primary role in affecting 

early colonization stages and development of the algal canopy and sessile 

zoobenthos, which in turn determine a wide variety of seascapes (McCoy, Bell & 

Mushinsky, 1991; Cerrano et al., 1999; Diez et al., 2003; Bavestrello et al., 2000). 

Although it is not easy to disentangle the relative and/or interacting effects of geo-

morphology, surface texture at macro and microscale, and chemical composition of 

the rocks (Coombes et al., 2013, 2015), it is nowadays clear that the rocky substrate 

type is one of the main drivers in determining the diversity and the structure of 

associated assemblages. Besides the evidence reported for ophiolitic rocks 

(Bavestrello et al., 2018), most of the available data concern the differences between 

assemblages associated to limestones and granites (Guidetti et al., 2002; 2004; 

Schiaparelli et al., 2003; Canessa et al., 2020a, b; 2021a, b). Thanks to the presence of 

the limestones of the Tavolara Island and the granites of the surrounding Molara 

Island and Molarotto islet, the Tavolara-Punta Coda Cavallo Marine Protected Area 

(TPCCMPA) (North-eastern Sardinia, western Mediterranean Sea) is the ideal setting 

to test for the effect of lithology on the composition and structure of associated 

assemblages. Literature data show that, in this area, the most impressive difference 

between the two substrate types (namely, limestone and granite) is due to the 

encrusting coralline algae that, in the circalittoral environment, form a typical sheet. 

Only occasionally on granites, encrusting coralline algae usually build a consistent 

coralligenous basal bioherm on limestone, where they demonstrated to have a key 

role in the stabilization of the surface preventing bioerosion, and in the increasing of 

3D -complexity, thus enhancing zoobenthic colonisation (Canessa et al., 2020a). 
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Focusing on epibenthic species, the large, massive and erected sponges such as 

Sarcotragus foetidus Schmidt, 1862, Axinella polypoides (Schmidt, 1862) and Axinella 

spp. characterize the granitic seascape. The gorgonian Eunicella cavolini (Koch, 

1887) is far more common on limestone than on granite, while Paramuricea clavata 

(Risso, 1826) is mainly found on granite rocks (Canessa et al., 2020a, 2021a). 

Finally, some attempts were done to test if differences in the assemblages settled 

on the two substrate types scaled also up to higher trophic levels in the food web. 

Distribution patterns of fish assemblages at shallow rocky reefs (around 5 m depth) 

are reported to significantly differ according to the substrate type. Labrids of the 

genus Symphodus and the serranid Serranus scriba (Linnaeus, 1758) tend to be more 

abundant on granite, while Serranus cabrilla (Linnaeus, 1758), the blennid 

Parablennius rouxi (Cocco, 1833), the gobid Gobius incognitus Kovačić & Šanda, 2016 

and the labrid Thalassoma pavo (Linnaeus, 1758) showed greater densities on 

limestone. Also, the distribution of echinoids was investigated, without recording 

significant differences between the two substrates (Guidetti et al., 2002; 2004). 

A recent study examined the diversity and the abundance of stenophagous 

predator like heterobranch gastropods associated to granite and limestone, 

suggesting that their distribution patterns reflect the variety and availability of the 

preferred food items, in their turn affected by the substrate features (Canessa et al., 

2021b). 

The present study is aimed at testing if the lithology of the substrate can drive the 

diversity and abundance of different groups of vagile organisms thriving in 

circalittoral rocky reefs, exploiting a wide variety of food items and shelter features. 

In particular, we have explored the distribution patterns of filter feeders like 

ophiuroids and crinoids, grazers like sea urchins, active predators of benthic 

organisms like starfishes and crustaceans and vagile predators such as fishes. 
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MATERIALS AND METHODS 

SAMPLING PROCEDURE 

Twenty sites were chosen based on their comparable depths within the TPCCMPA. 

Ten sites were characterised by limestone cliffs and outcrops, located along all the 

eastern coast of Tavolara Island (Occhio di Dio (OdD), Tegghja Liscia (TL), Cala Cicale 

(CC), Grottone (Gr), Papa Shoal 1 (P1), Papa Shoal 2 (P2); Archetto (Ar), Picchi della 

Mandria (PdM)) Papa Point (PP), Punta Timone (PT). The other ten sites were 

granitic outcrops located in the middle of the Tavolara Channel (NEW 01 (N1), 

Mandria Shoal (N26), NEW 27 (N27), NEW 34 (N34), Angelo Shoal (N35), Lulù Shoal 

(N36), NEW 38 (N38), NEW41 (N41), NEW 118 (N118), Pinnacolo (N151) (Table 1; Fig. 

1). 

Table 1 Position and depth range of the investigated sites within the Tavolara – P. ta Coda Cavallo Marine 
Protected Area, with the relative number dives, photos and species found and average specific richness 
found on the two substrates. 

Substrate ID Site Latitude Longitude 
Depth 
range 

(m) 

N 
Dives 

N 
Photos 

N 
Species 

Avg 
N species 

± SE 

Limestone 

Ar Archetto 9.7 E 40.9 N 30 – 40 6 19 5 

5.9 ± 1.1 

CC Cala Cicale 9.7 E 40.9 N 30 – 37 18 122 10 
OdD Occhio di Dio 9.7 E 40.9 N 30 – 37 22 116 11 
P1 Papa Shoal 1 9.7 E 40.9 N 30 – 45 20 208 5 
P2 Papa Shoal 2 9.7 E 40.9 N 30 – 45 18 64 6 
PP Papa Point 9.7 E 40.9 N 40 – 45 1 74 1 
PT Punta Timone 9.7 E 40.9 N 35 – 40 1 20 0 
Gr Grottone 9.7 E 40.9 N 30 – 37 6 81 7 

PdM 
Picchi della 
Mandria 

9.7 E 40.9 N 30 – 39 
4 83 6 

TL Teggjia Liscia 9.7 E 40.9 N 30 – 37 14 155 8 

Granite 

N1 NEW 01 9.7 E 40.9 N 37 – 44 4 174 6 

5.7 ± 0.5 

N26 Mandria Shoal 9.7 E 40.9 N 36 – 45 15 141 6 
N27 NEW 27 9.7 E 40.9 N 39 – 47 13 173 8 
N34 NEW 34 9.7 E 40.9 N 38 – 45 1 70 3 
N35 Angelo Shoal 9.7 E 40.9 N 36 – 42 11 132 7 
N36 Lulù Shoal 9.7 E 40.9 N 36 – 40 5 104 4 
N38 NEW 38 9.7 E 40.9 N 37 – 42 4 186 7 
N41 NEW 41 9.7 E 40.9 N 32 – 39 3 151 6 
N118 NEW 118 9.7 E 40.9 N 47 – 52 2 87 5 
N151 Pinnacolo 9.7 E 40.9 N 38 – 46 5 192 5 
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Figure 1 A, Location of the Tavolara-P.ta Coda Cavallo Marine Protected Area (MPA). B, the position of the 
investigated limestone (white spots) and granite (grey spots) sites. White spots: limestone sites 
(Archetto (Ar); Cala Cicale (CC); Occhio di Dio (OdD); Papa Shoal 1 (P1); Papa Shoal 2 (P2); Papa Point (PP); 
Punta Timone (PT); Grottone (Gr); Picchi della Mandria (PdM); Tegghja Liscia (TL)). Grey spots: granite 
sites (NEW 01 (N1), Mandria Shoal (N26), NEW 27 (N27), NEW 34 (N34), Angelo Shoal (N35), Lulù Shoal 
(N36), NEW 38 (N38), NEW41 (N41), NEW 118 (N118), Pinnacolo (N151)). 

 

We examined photographs making part of the personal collection of one of us (ET) 

taken at these sites by SCUBA diving between 2016 and 2019 in the 30-50 m depth 

range. A total of 2352 images (942 and 1410 from limestones and granites, 

respectively) were selected and the vagile species in each image classified and 

counted. Photographs were obtained by a Sony A6000 camera, 24 megapixels, 2 

Inon S2000 flashes, colour temperature 5000° K; Sony 16–50 lens; Sea & Sea MDX-

a6000 underwater case with flat porthole with Wide Wet Lens Nauticam WWL1. The 

images correspond to wide-angle close-ups taken to make it possible the 

identification of the organisms at the species level. Photographs were analysed by 

Photoshop CS6 at maximum screen resolution using the short-cut cmd 1. Each 

original image, measuring 50 x 34 cm at 300 dpi, was examined three times larger 

at 72. This methodology was illustrated in Canessa et al. (2021b). Abundance data 
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were obtained for crustaceans, echinoderms and fishes. Concerning the latter 

group, the species taken into account in this study were chosen on the base either 

of their remarkable conservation relevance (e.g., the dusky grouper Epinephelus 

marginatus and the brown meagre Sciaena umbra) or for the previously available 

data collected at this study area (Guidetti & Cattaneo-Vietti, 2002; Guidetti et al., 

2004). 

For the analysis, only the species present in at least three sites out of twenty were 

considered. Species abundance, expressed as number of specimens normalized on 

the number of photos collected per site, were calculated (Table 2). The feeding 

strategies and food items of the considered species were summarized from the 

available literature (Table 3). 

STATISTICAL ANALYSES 

Putative differences in the abundance patterns of the whole vagile assemblages 

and single groups associated with limestones and granites were investigated by 

multivariate methods. Data were appropriately transformed (cubic root) to reduce 

the influence of dramatically abundant and gregarious taxa (e.g., Periclimenes 

scriptus) in the analyses. 

The non-metric Multi-Dimensional Scaling (nMDS) plot was used to possibly visually 

represent clustering patterns between the assemblages associated to the two 

considered lithologies using the species abundance dataset. PERMutational 

ANalysis Of VAriance (PERMANOVA) was performed to test for putative differences 

attributable to the factor “Substrate” (two levels, fixed) and “Site” (twenty levels, 

random and nested in each level of “Substrate”) (Anderson, 2005). The significant 

PERMANOVA result about “Substrate” factor was further analysed with 

PERutational analysis of Multivariate DISPersions (PERMDISP) to determine 

difference in dispersion (variance) among a priori groups, considering the mean 

distance of samples from centroids as measure of heterogeneity of assemblages 

(Anderson, 2006) (Table 4). Finally, the SIMPER (SIMilarity PERcentage) routine was 

conducted to assess species contribution to the dissimilarity between groups (here 

the two substrate types), both for the whole assemblages and single groups (Bray–
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Curtis similarity Index measure, permutation = 9999) (Clarke, 1993) (Table 5). All 

statistical analyses were performed using PRIMER-e 7 with PERMANOVA+ Add On 

package. 

RESULTS 

On the whole, 16 species, four crustaceans, seven echinoderms and five fishes, 

occurred in at least three sites. Total species richness did not significantly vary 

between limestones and granites (14 vs 11 species, respectively), with two species 

exclusive of granites (Galathea strigosa and Marthasterias glacialis) and five of 

limestones (Palinurus elephas, Scyllarides latus, Arbacia lixula, Ophidiaster ophidianus, 

Serranus scriba). The species richness per site ranged from 0 to 11 (5.9 ± 1.1, mean ± 

SE) and from 3 to 8 (5.7 ± 0.5, mean ± SE) on limestone and granites, respectively 

(Tables 1, 2). 

Table 2 List of species found in the photographic samples, number of specimens per site and average 
abundance ± SE on granites (GA) limestones (LA) and on the whole dataset (TA). Abundance values 
normalized on the number of photos per site. 

 N1 N26 N27 N35 N35 N36 N38 N41 N118 N151 GA ± SE LA ± SE TA ± SE 

Crustaceans              
Galathea  
strigosa 

0.6 2.1 1.7 1.4 2.3 --- 1.1 --- 1.1 --- 1.0 ± 0.3 --- 0.5 ± 0.2 

Palinurus  
elephas 

--- --- --- --- --- --- --- --- --- --- --- 1.3 ± 0.8 0.7 ± 0.4 

Periclimenes 
scriptus 

21.8 11.3 37.0 35.7 15.9 26.0 0.5 --- 20.7 36.5 20.5 ± 4.4 0.1 ± 0.1 10.3 ± 3.2 

Scyllarides  
latus 

--- --- --- --- --- --- --- --- --- --- --- 0.7 ± 0.6 0.4 ± 0.3 

Echinoderms              
Antedon 
mediterranea 

--- --- --- 1.4 --- 1.9 2.2 0.7 1.1 --- 0.7 ± 0.3 3.7 ± 3.2 2.2 ± 1.6 

Arbacia lixula --- --- --- --- --- --- --- --- --- --- --- 0.7 ± 0.3 0.3 ± 0.2 
Astrospartus 
mediterraneus 

--- --- 1.2 --- --- --- --- 0.7 6.9 0.5 0.9 ± 0.7 0.1 ± 0.1 0.5 ± 0.3 

Centrostephanus 
longispinus 

2.3 --- 1.2 --- 2.3 --- 1.1 0.7 --- --- 0.7 ± 0.3 0.7 ± 0.4 0.7 ± 0.2 

Echinaster 
sepositus 

--- --- --- --- 0.8 --- --- --- --- --- 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 

Marthasterias 
glacialis 

--- 0.7 1.2 --- --- --- 0.5 0.7 --- 0.5 0.4 ± 0.1 --- 0.2 ± 0.1 

Ophidiaster 
ophidianus 

--- --- --- 1.4 --- 1.9 2.2 0.7 1.1 --- --- 0.4 ± 0.2 0.2 ± 0.1 

Fishes              
Epinephelus 
marginatus 

0.6 0.7 --- --- 0.8 --- --- --- --- --- 0.2 ± 0.1 14.5 ± 7.1 7.3 ± 3.8 

Serranus  
cabrilla 

10.3 12.1 4.6 --- 6.1 5.8 2.7 7.9 1.1 3.1 5.4 ± 1.2 3.8 ± 0.9 4.6 ± 0.8 

Serranus  
scriba 

--- --- --- --- --- --- --- --- --- --- --- 1.3 ± 0.6 0.6 ± 0.3 
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Parablennius  
rouxi 

9.2 5.7 20.2 --- 6.8 1.0 2.2 4.6 --- 2.1 5.2 ± 0.5 1.9 ± 0.5 3.6 ± 1.0 

Sciaena  
umbra 

--- --- 0.6 --- --- --- --- --- --- --- 0.1 ± 0.1 17.4 ± 10.0 8.7 ± 5.3 

 

 Ar CC OdD Gr PdM PP PT P1 P2 TL GA ± SE LA ± SE TA ± SE 

Crustaceans              
Galathea  
strigosa 

--- --- --- --- --- --- --- --- --- --- 1.0 ± 0.3 --- 0.5 ± 0.2 

Palinurus  
elephas 

--- 5.7 6.0 --- --- --- --- --- --- 1.3 --- 1.3 ± 0.8 0.7 ± 0.4 

Periclimenes 
scriptus 

--- --- 0.9 --- --- --- --- --- --- --- 20.5 ± 4.4 0.1 ± 0.1 10.3 ± 3.2 

Scyllarides  
latus 

--- 0.8 6.0 --- --- --- --- --- --- 0.6 --- 0.7 ± 0.6 0.4 ± 0.3 

Echinoderms              
Antedon 
mediterranea 

--- --- 0.9 --- 1.2 --- --- 2.4 32.8 --- 0.7 ± 0.3 3.7 ± 3.2 2.2 ± 1.6 

Arbacia lixula 2.6 0.8 0.9 1.2 1.2 --- --- --- --- --- --- 0.7 ± 0.3 0.3 ± 0.2 
Astrospartus 
mediterraneus 

--- --- --- --- 1.2 --- --- --- --- --- 0.9 ± 0.7 0.1 ± 0.1 0.5 ± 0.3 

Centrostephanus 
longispinus 

--- 1.6 --- --- 2.4 --- --- --- 3.1 --- 0.7 ± 0.3 0.7 ± 0.4 0.7 ± 0.2 

Echinaster 
sepositus 

0.5 --- --- --- --- --- --- 1.0 --- --- 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 

Marthasterias 
glacialis 

--- --- --- --- --- --- --- --- --- --- 0.4 ± 0.1 --- 0.2 ± 0.1 

Ophidiaster 
ophidianus 

--- --- 0.9 --- 1.2 --- --- 2.4 32.8 --- --- 0.4 ± 0.2 0.2 ± 0.1 

Fishes              
Epinephelus 
marginatus 

0.5 10.7 8.6 4.9 --- --- --- 36.1 70.3 13.5 0.2 ± 0.1 14.5 ± 7.1 7.3 ± 3.8 

Serranus  
cabrilla 

0.5 4.9 6.9 6.2 3.6 1.4 --- 7.2 1.6 5.8 5.4 ± 1.2 3.8 ± 0.9 4.6 ± 0.8 

Serranus  
scriba 

2.1 0.8 2.6 1.2 --- --- --- --- --- 5.8 --- 1.3 ± 0.6 0.6 ± 0.3 

Parablennius  
rouxi 

--- 3.3 2.6 2.5 1.2 --- --- 1.9 4.7 3.2 5.2 ± 0.5 1.9 ± 0.5 3.6 ± 1.0 

Sciaena  
umbra 

--- 17.2 19.0 --- --- --- --- 9.1 103.1 25.8 0.1 ± 0.1 17.4 ± 10.0 8.7 ± 5.3 
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The nMDS plots performed on the abundance data showed a clear-cut separation 

between the vagile assemblages associated to the two substrate types, with 

assemblages associated to granites that were tightly grouped, whereas those 

associated to limestone 

were more dispersed (Fig. 

2). 

 

PERMANOVA showed a significant effect of the factor ‘Substrate’ (Table 4) besides a 

significant variability at the scale of “Site”. PERMDISP detected a significant 

difference in dispersion between the two substrates (Table 4). 

Table 4 PERMANOVA and PERMDISP analysis performed on the species abundance matrix, showing the 
significative effect of the factor “Substrate” (Fixed, two levels) and “Site” (twenty levels, random) 
reported in bold. Data cubic-root transformed. Bray-Curtis resemblance matrix; permutation N: 9999. 

      Unique 

Source Df SSS MS Pseudo-F P(perm)  perms 

Substrate 1 48238 48238 7.4045 0.0002 9914 

Site (Substrate) 18 2.56E+05 14224 3.8251 0.0001 9713 

Res 555 2.06E+06 3718.5    

Total 574 2.53E+06     

Deviation from centroids       

 F: 9.0601 Df1:1 Df2: 18  0.0251  

 

Also, the SIMPER analysis highlighted a far lower average similarity among 

limestones than among granites (Table 5). 

Considering the whole assemblages of vagile species, granites were mainly 

characterised by Periclimenes scriptus (Risso, 1822), while Serranus cabrilla, 

Figure 2 Non-metric Multi-
Dimensional Scaling (MDS) plot, 
performed on the whole 
abundance matrix, showing the 
clustering between limestone 
(white dots) and granite (grey 
dots) sites. Brey-Curtis similarity 
index, Shepard plot stress: 0.07. 



160 

 

Epinephelus marginatus (Lowe, 1834) and Sciaena umbra Linnaeus, 1758 were the 

most representative species on limestones (Table 5; Fig. 3). 

Figure 3 Average per 
cent Abundance ± SE of 
species recorded in more 
than three sites, divided 
in Crustaceans (A), 
Echinoderms (B) and 
Fishes (C), according to 
the substrate type. Data 
normalized on the 
number of photos and 
cubic-root transformed. 
Grey bars, granite-
selected species; White 
bars, limestone-selected 
species. 
 

 

Considering the single taxonomic groups, the two substrates hosted two fairly 

different assemblages, as showed by values of average dissimilarity between groups 

(Table 5). Among crustaceans, P. scriptus and Galathea strigosa (Linnaeus, 1761) were 

found only in granites, while Palinurus elephas (Fabricius, 1787) and Scyllarides latus 

(Latreille, 1803) were recorded only on limestones (Table 5, Fig. 3A). This scenario 

revealed the dramatic difference in occurrence and abundance among species 

associated to the two substrates (99.53%). 

This pattern was mirrored by echinoderms (89.85%, average dissimilarity between 

granite and limestone): two species (Arbacia lixula (Linnaeus, 1758) and Ophidiaster 

ophidianus (Lamarck, 1816)) were exclusively found on limestones, Marthasterias 

glacialis (Linnaeus, 1758) was recorded only on granites, Astrospartus mediterraneus 

(Risso, 1826) was mostly associated to granite, while Antedon mediterranea 

(Lamarck, 1826), Centrostephanus longispinus (Philippi, 1845) and Echinaster sepositus 

(Retzius, 1783) were ubiquitous (Table 5, Fig. 3B). 

Finally, the average dissimilarity between granite and limestone in occurrence and 

abundance about fishes was slightly lower if compared with other groups (77.33%): 

Serranus scriba occurred only in limestone sites while no species were exclusively 

found on granites. E. marginatus and S. umbra were strongly associated to limestone, 



161 

 

while the other recorded fishes showed similar abundance on both substrates (Table 

5, Fig. 3C). 

Table 5 SIMilarity PERcentage (SIMPER) routine for species contributions to the dissimilarity between 
limestone and granite, performed overall (ALL) and on single taxonomic group (Echinoderms, 
Crustaceans and Fishes) abundance dataset. Permutation N: 9999. 

ALL       
Granites Average similarity: 
49.53 

Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
 

P. scriptus 20.55 30.34 1.16 61.25 61.25  
S. cabrilla 5.38 9.42 1.13 19.02 80.28  
P. rouxi 5.17 5.75 0.90 11.62 91.90  
G. strigosa 1.04 1.50 0.79 3.03 94.93  
A. mediterranea 0.73 0.98 0.48 1.97 96.90  
C. longispinus 0.75 0.74 0.48 1.49 98.39  
M. glacialis 0.36 0.44 0.47 0.90 99.28  
A. mediterraneus 0.92 0.24 0.36 0.49 99.77  
E. marginatus 0.20 0.11 0.26 0.23 100.00  
Limestones Average similarity: 
21.46 

Av.Abund Av.Sim Sim/SD Contrib% Cum.% 
 

S. cabrilla 3.81 6.56 0.96 30.56 30.56  
E. marginatus 14.47 5.21 0.67 24.30 54.85  
S. umbra 17.42 4.49 0.47 20.90 75.76  
P. rouxi 1.94 1.95 0.76 9.10 84.86  
A. lixula 0.68 1.15 0.39 5.38 90.24  
S. scriba 1.26 0.99 0.43 4.62 94.86  
P. elephas 1.31 0.35 0.21 1.65 96.51  
A. mediterranea 3.73 0.25 0.34 1.14 97.65  
C. longispinus 0.72 0.20 0.22 0.94 98.59  
O. ophidianus 0.43 0.18 0.36 0.83 99.42  
S. latus 0.75 0.09 0.26 0.41 99.83  
E. sepositus 0.15 0.04 0.15 0.17 100.00  
Granites vs Limestones 
Average dissimilarity: 86.57 

Granite 
Av.Abund 

Limestone 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

P. scriptus 20.55 0.09 31.20 1.27 36.03 36.03 
S. umbra 0.06 17.42 12.32 0.85 14.23 50.26 
E. marginatus 0.20 14.47 11.80 0.92 13.63 63.89 
S. cabrilla 5.38 3.81 7.81 0.83 9.02 72.91 
P. rouxi 5.17 1.94 7.40 0.91 8.55 81.46 
A. mediterranea 0.73 3.73 3.13 0.69 3.62 85.08 
S. scriba --- 1.26 1.90 0.73 2.20 87.28 
G. strigosa 1.04 --- 1.90 0.88 2.19 89.47 
A. mediterraneus 0.92 0.12 1.82 0.43 2.10 91.57 
C. longispinus 0.75 0.72 1.81 0.80 2.09 93.66 
P. elephas --- 1.31 1.55 0.54 1.79 95.45 
A. lixula --- 0.68 1.51 0.59 1.74 97.19 
S. latus --- 0.75 0.85 0.42 0.99 98.18 
M. glacialis 0.36 --- 0.74 0.67 0.85 99.03 
O. ophidianus --- 0.43 0.49 0.70 0.57 99.60 
E. sepositus 0.08 0.15 0.34 0.53 0.40 100.00 
ECHINODERMS       
Granites Average similarity: 24.88 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
A. mediterranea 0.73 8.20 0.43 32.98 32.98  
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C. longispinus 0.75 7.78 0.46 31.28 64.26  
M. glacialis 0.36 6.29 0.47 25.30 89.56  
A. mediterraneus 0.92 2.60 0.37 10.44 100.00  
Limestones Average similarity: 14.07 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
A. lixula 0.68 6.83 0.50 48.54 48.54  
O. ophidianus 0.43 3.64 0.34 25.86 74.39  
A. mediterranea 3.73 2.01 0.34 14.28 88.68  
C. longispinus 0.72 1.25 0.22 8.90 97.57  
E. sepositus 0.15 0.34 0.15 2.43 100.00  
Granites vs Limestones  
Average dissimilarity: 89.85 

Granite 
Av.Abund 

Limestone 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

A. mediterranea 0.73 3.73 25.50 0.84 28.39 28.39 
C. longispinus 0.75 0.72 17.10 0.79 19.03 47.42 
A. lixula --- 0.68 12.75 0.73 14.19 61.61 
A. mediterraneus 0.92 0.12 12.30 0.60 13.69 75.30 
M. glacialis 0.36 --- 9.75 0.57 10.85 86.16 
O. ophidianus --- 0.43 8.91 0.62 9.91 96.07 
E. sepositus 0.08 0.15 3.53 0.54 3.93 100.00 
CRUSTACEANS       
Granites Average similarity: 48.48 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
P. scriptus 20.55 45.75 1.25 94.36 94.36  
G. strigosa 1.04 2.74 0.73 5.64 100.00  
Limestones Average similarity: 5.79 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
P. elephas 1.31 4.44 0.33 76.76 76.76  
S. latus 0.75 1.35 0.35 23.24 100.00  
Granites vs Limestones  
Average Dissimilarity: 99.53 

Granite 
Av.Abund 

Limestone 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

P. scriptus 20.55 0.09 78.82 2.90 79.20 79.20 
G. strigosa 1.04 --- 9.98 0.58 10.03 89.23 
P. elephas --- 1.31 7.16 0.45 7.19 96.42 
S. latus --- 0.75 3.57 0.42 3.58 100.00 
FISHES       
Granites Average similarity: 40.42 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
S. cabrilla 5.38 26.19 1.43 64.78 64.78  
P. rouxi 5.17 14.00 1.01 34.62 99.41  
E. marginatus 0.20 0.24 0.26 0.59 100.00  
Limestones Average similarity: 23.84 Av.Abund Av.Sim Sim/SD Contrib% Cum.%  
S. cabrilla 3.81 8.65 0.87 36.30 36.30  
E. marginatus 14.47 6.16 0.68 25.84 62.14  
S. umbra 17.42 5.39 0.46 22.61 84.75  
P. rouxi 1.94 2.40 0.75 10.05 94.80  
S. scriba 1.26 1.24 0.43 5.20 100.00  
Granites vs Limestones  
Average Dissimilarity: 77.33 

Granite 
Av.Abund 

Limestone 
Av.Abund 

Av.Diss Diss/SD Contrib% Cum.% 

S. cabrilla 5.38 3.81 19.65 0.86 25.40 25.40 
S. umbra 0.06 17.42 18.70 0.90 24.18 49.58 
E. marginatus 0.20 14.47 18.48 1.06 23.89 73.47 
P. rouxi 5.17 1.94 15.92 0.88 20.59 94.06 
S. scriba --- 1.26 4.59 0.49 5.94 100.00 
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DISCUSSION 

Recent studies conducted in the TPCCMPA provided evidence about the importance 

of the lithology of the hard substrates in structuring benthic assemblages through 

the selection of macroalgae and sessile zoobenthos under different environmental 

conditions (Canessa et al., 2020a, b, 2021a). Moreover, in this study area, it was 

strongly suggested that specialised vagile predators, like heterobranchs, are 

associated to different substrates, generally according to their benthic prey 

occurrence (Canessa et al., 2021b). 

In the present study it was tested whether the lithological nature of the substrate can 

drive diversity and abundance of other vagile groups, composed of species that 

exploit a wide variety of food items and shelter features. 

At assemblage level, our data revealed a different dispersion pattern but also a clear 

separation according to substrate lithology, due to the exclusive or preferential 

occurrence and different relative abundance of a number of species making part of 

the assemblages associated to granite or limestone. 

The sea urchins Arbacia lixula is one of the most common echinoids on shallow 

subtidal rocky habitats in the Mediterranean and is considered a key-species capable 

of modifying macroalgae assemblages (Benedetti-Cecchi et al., 1998, Sala et al., 1998, 

Bulleri et al., 1999, Boudouresque & Verlaque, 2001; Guidetti, 2006). In the Tavolara 

area, around 5 m depth, this species did not show significant differences related to 

rock lithology (Guidetti et al., 2004). On the contrary, at 30-50 m depth, this sea urchin 

was recorded only on limestones. This pattern could be related to the paucity of 

macroalgae on granitic substrates at deeper stands, while on limestone coralline 

algae are abundant (Canessa et al., 2020a). Literature data about gut contents, report 

that encrusting coralline algae are a primary food source for A. lixula (Privitera et al., 

2008; Chiantore et al., 2008) (Table 3). The other sea urchin recorded in this study, 

Centrostephanus longispinus, characterised by a wide feeding plasticity (the diet 

includes benthic invertebrates as bryozoans, tunicates and sponges; Table 3), was 

equally distributed and abundant on both substrate types.  
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In this study, three species of starfishes were considered, and their distribution 

resulted almost in agreement with their known food preferences. Starfishes are 

generally classified as obligate herbivores, omnivores and carnivores, depending on 

the species (Coleman, 2017). Field studies and stable isotope analyses indicated that 

crustose coralline algae and Peyssonnelia spp. are an essential part in the diet of 

Ophidiaster ophidianus (Trapani et al., 2017), while the keratose sponge Ircinia 

variabilis resulted its second most frequent food item (Di Trapani et al., 2020) (Table 

3). The record of this starfish almost exclusively on limestones is, therefore, in 

agreement with the distribution of its preferred food items. The opportunistic 

Echinaster sepositus, exploiting a wide variety of food sources (mainly coralline algae 

and sponges), was equally recorded on both substrates (Vasserot, 1961; Sarà & 

Vacelet, 1973; Garcia-Raso et al., 1992; Villamor & Becerro, 2010). The large predator 

and scavenger Marthasterias glacialis was recorded only in granite sites. The observed 

affinity of this species for granitic substrates is hardly explained just based on its 

feeding strategies (Verling et al., 2003) (Table 3). 

The two filter feeder species Astrospartus mediterraneus and Antedon mediterranea 

displayed different distribution patterns in relation to the substrate type. A. 

mediterraneus was virtually exclusively recorded on granite sites, while A. 

mediterranea was equally abundant on limestones and granites (Table 2). Even 

though the SIMPER analysis indicates that A. mediterranea is more associated to 

limestones, this output is biased by its extremely high abundance at the P2 site (Table 

5). A. mediterraneus is a typical acrophylic species associated with erected organisms, 

such as gorgonians and erected sponges that, in the abovementioned site, were 

mainly found on granitic substrates (Canessa et al., 2020a, 2021a). 

The most impressive differences in distribution patters according to substrates 

concern the four species of studied decapod crustaceans. The shrimp Periclimenes 

scriptus was typically found in large groups associated to the purple gorgonian 

Paramuricea clavata (Ledoyer, 1968; Manconi & Mori, 1992) (Table 3) that was mainly 

recorded in association to granite substrates. It is remarkable that the shrimp was 

never found on the gorgonians settled on limestone. A possible explanation for this 

pattern may be the higher number of colonies of P. clavata affected by local diseases 
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at limestone sites P1 and P2 (Huete‐Stauffer et al., 2011). P. scriptus essentially feeds 

on the mucus of octocorals (Manconi & Mori, 1992), whose production is strongly 

reduced by the stress due to periodical diseases (Mistri & Ceccherelli, 1994). 

The biology and ecology of the genus Galathea are poorly studied but it is generally 

accepted that species belonging to this genus obtain food by detrital deposit feeding 

and scavenging (De Grave & Turner, 1997) (Table 3). These feeding strategies, 

however, are hardly attributable to the observed affinity of G. strigosa for granitic 

substrates. Nevertheless, the quality of the sediment in limestone and granite sites is 

different: the wide presence of corallinales on limestone drives the structure of the 

detritus that is mostly coarse, while the sediments that surround granite outcrops are 

fine and often silty (ET personal observation). Moreover, G. strigosa prefers 

horizontal crevices, where it stands both on the vault and on the bottom (ET personal 

observation): this kind of crevices is typical of granite cracks. 

On the contrary, the spiny lobster Palinurus elephas and the slipper lobster Scyllarides 

latus, were recorded only in limestone sites. This evidence can be explained by two 

possible factors related to food preferences and substrate morphology. The food 

sources of these two large decapods mainly include bivalves, sea urchins, small 

crustaceans and coralline algae (Goñi & Latrouite, 2005) (Table 3) that are typically 

recorded in limestone sites and are scarce or absent on granitic substrates (Canessa 

et al., 2020a). On the other hand, also the 3D complexity of the substrate can be 

invoked to explain a differential presence in the two different lithological situations. 

Lobsters prefer dens with small, multiple openings to those with larger entrances 

(Spanier & Almog-Shtayer, 1992; Spanier & Lavalli, 2006). Limestones sites, due to the 

presence of coralligenous bioherms, are characterized by a greater variety of 

structures, ravines, overhangs and crevices, which are likely to provide more suitable 

shelters. Differences in the distribution of juveniles of P. elephas related to the rocky 

substrate were studied by Diaz et al. (2001). These Authors observed a more intense 

settlement on limestones in comparison with metamorphic and siliceous rocks. This 

selection was explained by the presence on limestone of empty holes of the date 

mussel Lithophaga lithophaga (Linnaeus, 1758) providing daytime refuge for young 

specimens. Similar patterns in the use of empty holes of endolithic molluscs on 



166 

 

limestone were observed for juvenile sea urchins (Guidetti, 2011) and some small 

cryptobenthic fishes (Parravicini et al., 2008). 

Two out of the five fish species examined in this study, Parablennius rouxi and 

Serranus cabrilla, displayed similar distribution patterns on limestone and granite. The 

remaining three fishes, namely Epinephelus marginatus, Sciaena umbra and S. scriba, 

were clearly more associated to limestone. 

Many and non-mutually exclusive plausible factors could explain the distribution 

patterns of fish observed in this study, directly or indirectly related to substrate type: 

i) the colour of the rocky background related to the mimetic ability of fish; ii) the 

different architectural structures offering shelters for juvenile and adult fish (from 

small holes to boulders, forming larger shelters or small caves); iii) different food 

sources associated to different rock types (e.g., vagile invertebrates and juvenile fish 

comprising most preys of the fish species studied here). 

The abundance of E. marginatus and S. umbra in Mediterranean rocky reefs is known 

to be negatively influenced by the intensity of fishing (Guidetti & Micheli, 2011; Di 

Franco et al., 2009) and positively influenced by the shelter availability 

(www.fishbase.org). In the study area, the rocky substrate 3D-structure is often more 

complex on limestone rocky substrates, due to accumulations of boulders collapsed 

from the emerged cliffs. Such boulders’ accumulations form a rocky habitat rich in 

shelters and crevices that could support higher abundances of these two species 

compared to granitic rocks. This scenario is, first of all, in agreement with the 

observations carried out by Desiderà et al. (2021), who reported higher abundances 

of E. marginatus on limestone. Also, Guidetti et al. (2004), reported that the densities 

of other shelter-related fish species, namely Chromis chromis and Apogon imberbis, 

were higher on limestones than granites. Chromis chromis is a planktivorous fish 

swimming and feeding in the water column daytime but searching for shelter close 

to the sea bottom during the night, while A. imberbis is well known to be a sciaphylic 

fish, thriving in rocky reefs rich in crevices and caves (Bussotti et al., 2015). 

In this study P. rouxi was recorded as equally partitioned between limestone and 

granite substrates at relatively deep stands (around 30-50 m depth), while in a 

previous survey Guidetti et al. (2004) recorded higher abundances on limestone in 



167 

 

shallow rocky reefs. These authors suggested that the observed distribution pattern 

could be the result of the camouflage of this small light-coloured blennid fish over 

bare limestones (Guidetti, 2006). Moreover, in this habitat empty holes of endolithic 

molluscs offer an additional opportunity for shelter (Parravicini et al., 2008). At 

deeper stands, ‘light’ rocky substrates void of vegetation and endolithic molluscs are 

fairly rare, and this situation could explain the absence of differences in the 

abundance of this species between limestone and granite. 

Previous studies conducted in the same area (Guidetti & Cattaneo-Vietti, 2002; 

Guidetti et al., 2004) but at shallow stands (< 10m) reported that S. scriba and S. 

cabrilla were more abundant on granite and limestone, respectively. These Authors 

suggested that substrate colour could again account for differences in the 

distribution patterns of these two territorial fishes associated with granite or 

limestone rocks. As already stated, limestones at shallow stands are often lighter 

than granites, and S. cabrilla could be more abundant due to mimicry offered by its 

paler livery. At deeper stands, limestone rocks are covered by well-developed 

coralligenous formations, which could nullify such a ‘background-camouflage’ 

advantage for S. cabrilla on shallow limestones. 

In a different lithological situation, i.e. the granite vs schist rocks of the Asinara Island 

(Sardinia, Italy), the fish community showed different species occurrence/abundance 

on the two substrates (Pais et al., 2004). For example, S. cabrilla was more abundant 

on schists than on granites at 24-30 m depth. For other species, like E. marginatus, P. 

rouxi, S. scriba, S. umbra, occurrence did not vary according to the substrate. 

Generally, our data about several taxa of vagile fauna, characterized by different 

feeding strategies and shelter preferences, suggest that the substrate features may 

influence the circalittoral rocky-reef assemblages in different ways, concerning 

multiple trophic levels. Such an influence can be explicated by the differential 

presence of preferred food source, that in turn, is directly conditioned by the type of 

substrate. Secondly, also the geomorphology (i.e., 3D-architectural complexity) of 

sites could play an important role, providing different dens and refuges suitable for 

different species. Field and experimental studies have demonstrated how substate 

morphology, particularly the presence of holes and galleries, can affect fish species 
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richness and abundance patterns (Risk, 1972, Luckhurst & Luckhurst, 1978; Gratwicke 

& Speight, 2005; Rogers et al., 2014). Finally, the colour of the substrates can enhance 

the mimicry of different species according to their livery. In our case, the different 

rugosity and bioconditioning (covering, etching) of the two substrates, deriving from 

different chemical properties and aptitude to support the development of 

coralligenous bioconstructions, is likely to create an intricate pattern of interactions 

that probably drives the vagile fauna assemblages (Aguilera et al., 2014).  

Our data suggest that the substrate works probably in synergy with other 

environmental factors (i.e., light intensity changing with depth) in shaping the 

community structure (McGuinness, 1989; Hadfield & Paul, 2001; Bavestrello et al., 

2018). This is clearly shown by the sea urchin A. lixula that only down to 30 m depth 

displays different distribution patterns related to lithology, but not in shallow waters 

where the algal canopy is present both on granites and limestones (Guidetti et al., 

2004). The small serranid S. cabrilla, on the contrary, showed a different distribution 

related to lithology in infralittoral but not in circalittoral substrates (Guidetti & 

Cattaneo-Vietti, 2002; Guidetti et al., 2004). 

In conclusion, this study reported for the first time a possible interaction between 

lithology and ‘depth’ (actually, the factors changing with depth) in influencing 

circalittoral rocky-reef assemblages compared to literature data about infralittoral 

assemblages. The interaction between substrate lithology and other environmental 

factors and processes changing with depth (e.g., light intensity), spatial scales 

(latitude related to climate change) and levels of human disturbance (exploitation, 

pollution, etc.) surely represent an interesting field for future observational and 

experimental studies to carry on in the field and mesocosms. 
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ANNEXES 
Biomineralization is a process by which living organisms produce minerals. 

Biomineralization describes the deposition of mineral within or outside the cells of 

living organisms. Examples include iron and gold deposits in bacteria and other 

unicellular organisms, silicates in diatoms and sponges, carbonates in forams and 

invertebrates, and calcium phosphates and carbonates in vertebrates. The formation 

of these deposits involves similar mechanisms, but there are distinctions in each case 

(Boskey, 2009). 

Studies of the dynamics of mineral formation have revealed that a widespread 

strategy used by many organisms is to first form a disordered mineral phase. Only 

when it is in place and has adopted its appropriate shape, is it induced to crystallize 

(Weiner, 2008). 

In this way a part of my interest was dedicated to the study to one of the most 

charismatic. calcified species of the Mediterranean fauna, the precious coral 

Corallium rubrum. 

Octocorallia (class Anthozoa, phylum Cnidaria) is a group of calcifying corals 

displaying a wide diversity of mineral skeletons. This includes skeletal structures 

composed of different calcium carbonate polymorphs (aragonite and calcite). Main 

aspects of octocoral biomineralization have been in fact studied in a small set of 

species, including the (calcitic) gorgonian Leptogorgia virgulata and/or the precious 

coral Corallium rubrum. These include descriptions of calcifying cells (scleroblasts), 

calcium transport and chemistry of the calcification fluids (Conci et al., 2021). 

Precious red coral colonies are characterized by a scleraxis composed of Mg-calcite 

organized in an extremely compact structure of acicular to lamellar calcite crystals 

that grow centripetally, forming fan-like structures (Cortesogno et al., 1999; Vielzeuf 

et al., 2008). 

The biocalcification of Mediterranean red coral Corallium rubrum (Anthozoa, 

Octocorallia) was investigated by using 45Ca as a tracer to follow calcium transport 

and deposition. Kinetic experiments were performed by tracing the appearance of 

radioisotope in the three studied compartments of the apical part of the red coral: 
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tissue fraction, spicules, and axial skeleton. The results demonstrate that calcium is 

absorbed by tissue before being deposited in the skeletal structures. The interval of 

time required by calcium to reach the site of calcification is about 1 hour. The spicule 

fraction represents the most important site of 45Ca deposition in comparison with 

the other two compartments (Allemand & Grillo, 1992). The carbonate skeleton of 

the gorgonian coral Corallium rubrum (L.) is composed of both a skeletal axis and 

numerous sclerites scattered in the mesoglea. Studies carried out on these skeletal 

elements and their associated tissues using microscopy and X-ray microanalysis, sug- 

gest a close relationship between the process of sclerite formation and 

skeletogenesis (Grillo et al., 1993). 

Carbonic Anhydrase (CA) is a key enzyme in the chemical reaction of living organisms 

and has been found to be associated with calcification in several invertebrates 

including calcareous sponges, but until now no direct evidence has been advanced to 

show CA activity in alcyonarian corals. These findings strongly support the idea that 

carbonic anhydrase domain in alcyonarian is involved in the calcification process 

(Rahman & Oomori, 2008). 

With this addendum, I present results of the largest effort ever conducted to describe 

the geographical and bathymetrical distribution of red coral along the Italian coasts 

while the other two contributions are related to an in deep study of the species inside 

the so called Sciacca banks. 
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ABSTRACT 

The analysis of 881 ROV dives carried out along the Italian coasts on hard substrata at mesophotic and 
upper bathyal depths (40-775 m) allowed evaluating the current basin-scale presence, relative abundance, 
bathymetric limits, and habitat preferences of one of the most charismatic Mediterranean habitat-former 
anthozoan species, Corallium rubrum (Linnaeus, 1758). The species is widespread and its occurrence 
ranged from a 15.6% in Ionian Calabria to a hotspot of more than 75% in Sardinia. Population relative 
densities were generally low (< 10 colonies m-2), except along the Sardinian coasts and in some areas along 
the Apulian coast. Almost no red coral colonies were observed in the nine explored offshore seamounts 
in the Ligurian and Tyrrhenian seas, between 60 m and 670 m. A clear coastal distribution discontinuity 
was found in the Ionian Sea. The bathymetric distribution optimum was between 75 m and 175 m, and no 
colonies were found below 247 m. The red coral colonies were recorded on bare rocks and substrata 
covered by crustose coralline algae (CCA), with a significant preference for biogenic habitats. The species 
resulted absent on iron wrecks. In all the examined sites and investigated depths, red coral presence was 
significantly higher on vertical substrata. Corallium rubrum disappeared from 16% of the historical fishing 
banks, while was confirmed in 84% of them, some deeply harvested in the past. In particular, the still 
flourishing Sardinian populations could be supported by high reproductive potential and favourable 
hydrodynamic conditions in the area. 

 

Key words: Corallium rubrum, Mediterranean Sea, relative abundance, habitat preferences, historical 
fishing banks. 
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INTRODUCTION 

In the Mediterranean Sea the precious red coral Corallium rubrum (Linnaeus, 1758) is 

a charismatic species of great commercial and naturalistic value (Cicogna & Cattaneo-

Vietti, 1993; Cicogna et al., 1999; Garrabou & Harmelin, 2002; Tsounis et al., 2007, 2010; 

Santangelo et al., 2007; Dounas et al., 2009; Cattaneo-Vietti & Bavestrello, 2010; 

Santangelo & Bramanti, 2010; Bramanti et al., 2014; Garrabou et al., 2017; Cannas et 

al., 2019). Its populations are known to develop on steep walls, overhangs, outcrops, 

small cavities, and sublittoral caves between the infralittoral and circalittoral zone of 

the basin. Isolated colonies are also found at greater depths, down to 1,016 m around 

the Maltese Archipelago (Taviani et al., 2010; Costantini et al., 2010; Knittweis et al., 

2016). 

Red coral shows a broad geographic pattern of distribution, occurring in the western 

Mediterranean Sea and adjacent Atlantic coasts, such as those of Morocco, SW 

Portugal, Cabo Verde, and in some areas of Adriatic, Ionian and Aegean seas 

(Zibrowius, 1980; Zibrowius et al., 1984; Dounas et al., 2009; Boavida et al., 2016; 

Cannas et al., 2019). 

The species characterises one of the most representative facies among those 

belonging to coralligenous habitats (Pérès & Picard, 1964; Ballesteros, 2006; EUNIS, 

2019; Montefalcone et al., 2021), although colonies also develop in caves and offshore 

circalittoral and upper bathyal rocks with and without crustose coralline algae (CCA) 

(Montefalcone et al., 2021). Recently, the term coral forest has been used to describe 

the structure and functioning of the biocoenoses dominated by habitat-forming 

anthozoans, including those dominated by red coral (e.g., Rossi et al., 2017). 

Along the Italian coasts, the distribution and structure of the shallow-water 

populations (10-40 m) are widely known, thanks to the last 30 years of scientific 

research (Cannas et al., 2019). Our knowledge about the deeper populations, instead, 

remains very limited, and the lower limits of the red coral forests are still unclear, 

considering that the professional fishermen do not operate below 135 m depth 

(Cannas et al., 2019). 
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Corallium rubrum is listed as “Endangered” in the Mediterranean Red List by IUCN 

(Otero et al., 2017), and the management of its harvesting and other conservation 

actions are included in several national laws, international conventions (Annex III 

SPA/BD, Bern), proposals and European instruments, as the Habitats Directive (1992) 

(GFCM 2011; Cannas et al., 2019). The coastal populations are often preserved within 

the boundaries of Marine Protected Areas (MPAs), while the conservation of the 

offshore, deeper forests appears more problematic, being frequently located off the 

limits of the territorial waters (12 NM), and therefore not subjected to national laws. 

At the same time, these deep populations are often found below the limits of SCUBA 

harvesting and, theoretically, are no more exploitable by trawling gears since the 

European ban in 1994 (Council Regulation No 1626/94), which recognized the 

dramatic impact of ingegno and similar gears on red coral and other coralligenous 

components (Cattaneo-Vietti et al., 2017). 

Nowadays, thanks to the extensive use of underwater technologies, such as ROVs 

(Remotely Operated Vehicles), it became feasible to explore environments 

unreachable by SCUBA diving. In the last 15 years, vast programs of characterisation 

of the mesophotic and bathyal benthic populations took place around the Italian 

coasts and offshore sites, up to 775 m of depth (Cau et al., 2015; Angiolillo et al., 2016; 

Corriero et al., 2019, Moccia et al., 2019; Enrichetti et al., 2020; Bo et al., 2020a, b; 

Consoli et al., 2021). 

This paper provides a comprehensive assessment of red coral occurrence (based on 

presence/absence data) and relative abundance along Italian and neighbouring 

international waters. Data also include information on habitats’ features that support 

the distribution of red coral. Moreover, a comparison of the recorded data with those 

of the historic fishing grounds (Cattaneo-Vietti et al., 2016) allowed to obtain 

information on the present status of the exploited populations. 
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MATERIAL AND METHODS 

In this study we considered two sets of data obtained from the analysis of ROV 

videos, where each video (or dive) corresponded to a distinct geographic site. 

Dataset 1 included 504 ROV videos, made between 2007 and 2020, ranging from 40 

m to 775 m. Surveys targeted the exploration of mesophotic hardgrounds with 

numerous campaigns including sites indicated by red coral fishermen or known from 

historical archives for this species (Table 1). This dataset covered 12 main macro-areas: 

Ligurian Sea, Tuscan Archipelago, Pontine Archipelago, eastern and western Sardinia, 

Gulf of Naples and adjacent regions, Tyrrhenian Calabria, Ionian Calabria, Apulian 

coast, Egadi Archipelago, Aeolian Archipelago and surrounding coastline, and Sicily 

Channel (Table 2). Additional sites were considered, including the summit areas of 

nine seamounts (44 videos), located in the Ligurian Sea, central Tyrrhenian Sea and 

South Tyrrhenian Sea, between 30 and 70 nautical miles (NM) from the nearest coast, 

and explored from 60 m to 670 m (Table 2). Finally, ten iron wrecks (2 in Liguria, 2 in 

Sardinia, 1 in Calabria, 5 in the Sicily Channel), located from 0.3 to 4 NM from coast, 

were explored between 50 m and 170 m (11 videos) (Fig. 1, Table 2). In total, about 

500,000 m2 of outcrops were investigated for almost 530 hours of ROV observations. 

Dataset 2 included 322 ROV videos obtained in the framework of a campaign financed 

by the Autonomous Region of Sardinia targeting mesophotic hardgrounds to search 

for new red coral sites. All the ROV dives were conducted from 2012 to 2015, off 

Alghero and Bosa (North-western Sardinia) along about 60 km of coast (Carugati et 

al., 2020) (Fig. 1, Tables 1-2). This survey was used only to map the coral occurrence in 

this specific Sardinian sector. 

Technical information related to the ROV surveys is given in Table 1. 
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Figure 1 Geographic distribution of the investigated sites showing presence (red dots) or absence (black 
dots) of red coral. The histograms (upper inset) represent the percentage of sites with red coral in each 
considered macro-area. Colours of the stacked bars indicate the percentage number of sites with 
scattered (light pink), aggregated (dark pink), and dense (red) populations. The shadowed box indicates 
the regions encompassed in the red coral hotspot. The figure in the lower inset shows the shallow-water 
Mediterranean circulation with the gyres putatively involved in the evidenced red coral distribution. 
 

Video footage was analysed using Apple Final Cut Pro X software (version 10.4). 

The following information were obtained from each video. Substrate type was 

defined according to two categories: (1) outcropping rocks and (2) rocks covered by 

CCA, at eight different depth ranges (40-50 m, 50-75 m, 75-100 m, 100-125 m, 125-150 

m, 150-175 m, 175-200 m and > 200 m). The slope was determined by the inclination of 

the hardground hosting red coral using three categories: horizontal (< 20°), sloping 
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(20°-60°) and (sub)vertical (> 60°). The dominance of a substrate type or an inclination 

level was defined if it persisted in the observations of the hardgrounds for more than 

75% of the video time. For each video, the relative abundance of the colonies was 

reported in terms of (1), scattered colonies (< 2 colonies m-2), (2) aggregated colonies 

(2-10 colonies m-2) or (3) dense colonies (> 10 colonies m-2). 

Table 1 Technical information of the surveys conducted in the investigated areas. * Surveys including sites 
indicated by red coral fishermen or known from historical archives for this species. 

Area Survey Year ROV 

Av. 
duration 
videos 

(h: min) 

Liguria Min. Ambiente - Corallo rosso* 2012 Pollux 0:50 

 ARPAL-MS 2015-2016 Pollux 0:54 

 ARPAL-MS 2018 BluROV2 0:45 

 ARPAL-MS 2018 Chinook 0:58 

Tuscan Archipelago Min. Ambiente - Corallo* 2010, 2012 Pollux 0:53 

 Concordia 2012 Pollux 1:03 

Pontine Archipelago ENPI - Ecosafimed 2014 Pollux 1:09 

Sardinia E Sardegna - Corallo rosso* 2011, 2013 Pollux 1:18 

Sardinia SW Sardegna - Corallo rosso* 2011, 2013 Pollux 1:08 

Sardinia NW RAS - Regione Sardegna* 2012-2015 
Prometeo, 
Flat Platform 
6+ 

- 

Gulf of Naples Min. Ambiente – Corallo* 2010, 2012 Pollux 0:55 

Calabria Tyrrhenian MoBioMarCal 2007, 2008, 2009 Pollux 0:40 

Calabria Ionian MoBioMarCal 2008, 2009 Pollux 0:40 

Apulian coast CR - Deep coralligenous* 2010-2012 Mini Strait I  0:30 

 POR Puglia 6.5a* 2014-2020 Mini Strait I 0:30 

Aeolian Archipelago Vulcani Eolie 2010, 2011, 2013, 2014 Pollux 1:35 

 Milazzo 2014 Pollux 1:16 

 ENPI - Ecosafimed 2014 Pollux 1:02 

Egadi Archipelago Min. Ambiente – Corallo* 2011 Pollux 1:03 

Sicily Channel Relitti 2010, 2012 Pollux 0:48 

 Banchi 2012 Pollux 1:13 

 Greenpeace 2012 Pollux 0:54 

 Canale Sicilia 2011 Pollux 0:52 

Seamounts TyrSec 2009 Pluto 1:20 

 ISPRA 2010, 2011, 2012, 2013 Pollux 1:00 
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Table 2 Presence of red coral along the Italian coasts and offshore seamounts according to the geographic 
region, total number of sites (N), number of sites with red coral (in brackets), average depths of the dives 
and of the dives with red coral, percentage composition of red coral populations according to density. 

 
BioMount 2017, 2018 MultiPluto 1:00 

Area N° 
Average 
depth all 

dives (m) 

Average 
depth dives 

with red 

coral (m) 

Population density (%) 

scattered 

(1) 

aggregate 

(2) 

dense 

(3) 

Liguria 117 (24) 88.5 ± 8.5 95.2 ± 8.4 75.0 10.7 14.3 

Tuscan 
Archipelago 

43 (21) 82.5 ± 5.1 89.6 ± 5.7 38.1 61.9 0 

Pontine 
Archipelago 

20 (11) 118.3 ± 14.6 102.7 ± 9.5 90.9 0 9.1 

Sardinia E 43 (31) 142.9 ± 8.6 130.8 ± 5.2 32.2 19.3 48.4 

Sardinia SW 25 (16) 146.0 ± 15.6 146.0 ± 15.8 43.7 31.3 25 

Sardinia NW 322 (306) 115.3 ± 0.5 107.7 ± 0.2 61.6 32.1 6.2 

Gulf of 
Naples 

33 (21) 105.9 ± 6.5 95.2 ± 4.7 31.8 68.2 0 

Calabria 
Tyrrhenian 

73 (18) 97.8 ± 3.4 97.5 ± 5.8 100 0 0 

Calabria 
Ionian 

32 (5) 89.2 ± 9.2 73.3 ± 11.7 100 0 0 

Apulian 
coast 

26 (27) 56.7 ± 11.3 67.8 ± 2.9 14.3 50.0 35.7 

Aeolian 
Archipelago 

37 (9) 103.7 ± 7.3 95.0 ± 10.9 88.9 11.1 0 

Egadi 
Archipelago 

21 (8) 119.9 ± 12 103.4 ± 5.3 100 0 0 

Sicily 
Channel 

37 (11) 102.5 ± 9.2 127.7 ± 10.1 66.7 25.0 8.3 

Seamounts    
 

  

Ulisse 5 437.5 ± 20.7  
 

  

Penelope 3 470.0 ± 10.1  
 

  

Occhiali 4 401.9 ± 50.3     

St. Lucia  6 185.1 ± 10.4     

Vercelli 8 (1) 281.9 ± 51.0     

Baronie 5 343.5 ± 50     

Cialdi 4 465.0 ± 59.1     

Etruschi 4 371.9 ± 4.3     

Palinuro 5 (1) 148.4 ± 16.5     

Iron Wrecks       
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The number of sites with presence of red coral was calculated for each considered 

macro-area (including NW Sardinia) and data were reported as percentage 

occurrence according to the relative abundance of the species. 

The normalized number of sites with red coral in the eight selected depth ranges 

(from 40 m to over 200 m) was obtained for each area (excluding NW Sardinia). The 

resulting bathymetric distribution of the species was presented as average ± SE for 

the 12 macro-areas. The average percentage of sites with red coral presence was 

similarly calculated according to substrate type (rocks, R, and rocks encrusted by 

CCA, C) and slope (horizontal, h; sloping, s; vertical, v) in three depth ranges (40-100 

m, 100-150 m, and 150-200 m). The bathymetric trends of occurrence of substrate type 

(rocks and CCA-covered rocks) on the whole dataset, independently from the red 

coral presence, were also calculated. 

Finally, the depths of the dives and the depths at which red coral was recorded in 

each site were used to build comparative Box-Plot distributions for each macro-area. 

Differences in red coral average occurrence were tested for three factors: “Depth” 

(random, 8 levels with n = 4-12), “Substrate” (fixed, 2 levels, nested in “Depth” with 

n = 6-10) and “Slope” (fixed, 3 levels, nested in “Depth” with n = 4-12), using 

PERMANOVA analysis; pairwise comparisons were made to assess which levels of 

“Depth” and “Slope” were involved (Anderson et al., 2001). The statistical analysis 

was performed with PRIMER7 software (Primer-e, Auckland, New Zealand). 

Cattaneo-Vietti et al. (2016) reported a detailed overview of the harvesting effort in 

all Italian regions considered here and created a map of the commercially exploited 

banks’ distribution along the Italian coasts in the last two centuries, thanks to 

historical and recent papers (Gaetani, 1867; Panceri, 1871; Targioni-Tozzetti, 1880; 

Canestrini & Canestrini, 1883; Parona, 1883; Colombo, 1887; Lo Bianco, 1909; 

Liguria 2 85 ± 15.1     

Sardinia SE 3 100.1 ± 30     

Calabria Tyrr. 1 130     

Sicily 
Channel 

5 77 ± 20.1     
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Mazzarelli, 1915, 1931; Mazzarelli & Mazzarelli, 1918; Peruzy, 1923; Scatizzi, 1935; Marini 

& Ferru, 1989; Errico & Montanelli, 2008; Cattaneo-Vietti & Bavestrello, 2010; 

Gangemi, 2011, 2014; Santangelo et al., 2007, 2012; Mercurio et al., 2012; Priori et al., 

2013; Bramanti et al., 2014). This map was transferred on a QGIS platform as raster 

data. The georeferencing tool was applied to this digitalised, non-metrical map in the 

geo-workspace to point off the non-metrical map with known or given coordinates, 

called ground control points, using the TPS (Thin Plate Spline) transformation 

algorithm (Favretto, 2012). Hence, it has been possible to make concordance analyses 

between historical and recent point layers using this map as a reference (Barsanti et 

al., 2007). Around old points, a buffer zone of 500 m, a measure equal to the 

maximum residual value reported by the ground control points, was created to verify 

other latent concordances, assuming possible errors in the georeferencing process 

or the lack of precise location of historic data. The final map resulted by points in 

common between the two layers through the intersection tool: when a recent point 

fell into the buffer zone of an ancient one, they were considered concordant; 

otherwise, they were considered discordant. The number of revisited sites reporting 

the current relative abundance of red coral was also calculated for eight macro-areas. 

 

RESULTS 

The analysis of the video footage revealed that red coral populations were present in 

37.8% of the explored sites included in dataset 1 (ranging from 15.6% in Ionian Calabria 

to 75.1% in E Sardinia) and in 95% of the sites in NW Sardinia (dataset 2). 

Corallium rubrum was recorded as a component of very different communities 

according to depth and substrate type. At lower depths, on CCA covered substrata, 

red coral was often found in mixed assemblages, coupled with sponges, particularly 

Aplysina cavernicola (Vacelet, 1959) (Fig. 2A, B) and gorgonians, mainly Paramuricea 

clavata (Risso, 1826) (Fig. 2C, D). Red coral tended to create dense monospecific 

assemblages on vertical cliffs and overhangs, especially on the outer rim of rocky 

terraces (Fig. 2E). Often, large red coral colonies represented the only megabenthic 

organisms over horizontal bottoms on deep offshore outcrops (Fig. 2F-I). 
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Figure 2 Examples of different benthic communities, including red coral, found during the survey. A) Rich 
sponge (mainly Aplysina cavernicola) and Corallium rubrum assemblage about 65 m depth on a vertical 
cliff (Montecristo Island, Tuscany Archipelago). B) Sparse sponges and red coral colonies at 105 m depth 
on a vertical substrate along the Tyrrhenian Calabrian coast. C) C. rubrum and the gorgonian Paramuricea 
clavata on a sub-vertical cliff at 85 m depth (Ischia Island, Gulf of Naples). D-E) The typical red coral facies 
on coralligenous outcrops at 65 m depth (Gulf of Salerno) and at 85 m depth (Punta delle oche, SW 
Sardinia). F) A solitary colony on Palinuro Seamount (153 m). G-I) Red coral colonies growing upward on 
carbonatic platforms in the Sicily Channel, respectively off Ragusa (85 m) (G) and Graham Bank (120 m) 
(H), and at 115 m at San Pietro Island (SW Sardinia) (I). Scale bar: 10 cm. 
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In several cases, red coral populations were prone to strong mechanical injuries due 

to a large number of derelict fishing gears lost on rocky bottoms (Fig. 3A-D). Except 

for one Sicilian site (Cattaneo et al., 2017), no evident traces of ingegno (e.g., 

accumulation of red coral debris, pieces of nets) were found. In some cases, 

particularly along SE Sardinian coasts, dramatic mesophotic mass mortalities were 

recorded, with several colonies completely deprived of coenenchyme. Dead colonies 

were found intact, attached to their substrate, with the exposed calcareous scleraxis 

covered by a large amount of encrusting epibionts (Fig. 3E, F). Finally, during dives 

conducted in the Tuscany Archipelago at a depth of 80-90 m, the first evidence of 

putative predation was documented by the starfish Peltaster placenta (Müller & 

Troschel, 1842) on red coral colonies (Fig. 3G-I). 
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Figure 3 Mechanical injuries to red coral populations due to derelict fishing gears (A-D). Evidences for 
mesophotic red coral mass mortalities at Carbonara cape (SE Sardinia, 120 m) (E) and in the Salerno Gulf 
(S Tyrrhenian, 100 m) (F). First evidence of predation on the starfish Peltaster placenta on red coral 
colonies (G-I). Scale bar: 10 cm. 
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GEOGRAPHIC DISTRIBUTION AND ABUNDANCE PATTERNS  

The analysis of the video archive allowed clarifying the distribution of mesophotic 

and upper bathyal red coral forests within the considered macro-areas, highlighting 

different occurrences and relative abundances (Table 1; Fig. 1). At the basin scale, red 

coral populations were recorded in all the explored macro-areas. Nevertheless, the 

highest occurrences (> 50%) referred to a wide area, including the central Tyrrhenian 

Sea (Tuscan Archipelago, Pontine Archipelago, Gulf of Naples, and eastern Sardinia), 

the western Sardinian coast, and the Apulian coast (Fig. 1, upper inset). In the other 

explored regions, the occurrences were lower, ranging from 38% in the Egadi 

Archipelago to 15% along the Calabrian coast of the Ionian Sea. 

Deep populations were also searched over nine offshore seamounts. The species was 

recorded, with scattered colonies, only on the Vercelli Seamount at a depth of 123 m 

and on the Palinuro Seamount at 153 m depth (Table 1). No colonies were found on 

the explored iron wrecks (Table 1). In three areas, high abundances of red coral were 

found in the proximity of the wrecks, specifically at 1 km in Liguria (Portofino Cape), 

4 km in SE Sardinia (Carbonara Cape), and 18 km in Calabria (St. Eufemia Gulf). 

Although only semi-quantitative abundances were estimated, areas showing high 

densities (> 10 colonies m-2) were primarily present in E Sardinia and Apulia. In the 

other considered areas, red coral occurred mainly with aggregated (2-10 colonies m-

2) or scattered (< 2 colonies m-2) populations (Table 1; Fig. 1, upper inset). 

 

DEPTH DISTRIBUTION AND HABITAT PREFERENCE 

The red coral populations were found between 40 m and 247 m, but the highest 

occurrences were recorded between 75 m and 175 m (Fig. 4). Populations composed 

of aggregated and dense colonies represented more than 50% of the total down to 

100 m, and this percentage progressively decreased according to depth. From 162 m, 

populations were composed only of scattered colonies. The factor “Depth” was 

statistically significant in driving red coral occurrence (p = 0.0001), especially among 

the sites located in the range 75-175 m and shallower and deeper ones (Fig. 4; Table 

3). 
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Figure 4 Bathymetry. Average percentage of 
sites with red coral (means of 12 regions ± SE) 
according to depth ranges. SE was calculated on 
the average total percentage, independently 
from the relative abundance of the 
populations. Colours of the stacked bars 
indicate the percentage number of sites with 
scattered (light pink), aggregated (dark pink), 
and dense (red) populations. 
 

 

 

 

Table 3 PERMutational Analysis of variance (PERMANOVA) performed on percental abundances of red 
coral, calculated for the three factors “Substrate” (fixed, 2 levels), “Depth” (random, 8 levels) and 
“Slope” (fixed, 3 levels). Significant results are given in bold. 

Source df SS MS Pseudo-F P(perm) Unique perms 
Depth 7 39923 5703.3 2.1971 0.0001 9844 
Res 56 1.45E+05 2595.9    
Total 63 1.85E+05     
Substrate 1 6454 6454 3.2055 0.0071 9914 
Res 42 84563 2013.4    
Total 43 91017     
Slope 2 12914 6457 1.6301 0.0378 9847 
Res 96 3.80E+05 3961.2    
Total 98 3.93E+05     

Table 4 Pairwise tests. Significant results are given in bold. 

Pairwise tests     
Depth 40-50 50-75 75-100 100-125 
40-50  0.0257 0.038 0.0144 
50-75     
75-100     
100-125     
125-150     
150-175  0.019 0.05 0.0445 
175-200  0.0257 0.0149 0.0089 
>200  0.0239 0.0314 0.0126 

Sloping t P(perm)   

Horizontal vs Sloping 1.3089 0.0589   
Horizontal vs Vertical 1.5076 0.0145   
Sloping vs Vertical 0.90928 0.546   
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From a geographic point of view, it is possible to recognise a mesophotic red coral 

belt (70-120 m) along the whole Italian coast. The belt resulted shallower in Ionian 

Calabria and Apulia, while it became deeper in E Sardinia and Sicily Channel (Fig. 5). 

 

 

Figure 5 Bathymetry. Box plots 
depicting the depth 
distribution of all the sites 
(blue boxes) and of the sites 
with red coral (red boxes) in 
each considered macro-area. 
The shadowed box indicates 
the mesophotic red coral belt. 

 

 

 

 

 

 

 

 

 

 

Hard substrata recorded during the analysed dives were divided into two classes, 

based on the presence/absence of CCA coverage. Down to 125 m, rocks with CCA 

coverage represented the most commonly available hard substratum. Below this 

threshold, rocks without algal coverage became more frequent, and under 200 m, no 

algal coverage was recorded (Fig. 6A). Red coral colonies were observed settled both 

on coralligenous concretions and rocky substrata, but with a clear preference for the 

biogenic habitats at all depths as confirmed by the statistical analysis (p = 0.007) (Fig. 

6B; Table 3). 
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Figure 6 Substrate type. A) Average 
percentage of sites (± SE) dominated 
by rocky outcrops (empty dots, dashed 
line) and by CCA-covered hard 
substrates (full dots, solid line) with 
depth. B) Average percentage of sites 
with red coral (means of 12 regions ± 
SE) according to substrate type (C, 
CCA-covered hard substrates, R, rocky 
outcrops) in three depth ranges. SE 
was calculated on the average total 
percentage, independently from the 
relative abundance of the populations. 
Colours of the stacked bars indicate the 
percentage number of sites with 
scattered (light pink), aggregated 
(dark pink), and dense (red) 
populations. 

 

 

 

 

 

 

 

 

 

 

 

Moreover, a strong preference for sub-vertical substrata was recorded and 

statistically confirmed (p = 0.0378) (Table 2). There was a progressive increase in the 

percentage occurrence of red coral from horizontal to vertical sites, as showed by 

pairwise comparisons. The recorded pattern was mirrored at all the examined depth 

ranges (Table 4; Fig. 7). 
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Figure 7 Substrate inclination. Average percentage of sites with red coral (means of 12 regions ± SE) on 
substrates with different inclination (h, horizontal; s, sloping; v, vertical) in three depth ranges. SE was 
calculated on the average total percentage, independently from the relative abundance of the 
populations. Colours of the stacked bars indicate the percentage number of sites with scattered (light 
pink), aggregated (dark pink), and dense (red) populations. 

 

PAST AND PRESENT OF EXPLOITED BANKS 

In the present work, 107 ROV sites fell inside the buffer zone of 500 m created around 

the historical coral banks exploited for some periods in the past two centuries. Red 

coral was recorded in 90 of these sites, while colonies were no more observed in the 

remaining ones. All the revisited sites in E and W Sardinia still hosted red coral 

populations (Fig. 8 and inset). Differently, in Sicily and Calabria, from 40% to 50%, 

respectively, of the historical sites did not show red coral colonies. In all the other 

regions, the number of old sites currently without coral was lower than 10%. The 

highest relative abundances were mainly recorded in E Sardinia (Fig. 8, inset). 
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Figure 8 Distribution map of the revisited historical fishing grounds (Cattaneo-Vietti et al., 2016) in which 
red coral colonies were still observed. The histograms show the number of sites revisited per macro-area. 
Colours of the stacked bars indicate the number of sites with scattered (light pink), aggregated (dark 
pink), and dense (red) populations. The white bars represent the fishing grounds today recorded without 
coral colonies. 
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DISCUSSION 

The analysis of the largest available dataset regarding Corallium rubrum along the 

Italian coasts allows evaluating occurrence (based on presence/absence data), 

relative abundance, and habitat characteristics of the mesophotic and upper bathyal 

red coral populations at a basin scale. 

From the geographical point of view, the results highlight the presence of this species 

in all the explored areas, although with relevant differences. The highest occurrences 

are recorded in Sardinia. The peak registered in the NW coast, despite plausible, 

should be considered with caution considering that the Sardinia dataset was derived 

from a monitoring design less randomized than the other dataset. In the central 

Tyrrhenian Sea, red coral mainly occurs in the Tuscany and Pontine archipelagos, and 

the Gulf of Naples. Occurrences are lower northern and southern of this Tyrrhenian 

red coral hotspot, as in the Ligurian Sea, Calabrian, and Sicily coasts. Present data 

about the occurrence of red coral banks along the Ligurian coast confirm the species’ 

fragmented distribution in this region (Cattaneo-Vietti et al., 2016). A similar situation 

was observed along the Tyrrhenian Calabrian coasts and around Sicily. With regards 

to the Italian Adriatic coasts, the occurrence of red coral is limited to the Apulian 

region. 

Even though the factors potentially explaining this large-scale distribution pattern 

are difficult to disentangle and may include local differences in the physical-chemical 

characteristics of the water, settling patterns, biogeographic discontinuities, trophic 

inputs, silting levels, and competition, it is worth mentioning the circulation pattern 

of the surface water (0-300 m) (Fig. 1, bottom inset). Four mesoscale gyres (Lion Gyre, 

Tyrrhenian Gyre, South Adriatic Gyre, and Ionian Gyre) (Vergnaud-Grazzini et al., 1988; 

Millot, 2005; Boero et al., 2019) are present on the areas hosting the highest 

occurrences of red coral, suggesting an influence of the water mass circulation and 

trophic input on the observed distribution. The cold and rich Lion Gyre, in the Balearic 

Sea, could connect the western Sardinian populations with the Catalan ones (Linares 

et al., 2003) and may be responsible for the high red coral productivity of this area. 

Similarly, the Tyrrhenian Gyre could sustain red coral populations in the Tuscany 

Archipelago, E Sardinia, Egadi Archipelago, Aeolian Archipelago, Tyrrhenian Calabria, 
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Gulf of Naples, and Pontine Archipelago. Finally, the South Adriatic Gyre connects 

eastern Apulian populations with the Albanian ones (Tsounis et al., 2009), and the 

Ionian Gyre spreads the populations along the Apulian coasts. The involvement of 

gyre circulation in the coral dispersal agrees with the recently highlighted high pelagic 

larval duration and motility behaviour as emerged from laboratory tests (Martinéz-

Quintana et al., 2015). The Sardinian mesophotic red coral colonies are also 

characterized by a high genetic diversity (Costantini et al., 2007b; Ledoux et al., 2010; 

Cannas et al., 2016), which may concur in maintaining the hotspot. Indeed, 

hydrological conditions have been suggested to enhance mixing of the genetic pools 

in the Balearic region while the persistence of the populations has been linked with 

the existence of putative glacial refugia for the species (Ledoux et al., 2010). 

The virtual absence of red coral populations on the studied seamounts at depths and 

in environments suitable for the development of this species could be partially 

relatable to the difficulty in reaching offshore locations (Costantini et al., 2007a, 2011, 

2013, 2016). However, other mesophotic habitat-forming anthozoans with putatively 

similar life traits thrive on these seamounts (Bo et al., 2011), and C. rubrum has been 

found in other Mediterranean offshore sites (Seco de Los Olivos Seamount) (De la 

Torriente et al., 2018), suggesting that other causes could be related, particularly 

productivity levels. 

Within the general distribution pattern, a distinctive regional situation was observed 

in the Ionian Sea, where red coral is scarce on the Calabrian coast and widely present 

on the Apulian side (Fig. 1). The species is found in the Strait of Messina, until the 

extreme tip of Calabria but seems to be unable to overstep the close Spartivento 

Cape. On the other side of the Ionian Sea, the species crosses the Santa Maria di 

Leuca Cape and is abundantly found until Taranto. The distribution discontinuity 

along the western side of the Ionian Sea could be determined by hydrological 

boundaries limiting population connectivity (Villamor et al., 2014). Along the Calabrian 

side, larval dispersion is influenced by the main current direction of the Ionian Gyre 

flowing from East to West. Along the Apulian side, larvae are probably unable to cross 

a large area, from Taranto to Colonne Cape, where hard bottoms are scarcely 

available. The existence of phylogeographic boundaries in the central Mediterranean 



196 

 

Sea was already suggested, on a genetic basis, in limiting the connectivity of other 

benthic invertebrates (Villamor et al., 2014). In this regard, the spatial-genetic 

structuring analyses of mesophotic red coral populations generally indicate that 

strong barriers to gene flow occur among areas as well as among depth ranges 

(Costantini et al., 2011, 2013; Cannas et al., 2015, 2016; Costantini & Abbiati, 2016). 

The red coral coldspot of the western Ionian Sea, however, does not entirely agree 

with historical information stating that in the mid-19th century, good amounts of red 

coral (1.7 tons) were fished from Spartivento Cape to Colonne Cape (Balzano, 1859; 

Gaetani, 1867). Moreover, red coral was recently observed by ROV at the Amendolara 

Bank at mesophotic depths (Canese, pers. comm.). 

From a bathymetric point of view, a well-defined red coral belt is recognisable in all 

the studied sites indicating C. rubrum as a typical mesophotic-upper-bathyal species. 

No red coral colonies were recorded below 247 m, although hard substrata are still 

widely present. This evidence suggests that records at greater depths (Taviani et al., 

2010; Knittweis et al., 2016) must be considered exceptional and probably related to 

peculiar local conditions allowing larval downwelling, settling and recruitment. The 

banks present below 135 m until the lower limit of the red coral belt, being 

unreachable by professional fishermen (Cannas et al., 2019) and protected from 

illegal harvesting, are to be considered valuable pristine deep populations, when not 

impacted by other fishing activities. 

Both geographical and bathymetric distributions could be partially related also to 

biomineralogical features. Although red coral is found both on coralligenous 

accretions and primary rocks, it shows a marked preference for biogenic habitats. It 

is known that the presence of a coralline algal layer can drive, positively or negatively, 

the settling of many benthic species both in tropical and temperate environments 

(Harrington et al., 2004; Ritson-Williams et al., 2009, 2014; Canessa et al., 2020). So far, 

experimental tests have shown that red coral larval settling did not show significant 

differences between Lithophyllum stictaeforme and bare rocks (Zelli et al., 2020); 

however, this approach should be applied to different crustose algae. None of the 

explored iron wrecks, mainly identified as modern boats not older than 60 years, 

hosted red coral colonies. The absence of colonies on wrecks in areas characterised 
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by a high occurrence of red coral (e.g., SE Sardinia, Liguria, Calabria) suggests that 

this material could be unsuitable for the species' settling. The type of metal of a 

wreck, in fact, is known to influence the community composition of the fouling 

(Peirano, 2013). The lack of literature records of red coral on iron could support this 

observation, however, the influence of water circulation, larval dispersal ability, as 

well as depth, status and biocoverage of the wreck needs to be verified with further 

targeted investigations. 

The present observations also underline a significant influence of the substrate 

inclination in the settling of red coral colonies. It emerges that, in all the examined 

macro-areas, the percentage occurrence of coral colonies is directly related to the 

inclination: the occurrence of colonies on vertical walls (> 60°) is two to four times 

higher than on horizontal bottoms at any depth and on any substratum type. This 

result expands the traditional idea that deep red coral is mainly found on rocky 

boulders and plateau (Rossi et al., 2008). Substrate inclination has been variously 

considered also by other authors. Cau et al. (2016) stated that mesophotic Sardinian 

populations composed of small and dense colonies dominated rocky vertical walls. In 

contrast, populations characterised by large and sparsely distributed colonies were 

found only on horizontal beds not covered by sediment. While, considering the 

colony orientation and not the substrate inclination, Rossi et al. (2008) showed, 

through ROV footages, a variability according to depth. In shallow waters, colonies 

were present in small crevices, mainly with a downward orientation. Down to 60 m 

depth, colonies were orientated facing upward on horizontal bottoms or 

perpendicular to sub-vertical walls. Overall, substrate sloping emerges as one of the 

most relevant constraints in determining the red coral population structure together 

with maturity stage, currents, trophic input, siltation, borers, and anthropogenic 

impact (Tsounis et al., 2006; Bavestrello et al., 2014). 

The comparison between historical and recent data suggests that red coral 

populations in the study areas suffered local extinctions due to the harvesting 

pressure (16% of the re-visited banks), as previously suggested by Bruckner (2009). 

According to IUCN criterion A (population size reduction), in two regions (Sicily and 

Calabria) the species qualifies for vulnerable and endangered, respectively. 
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Nevertheless, at a basin-scale (including numerous known harvesting sites), the 

species is still widely distributed and this could be due to its high genetic diversity 

(Cannas et al., 2016) and early sexual maturity, which is reached in colonies 4-5 cm 

high and a few millimetres in diameter with no commercial interest (Santangelo et 

al., 2003, 2004; Gallmetzer et al., 2010). Remarkably, the Sardinian red coral hotspot 

hosts the highest occurrence of the species even if the area was prone to a high 

harvesting effort for centuries (Parona, 1883; Cannas et al., 2010; Follesa et al., 2013; 

Carugati et al., 2020; Cattaneo-Vietti et al., 2016; Cannas et al., 2019). 

Beside occurrence, a quantitative analysis of the studied forests providing data on 

density and morphometry of the single populations will provide further insights into 

the current status and recovery capacity of these populations. 

Large-scale ground-truth distribution data are very important for management and 

conservation purposes at a regional scale since they allow for a more comprehensive 

understanding of the extent of a certain species in a region and at different 

bathymetric ranges, and represent valuable information to build and validate 

predictive habitat models. In addition, coupled to quantitative data, these data are 

essential to evaluate the structure of the populations and make interpretations on 

the connectivity patterns allowing to carry out long-term monitoring programs. It 

becomes mandatory to implement with this type of datasets the regional adaptive 

management plan for red coral recently established by the General Fisheries 

Commission for the Mediterranean (GFCM, 2017) in order to improve decision-making 

processes regarding the conservation of this resource.  
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Avaluació de ala poblacio de corall Corallium 

rubrum de les illes Medes. Exercici 2003. 
Seguiment temporal de l’area marina 
protegida de les illes Medes. Infomre annual. 



202 

 

Any 2003. Departament de Medi Ambient, 

Generalitat de Catalunya, Barcelona, pp. 56-66. 

Liverino, B., 1998. Il corallo: dalle origini ai nostri 

giorni. Arte Tipografica Ed. pp. 1-276. 

Lo Bianco, S., 1909. Notizie biologiche riguardanti 
specialmente il periodo di maturità sessuale 

degli animali del golfo di Napoli. Mitthmeer 

Zoological Station Naples, 19, 35-761. 

Marini, M., Ferru, M. L., 1989. Il corallo: storia della 
pesca e della lavorazione in Sardegna e nel 
Mediterraneo. Tema Ed. pp. 1-246.  

Martínez-Quintana, A., Bramanti, L., Viladrich, N., 

Rossi, S., Guizien, K., 2015. Quantification of 
larval traits driving connectivity: the case of 

Corallium rubrum (L. 1758). Marine Biology, 162, 

309-318. 

Mazzarelli, G., 1915. Banchi di corallo esplorati dalla 
R. Nave "Volta" nell’estate del 1913. Annali 
dell’Industria. Ministero di Agricoltura, 
Industria e Commercio, Roma. pp. 1-173.  

Mazzarelli, G., 1931. La pesca del corallo. In: La pesca 
nei mari e nelle acque interne d’Italia. II. Roma: 
Istituto Poligrafico dello Stato. pp. 406–415. 

Mazzarelli, G., Mazzarelli, G., 1918. Prime indagini 
sui banchi di corallo del Golfo di Napoli. Annali 
Idrobiologia e Pesca, Pavia. 1, 1-42.  

Mercurio, M., Cardone, F., Longo, C., Nonnis 

Marzano, C., Corriero, G., 2012. Dati preliminari 

sul corallo rosso delle coste pugliesi. Biologia 

Marina Mediterranea, 19, 178-179. 

Millot, C., 2005. Circulation in the Mediterranean 
Sea: evidences, debates and unanswered 
questions. Scientia Marina, 69, 5-21. 

Moccia, D., Cau, A., Alvito, A., Canese, S., Cannas, R. 
et al., 2019. New sites expanding the 
“Sardinian cold‐water coral province” 
extension: A new potential cold‐water coral 
network?. Aquatic Conservation: Marine and 
Freshwater Ecosystems, 29, 153-160. 

Montefalcone, M., Tunesi, L., Ouerghi, A., 2021. A 
review of the classification systems for marine 
benthic habitats and the new updated 
Barcelona Convention classification for the 
Mediterranean. Marine Environmental 
Research, 169, 105387. 

Otero, M. D. M., Numa, C., Bo, M., Orejas, C., 
Garrabou, J. et al., 2017. Overview of the 
conservation status of Mediterranean 
Anthozoa. International Union for 
Conservation of Nature. pp. 1-86. 

Panceri, P., 1871. Il corallo considerato come specie 
animale e come prodotto industriale. 
L’Esposizione Internazionale Marittima. Naples. 
pp. 10-14.  

Parona, C., 1883. Il corallo in Sardegna. Relazione 

presentata a S.E. il Ministro di Agricoltura, 

Industria e Commercio. Eredi Botta, Roma. 

Peirano, A., 2013. Wrecks on the Bottom: Useful, 
Ecological Sentinels?. Marine Technology 

Society Journal, 47, 118-127. 

Pérès, J.M., Picard, J., 1964. Nouveau manuel de 

bionomie benthique de la Méditerranée. 

Recueil des travaux de la Station Marine 

d’Éndoume, 31, 1-137. 

Peruzy, L., 1923. Il corallo e la sua industria. Gaspare 
Casella Ed. Naples. pp. 1-79.  

Priori, C., Mastascusa, V., Erra, F., Angiolillo, M., 
Canese, S. et al., 2013. Demography of deep-

dwelling red coral populations: Age and 
reproductive structure of a highly valued 

marine species. Estuarine, Coastal and Shelf 

Science, 118, 43-49.  

Ritson-Williams, R., Arnold, S. N., Fogarty, N. D., 

Steneck, R. S., Vermeij, M. J. A. et al., 2009. 
New perspectives on ecological mechanisms 

affecting coral recruitment on reefs. 
Smithsonian Contributions Marine Sciences, 38, 

437-457. 

Ritson-Williams, R., Arnold, S. N., Paul, V. J., 
Steneck, R. S. 2014. Larval settlement 

preferences of Acropora palmata and 
Montastraea faveolata in response to diverse 

red algae. Coral Reefs, 33, 59-66. 

Rossi, S., Tsounis, G., Oreja, C., Padrón, T., Gili, J. M. 
et al., 2008. Survey of deep-dwelling red coral 

(Corallium rubrum) populations at Cap de 
Creus (NW Mediterranean). Marine Biology, 

154, 533-545. 

Rossi, S., Bramanti, L., Gori, A., & Orejas, C. (Eds.), 

2017. Marine animal forests: the ecology of 

benthic biodiversity hotspots. Cham: Springer 
International Publishing. pp. 1-1366. 

Santangelo, G., Carletti, E., Maggi, E., Bramanti, L., 
2003. Reproduction and population sexual 

structure of the overexploited Mediterranean 

red coral Corallium rubrum. Marine Ecology 

Progress Series, 248, 99-108. 

Santangelo, G., Maggi, E., Bramanti, L., Bongiorni, 
L., 2004. Demography of the over-exploited 



203 

 

Mediterranean red coral (Corallium rubrum L. 

1758). Scientia Marina, 68, 199-204. 

Santangelo, G., Bramanti, L., Iannelli, M., 2007. 
Population dynamics and conservation biology 

of the over-exploited Mediterranean red coral. 
Journal of Theoretical Biology, 44, 416-423. 

Santangelo, G., Bramanti, L., 2010. Quantifying the 
decline in Corallium rubrum populations. 
Marine Ecology Progress Series, 418, 295-297. 

Santangelo, G., Bramanti, L., Rossi, S., Tsounis, G., 
Vielmini, I. et al., 2012. Patterns of variation in 
recruitment and post-recruitment processes 
of the Mediterranean precious gorgonian coral 
Corallium rubrum. Journal Experimental Marine 
Biology and Ecology, 411, 7-13. 

Scatizzi, I., 1935. La pesca del corallo. Bollettino 
Pesca Piscicoltura e Idrobiologia, 11, 706–726.  

Targioni-Tozzetti, A., 1880. Rapporto a Sua 
Eccellenza il Ministro di Agricoltura, Industria e 
Commercio sulla Mostra Internazionale di 
Pesca tenuta a Berlino nel 1880. Annali del 
Ministro di Agricoltura, Industria e Commercio, 
38. Roma, pp. 1-165. 

Taviani, M., Freiwald, A., Beuck, L., Angeletti, L., 

Remia, A. et al., 2010. The deepest known 

occurrence of the precious red coral Corallium 

rubrum (L. 1758) in the Mediterranean Sea. In: 

Bussoletti E., Cottingham D., Bruckner A., 
Roberts G., Sandulli R. (Eds). Proceedings of the 

International Workshop on Red Coral Science, 

Management, and Trade: Lessons from the 

Mediterranean. NOAA Technical Memorandum 

CRCP-13, Silver Spring, MD. pp. 87-93. 

Tsounis, G., Rossi, S., Aranguren, M., Gili, J. M., 

Arntz, W., 2006. Effects of spatial variability 
and colony size on the reproductive output 

and gonadal development cycle of the 

Mediterranean red coral (Corallium rubrum 
L.). Marine Biology, 148, 513-527. 

Tsounis, G., Rossi, S., Gili, J. M., Arntz, W. E., 2007. 

Red coral fishery at the Costa Brava (NW 

Mediterranean): case study of an 
overharvested precious coral. Ecosystems, 10, 

975-986. 

Tsounis, G., Rossi, S., Gili, J. M., 2009. Fishery 

management of the Mediterranean Red Coral: 

a call for a paradigm shift. In: International 

Workshop on Corallium Science, Management, 

and Trade, pp. 123. 

Tsounis, G., Rossi, S., Grigg, R., Santangelo, G., 

Bramanti, L. et al., 2010. The exploitation and 
conservation of precious corals. Oceanography 

Marine Biology Annual Review, 48, 161-212. 

Vergnaud-Grazzini, C., Borsetti, A. M., Cati, F., 
Colantoni, P., D'Onofrio, S. et al., 1988. 

Palaeoceanographic record of the last 
deglaciation in the Strait of Sicily. Marine 

Micropaleontology, 13, 1-21.  

Villamor, A., Costantini, F., Abbiati, M., 2014. 
Genetic structuring across marine 

biogeographic boundaries in rocky shore 
invertebrates. PLoS ONE, 9, e101135.  

Zelli, E., Quéré, G., Lago, G., Di Franco, G., 

Costantini, F. et al., 2020. Settlement dynamics 
and recruitment responses of Mediterranean 

gorgonians larvae to different crustose 
coralline algae species. Journal of Experimental 

Marine Biology and Ecology, 530-531, 151527. 

Zibrowius, H., 1980. Les Scleractiniaires de la 

Méditerranée et de l’Atlantique nordoriental. 
Bulletin de l'Institut Océanographique de 

Monaco, 11, 1-284. 

Zibrowius, H., Marques, V., Grasshoff, N., 1984. La 
ripartition du corail rouge dans l’Atlantique. 
Tethys, 11, 163-170. 

 

  



204 

 

THE SUB-FOSSIL RED CORAL OF SCIACCA (SICILY CHANNEL, 

MEDITERRANEAN SEA): COLONY SIZE AND AGE ESTIMATES 

 

 
a DISTAV, Department of Science of Earth, Environment and Life, University of Genoa, Corso Europa 26, 16100, 

Genoa, Italy 
b CEDAD (Centre for Applied Physics, Dating and Diagnostics), Department of Mathematics and Physics “Ennio 

De Giorgi”, University of Salento, Italy 
c CNR IRBIM of Ancona (Istituto per le Risorse Biologiche e le Biotecnologie Marine), Largo Fiera della Pesca 2, 

60125, Ancona, Italy 

 

ABSTRACT 

Mediterranean red coral, Corallium rubrum (L.), has been a valuable economic resource for more than 

two thousand years. The Sicily Channel and surrounding areas are one of the most famous red coral fishing 

grounds of the whole region, hosting the deepest ever found living colonies and large sub-fossil red coral 

deposits; the so-called Sciacca banks are a unique location in the whole Mediterranean Sea. In this paper, 

a morphometric description of this sub-fossil population is presented for the first time from studies of 

colonies in the collection of several coral factories from Torre del Greco (Naples), with radiocarbon age 

estimations and growth rate evaluations. From the results of this study, after several thousand years 

Sciacca red coral colonies maintained the organic matrix structure with evident annual discontinuities, 

allowing estimations of the annual growth rate (about 0.3 mm y-1) and the average population age (about 

33.5 years). These resulting data are similar to the values determined for deep-dwelling living red coral 

populations. The radiocarbon dating evidenced a range of ages, from 8,300 to 40 years before 1950 CE, 

mostly falling between 2,700 and 3,900 YBP, suggesting that colonies accumulated over a wide span of 

time. In view of the tectonically active nature of the area, several catastrophic events affected these 

ancient populations, maintaining them in a persistent state of early-stage, structurally similar to the those 

in current over-exploited areas. 

Keywords: sub-fossil red coral, morphometric analysis, growth rate, radiocarbon aging, Sicily Channel. 
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INTRODUCTION 

The precious red coral (Corallium rubrum L.) is a long-living, slow-growing colonial 

octocoral that represents one of the most significant marine species of the 

Mediterranean Sea, often taking on important anthropological meanings. This 

species produces an easily workable axial skeleton (Vielzeuf et al., 2008), composed 

of high-magnesium-calcite, which has been a valuable economic resource for 

Mediterranean fishermen for more than two thousand years (Tsounis et al,. 2010; 

Cattaneo-Vietti & Bavestrello 2010; Cattaneo-Vietti et al., 2016). Density and colony 

morphology may vary from place to place, according to depth, current exposure and 

human pressures. The coastal coral populations occurring down to 40-50 m depth are 

characterised by high density (up to 1,000 colonies m-2) and small colony size (less 

than 5 cm in height), whereas the deeper ones, extending down to 200 m water 

depth and more, form small aggregates, mainly in high-current areas, with low 

density, high colony size and extensive branching patterns (Rossi et al., 2008; Tsounis 

et al., 2006; Cau et al., 2013, 2016; Mallo et al., 2019). 

Our knowledge about the demographic features of the shallow-water populations, 

in terms of density and colony morphology, has increased considerably in recent 

years, even if it is not always easy to understand whether the actual structures are 

natural or adulterated, as a result of overfishing which these populations have been 

subject to over time (Tsounis et al., 2010; Bramanti et al., 2014). On the contrary, the 

deeper ones (the main target of harvesting today) remain poorly known due to their 

remoteness and constitute an endangered resource (Otero et al., 2016), even though 

fishing pressures have progressively decreased in the last decade (Cattaneo-Vietti et 

al., 2016). 

The Sicily Channel and surrounding areas have been and remain one of the most 

famous red coral fishing grounds in the whole Mediterranean (Cattaneo-Vietti et al., 

2016, 2017), hosting the deepest ever found living colonies, down to depths of 1,016 

m around the Maltese Islands (Costantini et al., 2010; Taviani et al., 2010; Knittweis et 

al., 2016). 
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The Sicily Channel also hosts large sub-fossil red coral deposits discovered between 

1875 and 1880 off Sciacca, a small town along the southern coast of Sicily, at depths 

ranging from 150 m to 200 m (Rajola, 2012). Although red coral fossil colonies, in some 

cases maintaining traces of colour, are known from Miocene to Pleistocene deposits 

in several Italian sites (Neviani, 1935; Vertino et al., 2010), the only extensive sub-fossil 

deposits found in the Mediterranean basin are those of Sciacca, reaching back to 

9,000 YBP (Di Geronimo et al., 1993; Lodolo et al., 2017). The formation of the Sciacca 

red coral banks is an extraordinary event in red coral bio-history that has taken place 

over several millennia at this site (Cattaneo-Vietti & Bavestrello, 2010). Between 1875 

and 1914, 18,000 tons of raw material, scattered across the seafloor, were harvested, 

and the banks entirely depleted (Liverino, 1998; Rajola, 2012; Cattaneo-Vietti et al., 

2016). Not all of the raw material collected in those years has been worked on and 

sold. Still today, several factories from Torre del Greco (Naples) retain various 

untouched quantities. Thanks to the courtesy of three historic red coral factories 

(Ascione, De Simone and Rajola), famous in working and trading red coral jewellery 

all around the world, we have had the opportunity to study several colony fragments, 

collected over a 40-year period between the end of the 19th century and the 

beginning of the 20th century. Thanks to these samples, it was possible to define for 

the first time the colony size, age and growth rate, enabling comparisons with 

modern deep-water populations present in the western Mediterranean Sea and 

Atlantic Ocean. 

 

MATERIAL AND METHODS 

STUDY AREA 

The Sciacca red coral deposits appear to be a unique formation in the whole 

Mediterranean Sea. The first bank, discovered in May 1875, was approximately 16 NM 

off the coast (37°20'3" N; 12°48'7" E) and 2.5 NM long and 2 NM wide (Mazzarelli, 

1915). Two other banks were found in the following years, on August 1878 and 

January 1880, at 37°14'7" N; 12°43'3" E (24 NM off Sciacca) and 37°5' N; 12°36'3" E (33 

NM off Sciacca), respectively (Liverino, 1998; Rajola, 2012) (Fig. 1).  
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Figure 1 Location of the three Sciacca banks in the Sicily Channel with a three-dimensional enlargement, 
showing the so-called “coral valley” at the base of the NW slope of the banks, remaining after the sudden 
disappearance of Ferdinandea Island (1831). 

These deposits were located within a wide submarine valley, called “the coral valley”, 

in an area which hosts, among other submarine rocky edifices, the Graham Bank, a 

broad and relatively shallow relief, which corresponds to the location of the 

ephemeral so-called Ferdinandea Island, which appeared in 1831 as a result of an 

explosive eruption and rapidly disappeared after a few months. The red coral 

colonies, living on the rocky flanks of the valley, when died, rolled down and 

accumulated onto the seafloor, creating the red coral deposits, intermingled with 

volcanic and biogenic debris (Lodolo et al., 2017). 

 

SAMPLE ANALYSIS 

MORPHOMETRIC FEATURES  

Thanks to the kindness of several “corallari” factories of Torre del Greco (Naples), we 

have had the opportunity to study samples coming from the abundant deposits 
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discovered in the late 19th century in the Sicily Channel. No precise information about 

the exact location or year of collection is available. The raw material is mainly 

composed of small fragments, generally less than 5 cm long, with shades of 

red/orange. Only a few almost complete colonies were present in the samples from 

the De Simone collection. 

For the morphometric analysis, only colonies’ bases were selected, recognisable by 

the portion of substrate still attached, for a total of 125 fragments. For all specimens, 

the diameter of each base was measured with a calliper. Thanks to the equations 

proposed by Mallo et al. (2019), which relate the basal diameter to height and weight 

of a red coral colony, the average height and weight of the sub-fossil population were 

tentatively estimated, although the equations were based on data from shallow-

water populations (< 60 m depth). 

 

RADIOMETRIC DATING 

The age of ten specimens was obtained by radiocarbon dating using an Accelerator 

Mass Spectrometry (AMS) at the Center of Dating and Diagnostics (CEDAD) of the 

University of Salento (Calcagnile et al., 2005, 2019). Samples were converted to 

carbon dioxide by acid hydrolysis (H3PO4), and the extracted CO2 was converted to 

graphite after cryogenic purification (D’Elia et al., 2004). Conventional radiocarbon 

ages were then calculated from the 14C/12C isotopic ratios measured with the AMS 

system after correcting for isotopic fractionation, chemical processing and machine 

background. Conventional radiocarbon ages were then calibrated in calendar years, 

expressed as years before 1950 CE, by using the MARINE13 curve (Reimer et al., 2013) 

and a ΔR = 58 ± 15, as the average value for the Mediterranean Sea (Reimer & 

McCormac, 2002). 

 

GROWTH RATE ESTIMATION 

The growth rate of ten colonies was estimated from thin-sections according to the 

organic matrix staining method (Marschal et al., 2004). Two scleraxis sections, 20 μm 

thick, per specimen, were decalcified with 2% acetic acid solution overnight and 

stained with Toluidine blue at 0.05% for 60s. The stained sections were photographed 
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under a stereomicroscope. Each image was calibrated according to the exact 

magnification and processed by the graphic software ImageJ (Rasband, 1997). 

Growth rates were estimated as the average number of growth rings recorded along 

four radial transects, from the centre to the edge, avoiding holes made by boring 

sponges as well as the irregular morphology of some colonies that masked annual 

growth rings (Priori et al., 2013). The age of the colonies was calculated by adding 4 

to the number of average sclerochronological rings counted, according to the 

method proposed by Marschal et al. (2004). The annual growth rate was calculated 

dividing the average basal diameter by the average number of rings. 

 

RESULTS 

The available sub-fossil red coral colonies from the Sciacca banks were broken in such 

a way that, generally, it was not possible to determine the morphology of the whole 

colony (Fig. 2A). 

The broken nature of the branches results in differences in their preservation: in some 

cases, their surfaces are characterised by the typical longitudinal furrows and hollows 

which are generally present in the living coral scleraxis (Fig. 3A-B). In others, the 

surfaces are completely smooth, probably due to abrasion or dissolution (Fig. 3C). 

The colour varies from orange to salmon pink, in some cases with yellow spots which 

grade towards a darker or even black colour, as a result of bacterial oxidation. 

Serpulids, bryozoans and carbonate crusts are commonly present on the fragments 

(Fig. 3D-E). Some bases and branches are bored, likely by polychaetes (Fig. 3F-G) or 

sponges (Fig. 3H). The selected bases maintain their morphology and, in several 

cases, fragments of the original substrate (Fig. 3 I-K). 

The average basal diameter of all the examined specimens is 9.85 ± 0.44 mm. Some 

colonies are almost intact (Fig. 2B-E). The largest one has a basal diameter of 18.9 

mm, a height of 15.8 and a weight of 28.5 g, with 21 apices. The colony shape is 

variable, and numerous anastomoses among secondary branches are present in 

several colony fragments (Fig. 2B). The size-frequency distribution of the basal 

diameters shows a unimodal trend, in the class at 6-8 mm (Fig. 4A). On the basis of 
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the recorded basal diameters and applying the equations proposed by Mallo et al., 

(2019), the estimated average height was of 8 ± 0.39 cm and the weight resulted in 

12.3 ± 0.8 g (Tab. 1). 

 

Figure 1 Coral specimens from the Sciacca banks. Raw materials (A) selected colonies in different 
states of integrity (B-G). Scale bars, 1 cm. 

Table 1 Morphometric data of the Sciacca sub-fossil red corals obtained by the Ascione, De Simone and 
Rajola factories in Torre del Greco (Naples). The data relative to colony heights and weights were 
interpolated using the equations proposed by Mallo et al. (2019) for the Mediterranean red coral 
populations. 

 

 Total Ascione De Simone Rajola 

Measured colonies (N) 125 11 14 100 

Av. basal diameter  SE (mm) 9.85  0.44 9.8  0.65 18.87  1.39 8.74  0.29 

Av. colony height  SE (cm) 8.0  0.39 7.9  0.57 15.8  1.2 5.9  0.26 

Av. colony weight  SE (g) 12.3  0.80 12.1  1.19 28.5  2.52 8.0 0.54 
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Figure 2 Broken branches in different status of preservation. Specimens with the typical longitudinal 
furrows (A) and hollows (B). A completely smooth branch (C). Serpulids (D), bryozoans (E) present on the 
fragments. Some branches bored by polychaetes (F-G) and sponges (H). Colony bases maintaining their 
original shape and part of their rocky substrate (I-K). Scale bars, 0.5 cm. 
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The age determinations of the ten specimens indicated that the studied samples 

covered a large time interval, ranging from about 8,300 to 40 years before 1950 CE 

with two thirds of the specimens falling between 2,700 and 3,900 YBP (Table 2). 

Table 2 Estimation of the 
growth rate by the organic 
matrix staining method 
(Marschal et al., 2004) and 
the radiocarbon age on ten 
selected samples of the 
Sciacca coral. Uncertainties 
correspond to one standard 
deviation confidence level 
(68.2 % probability). 

 

 

 

 

 

 

 

 

 

 

 

(*) YBP= Years before 1950 CE 

The same specimens, with a basal diameter between 7 and 13 mm, were used to test 

for the efficiency of the staining method to determine the presence of the organic 

matrix in the scleraxis of the sub-fossil specimens. In section the coral colonies show 

a very dense organisation of the calcite crystals; the deep orange colour is 

homogeneous but the main annual rings are visible (Fig. 5A). When the sections are 

demineralised and stained all the annual rings are evident and easily distinguishable 

(Fig. 5B-C). By counting these discontinuity markers, the average age of the studied 

Specimens Basal 
diameter 

(mm) 

Rings (N) 

Age (y) 

Annual 
growth rate 

(mm/y) 

Calibrated 
radiocarbon ages 

(YBP)(*) 
1A 12 35 0.34 

41 ± 40 
1B 12.5 37 0.34 

2A 11.5 34 0.34 
8334 ± 44 

2B 11.5 31 0.37 

3A 12.5 43 0.29 
3881 ± 64 

3B 13 39 0.33 

4A 12 38 0.31 
3302 ± 58 

4B 10 36 0.28 

5A 11.5 35 0.33 
50 ± 50 

5B 13 33 0.39 
6A 
6B 

8 
9 

31 
32 

0.26 
0.28 

2852 ± 64 

7A 
7B 

9 
9.5 

32 
33 

0.28 
0.29 

3027 ± 72 

8A 
8B 

8 
8 

31 
30 

0.26 
0.27 

3073 ± 70 

9A 
9B 

9 
9.5 

30 
29 

0.30 
0.33 

2738 ± 38 

10A 
10B 

7 
8 

30 
32 

0.23 
0.25 

3127 ± 68 

Average 10.2±0.4 33.5±0.8 0.3±0.0  
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colonies resulted in 33.5 ± 

0.8 years with a maximum 

of 43 years. Consequently, 

the estimated growth rate 

(average basal 

diameter/colony age) 

was, on average, 0.3 ± 0.01 

mm y-1 (Tab. 1) and this 

appears to have been 

fairly stable throughout 

the considered millennia. 

 

DISCUSSION 

The formation of the Sciacca sub-fossil red coral banks represents a unique and 

perhaps unrepeatable phenomenon, whose origin remains unresolved, although 

likely associated with the volcanic and seismic activities that characterise the Sicily 

Channel (Coltelli et al., 2016; Lodolo et al., 2017; Fedorik et al., 2018). The results of this 

study have provided, for the first time, some morphometric parameters, measured 

(basal diameter) and estimated (colony height and weight) of the sub-fossil coral 

populations that have followed one another over the millennia at this site and have 

been harvested over 40 years between the end of the 19th century and the beginning 

of the 20th century. 

The size and shape of a red coral colony is strongly affected by a complex set of  

environmental and biotic variables, such as current flux, light intensity, sedimentation 

rate and trophic conditions, fecundity, recruitment, spatial competition, presence of 

boring sponges and, finally, fishing pressure (Bramanti et al., 2014; Tsounis et al., 

2006, 2016; Vielmini et al., 2009). Notwithstanding, Mallo et al. (2019) demonstrated 

good correlations among different morphometric characteristics of the living 

shallow-water red coral, proposing some equations to relate them. 

Figure 5 Section of a colony base showing the extremely dense 
arrangement of the calcite crystals (A) and some of the annual growth 
rings (arrows). Section of a decalcified base of a red coral sub-fossil 
colony stained with Toluidine blue (B) and showing the annual 
discontinuity markers counted along a transect from the centre to the 
periphery (C). 
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The main objectives of this study, to obtain size, age and growth rate data of this sub-

fossil coral population, have shown that the Sciacca colonies existed for millennia and 

preserve the structure of the organic matrix, with evidence of annual discontinuities, 

allowing estimation of colony age. From the recorded basal diameters, the 

morphometric parameters of colonies have been estimated according to Mallo et al. 

(2019). 

Considering the 18,000 tons of raw material collected and an estimated average 

weight of about 8 g per colony, it is very likely that about 2.25 billion colonies grew 

over a period of 8,300 years on the Sciacca banks. Over this range of time, the number 

of the red coral generations that followed one another can be estimated as about 

220, presuming an average colony age of 33 years, with an average calci-mass in place 

of 86 tons per generation. At a minimum density of 5 colonies m-2, a value already 

recorded in similar habitats and at similar depths (Table 1), it is speculated that the 

surface of the rocky flanks of the valley over which the red coral populations thrived 

over the millennia, would have been less than 2 km2. This surface, compatible with 

that of the flank of the Graham Bank facing the Sciacca deposits, justifies the 

harvested quantities and depicts a realistic scenario. 

The formation of these large coral deposits still leaves numerous open questions. 

Very likely, they are not related to unusual high productivity in this area, but to an 

interaction of oceanographic processes and geophysical phenomena that have 

affected the Sicily Channel in the last 10,000 years. Previously, Canestrini (1883), 

charged by the Italian Government to conduct the first survey of the Sciacca banks, 

suggested that earthquakes and deposition of volcanic ash linked to the eruption of 

Ferdinandea Island in the 19th century, resulted in the death and subsequent burial 

of these red coral colonies. However, a single volcanic phenomenon, although 

intense, could not explain the accumulation of such a large quantity of coral. 

Mazzarelli (1915), building on Canestrini’s opinion (1883), suggested that periodic 

earthquakes, storms and strong sea currents could have gradually accumulated the 

deposits, an opinion later supported by Di Geronimo et al. (1993). The occurrence of 

numerous intact bases, commonly preserving parts of the original substrate, strongly 

support this hypothesis. Conversely, catastrophic tsunamis like the one that hit the 
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eastern Mediterranean coast in the early Holocene (Pareschi et al., 2006), although 

proposed by Rajola (2012), has been excluded as a possible explanation, since it 

would likely have only impacted shallow-water environments. 

The presence in the analysed samples (Table 2) of a large number of colonies dated 

between 2,700 and 3,900 YBP, could suggest that these populations were affected 

by the enormous explosive eruption of Thera that occurred in the late Holocene 

(about 3,600 YBP) (Manning et al., 2014). The effects of this event could have reached 

the Sicily Channel through the Levantine Intermediate Water (LIW) (Font, 1987), 

transporting an extraordinarily high amount of fine sediments. The information gap 

between 8,300 and 3,900 YPB and 2,700 and 50 YPB remains hard to explain and 

could reflect the low number of analysed samples. 

Through the Holocene to the present-day, recurrent submarine eruptions, like that of 

Ferdinandea Island, associated with small earthquakes, may have triggered periodic 

collapse of the friable pyroclastic steep flanks of the volcanoes on which the red coral 

lived (Lodolo et al., 2017; Fedorik et al., 2018). Furthermore, the burial conditions 

(Capaccioni et al., 2011) that followed these phenomena prevented the dissolution of 

the carbonate skeletons due to the activity of boring organisms. This is demonstrated 

by the scarcity of erosion marks on the examined fragments. 

The morphometric analysis of the Sciacca specimens suggests populations composed 

of colonies with a basal diameter comparable with those present today at a similar 

depth (Table 3; Fig. 4). 

Also, the annual growth rate (about 0.3 mm y-1) and the estimated population age 

(about 33.5 years) are in line with those found for deep-dwelling living red coral 

populations (Table 1), suggesting that the structure and dynamics of red coral 

colonies have not changed in 8,000 years. 
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Table 3 Morphometric parameters of deep red coral population in the Western Mediterranean and 
Atlantic Ocean. 1, Follesa et al. (2013); 2, Cau et al. (2015); 3, Priori et al. (2013); 4, Garcia-Rodriguez & Massò 
(1986); 5, Rossi et al. (2008); 6, Boavida et al. (2016). 

 

 Sardinia 
(NW) 

Sardinia 
(SW) 

Sardinia 
(SE) 

Tuscany 
Archipelago 

Costa 
Brava 

Costa 
Brava 

Portuguese 
Coast 

References 1 2 2 3 4 5 6 
Depth 

(m) 
80-130 80-85 88-115 50-130 70-90 60-250 80-100 

Density 
(n m-2) 

5.3±3 12.8±16.1 54.1±32.3 1-100 --- 
42 ±41 
45 ± 65 

 
--- 

Av. age 
(yrs) 

⁓30 25.4 19.8 27.8 --- --- 6.7 -140.5 

Av. basal 
diameter 

(mm) 
10.7 7.9±4.9 6.8 6.65 13.7 

8.3 ± 3.6 
6.4 ± 3.7 
5.5 ± 2.0 

10.6 ± 5.18 

Av, growth 
rate (mm/y) 

0.35 0.32 0.35 0.26 --- --- 0.23 

Av. colony 
height (cm) 

16.62 6.9±4.05 6 
8.92 

 
118.6 

5.3 ± 2.5 
5.5 ± 2.7 
4.8 ± 1.5 

--- 

Av. colony 
weight 

(g) 
46.44 --- --- --- 49.3 --- --- 

 

This conclusion is somewhat surprising, 

considering that the populations of the 

Sciacca bank have not been subjected to 

any fishing impact, one of the principal 

stressors driving the current demographic 

structures of the western Mediterranean 

populations (Tsounis et al., 2010; 

Bavestrello et al., 2014; Cattaneo-Vietti et 

al., 2016). Thus, the sub-fossil Sciacca 

populations can be considered pristine but 

with the characteristics of the actual 

disturbed deep-dwelling red coral 

populations (Table 1). This surprising 

similarity between ancient and recent 

populations can be explained by the fact 

that the first were fatally subjected to 

recurrent catastrophic phenomena, limiting 

Figure 3 Size-frequency distribution of the basal 
diameter in the Sciacca population (A) in 
comparison (B) to deep ones from other 
Mediterranean sectors: NW Sardinia (red solid 
line), SW Sardinia (red dotted line), SE Sardinia 
(red stacked line), Tuscany Archipelago (blue 
line), Catalan (green line) and Portuguese coast 
(grey line). For the references, see Table 1. 
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their growth, and maintaining them in a persistent state of early-stage recovery 

(grass-like), structurally similar to the current over-exploited ones (Tsounis et al., 

2006, 2010). These events may periodically zero entire populations, preventing them 

from reaching larger sizes (forest-like), as typical of colonies growing under stable 

conditions (Bavestrello et al., 2015). 

Obviously, it is necessary to take also into consideration the idea that our data could 

be biased by the selection operated by the coral factories on the large colonies that 

were already being used in manufacture of jewelry. Nevertheless, numerous 

interviews with the owners did not corroborate this hypothesis. The explanation of 

the Sciacca banks formation is still speculative: the causes could be very different, but 

the consequences were similar. 
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ABSTRACT  

The subfossil red coral deposits of Sciacca (Sicily Channel) have attracted the scientific attention for nearly 

150 years. Their origin and formation has been long questioned and investigated, given the fact that they 

represent one of the most intriguing geobiological events ever to occur in the Mediterranean basin. Less 

attention was given to the paleo-community associated to the subfossil coral. Radiocarbon age 

determinations, in particular, were provided only for red coral avoiding the possibility to understand 

which species were simultaneously present in the coralline paleo-community and which was their role in 

the community. The taxonomic study of micritic coral conglomerates revealed that while Corallium 

rubrum was contemporary to most of the secondary epibionts for over two millennia, it co-existed with 

Madrepora oculata only for about 600 YBP, suggesting the existence of a co-dominated facies (red coral-

white coral) in the nearby living assemblages, which is nowadays considered rare. The lack of Fe-Mg 

deposits on the conglomerates coupled to the low bioerosion rate of the red coral skeletons by the 

demosponge Aka coralliirubri (assessed through the analysis of the erosive paleo-scars) suggest that the 

deposits were subjected to a rapid sediment cover-up. 

Keywords: Corallium rubrum, Sicily Channel, fossil, radiocarbon dating, associated fauna 
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INTRODUCTION 

In the Mediterranean Sea, the Sicily Channel has long been one of the most famous 

precious coral (Corallium rubrum (Linnaeus, 1758)) fishing grounds (Cattaneo-Vietti et 

al., 2016, 2017). This site hosts the largest sub-fossil red coral deposits ever found in 

the basin (Lodolo et al., 2017; Bavestrello et al., 2021). These accumulations were 

discovered in the late 19th century, between 1875 and 1878, at depths ranging from 

150 m to 200 m off Sciacca, a small town in the South of Sicily (Mazzarelli, 1915a, b). 

The deposits were located within a wide submarine “coral valley”, in an area hosting, 

among other submarine edifices, the Graham Bank, a broad and relatively shallow 

relief, which corresponds to the ephemeral Ferdinandea Island, appeared in 1831 by 

an explosive eruption and suddenly disappeared few months later (Caparezza, 1979). 

Few years after their discovery, scientific studies and oceanographic campaigns were 

conducted to unveil the mystery behinds the origin and formation of the deposits. 

Canestrini & Canestrini (1883) suggested that the Sciacca coral deposits could have 

been formed in 1831, during the eruption generating the Ferdinandea Island (Coltelli 

et al., 2016). Mazzarelli (1915a, b), building on this hypothesis, suggested that periodic 

earthquakes, underwater storms, and strong sea currents could have gradually 

accumulated the deposits. Di Geronimo et al. (1993) proposed that rich living coral 

populations, developing on nearby particularly friable tufaceous rocks, could have 

been broken off and accumulated at the base of the volcanic edifices over the course 

of periodic earthquakes. The same opinion was more recently shared by Lodolo et al. 

(2017). More recently, Bavestrello et al. (2020) supplied a morphometric description 

of the red coral sub‐fossil population, studying colonies and fragments to extrapolate 

the annual growth rate (about 0.3 mm/year) and the average population age (about 

33.5 years). Ultimately, the radiocarbon age estimation of the red coral branches 

suggested that the deposits were not the result of a single event, but they 

accumulated for a long span of time ranging from about 9000 YBP to recent (Lodolo 

et al., 2017; Bavestrello et al., 2020). 

Despite numerous studies focused on the geological history of the subfossil red coral 

deposits, very few data were provided regarding the associated paleo‐community. 

On material dredged in the putative location of the deposits, Di Geronimo et al. (1993) 
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provided a list of species belonging to two separate paleo‐communities: one, more 

ancient, typical of a deep circalittoral hard bottom and a second, characterizing a 

bathyal soft bottom. The first included red coral together with different species of 

scleractinians, particularly Dendrophyllia cornigera (Lamarck, 1816) and Lophelia 

pertusa (=Desmophyllum pertusum) (Linnaeus, 1758) and, rarer, Caryophyllia 

(Caryophyllia) smithii Stokes & Broderip, 1828 and Madrepora oculata Linnaeus, 1758. 

According to the study, the first community was settled on the flanks of submerged 

volcanic edifices, while the bathyal community laid down on the soft sediment at 

their base.  

Although this accurate description, radiocarbon age determinations were provided 

only for red coral avoiding the possibility to understand which species were 

simultaneously present in the coralline paleo‐community and which was their role in 

the community. 

Here we present data obtained by the taxonomic study of micritic conglomerates of 

calcareous organisms intermixed with red coral branches coming from Sciacca Banks 

accompanied by a radiocarbon age determination of their main elements. A specific 

focus was made on the boring sponges excavating the branches of the subfossil red 

coral studying the shape and ornamentation of the erosion scars present on the wall 

of the boring chambers. 

 

MATERIALS AND METHODS 

MORPHOMETRIC AND TAXONOMIC ANALYSES 

The examined material included photographs taken to some conglomerates, 

courtesy of the coral farms of the Consorzio Corallo Sciacca (Agrigento, Sicily) (Fig. 

1A-C) and two conglomerates present in the authors’ collection (Fig. 1D-E). All the 

specimens came from the Sciacca deposits, depth and date of collection are 

unknown. The studied conglomerates were mainly structured by several branches of 

red coral intermixed with fragments and corallites of branched or solitary 

scleractinias, bivalve and brachiopod shells, and serpulid tubes consolidated by 

lithified micrite. 
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The diameter (in mm) of 100 coral branches present in the samples were measured 

using a caliper, to provide a size-frequency distribution of the coral species. 

Observations and measures were made using a laboratory stereomicroscope. 

For the morphological study of the sponge erosions, portions of the etched coral 

branches were cleaned from organic tissue by boiling in hydrogen peroxide (120 vol) 

and then mounted on stubs and coated with gold for Scanning Electron Microscope 

(SEM) analysis (Vega 3_TESCAN microscope type LMU, Microscopy Laboratory, 

University of Genoa). Pit dimensions were obtained with the ImageJ software. The 

axes of 50 pits per species were measured. Non-perpendicular and irregular surfaces 

were avoided when taking SEM pictures. 

 

RADIOCARBON DATING 

The age of 18 specimens of red coral, branched and solitary scleractinians, bivalves 

and brachiopods (Tab. 1) was obtained by radiocarbon dating using an Accelerator 

Mass Spectrometry (AMS) at the Center of Dating and Diagnostic (CEDAD) of the 

University of Salento (Calcagnile et al., 2005, 2019). Samples were converted to 

carbon dioxide by acid hydrolysis (H3PO4), and the extracted CO2 was converted to 

graphite after cryogenic purification (D’Elia et al., 2004). Conventional radiocarbon 

ages were then calculated from the 14C/12C isotopic ratios measured with the AMS 

system after correcting for isotopic fractionation and chemical processing and 

machine background. 

Conventional radiocarbon ages were then calibrated in calendar years, expressed as 

years before 1950 CE (YBP), by using the MARINE13 curve (Reimer et al., 2013) and a 

ΔR = 58±15, as the average value for the Mediterranean Sea (Reimer and McCormac, 

2002). 
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RESULTS 

In the area of the Sciacca deposits, red coral was collected as fragments free in the 

sediments or as conglomerates of different size, these latter being the target of this 

study (Fig. 1). Based on interviews with the coral farmers, conglomerates were 

collected, while, in this study, samples were, on average, 15 cm in maximum size. 

Figure 1 A-E Micritic coral conglomerates from Sciacca analyzed in this study. Scale bar: 1 cm. 

 

A 

C 
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Table 1 Radiocarbon age of the main component of the conglomerates. Data calibrated by using the 
MARINE20 curve and a ΔR=-88±50 as measured for Sicily. 

Sample 
Calibrated Age (years BP=before 1950 AD) 

(Probability 68.2 %) 
Corallium rubrum  

C1 274±124 
C2 3304 ± 85 
C3 3564 ± 89 
C4 1852±86 
C5 2581±101 

Madrepora oculata  
M1 2630±94 
M2 2778±64 
M3 2467±108 
M4 2400±96 
M5 3004±99 

Caryophyllia schmiti  
CS1 1281±66 
CS2 2228±81 
CS3 1793±83 
CS4 3090±100 
CS5 2556±109 

Spondylus gussoni  
S1 3728±91 

Megerlia truncata  
M1 3939±98 
M2 2150±100 

 

The study of these conglomerates indicated that they were mainly composed by 

broken branches of C. rubrum (Fig. 2A-C) and fragments of the colonial cold-water 

scleractianin M. oculata (Fig. 2D), cemented together by a calcitic matrix (Fig. 1). On 

this scaffold were settled corallites of the solitary scleractinian C. smithii (Fig. 2B-C), 

shells of the bivalve Spondylus gussonii (Fig. 2E), brachiopods Megerlia truncata 

(Linnaeus, 1767), Terebratulina retusa (Linnaeus, 1758) and Novocrania sp. (Fig. 2F-G), 

and serpulids tubes (Serpula sp.) (Fig. 2H). In some cases, colonies of red coral were 

recorded settled on branches of M. oculata (Fig. 2A), indicating that the final scaffold 

was the result of multiple settling events on the dead framework. 
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Figure 2 Close-up pictures of the main components of the studied conglomerates. A-C) Red coral branches 
showing typical longitudinal stripes. One specimen was observed overgrowing a dead fragment of 
Madrepora oculata (A), while in other cases (B-C) corallites of solitary scleractinians (Caryophyllia 
(Caryophyllia) smithii) were observed setteled on the red coral branches. D) Fragment of Madrepora 
oculata encrusted with lithified micrite. E) The bivalve Spondylus gussonii settled on a red coral branch. 
F-G) Brachiopods within the lithified conglomerate and H) serpulid on a red coral branch. Scale bar: 5 mm. 
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The diameter of the red coral fragments was 

very variable: the maximal recorded value was 

9 mm but numerous remarkably thin branches 

(< 1 mm) were present. On average, the 

diameter was 2.9 ± 0.21 mm. The size-

frequency distribution showed the mode in 

the class 0-2 mm (Fig. 3). 

Figure 3 Percentage size-frequency distribution of the 
diameter (in mm) of the analyzed red coral fragments. 

 

The carbon age of the main components was estimated. Red coral showed the wider 

age range from 3564 to 274 YBP (Fig. 4). The age range of M. oculata was more 

limited, from 3000 to 2400 YBP, while those of the secondary species ranged from 

3900 to 1280 YBP (Fig. 4). 

Traces of sponge erosion were rare and mainly recorded in the red coral branches. 

Boring chambers were subsphaerical or elongate, 1-3 mm in their maximal diameter, 

interconnected by channels 0.5-1 mm in diameter (Fig. 5A-D). In some cases, the 

boring chambers completely invaded the coral scleraxis leaving entire only a thin 

external layer (Fig. 5E). The walls of the boring chambers (Fig. 5F) were covered by 

subcircular erosion scars, 20-40 µm in diameter, characterized by deep grooves 

extending to the pit center (Fig. 5E-F). 
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Figure 4 Radiocarbon age estimation (expressed as YBP) of the analyzed specimens corresponding to 
dominant species forming the subfossil conglomerates. 
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Figure 5 Microscopic analyses of the sponge erosion.  A-D) View of the boring channels as seen from 
the stereomicroscope. E-H) SEM pictures of the boring chambers in longitudinal view with pit scars in 
evidence. A, C, D = 5 mm; C, E = 2 mm; F = 0.5 mm; G = 50 µm; H = 10 µm. 
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DISCUSSION 

Thanatocoenoses are formed by exposed fossil or sub-fossil remains of habitat-

forming organisms and may form, especially when consolidated, conspicuous 

secondary hardgrounds in the deep Mediterranean Sea from the shelf edge to the 

lower bathyal, also in offshore locations (Di Geronimo et al., 2001; Remia & Taviani, 

2005; Rosso et al., 2010; Taviani et al., 2011; Bo et al., 2021). The most reknown 

thanatocoenoses in the basin are those constituted by cold-water corals in the form 

of reef-like bioherms or unconsolidated rubble (Taviani et al., 2011), although others 

have been studied, dominated by remains of bivalves, polychaetes, and sponges 

(Rosso et al., 2010; Maldonado et al., 2015; Taviani et al., 2019), some of which 

associated to a living counterpart. Various studies also targeted the taxonomic 

identification of the fauna, both living and dead, associated to these frameworks in 

order to give a better overview of the paleo-communities (Taviani & Colantoni, 1984; 

Zibrowius & Taviani, 2005; Rosso et al., 2010; Nasto et al., 2018; Taviani et al., 2011). 

The Sciacca coral represents a unique case of Mediterranean thanatocoenosis for 

many reasons: i) its origin (not related to the end of the Plio-Pleistocene glacial 

episodes), ii) its formation (the current position of the deposits is different from the 

area in which the living colonies lived), iii) its localization (limited to a distinct area of 

the Sicily Channel), iv) its composition (the only two other known octocoral-

dominated thanatofacies are those of Isidella elongata and Keratoisis sp.) (Zibrowius, 

1989; Rosso et al., 2010), v) its vertical extension (a deep, partially consolidated, 

accumulation in the sediments as a result of multiple formation events), and vi) the 

fact that, unlikely any other known thanathofacies, it has been widely exploited, and 

probably completely removed, for economic purposes. In this latter regard, it has 

been calculated that in 34 years of exploitation (1875-1888 and 1893-1914), 18000 tons 

of raw material were collected in the so-called “Coral Valley” (Cattaneo et al., 2016). 

The deep turbation of the thanatocoenosis, due to the anthropogenic impact of the 

trawlers, resulted in an extreme difficulty in the reconstruction of the paleo-

community (Di Geronimo et al., 1993; Lodolo et al., 2017).  
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This study provides, for the first time, the radiocarbon age determination of the 

dominant and accompanying species of the Sciacca thanatocoenosis allowing for the 

description of the paleo-community occurring in the area. 

The study of the red coral conglomerates from Sciacca indicates that the frameworks 

are the result of the settling of different biological components over a long span of 

time, specifically millennia. The red coral branches, the corallites of the solitary C. 

smithii, and presumably the other major secondary epibionts, like S. gussoni and 

brachiopods, gathered in the conglomerates across a period ranging from 3500 to 

1200 YBP or less. On the contrary, M. oculata became part of the conglomerates in a 

more restricted range, from 3000 to 2400 YBP. Given the co-occurrence of the two 

dominant species in the same framework, with also few cases of overgrowth of red 

coral on the white coral, it is plausible that, at that time, the nearby hardgrounds 

hosted a peculiar biocoenosis, co-dominated by C. rubrum and M. oculata. Today, 

similar living associations, including also arborescent habitat-forming species, are 

extremely rare and recorded only in the Cassidaigne Canyon along the French 

Mediterranean coast, at about 180-200 m depth (Fabri et al., 2017), which could have 

been also the approximate bathymetric range of the source populations of the 

Sciacca deposits in the Sicily Channel. Bathyal biocoenoses dominated by white corals 

are currently known in the Sicilian region (Chimienti et al., 2019), but none reports the 

co-occurrence of C. rubrum, suggesting that this combined facies is rare and limited 

to those areas in which M. oculata reaches its shallowest bathymetric range. 

The general absence of Fe-Mg deposits on the remains suggests that the branches 

have been covered by mud preventing the formation of the encrustations, which 

however would have made them dark grey due to prolonged exposition to anoxic 

conditions, which they are not. It is plausible to imagine a certain degree of sediment 

covering, favouring the micritisation process and the formation of the 

conglomerates, coupled to the exposure to hydrothermal emissions, which have 

been identified as responsible for the chemical processes turning red coral branches 

from this area in their typical light orange coloration (Rajola, 2012; Lodolo et al., 2017). 

The ecological succession of the species overgrowing others therefore could be 
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identified either in the pristine community or shortly after its accumulation on the 

seafloor or following a mixing event which exposed part of the deposit. 

Precious red coral colonies are characterized by a scleraxis composed of Mg-calcite 

organized in an extremely compact structure of acicular to lamellar calcite crystals 

that grow centripetally, forming fan-like structures (Cortesogno et al., 1999; Vielzeuf 

et al., 2008). This carbonatic matrix is frequently bored by sponges that expand their 

choanosomal tissue in chambers of different shape, interconnected by tunnels. 

Boring sponges have developed a unique cellular means to penetrate the substrate 

(see Bergquist, 1978; Pomponi, 1980). The sponges bore using etching cells that 

separate chips from the substrate (Rützler & Rieger, 1973; Zundelevich et al., 2007). 

The study of the ultrastructure of the wall of the perforation chambers has put in 

evidence that, the erosion scar resulting from the etching process has morphological 

features that are genus-specific (Vacelet, 1999; Calcinai et al., 2003; 2004). 

Although the different micro-etching characteristics are particularly useful for 

distinguishing the generic identity of ichnotaxa in the paleontological study of macro-

boring communities (Budd and Perkins, 1980), until now no attempt was conducted 

in this direction for the Sciacca red coral. According to the findings of Calcinai et al. 

(2003, 2004), it is possible to attribute the boring agent of the Sciacca red coral to a 

species of the genus Aka on the basis of the micro-layered concentric pattern 

reaching the center of the pits. In the Mediterranean Sea, two species of Aka, Aka 

insidiosa (Johnson, 1899) and Aka coralliirubri Calcinai, Cerrano & Bavestrello, 2007 

are recognized (Calcinai et al., 2007). The average size of the pits suggests that, very 

likely, A. coralliirubri is responsible of the bioerosion recorded in the Sciacca red coral. 

It is important to underline that sponge erosion is a rare event in the studied material 

as already recorded by Bavestrello et al. (2020). This situation seems unusual: in fact, 

in other places, dead red coral colonies were recorded deeply etched by sponge 

borers (Bavestrello et al., 1996). This observation would be in accordance with a 

catastrophic mass mortality event followed by a rapid sediment cover-up of the 

deposits coupled to additional chemical processes preventing the boring activity of 

sponges. 
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