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Abstract 

In the Mediterranean Sea, one of the most important habitats, alongside dense seagrass 

meadows found on sedimentary bottoms, is formed by canopy-forming brown algae of the 

genus Cystoseira sensu lato on rocky shores. These long-living, slow-growing macroalgae 

possess a complex, tree-like morphology and form dense, structurally intricate habitats, so 

called marine forests. Cystoseira s.l. forests are known as biodiversity hotspots and areas 

supporting high primary productivity, enhancing ecosystem complexity, and providing 

essential habitats and food for numerous marine organisms. They also contribute 

significantly to nutrient cycling, shoreline protection, and carbon sequestration. However, 

due to a wide range of direct and indirect anthropogenic pressures, Cystoseira s.l. forests 

are in decline across the Mediterranean. This dissertation focuses on Gongolaria barbata, 

the most common Cystoseira s.l. species in the northern Adriatic Sea, where its forests 

have undergone severe degradation.  

The overarching aim was to advance knowledge of the species, refine cultivation 

protocols, and explore restoration potential by identifying key ecological and 

methodological limitations and testing potential solutions. Five interconnected studies 

addressed key aspects of G. barbata ecology and restoration. The first study showed that 

ex situ cultivation can be streamlined through UVC sterilization and shortened laboratory 

phases, with early transfer to floating lantern net baskets, reducing costs while maintaining 

seedling survival. The second study demonstrated that seedlings are highly temperature-

sensitive, with optimal growth at 15 °C and sharp declines above 20 °C, highlighting risks 

from warming seas and thermal anomalies. The third study investigated algal extracts, 

showing that certain formulations—such as those from the green microalga Desmodesmus 

sp.—can enhance seedling growth and resilience when applied at appropriate 

concentrations. The fourth study revealed that distinct G. barbata morphotypes represent 

phenotypic plasticity rather than genetic divergence. Finally, the fifth study characterized 

the G. barbata microbiome, uncovering body-part specificity and site-level variation, and 

suggesting that microbiome-aware practices can improve restoration outcomes. 

Together, these findings provide a comprehensive understanding of G. barbata ecology 

and physiology, while offering practical guidance for restoration. They establish a scientific 

and methodological foundation for the recovery of Cystoseira s.l. forests and contribute to 

the development of an integrated, scalable, and climate-resilient framework for marine 

habitat restoration in the Mediterranean Sea. 
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Povzetek 

Poleg morskih travnikov na sedimentnem dnu spadajo sestoji rjavih alg iz rodu Cystoseira 

sensu lato (v nadaljevanju cistozire) na kamnitih podlagah med najpomembnejše morske 

habitate v Sredozemskem morju Te počasi rastoče in dolgožive makroalge s kompleksno, 

drevesasto obliko steljke tvorijo goste, strukturno bogate habitate, tako imenovane 

podvodne gozdiče. Gozdiči cistozir veljajo za vroče točke biotske raznovrstnosti in območja 

visoke primarne produkcije ter povečujejo ekosistemsko kompleksnost in zagotavljajo 

ključen življenjski prostor ter vir hrane za številne morske organizme. Pomembno 

prispevajo h kroženju hranil, varovanju obale pred preperevanjem in spravilu ogljika. 

Zaradi različnih antropogenih pritiskov se gozdiči cistozir po celotnem Sredozemlju soočajo 

z izrazitim upadom. 

Ta doktorska disertacija obravnava vrsto Gongolaria barbata, najpogostejšo 

predstavnico iz skupine Cystoseira s.l. v severnem Jadranu. Opazovanja v zadnjih 

desetletjih kažejo na izrazit upad in slabšanje stanja njenih populacij na tem območju. 

Glavni cilj tega dela je zato poglobiti poznavanje vrste, izpopolniti protokole njenega 

gojenja ter raziskati možnosti obnove habitata z identifikacijo glavnih omejitev in 

preizkušanjem možnih rešitev. 

Doktorsko disertacijo sestavlja pet medsebojno povezanih študij, ki obravnavajo 

ključne vidike ekologije in obnove gozdičev G. barbata. V prvi študiji smo pokazali, da je 

mogoče ex situ gojenje poenostaviti z uporabo UVC-sterilizacije in skrajšanjem 

laboratorijske faze, kateri sledi zgodnji prenos v plavajoče mrežaste košare v morju. S 

tem zmanjšamo količino dela in stroške gojenja, hkrati pa izboljšamo preživetje mladih 

osebkov. V drugi študiji smo ugotovili, da so zgodnje razvojne faze G. barbata izrazito 

občutljive na temperaturo. Najboljšo rast in preživetje dosegajo pri 15 °C, medtem ko 

temperature nad 20 °C nanje delujejo negativno, kar kaže na tveganja, povezana s 

segrevanjem morja in pojavom temperaturnih anomalij. V tretji raziskavi  podajamo 

spoznanja, da lahko nekateri algalni izvlečki, kot je izvleček zelene mikroalge 

Desmodesmus sp., ob ustreznih odmerkih spodbudijo rast in preživetje mladih osebkov 

G. barbata ter povečajo njihovo odpornost na stres. V četrti študiji z genetsko analizo 

smo pokazali, da različni morfotipi vrste G. barbata ne pomenijo nujno genetskih razlik, 

temveč odražajo visoko fenotipsko plastičnost v različnih okoljskih razmerah. V peti 

študiji opredeljujemo mikrobiom vrste G. barbata in ugotavljamo, da velik del bakterijske 

združbe odraža bakterijsko združbo okolja, vendar se mikrobiom alge nekoliko razlikuje v 

različnih delih steljke in med lokacijami.  

Ta spoznanja ponujajo celovito razumevanje ekologije in fiziologije vrste Gongolaria 

barbata ter hkrati nudijo praktične smernice za obnovo njenih gozdičkov. Utemeljujejo 

znanstvene in metodološke osnove za obnovo gozdičkov vrst Cystoseira s.l. ter prispevajo 

k razvoju integriranega in na podnebne spremembe odpornega okvira za obnovo morskih 

habitatov v Sredozemskem morju. 
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Chapter 1 

Introduction 

In the coastal waters of the Mediterranean, forests not of trees but of seaweeds thrive —

their golden-brown swaying canopies that move with the waves, offer beauty to the eye and 

provide shelter and nourishment to countless marine creatures. 

This chapter provides an overview of the key topics relevant to this dissertation. It 

introduces the current knowledge on brown macroalgae from genus Cystoseira sensu lato, 

highlighting their ecological importance and the threats that endanger these underwater 

forests. It explains the historical distribution of macroalgae in the Adriatic Sea and reviews 

the approaches developed for their restoration. The study area is presented, followed by a 

detailed description of the biology of the study species Gongolaria barbata (Stackhouse) 

Kuntze and the reproduction of Cystoseira s.l. species.  

1.1 Overview 

In Mediterranean coastal environments, macroalgae play a foundational ecological role, 

representing the dominant autotrophic biomass and contributing significantly to habitat 

complexity, primary productivity and biodiversity (Mineur et al. 2015). Alongside 

seagrasses on sedimentary bottoms, the most important habitat-building species in the 

Mediterranean Sea are brown algae from the family Sargassaceae (Fucales, Phaeophyta) 

(Airoldi et al. 2014). Species from genus Cystoseira sensu lato C. Agardh are particularly 

important in the region, forming dense macroalgal forests and shaping benthic communities 

from the upper mediolittoral fringe to the deeper sublittoral zone (Ballesteros 2002; 

Ballesteros et al. 2009; Mangialajo et al. 2012; Piazzi et al. 2018). 

The presence and health of the species from genus Cystoseira sensu lato are used as 

valuable bioindicators of ecosystem and water quality in the Mediterranean Sea. In 

European marine waters, these species are used in the assessment of the ecological status 

under the Water Framework Directive (2000/60/EC) and of the environmental status 

according to the Marine Strategy Framework Directive (2008/56/EC). Given their long 

lifespan and strong association with long-term ecological periodicity, the disappearance of 

Cystoseira s.l. from rocky substrata constitutes a clear and robust signal of environmental 

degradation and habitat loss. 

Taxonomically, Cystoseira s.l. has undergone recent revision, resulting in its division 

into three genera: Ericaria Stackhouse, Cystoseira C.Agardh, nom. cons. and Gongolaria 

Boehmer (Molinari-Novoa & Guiry 2020). Despite this reclassification, these taxa share 

comparable ecological roles, life-history strategies, and morphological characteristics, and 

are therefore often considered collectively under Cystoseira s.l. The group currently 
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includes 49 species, with 14 species in the genus Ericaria, 15 in genus Gongolaria, and 20 

species that remain assigned to the genus Cystoseira (Guiry 2024).  

The most common species in Slovenian coastal waters are Gongolaria barbata and 

Cystoseira compressa (Esper) Gerloff & Nizamuddin. Other species, such as Cystoseira 

foeniculacea (Linnaeus) Greville and Ericaria crinita (Duby) Molinari & Guiry, are also 

present but do not form forests in this area (Orlando-Bonaca & Rotter 2018; Orlando-

Bonaca et al. 2021b).  

Gongolaria barbata, a study species and focus of this work, is widely distributed across 

the Mediterranean Sea (Báez et al. 2005; Boudouresque et al. 2022; Einav 2023; Falace & 

Bressan 2003; Iveša & Devescovi 2014; Orlando-Bonaca et al. 2021a; Ribera et al. 1992; 

Trikka et al. 2021) and also occurs in the Atlantic Ocean, in the Canary and Savage Islands 

(Blanfuné et al. 2022). 

Historically, G. barbata was abundant in the northern Adriatic, forming extensive, 

dense underwater forests (Iveša & Devescovi 2014; Iveša et al. 2016; Munda 1979; Pignatti 

1962; Sfriso 1987; Špan 1969). However, its populations, like those of other Cystoseira s.l. 

species, are now in sharp decline, driven by multiple pressures including overgrazing by 

herbivorous fish, increased sedimentation, and abnormal sea warming patterns (Airoldi & 

Cinelli 1997; Airoldi 2003; Blanfuné et al. 2025; Cáliz et al. 2019; Capdevila et al. 2019; 

Catra et al. 2019; Cimini et al. 2024; Dublin et al. 1990; Falace et al. 2021; Korpinen et al. 

2007; Marletta et al. 2021; Monserrat et al. 2022; Monserrat et al. 2023; Orfanidis et al. 

2021; Thibaut et al. 2005; Vergés et al. 2009; Verdura et al. 2021; Worm & Lotze 2006). 

Such brown algal forest regression is not limited to the northern Adriatic but is documented 

across the Mediterranean and is expected to intensify under ongoing climate change (Manca 

et al. 2024). The cumulative effects of direct and indirect anthropogenic stressors—habitat 

damage and loss, pollution, overfishing, climate change and extreme events, spreading of 

invasive species, and trophic-network alterations—often act additively or synergistically 

over short and long timescales, eroding the capacity of these ecosystems to provide essential 

goods and services (Airoldi 2003; Bianchelli et al. 2016; Claudet & Fraschetti 2010; Duggins 

et al. 1990; Monserrat et al. 2022; Piazzi et al. 2016; Scheffer et al. 2001; Worm & Lotze 

2006). The loss of macroalgal biomass affects not only the algae themselves but also the 

ecosystems they structure and the ecosystem services they support (Eger et al. 2024). 

Natural recovery after disturbance is typically slow and often unsuccessful, hindered 

by fragmented populations and limited dispersal (Airoldi et al. 2014; Buonomo et al. 2018; 

Cebrian et al. 2021; Clayton 1990; Gran et al. 2022; Iveša et al. 2016; Perkol-Finkel & 

Airoldi 2010; Scheffer et al. 2001; Smith et al. 2023a; Thrush et al. 2008). The emergence 

of alternative stable states (e.g., turf or barren grounds) can further impede recovery by 

locking degraded ecosystems into alternative, less desirable configurations that prevent the 

re-establishment of canopy-forming species (Airoldi et al. 1995; Airoldi & Virgilio 1998; 

Alestra et al. 2014; Gorgula & Connell 2004; Orlando-Bonaca et al. 2021a; Perkol-Finkel 

& Airoldi 2010).  

Stressor mitigation and active restoration are therefore often needed in order to help 

preserve Cystoseira s.l. forests. Numerous conservation and restoration initiatives have 

been launched across the Mediterranean, alongside studies to better understand their 

biology and ecology. In recent years, ex situ and in situ cultivation and transplantation 
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have emerged as promising tools to support reforestation of these vulnerable habitats (De 

La Fuente et al. 2019b; Falace et al. 2006; Falace et al. 2018; Kaleb et al. 2023; Lardi et 

al. 2022; Lokovšek et al. 2023; Lokovšek et al. 2025; Orlando-Bonaca et al. 2021b; Orlando-

Bonaca et al. 2022a). 

Figure 1: Cystoseira s.l forest near Izola, in Slovenian coastal waters - Gongolaria barbata 

and Cystoseira compressa in February 2021 (Photo: A. Lokovšek).

1.2 Ecological importance of Cystoseira s.l. forests 

Brown seaweeds from genus Cystoseira s.l., represent a group of long-lived (Ballesteros 

2002; Clayton 1990) slow-growing canopy-forming species that achieve high biomass 

(Ballesteros 1989). Cystoseira s.l. forests thrive on rocky substrates of the mediolittoral 

and infralittoral zones, typically growing on large limestone boulders or sandstone terraces, 

where they constitute a key component of the photophilic algal community. Some species 

grow even deeper, reaching into upper circalittoral. Their vertical distribution and 

community composition are shaped by environmental factors such as light availability, 

temperature, hydrodynamics, and grazing pressure (Irving et al. 2009; Mangialajo et al. 

2012; Vergés et al. 2009). 

Through photosynthesis, Cystoseira s.l. species absorb considerable amounts of carbon 

dioxide and thus act as natural carbon sinks, helping to regulate the carbon dioxide levels 

of the atmosphere and the oceans (Filbee-Dexter & Wernberg 2020; Krause-Jensen & 

Duarte 2016; Moreda et al. 2024; Peleg et al. 2020; Pessarrodona et al. 2023). Their dense 
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canopy provides additional ecosystem services by absorbing wave energy, stabilizing 

sediments and reducing coastal erosion (Papadimitriou et al. 2024). At the same time, their 

complex structure alters light penetration, temperature and hydrodynamics at the seafloor, 

creating a mosaic of benthic microhabitats (Hardison et al. 2013). The high productivity 

of these forests supports diverse trophic networks. Population dynamics are characterized 

by different regulatory mechanisms: sublittoral Cystoseira s.l. species are primarily 

influenced by top-down control, whereas subsurface species are more strongly controlled 

by bottom-up processes (Cardona et al. 2013; Hereu et al. 2008). 

Compared to the average size of Mediterranean macroalgae, Cystoseira s.l. are 

relatively large species, growing between 10 cm and over 1 m in height (Ballesteros 2002; 

Ercegović 1952). They represent the highest level of morphological and functional 

complexity among Mediterranean algae and exhibit abundant three-dimensional growth. 

Their dense canopies provide shelter to numerous organisms (Cheminée et al. 2013; 

Cheminée et al. 2017; Lipej et al. 2023; Orlando-Bonaca et al. 2022b; Piazzi et al. 2018; 

Pitacco et al. 2014).  Across the Mediterranean, a total of 597 taxa have been identified in 

Cystoseira s.l. beds, underscoring their exceptional biodiversity (Piazzi et al. 2018). The 

cauloids and branches serve as substrata for smaller epiphytic algae, including red taxa 

from the orders Gelidiales and Ceramiales, brown taxa from the Dictyotales, and green 

taxa such as Siphonales and Siphonocladales (Mačič & Svirčev 2014). These habitats also 

support a highly diverse assemblage of benthic invertebrates (Pitacco et al. 2014; Orlando-

Bonaca et al. 2022), including crustaceans, molluscs, tunicates, bryozoans, and polychaetes 

(Orlando-Bonaca et al. 2022b; Pitacco et al. 2014). In the Black Sea, crustaceans were 

found to be the most abundant group related to G. barbata, with amphipods as the most 

represented taxa, followed by isopods, cumaceans, tanaids, and decapods (Adrian et al. 

2016). Similar research from the Aegean Sea confirmed that amphipods are the dominant 

crustacean group in Cystoseira s.l. assemblages, where a total of 81 crustacean species were 

recorded (Kocatas et al. 2004).  

Across the Mediterranean Sea, polychaetes rank among the most abundant 

macroinvertebrates in macroalgal habitats (Pinedo et al. 2024). Their diversity varies 

among host species,  from 50 species on E. crinita to only six on C. compressa in the 

Aegean Sea (Çinar 2003) to 86 species on Cystoseira mediterranea Sauvageau in the 

western Mediterranean (Alós 1990).  58 polychaete species have been reported to inhabit 

G. barbata, with Salvatoria clavata (Claparède, 1863), Platynereis dumerilii (Audouin &

Milne Edwards, 1833), Nereis zonata Malmgren, 1867, and Polyophthalmus pictus

(Dujardin, 1839) among the most dominant and frequent (Ergen & Çinar 1994). Despite

regional variation, P. dumerilii, S. clavata, and Syllis prolifera Krohn, 1852 are consistently

dominant across Cystoseira s.l. assemblages.

In the northern Adriatic Sea, 69 mollusc species have been recorded within Cystoseira 

s.l. forests (Pitacco et al. 2014). Gastropods dominated both in species richness and

abundance, followed by bivalves and placophora, and the frequent occurrence of juvenile

individuals highlights the crucial role of these algal forests for molluscan recruitment

(Pitacco et al. 2014). Among gastropods, Jujubinus exasperatus (Pennant, 1777), Rissoa

guerinii Récluz, 1843, and Bittium reticulatum (da Costa, 1778) were the most common

species (Orlando-Bonaca et al. 2022b; Pitacco et al. 2014). These micrograzer-detritivores
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feed primarily on diatoms, epiphytic microalgae, and trapped detritus within the algal 

thalli (Ávila 2003; Paine 1984), migrating nightly toward branch apices, where epiphytes 

are most abundant (Gambi & Morri 2008; Rueda et al. 2008). Dominant  bivalves include 

Modiolus barbatus (Linnaeus, 1758) and Musculus costulatus (Risso, 1826) (Pitacco et al. 

2014), inhabiting hard substrata among algal holdfasts or attaching to algal fronds (Hrs-

Brenko & Legac 2006). The sediment trapped among the thalli further increases habitat 

complexity, supporting soft-bottom species such as the bivalves Kurtiella bidentata 

(Montagu, 1803), Gouldia minima (Montagu, 1803), and the gastropod Mangelia attenuata 

(Montagu, 1803) (Antoniadou & Chintiroglou 2005). The prevalence of short-lived species 

with direct larval development inside egg capsules (Gambi & Morri 2008) confirms that 

Cystoseira s.l. canopies serve as key spawning and settlement sites (Antit 2013; Pérès 1967; 

Pitacco et al. 2014; Poulicek 1985). 

Cystoseira s.l. stands also provide important breeding and nursery grounds for coastal 

fish (Lipej et al. 2023). Within these structurally complex canopies, numerous fish species 

find shelter, food, and nesting material (Bonaca & Lipej 2005; De La Fuente et al. 2019a; 

Duggins et al. 1990; Hinz et al. 2019; Lipej et al. 2023). Rich invertebrate community 

inhabiting macroalgal forests serve as a key food source (Lokovšek et al. 2022; Orlando-

Bonaca et al. 2022b; Pitacco et al. 2014). Prey density is generally higher in structurally 

more complex algal stands such as Cystoseira spp. and Halopteris spp. than in simpler ones 

like Dictyotales (Bonaca & Lipej 2005; Cheminée et al. 2013; Cheminée et al. 2017; Lipej 

et al. 2023).  

To date, 34 fish species have been recorded in Cystoseira forests of the northern 

Adriatic, including 8 species of wrasses (Labridae), 7 seabreams (Sparidae), 7 blennies 

(Blennidae), and 4 gobies (Gobiidae) (Lipej et al. 2023). The most frequently observed 

species is Serranus scriba (Linnaeus, 1758)), followed by Gobius fallax (Sarato, 1889), 

Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817)), Symphodus cinereus (Bonnaterre, 1788), 

and Chromis chromis (Linnaeus, 1758)). The most abundant among them are C. chromis, 

G. fallax, and S. scriba (Lipej et al. 2023). Clinitrachus argentatus (Risso, 1810)), is also

closely associated with Cystoseira s.l. forests, where its brown stripes provide effective

camouflage among brown algal stands (Orlando-Bonaca & Trkov 2016). Another frequent

inhabitant is Parablennius sanguinolentus (Pallas, 1814) (Lipej et al. 2023; Orlando-Bonaca

& Trkov 2016). Tripterygion tripteronotus (Risso, 1810)) also favors dense Cystoseira s.l.

forests, unlike Tripterygion delaisii (Cadenat & Blache, 1970), which prefers rocky habitats

at the coralligenous boundary (Lipej et al. 2023).

Cystoseira s.l. forests are of special importance for wrasses. Several species, including 

Symphodus roissali (Risso, 1810), S. cinereus, S. ocellatus (Linnaeus, 1758) and S. tinca 

Cantraine, 1833, build nests from algal fragments, sand, and shell debris (Lipej et al. 2009; 

Lipej et al. 2023; Sinopoli et al. 2015). Males selectively choose algal species that resist 

degradation and remain stable under wave exposure (Raventos 2004). In the northern 

Adriatic, over 26 macroalgae and seagrass species, including Cystoseira s.l., have been 

recorded in the nests of  S. cinereus, S. roisalli and S. ocellatus (Lipej et al. 2009). The 

species most closely associated with Cystoseira s.l. forests is S. roissali, occurring 

predominantly in densely vegetated habitats dominated by Gongolaria barbata (Lipej et 

al. 2009). Multiple females spawn in a single nest, guarded and maintained by the territorial 
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male until hatching (Alonzo & Heckman 2010; Lejeune 1985), after which a new nest is 

often built nearby (Alonzo & Heckman 2010; Taborsky et al. 1987). Juveniles seek refuge 

within algal canopies (Cheminée et al. 2013; Cheminée et al. 2017; Lipej et al. 2023). 

Densities of juveniles — particularly Symphodus spp.— are 9-12-times higher in Cystoseira 

s.l. forests than in other erect or turf algal assemblages, underscoring their key role as

nursery grounds for numerous coastal and commercially important fish species (Cheminée

et al. 2013).

Habitat complexity and depth strongly influence species composition and behavior; 

declines in Labridae and Sparidae are often indicators of habitat degradation or loss of 

macroalgal cover (Cheminée et al. 2013; Cheminée et al. 2017; Lipej et al. 2023; Thiriet et 

al. 2014). The widespread decline of Cystoseira s.l. forests across the Mediterranean Sea 

has been accompanied by a marked reduction in the abundance and diversity of associated 

fish communities. In the northern Adriatic, species closely associated with canopy-forming 

algae, such as Symphodus spp. and Diplodus spp., have markedly decreased in density and 

frequency, while species less dependent on algal cover, such as gobiids on rocky substrates, 

remain largely unaffected (Lipej et al. 2023). 

The loss of habitat complexity also affects benthic invertebrates. Reduced patch size 

and algal substrate modify the structure and composition of associated molluscan 

assemblages (Mancuso et al. 2021), suggesting that the decline or disappearance of 

Cystoseira s.l. forests may trigger bottom-up effects across trophic levels, ultimately 

weakening ecosystem functioning and the services these habitats provide (Mancuso et al. 

2021). 

Figure 2: Pair of Symphodus ocellatus above their nest next to the Gongolaria barbata 

forest near Izola (Photo: A. Lokovšek).
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1.3 Historical distribution and regression of macroalgal 

communities in the coastal waters of northern Adriatic 

Marine macroalgae are dominant primary producers on rocky substrata in the shallow 

waters of the northern Adriatic Sea. Historically, they were abundant, forming extensive 

vegetation stands that supported highly productive coastal ecosystems. Over the past 

century, however, macroalgal abundance and coverage have markedly declined, leading to 

profound alterations of benthic habitats compared with historical baselines (Airoldi & Beck 

2007; Barmawidjaja et al. 1995; Falace et al. 2010; Hanel 2002; Iveša & Devescovi 2014; 

Lotze et al. 2011; Munda 1979; Munda 1980a, 1993b; Munda 1993a; Munda 2000; Newell 

& Ott 1999; Orlando-Bonaca et al. 2008).  

Extensive Cystoseira s.l. forests dominated the northern Adriatic until the late 1960s, 

extending down to depths of 15 m (Newell & Ott 1999; Špan 1969). These populations 

collapsed between 1968 and 1972, mainly due to overgrazing by the black sea urchin 

Paracentrotus lividus (Lamarck, 1816), which transformed dense algal forests into barren 

grounds dominated by urchins (Ott 1992; Newell et al. 1999).  

Along the Slovenian coastline, severe degradation macroalgal communities due to the 

sea urchin grazing was first recorded in the years 1972-1974 (Turk & Vukovič 1994; 

Vukovič 1976). Sea urchins consumed nearly all infralittoral vegetation, leaving only small 

refugia in the Strunjan Nature Reserve and in the area between Izola and Koper (Vukovič 

1976). Consequently, algal belts formerly composed by communities of many Cystoseira 

s.l. species disappeared  (Vukovič 1976; Vukovič 1982).

From 1970s through the mid-1980s, elevated nutrient inputs, coming mostly from Po 

River basin resulted  in eutrophication across the northern Adriatic (Giani et al. 2012).This 

additional pressure further contributed to the decline of Cystoseira s.l. populations from 

1970s through 1990s (Iveša et al. 2016; Munda 2000). Reports from the Istrian coast near 

Rovinj document the  disappearance or decline of stands of sensitive species such as 

Cystoseira s.l. and Fucus virsoides J.Agardh (Iveša & Devescovi 2014; Munda 1980a, 

1980b; Munda 1993a; Munda 2000). F. virsoides was replaced by ephemeral and turf-

forming species, including Gelidium pusillum (Stackhouse) Le Jolis, while Cystoseira s.l. 

assemblages were replaced by more generalist taxa such as Halopteris scoparia (Linnaeus) 

Sauvageau, Dictyota dichotoma (Hudson) J.V.Lamouroux, Halopithys incurva (Hudson) 

Batters, and Padina pavonica (Linnaeus) Thivy, and under extreme eutrophic conditions 

by Ulva sp. (Munda 1993a). Similar transformations occurred along the Italian coast of the 

Gulf of Trieste, where sensitive taxa were replaced by tolerant species, community 

structure became simplified, and foundation species such as Cystoseira s.l. disappeared, 

giving way to fast-growing or turf-forming algae (Falace et al. 2010).  

Since the late 1980s, reductions in phosphorus inputs—largely following bans on 

phosphates in detergents—and lower precipitation and river discharge have led to improved 

water quality (Giani 2011; Giani et al. 2012; Marini & Grilli 2023). By the 2000s, decreasing 

chlorophyll-a concentrations reflected a shift towards more oligotrophic conditions in the 

northern Adriatic (Mozetič et al. 2012). Improved water quality and reduced grazing 

pressure contributed to the partial recovery of Cystoseira s.l. populations, resulting in a 

higher ecological status of macroalgal assemblages (Sfriso & La Rocca 2005). 
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A pronounced recovery of Cystoseira s.l. taxa was documented in the northern Adriatic 

between 2000 and 2013 (Iveša & Devescovi 2014). Along the Croatian coastline, dense 

macroalgal forests persisted until the 1960s (Špan 1969), and Cystoseira s.l. abundance 

recorded between 2009 and 2013 was comparable to the richest assemblages (Iveša et al. 

2016). However, since 2016 these forests have again declined sharply, with local extirpations 

reported in recent years along the Croatian Istrian coasts (Bilajac et al. 2024; Iveša et al. 

2022). 

In Slovenian coastal waters, macroalgal revitalization began around 1992, notably with 

the recovery of Cystoseira s.l. in the Strunjan Nature Reserve (Turk & Vukovič 1994). By 

2006, canopy-forming E. crinita dominated rocky upper-infralittoral habitats in pristine 

environments, while Gongolaria barbata prevailed in areas with higher sedimentation 

(Orlando-Bonaca et al. 2008; Vukovič 1976). Yet, from 2006 to 2012, a decline in canopy-

forming algae (Cystoseira spp., Halopithys incurva) was again observed in the area 

(Orlando-Bonaca & Rotter 2018). A decade-long study (2006–2016) showed strong spatial 

variation, with Cystoseira s.l. most abundant in marine protected areas (Cape Madona 

Nature Monument and Strunjan Nature Reserve) and the Habitat of Posidonia Nature 

Monument, whereas sites near urban areas were dominated by opportunistic species 

(Cladophora spp., Dictyota spp.) (Orlando-Bonaca & Rotter 2018). Long-term monitoring 

(2007–2019) further documented a significant decline in Cystoseira s.l. species —from 

around 66% to 25%— at two reference sites for macroalgae, with only a transient recovery 

in 2016 (Orlando-Bonaca et al. 2021a). 

Macroalgal assemblages along the Italian coast of the Gulf of Trieste have also 

undergone profound transformations over the past six decades (Falace et al. 2010; Falace 

et al. 2024a). Between the 1960s and 2020s, 146 macroalgal species representing 38 genera, 

14 families, and three orders dseaisappeared, with brown algae most affected. Species of 

Atlantic, Circumboreal, or Mediterranean affinity have been replaced by turf-forming and 

cosmopolitan taxa (Falace et al. 2024a). Within genera Cystoseira s.l. and Sargassum, a 

25% reduction in species richness has occurred, with Cystoseira amentacea var. stricta and 

Gongolaria sauvageauana disappearing after the 1990s, and Cystoseira foeniculacea f. 

foeniculacea and Sargassum hornschuchii C.Agardh 

no longer recorded in either Italian or Slovenian waters. Concurrently, several non-

indigenous species have been introduced, including Asparagopsis armata, Acrothamnion 

preissii, Aglaothamnion feldmanniae, Colaconema codicola, Colpomenia peregrina, and 

Codium fragile (Falace et al. 2024a; Servello et al. 2019). 

Synthesis of historical data from Italy, Slovenia, and Croatia reveals a consistent 

pattern: Cystoseira s.l. forests—once widespread and ecologically dominant—have 

undergone drastic regression since the mid-20th century. The combined effects of 

eutrophication, habitat alteration, sedimentation, and herbivory have driven their 

replacement by structurally impoverished communities with lower biodiversity. The 

increasing dominance of warm-affinity taxa reflects the growing influence of climate change 

(Falace et al. 2024a), while more recent shifts towards opportunistic assemblages are 

primarily driven by habitat degradation and sediment dynamics associated with maritime 

traffic and port activities rather than nutrient enrichment (Orlando-Bonaca et al. 2015; 

Orlando-Bonaca & Rotter 2018). Studies of phytoplankton and chlorophyll trends confirm 
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progressive oligotrophication across the northern Adriatic (Mentaschi et al. 2024; Mozetič 

et al. 2010; Mozetič et al. 2012; Solidoro et al. 2009). 

At present, Gongolaria barbata is the dominant Cystoseira s.l. species along the 

Slovenian coast, while other taxa from this group have declined markedly (Orlando-Bonaca 

et al. 2021a), as observed on field (pers. obs.). Habitat degradation, sedimentation, 

overgrazing, and sea warming are increasingly favouring replacement by less structurally 

complex canopy-forming taxa such as Halopithys incurva, or by smaller annual species that 

are not indicators of good ecological status (Orlando-Bonaca & Rotter 2018; Orlando-

Bonaca et al. 2021a). 

Between March 2021 and September 2025, during the study period of this dissertation, 

G. barbata forests have experienced a pronounced decline in Slovenian coastal waters (pers.

observ.). The once dense algal forest beneath the Piran cliffs has nearly vanished, while

the forest at the Belvedere site (near Izola) has deteriorated markedly over the past three

years, with only a few surviving cauloids. Although the forest at the Ruda site (near Izola)

remains comparatively healthy, it is deteriorating rapidly due to S. salpa browsing, high

sedimentation, and heavy epiphytic growth (pers. obs.). Regular monthly monitoring at

Ruda since 2023 has revealed a consistent annual decline. The ongoing habitat deterioration

across all three sites highlights the imminent risk of local extinction for G. barbata in

Slovenian coastal waters, emphasising the urgent need for targeted protection and

restoration measures and actions.

1.4 Recent threats and pressures 

The Mediterranean Sea is undergoing profound environmental change, as much of its 

coastline is densely populated and subject to intense human activity (Benedetti-Cecchi et 

al. 2001; Bulleri & Chapman 2010; Claudet & Fraschetti 2010; Micheli et al. 2005; Munda 

1993a; Orfanidis et al. 2021). Coastal development, maritime traffic, fishing, and tourism 

have all contributed to widespread alterations of natural habitats, leading to the decline of 

many important marine habitats including Cystoseira s.l. forests (Airoldi & Hawkins 2007; 

Barrientos et al. 2022; Blanfuné et al. 2025; Bologa & Sava 2006; Claudet & Fraschetti 

2010; Manca et al. 2024; Straub et al. 2019; Thibaut et al. 2005). In the Adriatic Sea, major 

pressures driving their decline include direct habitat damage and loss from coastal 

urbanization and anchoring (Falace et al. 2010; Orlando-Bonaca & Rotter 2018; Orlando-

Bonaca et al. 2021a), increased sedimentation that reduces light penetration, causes 

abrasions on the thalli and smothers recruits (Benedetti-Cecchi et al. 2001), and 

overgrazing by herbivorous organisms, which can prevent recovery and maintain barren 

grounds (Falace et al. 2018; Gianni et al. 2017; Gianni et al. 2018; Ling et al. 2015; 

Monserrat et al. 2023; Vergés et al. 2009). In addition, these stressors are increasingly 

compounded by climate-driven pressures, such as marine heatwaves and long-term 

warming trends, further threatening the persistence of Cystoseira s.l. forests across the 

basin (Bilajac et al. 2024; Cimini et al. 2024; De Bettignies et al. 2018; Eggert 2012; Falace 

et al. 2021; Giani et al. 2012; Irving et al. 2009; Lokovšek et al. 2024; Orfanidis 1991; Savva 

et al. 2018; Smale & Wernberg 2013). The cumulative effect of these pressures has led to 

a widespread regression of brown algal forests throughout the Mediterranean, with many 

1.4 Recent threats and pressures 
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local populations disappearing entirely and others persisting only in spatial refuges where 

stressors are locally reduced (Iveša et al. 2022; Perkol-Finkel & Airoldi 2010; Thibaut et 

al. 2005; Vergés et al. 2009). The loss of these canopy-forming algae has profound ecological 

consequences, as it entails not only the decline of a key habitat but also the reduction of 

associated biodiversity and ecosystem functioning (Cheminée et al. 2017; Fukami & 

Nakajima 2011; Lipej et al. 2023; Mancuso et al. 2021). Addressing these declines requires 

not only mitigating the underlying drivers but also actively exploring options for 

restoration of the habitat. In this subchapter, I examine in detail the factors driving the 

decline of Cystoseira s.l. forests and explore the potential for their recovery.  

1.4.1 Herbivory pressure 

Among the aforementioned drivers of population decline, herbivory is one of the most 
important mechanisms determining the abundance and density of macrophytes (Lodge 
1991) in sublittoral communities (Korpinen et al. 2007). In marine ecosystems, herbivores 
consume on average 40–48% of plant biomass, a rate that is 5–10 times higher than that 
observed in terrestrial ecosystems (Bakker et al. 2016). In coastal habitats, herbivore 
impacts on macrophytes are particularly strong (Pace et al. 1999).  

In the Mediterranean, the two main native herbivores of macroalgal forests are the sea 
urchin Paracentrotus lividus and the herbivorous fish salema, Sarpa salpa (Linnaeus, 1758) 
(Guidetti 2006; Hereu 2006). Both herbivores act primarily as browsers, although in 
macroalgal forests sea urchins can also function as grazers, able to eliminate all erect 
macroalgae on site (Guidetti & Dulčić 2007; Privitera et al. 2008). In addition to these 
native herbivores, the non-indigenous rabbitfishes Siganus luridus (Rüppell, 1829) and 
Siganus rivulatus (Forsskål & Niebuhr, 1775) have established populations in eastern parts 
of the Mediterranean following Lessepsian migration through the Suez Canal and are now 
considered among the most catastrophic invasive species due to their severe grazing impacts 
on  benthic macroalgal communities,  including Cystoseira spp. forests (Nikolaou et al. 
2023; Sala et al. 2011). In large parts of the eastern Mediterranean Sea, the dominance of 
Siganus spp. has coincided with a decline of S. salpa populations, as their feeding niches 
overlap considerably (Azzurro et al. 2007). Invasive rabbitfishes now represent the main 
herbivorous fish in eastern Mediterranean region (Bariche et al. 2004; Sala et al. 2011; 
Vergés et al. 2014), while in other regions of the Mediterranean where Siganus spp. are 
absent or occur at low abundances, the native S. salpa remains the dominant herbivorous 
fish. 

The impacts of sea urchins on Cystoseira s.l. forests are also well documented. 

Numerous studies have shown that at high densities, sea urchin grazing can lead to 

formation of barren grounds dominated exclusively by crustose coralline algae. Such 

outbreaks can be linked to the overfishing of their natural predators - sparids of the genus 

Diplodus (D. sargus sargus (Linnaeus, 1758), D. vulgaris (Geoffroy Saint-Hilaire, 1817), as 

well as wrasses Coris julis (Linnaeus, 1758) and Thallasoma pavo (Linnaeus, 1758) – though 

other environmental factors may also play a role (Guidetti & Dulčić 2007). In the 

Mediterranean Sea, in addition to P. lividus, also Arbacia lixula (Linnaeus, 1758) is 

responsible for the formation of these barren grounds in areas once colonized by Cystoseira 

s.l. stands. The two species of sea urchins differ markedly in feeding strategies and

ecological roles. P. lividus is a strict herbivore with a strong preference for erect fleshy

algae (Privitera et al. 2008). It is capable of climbing onto arborescent Cystoseira s.l. thalli,
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bending fronds downward and anchoring them with its tube feet in order to remove biomass 

directly from the canopy (Guidetti & Dulčić 2007). In contrast, A. lixula is omnivorous, 

with a preference for encrusting corallines (Privitera et al. 2008) and typically exhibits 

scraping behaviour at the base of Cystoseira s.l. thalli (Agnetta et al. 2015). Experimental 

studies confirm that A. lixula alone cannot overgraze arborescent Cystoseira s.l. to the 

extent of producing barren grounds, while P. lividus can directly destroy the canopy 

through grazing (Agnetta et al. 2015). These functional differences highlight their 

complementary roles: P. lividus acts as the principal driver of forest collapse, while A. 

lixula contributes to the persistence of barren states by targeting encrusting corallines and 

preventing macroalgal recolonization (Bonaviri et al. 2011; Privitera et al. 2008).  

Overall sea urchin densities are higher in the southern Adriatic, where barren grounds 

are also more extensive (Guidetti & Dulčić 2007). In contrast, the northern Adriatic has 

recorded episodes of population explosions and subsequent collapses of P. lividus, which 

have led to the temporary formation of barren grounds followed by macroalgal 

recolonization (Boudouresque & Verlaque 2001; Hanel 2002; Vukovič 1982). These 

dynamics suggest that rocky reef communities in the region are highly variable over time, 

with cycles of forest loss and recovery shaped by fluctuations in P. lividus populations 

(Hereu et al. 2004; Sala et al. 1998). 

Unlike sea urchins, fish do not graze continuously but feed by biting, which in principle 
allows algal growth to continue (Buñuel et al. 2020; Gianni et al. 2017; Havelange et al. 
1997). This led to the long-standing assumption that herbivorous fish posed little threat to 
macroalgal forests, and as a result their role has historically received less attention. 
However, large schools of S. salpa can repeatedly visit the same macroalgal stands, 
removing new branches and reproductive structures from the apical parts of thalli (Buñuel 
et al. 2020; Jadot et al. 2006). Such recurrent feeding can have profound impacts on forest 
condition, and recent studies have demonstrated that schools of S. salpa can exert intense 
grazing pressure, resulting in severe overgrazing and, in some cases, the complete 
eradication of macroalgal forests (Buñuel et al. 2020; Gianni et al. 2017; Gianni et al. 2018; 
Santana-Garcon et al. 2023). Highest proportion of macroalgae is consumed by young 
individuals, while adults feed mainly on seagrass leaves (Buñuel et al. 2020; Havelange et 
al. 1997). In addition to S. salpa, some omnivorous sparid fishes such as D. sargus, D. 
vulgaris, and D. puntazzo (Walbaum, 1792) may also contribute to the grazing of 
Cystoseira s.l. forests; however, as key predators of sea urchins, they can simultaneously 
reduce urchin densities and thereby limit urchin-driven overgrazing (Mcclanahan & Sala 
1997; Sala & Zabala 1996).  

The overgrazing by S. salpa is most likely linked to trophic downgrading caused by 
the overfishing of large piscivores (Lotze et al. 2011; Marguin et al. 2025), which represent 
its main predators. Adult S. salpa has few predators in the Mediterranean, as large 
predatory fish primarily target juveniles, which are also the main consumers of macroalgae 
(Buñuel et al. 2020). Reduced predation is therefore expected to increase juvenile survival, 
resulting in more numerous cohorts of young individuals grazing on macroalgal stands 
(Rice et al. 1997). The species is usually not fished commercially or recreationally in the 
northern Adriatic, but it does get extracted as bycatch by artisanal and recreational fishers 
(Criscoli et al. 2006; Pallaoro et al. 2008). Due to few predators and negligible fishing 
pressure, it can possibly grow larger and forms more numerous schools (Jennings & 
Blanchard 2004). 

The schools are highly length-assorted and there is a clear positive correlation between 
body length and school size, i.e. larger fish form larger schools (Buñuel et al. 2020). 
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Foraging strategies are also dependent on the size of school. While small S. salpa schools 
forage simultaneously, and scattered over large areas, larger schools (consisting of larger 
individuals) use a potentially cooperative strategy in which individuals fed rotationally and 
concentrate on smaller areas for longer periods of time (spot feeding) (Buñuel et al. 2020), 
which causes more damage to macroalgal forests. Overgrazing has been observed in all 
known forests of G. barbata in the Slovenian part of the Gulf of Trieste, as well as in 
numerous populations of G. barbata and other forest-forming Cystoseira s.l. species in the 
Croatian and Italian parts of the Gulf (Giani et al. 2012; Gianni et al. 2017; Gianni et al. 
2018; Iveša et al. 2022). 

On the Croatian coast of Istria, some healthy and ungrazed populations of G. barbata living 

in refugia with locally reduced herbivory was observed, such as in the Šćuza Lagoon and 

in rock pools at Cape Kamenjak and Bijela Uvala (Iveša et al. 2022). This aligns with 

finding from research conducted along the Spanish coast, where Cystoseira spp. are often 

confined to spatial refugia characterized by locally reduced herbivory (Vergés et al. 2009). 

1.4.2 Sedimentation stress 

In recent decades, increasing water turbidity and sediment loads have been documented 

worldwide as a result of various anthropogenic activities that pose a significant threat to 

marine biodiversity ({Unep} 1995). Sedimentation is one of the most important factors 

influencing the structure, biomass and metabolism of benthic communities (Airoldi et al. 

1995; Airoldi & Cinelli 1997; Airoldi & Virgilio 1998; Airoldi 2003; Bach et al. 1993; 

Ceccherelli & Cinelli 1997; Gorgula & Connell 2004; Eriksson & Johansson 2005; Pinedo 

et al. 2000). The main sources of sediment input include river discharges, cliff erosion, 

resuspension and transport of particles and direct human activities (Airoldi 2003; Claudet 

& Fraschetti 2010; Connell 2005; Frignani & Langone 1991; Ogorelec et al. 1991). Along 

the densely populated Mediterranean coast, these pressures are particularly acute: 

Figure 3: Grazing pressure (presumably by Sarpa salpa) on Gongolaria barbata in 

Slovenian coastal waters - July 2023. Photos A and B were taken 2 days apart and 

show the same boulder (Photo: A. Lokovšek).
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commercial and tourist ports, intense shipping traffic, coastal construction, beach erosion 

and nourishment, and bottom trawling all contribute to increased sediment resuspension 

and organic particle input (Benedetti-Cecchi et al. 2001; Furlan et al. 2019; Giani et al. 

2012; Martín et al. 2014; Mineur et al. 2015; Perkol-Finkel & Airoldi 2010). Rivers bring 

large amounts of sediment from inland, while over-exploitation of land and alteration of 

the hydrological cycle exacerbate soil erosion and further increase sedimentation (Nearing 

2004). Runoff from urban and agricultural areas not only increases sediment loads but also 

introduces pollutants such as organic contaminants (Glynn et al. 1984), heavy metals 

(Glynn et al. 1989) and excess nutrients, which often act synergistically to degrade marine 

habitats (Connell 2005, 2007; Gorgula & Connell 2004). Sediment particles can consist of 

clay, silt, detritus or sand and originate from both natural processes and human activities 

such as mining, road and harbor construction, dredging, beach replenishment and 

aquaculture (Airoldi & Cinelli 1997; Airoldi & Hawkins 2007). 

The effects of sedimentation range from increased water turbidity, which reduces light 

penetration, to the accumulation of fine particles on the sea floor (Vitousek et al. 1997). 

Sediments deposited on the seabed are an important factor in stress and disturbance of 

benthic communities (Airoldi & Cinelli 1997; Airoldi & Virgilio 1998; Airoldi 2003; Airoldi 

& Hawkins 2007; Alestra et al. 2014; Ceccherelli & Cinelli 1997; Gorgula & Connell 2004; 

Eriksson & Johansson 2005; Irving et al. 2009). Their distribution is influenced by sediment 

properties, hydrodynamic conditions (Hiscock 1983) and the type of seabed. Larger 

particles tend to settle quickly near the source, while fine fractions remain suspended for 

longer periods due to turbulence and can be transported over long distances by the 

prevailing currents (Capuzzo et al. 1985; Bach et al. 1993; Moore 1972). The patterns of 

sediment accumulation are often highly heterogeneous, with marked differences observed 

even between sites located only 100 m apart, and with patchiness evident at meter scales 

(Airoldi & Virgilio 1998). The accumulation of the finest fractions is generally most 

pronounced in sheltered rocky habitats (Ogorelec et al. 1991; Pinedo et al. 2000) - exactly 

the type of environment in which G. barbata typically grows. 

Sedimentation rates are determined not only by physical processes, but also by 

biological factors. In some systems, dense algal canopies promote sediment deposition by 

trapping particles and reducing resuspension (Airoldi & Cinelli 1997; Eckman et al. 1989; 

Moore 1972), whereas in others, the constant movement of fronds decreases accumulation 

through a “whiplash” effect (Kennelly 1989; Melville & Connell 2001). Macrophytes also 

stabilize sediments by attenuating waves and physically trapping particles, while their loss 

can lead to significantly higher sedimentation rates (Sfriso & La Rocca 2005). In the Venice 

lagoon, for example, unvegetated areas had sedimentation rates of over 4000 g m-² per day, 

compared to only ~40–140 g m-² per day in vegetated zones (Sfriso & La Rocca 2005). This 

highlights how sedimentation can act as both a driver and a consequence of macrophytes 

decline. 

Sedimentation can profoundly alter the characteristics of the seabed, cause burial and 

scouring of macrophytes and ultimately reshape their distribution, abundance and diversity 

(Airoldi & Cinelli 1997; Airoldi 2003; Eriksson & Johansson 2005). Physical changes often 

lead to the replacement of stable hard substrate by unstable particles, resulting in the loss 

of suitable habitat for many species (Caretti et al. 2021; Cunning et al. 2019; Eriksson & 



14   Chapter 1. Introduction 

Johansson 2005; Martín et al. 2014; Österling et al. 2010; Saunders et al. 2017). The effects 

are not uniform for all taxa or habitats but vary in time and space, depending strongly on 

species morphology and reproductive strategies (Airoldi et al. 1995; Airoldi & Cinelli 1997; 

Airoldi & Virgilio 1998; Bach et al. 1993; Yallop et al. 1994). Direct effects include 

smothering, scouring and abrasion of thalli, while indirect effects manifest through altered 

competitive dynamics and reduced recruitment success (Airoldi et al. 1995; Airoldi & 

Cinelli 1997; Airoldi 2003; Eriksson & Johansson 2005). These mechanisms frequently 

interact, amplifying the overall stress on benthic communities. 

The ability of macroalgae to tolerate sediment stress is closely linked to their 

morphological and life-history traits (Eriksson & Johansson 2005). Traits such as tough 

thalli, the capacity to regenerate upright axes from basal structures, opportunistic growth 

and reproduction, and vegetative propagation confer resilience in sediment-rich 

environments (Airoldi et al. 1995; Daly & Mathieson 1977; Littler et al. 1983; Stewart 

1983). Species with extended reproductive periods—through continuous spore release (e.g., 

Cladophora sp., Ulva spp.) or vegetative dispersal by fragmentation (e.g., Caulerpa spp., 

Cladophora spp., Gelidium spp.) are generally more tolerant of sedimentation (Eriksson & 

Johansson 2005). Algal turf (dense, low-growing assemblage of mainly filamentous and 

articulated algae that forms a mat-like layer on hard substrates in shallow coastal 

environments) may even benefit, with sediment deposition enhancing their growth (Airoldi 

& Cinelli 1997), whereas erect, long-lived canopy formers are negatively affected (Airoldi 

& Cinelli 1997; Airoldi 2003; Eriksson & Johansson 2005; Strain et al. 2014). Elevated 

sediment loads typically reduce macroalgal cover and diversity, shifting communities 

toward turf-dominated assemblages (Airoldi et al. 1995; Airoldi & Cinelli 1997; Alestra et 

al. 2014; Gorgula & Connell 2004; Munda 1993a; Orlando-Bonaca & Rotter 2018). Even 

fine-scale variability in sedimentation rates can strongly shape local community structure 

and diversity, particularly during recolonization of bare rock patches (Airoldi & Cinelli 

1997). 

Canopy-forming fucoids such as Cystoseira s.l. are among the most vulnerable to 

sediment stress, as their ecological success depends on sufficient light availability and the 

successful settlement of recruits on stable hard substrata (Irving et al. 2009; Orlando-

Bonaca & Rotter 2018). Rocky coasts, where these forests typically occur, are particularly 

sensitive to increases in sediment load. Experimental studies have shown that reducing 

sediment input can markedly improve the survival and resilience of early life stages of G. 

barbata (Strain et al. 2015). Elevated sedimentation can cause up to 83% mortality among 

G. barbata seedlings (Strain et al. 2015). Sedimentation reduces light penetration, impairs

photosynthesis, and smothers recruits, thereby preventing successful settlement and

undermining forest regeneration. Over time, these pressures drive canopy fragmentation

and the replacement of complex Cystoseira s.l. forests by simpler, turf-dominated

assemblages, leading to reduced structural complexity and diminished ecosystem resilience

(Irving et al. 2009; Orlando-Bonaca et al. 2022a). Observations further indicate that

elevated sediment loads are consistently associated with declines in vertical complexity,

fragmentation of forest patches, and a reduced capacity for recovery (Falace et al. 2010).

Sea urchin grazing can therefore indirectly influence the local sedimentation regime by

regulating canopy abundance (Airoldi 2003). Similar mechanisms have been observed in
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mediolittoral systems, where the establishment of algal beds following the decline of grazing 

animals improved sediment retention (Branch et al. 1990), while herbivorous snails 

prevented sediment buildup either by bulldozing surfaces or by grazing on sediment-

trapping algal films (Bertness 1984).  

In Slovenian coastal waters, at least one healthy G. barbata forest was lost following 

increased sedimentation linked to beach construction in front of the Marine Biology Station 

Piran in 2016, while another forest, at Ruda site (Izola), is currently under severe pressure 

from sediment accumulation (pers. obs., see Fig. 4). In recent years, this population has 

also been heavily impacted by grazing from herbivorous fish. Consequently, the damaged 

thalli are increasingly overgrown by epiphytic algae, which trap additional sediment and 

further stress the thalli. As a result, most cauloids remain bare and unbranched for the 

majority of the year (pers. obs., see Appendix A). 

Figure 4: Gongolaria barbata forest in Izola (Ruda), two years apart; A - March 2022, B 

- March 2024 (Photo: A. Lokovšek).

1.4.3 Habitat damage and loss 

Habitat damage and loss due to anthropogenic activities are among the most critical threats 

to biodiversity, structure and functioning of marine coastal ecosystems (Airoldi et al. 2008; 

Claudet & Fraschetti 2010; Lotze et al. 2006), with mediolittoral and upper-infralittoral 

belts particularly affected. The destruction of marine habitats has been documented for at 

least 150 years (Airoldi & Beck 2007)  and represents one of the most pervasive pressures 

on coastal ecosystems worldwide (Novacek & Cleland 2001; Pimm et al. 1995). Occurring 

over extensive spatial scales, habitat loss compromises the integrity and functioning of 

ecological processes and diminishes the resilience of marine ecosystems (Airoldi & Beck 

2007; Airoldi et al. 2008; Perkol-Finkel & Airoldi 2010; Scheffer et al. 2001; Thrush et al. 

2008; Venkatesh & Vora 2024).  

The Mediterranean coastline is among the most densely populated in the world, and 

the northern Adriatic has experienced intense coastal development (Munari 2013; Romano 

& Zullo 2014; Terzić et al. 2025; 2019). Construction of ports, seawalls, breakwaters, and 

tourist facilities has replaced natural rocky shores with artificial structures, reducing the 
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availability of suitable habitats for Cystoseira s.l. (Gianni et al. 2013; Tamburello et al. 

2019; Thrush et al. 2006; Thrush et al. 2008; Verdura et al. 2018). Artificial substrates 

generally provide poorer conditions for recruitment, favoring fast-growing opportunistic 

and turf-forming algae over long-lived canopy species (Bulleri & Chapman 2010). The 

degradation and loss of habitats suitable for canopy-forming brown algae, particularly 

through the alteration or removal of the rocky substrata essential for fucoids attachment, 

reduce population stability, disrupt connectivity among stands, and isolate local 

populations, thereby making recovery increasingly unlikely (Gianni et al. 2013; Tamburello 

et al. 2019; Thrush et al. 2006; Thrush et al. 2008; Verdura et al. 2018). Such losses also 

intensify the effects of other stressors: fragmentation lowers habitat productivity, 

exacerbates overfishing by shrinking nursery and feeding grounds for fish, and reduces the 

capacity of forests to buffer the impacts of climate change, particularly by limiting dispersal 

and recruitment (Benedetti-Cecchi & Cinelli 1992; Duggins et al. 1990; Irving et al. 2009). 

Coastal construction, dredging, and beach nourishment often increase sediment load 

and turbidity, while anchoring damage interacts with grazing and eutrophication to 

exacerbate canopy regression (Airoldi et al. 2014; Cebrian et al. 2021; Erftemeijer 2006; 

Furlan et al. 2019; Martín et al. 2014; Orfanidis et al. 2021; Orlando-Bonaca et al. 2021a; 

Strain et al. 2014; Thibaut et al. 2005). Human-induced damage to the seabed often leads 

to a shift from structurally complex habitats to less complex ones. For example, macroalgal 

canopies may be replaced by turf-forming seaweeds (Mangialajo et al. 2008) or by barren 

grounds (Filbee-Dexter & Scheibling 2014; Piazzi & Ceccherelli 2019).  

Figure 5: Following beach nourishment and coastal modification in front of the Marine 

Biology Station Piran, the Gongolaria barbata and Cystoseira compressa forest (A) - 2018 

disappeared due to sedimentation and direct habitat damage (B) – 2024. The former 

Cystoseira s.l. assemblage has been replaced by Padina pavonica, Dictyota dichotoma 

and turf assemblage (Photo: A - A. Lokovšek, B – T. Makovec).

In the northern Adriatic, the combined pressures of habitat damage and loss and other 

anthropogenic stressors have contributed to the near disappearance of Cystoseira s.l. forests 

in many locations (Falace et al. 2010; Munda 1993a; Munda 2000; Munda 2008; Orlando-

Bonaca et al. 2021a).  
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1.4.4 Marine water warming trends and thermal anomalies 

Since the early 1980s, the Mediterranean Sea has warmed at an average rate of about 0.31 

°C per decade, with an accelerated trend of nearly 0.45 °C per decade over the past two 

decades, making it one of the fastest-warming marine regions globally (Boero et al. 2008; 

Diffenbaugh et al. 2007; Guiot & Cramer 2016; Pastor et al. 2020; Skliris et al. 2025; 

Vargas-Yáñez et al. 2008; Vargas-Yáñez et al. 2010; Vitousek 1994). In the Adriatic Sea, 

observed trends indicate warming of roughly 0.04 °C per year (~0.40 °C per decade) in 

many areas, with especially strong increases during summer and significant warming also 

seen in near-bottom waters in the middle and northern basin (Da Costa et al. 2024; Pastor 

et al. 2020; Vilibić et al. 2019). The northern Adriatic is among the Mediterranean’s most 

exposed subregions to climate warming. As the shallowest, northernmost, and one of the 

most productive parts of the basin (Bianchi & Morri 2000), it experiences pronounced 

seasonal extremes, with winter temperatures (now rarely) falling below 11 °C (Bianchi 

2007) and summer peaks reaching (or exceeding) 30 °C. In the South Adriatic Pit, deep 

waters have warmed by 0.8 °C in just the last decade, with salinity increasing by 0.2 —

changes that align with projections previously expected only by the end of the century 

(Terzić et al. 2025).  

Therefore, sea warming has emerged as one of the major threats to marine ecosystems, 

driving sea level rise (Nerem et al. 2018), alterations of the hydrological cycle (Cheng et 

al. 2023; Cheng et al. 2024; Durack et al. 2012), modifications in ocean circulation (Caesar 

et al. 2018; Cheng et al. 2022), stratification, shifts in nutrient and dissolved gas 

distributions (Stramma & Schmidtko 2021; Venegas et al. 2023; Venegas et al. 2025), and 

an increasing frequency of extreme weather events. Altered temperature regimes are 

already reshaping species distributions, causing range shifts and local declines across a 

broad spectrum of marine taxa, including macroalgae (Sunday et al. 2012).  

Among thermal anomalies, marine heatwaves (MHWs) are of particular concern. 

Defined as discrete, prolonged periods of anomalously high sea surface temperature, their 

frequency and intensity are rising globally (Hobday et al. 2018; Oliver et al. 2018). In the 

Mediterranean Sea, MHWs have caused massive declines in canopy-forming macroalgae 

and other foundation species, with cascading consequences for biodiversity and ecosystem 

functioning (Garrabou et al. 2022; Smale et al. 2019; Wernberg et al. 2016). These episodes 

not only disrupt reproductive processes and facilitate the establishment of non-native 

species  but also drive biodiversity loss and range shifts (Smith et al. 2023b). Some of the 

most severe events were recorded in 1999 and 2003 in the northwestern Mediterranean, 

where prolonged thermal anomalies caused widespread mass mortality of benthic 

organisms, affecting many species across thousands of kilometers of coastline (Cerrano et 

al. 2000; Garrabou et al. 2009; Perez et al. 2000). More recently, between 2015 and 2019, 

basin-wide MHWs triggered massive declines in more than 50 taxa spanning eight phyla, 

extending from the surface to 45 m depth (Garrabou et al. 2022). MHWs in the Adriatic 

basin are also becoming more frequent and intense (Da Costa et al. 2024; Smith et al. 

2023b).  

Canopy-forming fucoids such as Cystoseira s.l. are particularly vulnerable to rising 

temperatures because they are long-lived, slow-growing (Ballesteros 2002), and 
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characterized by limited dispersal ability (Capdevila et al. 2018; Coleman & Brawley 2005a; 

Riquet et al. 2021). Thermal stress has been shown to block karyogamy (Nagasato et al. 

1999), reduce photosynthetic efficiency in adults, and cause branch biomass loss (Verdura 

et al. 2021), and it has also been reported to disrupt reproduction. A recent study on 

Cystoseira s.l. populations in the Ligurian, Tyrrhenian and Ionian Seas demonstrated that 

high sea temperatures result in poorly developed conceptacles, reduced motility of male 

gametes, and low fertilization success (Cimini et al. 2024). Additionally, a MHW producing 

a ±2.65 °C anomaly lasting over one month in the Gulf of Trieste, induced G. barbata to 

form reproductive structures and mature receptacles on adventitious branches during the 

winter resting phase (Bevilacqua et al. 2019). Although this anomalous fertility was used 

for an ex situ restoration trial, subsequent performance was lower compared to 

reproduction during the regular season, with reduced zygote release and growth (Savonitto 

et al. 2021). These findings suggest that premature reproductive events can compromise 

later reproductive output. 

Also early life stages of Cystoseira s.l. are very sensitive, with narrow thermal 

tolerances (Strain et al. 2015). Experimental work indicates that optimal temperatures for 

early development of most Cystoseira s.l. species range between 12–15 °C, while exposure 

above ~28 °C is lethal (Falace et al. 2021; Lokovšek et al. 2024). For G. barbata, seedlings 

grow optimally at 15 °C and more slowly at 18 °C, while temperatures above 24 °C result 

in deformities and low survival (Lokovšek et al. 2024). Adults can survive short-term 

exposure to ~32 °C, but thalli exhibit visible thermal damage; beyond this threshold, at 34 

°C, cauloid disintegration and branch necrosis occur, resulting in irreversible decay (Bilajac 

et al. 2024). Similarly, Ericaria giacconei D.Serio & G.Furnari seedlings develop best at 

12–15 °C, experience high mortality at 18–24 °C, and do not survive exposure to 28 °C 

(Falace et al. 2021). 

Taken together, these observations demonstrate that high temperatures affect both 

vegetative development and reproductive success in Cystoseira s.l., reducing fertility, 

recruitment potential, and ultimately canopy complexity (Andrews et al. 2014; Bartsch et 

al. 2013). The consequences are not only ecological but also evolutionary. Population 

genetic studies of Ericaria selaginoides (Linnaeus) Molinari & Guiry, Ericaria amentacea 

(C.Agardh) Molinari & Guiry, and C. compressa across their Atlantic–Mediterranean 

ranges revealed highly differentiated populations with limited connectivity and distinct 

genetic diversity (Buonomo et al. 2018). Climate projections predict dramatic habitat 

contraction for all three species, with E. amentacea suffering habitat losses of up to 90% 

under extreme scenarios (Buonomo et al. 2018). These declines disproportionately affect 

unique evolutionary lineages, threatening genetic erosion and reducing adaptive potential 

(Buonomo et al. 2018). The semi-enclosed nature of the Mediterranean further limits 

opportunities for poleward dispersal, rendering regional fucoid populations particularly 

vulnerable to extinction compared with Atlantic populations (Bianchi 2007; Boero et al. 

2008; Chust et al. 2024; Diffenbaugh et al. 2007; Vargas-Yáñez et al. 2010).  
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1.4.5 Eutrophication and oligotrophication 

Eutrophication is one of the most widespread human-induced alterations of marine 

ecosystems (Vitousek 1994). In marine, coastal and estuarine habitats, it results primarily 

from nutrient enrichment, particularly nitrogen, phosphorus and organic matter, 

originating from land-based sources such as agriculture, deforestation, urbanization, with 

domestic and industrial wastewater discharges, as well as marine activities such as 

aquaculture and from atmospheric deposition related to road traffic and shipping emissions. 

Increased nutrient inputs can also alter the ratio between dissolved nitrogen and 

phosphorus (DIN:DIP). The Redfield ratio of 16:1 represents the optimal balance for 

phytoplankton growth, while significant deviations indicate nutrient limitation: a lower 

ratio results in nitrogen limitation, while a higher ratio leads to phosphorus limitation of 

primary production. Species that are less sensitive to such nutrient imbalances can 

outcompete those with more specific requirements (Ptacnik et al. 2010). 

Eutrophication affects canopy-forming algae in multiple, often interacting ways. 

Increased concentrations of inorganic nutrients usually lead to an increase in the total 

biomass of algae, but to a decrease in species diversity. Excessive nutrient loading leads to 

phytoplankton blooms that reduce water transparency and restrict light penetration 

(Cloern 1999; Domingues et al. 2017; Gómez et al. 2000), limiting the depth distribution 

of seagrasses and macroalgae, including fucoids. When phytoplankton blooms collapse, the 

decomposition of organic matter depletes oxygen in the bottom water, leading to hypoxia 

or anoxia (Boesch & Rabalais 1991; Djakovac et al. 2015; Justić 1991; Kralj et al. 2019). 

In closed or semi-enclosed basins, such conditions can cause mass mortality of benthic 

organisms and simultaneously stress canopy-forming algae by increasing the sulfide 

concentration in the sediments, weakening holdfasts, and reducing the energy available for 

reproduction (Boesch & Rabalais 1991; Djakovac et al. 2015; Justić 1991; Kralj et al. 2019; 

Newell & Ott 1999). 

In many Mediterranean regions, nutrient and chemical pollution have favored 

opportunistic taxa, resulting in the replacement of specialized and more susceptible fucoids 

by more tolerant species such as Halopithys incurva, Dictyota spp., Halopteris scoparia 

(Linnaeus) Sauvageau, Padina pavonica and turf-forming red algae (Arévalo et al. 2007; 

Luigi & Giulia 2017). The rapid growth of ephemeral species, including filamentous and 

epiphytic algae,  shades the substrate,  restricts the depth distribution of macrophytes and 

smothers canopy-forming species (Barmawidjaja et al. 1995; Newell & Ott 1999). Heavy 

epiphytic overgrowth impairs photosynthesis, gas exchange and reproductive success and 

ultimately threatens survival of erect macroalgae (Belegratis et al. 1999; D'antonio 1985; 

Karez et al. 2004; Mačič & Svirčev 2014). Over time, nutrient enrichment alters competitive 

dynamics, resulting in the replacement of perennial canopy-forming algae by ephemeral 

algal turfs (Karez et al. 2004; Rodriguez-Prieto & Polo 1996). This shift leads to a 

simplification of habitats, a loss of species diversity and biotic homogenization, with 

opportunistic species reaching high biomass and displacing non-nitrophilous taxa (Piazzi 

et al. 2011; Worm & Lotze 2006). Increased nutrient loads also facilitate the settlement of 

non-native macroalgae, which often displace slow-growing fucoids by colonizing readily 

available substrates and preventing their recruitment (Alestra et al. 2014; Bellgrove et al. 
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2010; Ceccherelli & Cinelli 1997; Steen & Scrosati 2004). However, in some cases, dense 

Cystoseira s.l. beds can act as effective barriers against invasion by e.g. Caulerpa 

cylindracea Sonder highlighting their role in buffering ecosystems against bioinvasion 

(Bulleri 2016; Piazzi et al. 2016). 

Fluctuations in Cystoseira populations have been associated with patterns of nutrient 

enrichment also in the northern Adriatic between the 1970s and early 2000s (Iveša & 

Devescovi 2014); see also Chapter 1.3). The ecological consequences include reduced 

structural complexity, the loss of associated biodiversity and a reduction in ecosystem 

services (Giani et al. 2012; Gouvêa et al. 2017; Iveša et al. 2016; Karez et al. 2004; Luigi 

& Giulia 2017; Marini & Grilli 2023; Newell & Ott 1999; Piazzi et al. 2011; Worm & Lotze 

2006). 

A trend towards oligotrophication has been observed in the northern Adriatic Sea 

since 1990s, as evidenced by a long-term decline in chlorophyll-a concentrations (Mozetič 

et al. 2010) and a significant decrease in phosphorus inputs (De Wit & Bendoricchio 2001). 

Early signs of this shift appeared  in the early 1980s through long-term time data on 

nutrients, chlorophyll-a, and phytoplankton biomass (Marić et al. 2012; Marini & Grilli 

2023), becoming more pronounced in the 2000s in the northeastern Adriatic (Djakovac et 

al. 2012) and in the Gulf of Trieste (Cozzi et al. 2020). Recent studies attribute the ongoing 

oligotrophication of the northern Adriatic Sea primarily to a significant decline in river 

discharge from the Po Plain and the resulting drop in nutrient inputs (Mentaschi et al. 

2024; Verri et al. 2024).  

Oligotrophication has mitigated many of the negative effects of eutrophication and is 

often considered a sign of good environmental health and a desirable outcome of 

management efforts aimed at mitigating past nutrient enrichment and eutrophication 

(Fiori et al. 2016; Justić 1987; Le Fur et al. 2019; Tsiamis et al. 2013). It created favorable 

conditions for the recovery of Cystoseira s.l. forests, since lower nutrient concentrations 

reduce the competitive advantage of fast-growing ephemeral algae and reopen substrates 

to recolonization by perennial fucoids (Blanfuné et al. 2019; Dublin et al. 1990; Hanel 2002; 

Iveša & Devescovi 2014; Iveša et al. 2016; Orlando-Bonaca & Rotter 2018; Sales et al. 

2011). However, excessive oligotrophication can lead to reduced productivity and a decline 

in biological resources (Stockner et al. 2000). This trend is expected to be most pronounced 

in the northernmost Adriatic, particularly in the northeastern sector, where annual net 

primary production, phytoplankton biomass, and chlorophyll-a concentrations are 

projected to decrease by 37.8%, 46.3%, and 54.5%, respectively, between 2030 and 2050 

(Mentaschi et al. 2024). 

1.5 Protection and restoration of Cystoseira s.l. forests in the 

Mediterranean Sea 

In response to the widespread decline of Cystoseira s.l. forests in the Mediterranean 

Sea, considerable effort has been devoted to developing and testing innovative restoration 

tools. Several techniques have shown promise in promoting the re-establishment of self-

sustaining populations (Cebrian et al. 2021; De La Fuente et al. 2019b; Falace et al. 2006; 

Falace et al. 2018; Gianni et al. 2018; Gianni et al. 2020; Kaleb et al. 2023; Lardi et al. 
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2022; Lokovšek et al. 2023; Lokovšek et al. 2025; Orlando-Bonaca et al. 2021b; Orlando-

Bonaca et al. 2022a; Piazzi & Ceccherelli 2019; Smith et al. 2023a; Tamburello et al. 2019; 

Verdura et al. 2018). However, since the disappearance of these forests usually results from 

a combination of stressors, restoration cannot rely on transplantation alone but requires a 

broad suite of complementary measures. The priority is always to mitigate ongoing 

anthropogenic pressures, such as eutrophication, overgrazing, and sedimentation (Airoldi 

& Cinelli 1997; Cebrian et al. 2021; Gianni et al. 2018; Gianni et al. 2020; Piazzi & 

Ceccherelli 2019; Smith et al. 2023a). While certain drivers, such as climate change, cannot 

be directly mitigated, habitat restoration can be undertaken once other primary stressors 

are reduced or eliminated.  Restoration efforts should therefore focus on areas historically 

inhabited by Cystoseira s.l., where pressures have been mitigated. It is also essential to 

select species appropriate to the site and to identify suitable donor populations from which 

to source restoration material (Airoldi et al. 2014; Cebrian et al. 2021; Gianni et al. 2013; 

Smith et al. 2023a).  

In this subchapter, particular attention is devoted to identifying best practices for 

restoration, describing the cultivation techniques developed for Cystoseira s.l. species, and 

reviewing restoration efforts carried out in the Mediterranean to date.  

1.5.1 Conservation legislation and protection status of Cystoseira s.l. 

Over the last decades, several international frameworks have included algal forests 

within their scope (UNEP/MAP 1995, Water Framework Directive 2000 (2000/60/EC), 

Habitat Directive (92/43/EEC), Marine Strategy Framework Directive (2008/56/EC)). 

The first regional protection measure for the Mediterranean Sea was introduced in 1976 

with the adoption of the Barcelona Convention (Convention for the Protection of the 

Mediterranean Sea against Pollution), which came into force in 1978 (Directive 

76/464/EEC). Its primary objective was to prevent, combat, and eliminate pollution of the 

Mediterranean, while safeguarding the marine environment in support of sustainable 

development. The Convention, together with its seven Protocols under the framework of 

the Mediterranean Action Plan (MAP), remains the principal legally binding multilateral 

environmental agreement (MEA) for the region (UNEP/MAP 2000). In 1995, the 

Convention was amended and renamed the Convention for the Protection of the Marine 

Environment and the Coastal Region of the Mediterranean. A key development was the 

adoption of the Protocol concerning Specially Protected Areas and Biological Diversity in 

the Mediterranean (SPA/BD Protocol), which was signed in 1996  and entered into force 

in 1999 (UNEP/MAP 1995). Initially, only five Cystoseira species (today renamed in E. 

amentacea, E. mediterranea, Ericaria sedoides Neiva & Serrão, G. montagnei, and 

Ericaria zosteroides (C.Agardh) Molinari & Guiry) were included in Annex II: List of 

Endangered or Threatened Species (UNEP/MAP 2018).  In 2004, Annex II was expanded 

to include all species of the genus Cystoseira s.l., except for the widespread and more 

tolerant C. compressa. The Annexes to the SPA/BD Protocol also include the common 

criteria for the establishment of Specially Protected Areas of Mediterranean Importance 

(SPAMIs), and the list of species whose exploitation is regulated under the Protocol. 
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Cystoseira s.l. species are considered a conservation priority in SPAMIs (UNEP/MAP 

2018).  

At the European level, Cystoseira s.l. forests are included as habitat types in Annex I 

of the Habitats Directive (92/43/EEC) since 1992. Annex I identifies “natural habitat types 

of community interest whose conservation requires the designation of special areas of 

conservation,” thereby recognizing Cystoseira s.l. belts as habitats of priority concern. All 

species of Cystoseira s.l are listed as Habitat reef under code 1170. Different species are 

used for the definiton of the NATURA2000 Habitat1170 on the Mediterranean coast 

(92/43/EEC). 

Under the Bern Convention, Convention on the Conservation of European Wildlife and 

Natural Habitats (Directive 79/409/EEC)  which was adopted in 1979 and came into force 

in 1982, some Cystoseira s.l. species are listed in Appendix I (Strictly protected flora 

species), where their conservation is identified as a regional priority. These species are E. 

amentacea, E. mediterranea, E. sedoides, G. montagnei, E. zosteroides. 

Although all these different treaties and frameworks together appear to form a robust 

system of legal protection, the degree of actual, enforceable protection remains limited. 

Neither the Habitats Directive (Directive 92/43/EEC), nor the Bern (Directive 

79/409/EEC) or Barcelona Convention (Directive 76/464/EEC) provide direct legal 

protection tools for macroalgae. For instance, Annex II of the Barcelona Convention lists 

Cystoseira s.l. species as “endangered or threatened” and obliges Parties to “accord 

protected status,” but does not itself enforce conservation measures. Likewise, the Bern 

Convention designates 5 Cystoseira s.l. species as “strictly protected,” yet its 

implementation and enforcement mechanisms remain weak. Moreover, Annex IV of the 

Habitats Directive (92/43/EEC) which would require strict protection of listed species, 

does not include any macroalgae. 

Nevertheless, benthic macroalgae, including Cystoseira s.l. forests, are incorporated into 

regular national monitoring programmes under both the Water Framework Directive 

(Directive 2000/60/EC)  and the Marine Strategy Framework Directive (Directive 

2008/56/EC). Within these frameworks, macroalgae are used as biological quality elements 

to assess the ecological status and environmental quality of coastal and transitional waters. 

Several indices have been developed for this purpose, including the CARLIT index 

(Ballesteros et al. 2007) and the Ecological Evaluation Index continuous formula (EEI-c) 

(Orfanidis et al. 2011), both of which use the composition and coverage of macroalgal 

assemblages as indicators of environmental conditions and anthropogenic pressure. 

Monitoring of macroalgal communities contributes to the evaluation of multiple MSFD 

descriptors (Decision 2017/848), particularly Descriptor 1 (Biodiversity), Descriptor 5 

(Eutrophication), and Descriptor 6 (Seafloor integrity), providing essential information on 

ecosystem structure and function. Consequently, macroalgae play a key role in assessing 

eutrophication levels and other anthropogenic pressures, habitat condition, and overall 

ecosystem health (Ballesteros et al. 2007; Directive 2008; Gerakaris et al. 2022; Nikolić et 

al. 2013; Orfanidis et al. 2011; Orlando-Bonaca et al. 2008; Orlando-Bonaca et al. 2021a; 

European Union 2008; WFD 2003) 
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1.5.2   Restoration approaches and methodologies 

Conservation strategies based solely on habitat protection and the reduction of 

anthropogenic stressors may be effective when Cystoseira s.l. forests are still relatively 

intact (Cebrian et al. 2021; Gianni et al. 2013; Smith et al. 2023a; Tamburello et al. 2019; 

Verdura et al. 2018). However, in cases where they are already heavily degraded, 

fragmented, and undergoing significant losses, passive protection alone is insufficient to 

halt or reverse their decline (Cebrian et al. 2021; Smith et al. 2023a). While mitigation of 

stressors is essential for creating favorable environmental conditions, it must be followed 

by active restoration interventions, that accelerate recovery of Cystoseira forests and 

promote the re-establishment of self-sustaining populations (Cebrian et al. 2021; De La 

Fuente et al. 2019b; Fabbrizzi et al. 2023; Falace et al. 2006; Falace et al. 2018; Gianni et 

al. 2013; Gianni et al. 2018; Lardi et al. 2022; Orlando-Bonaca et al. 2021b; Orlando-

Bonaca et al. 2022a; Perkol-Finkel & Airoldi 2010; Rindi et al. 2023; Tamburello et al. 

2019; Verdura et al. 2018). The rationale for restoration therefore lies in bridging this gap: 

combining passive approaches (e.g., stressor mitigation and habitat protection) with active 

measures (e.g., transplantation and recruitment enhancement) to restore functional canopy 

forests and their associated ecological roles. 

Several restoration approaches have been tested in the Mediterranean region, aiming to 

introduce new individuals into degraded habitats or to provide fertile material to obtain 

new recruits (Cebrian et al. 2021; Eger et al. 2022; Gianni et al. 2013). The method initially 

proposed consisted of transplanting adult individuals of Cystoseira s.l. from donor sites in 

good condition to recipient sites where forests had declined (Falace et al. 2006; Perkol‐

Finkel et al. 2012; Robvieux 2013; Susini et al. 2007). Transplanting juveniles was a next 

step in developing better restoration methods, as it reduces the impact on long-lived adult 

individuals whose larger canopies contribute disproportionately to habitat structure and 

reproductive output (Perkol-Finkel & Airoldi 2010; Perkol‐Finkel et al. 2012). 

However, given the widespread regression of Cystoseira s.l. forests and the threatened 

or endangered status of most canopy-forming species, harvesting individuals from donor 

populations is both undesirable and unsustainable. Consequently, alternative and less 

destructive methods have been developed, focusing on the collection of fertile branches 

from adults individuals at donor sites and cultivation of seedlings (Clausing et al. 2022; De 

La Fuente et al. 2019b; Falace et al. 2006; Falace et al. 2018; Falace et al. 2021; Lardi et 

al. 2022; Medrano et al. 2020; Orlando-Bonaca et al. 2021b; Orlando-Bonaca et al. 2022a; 

Tamburello et al. 2019; Verdura et al. 2018).  

Non-destructive in situ and ex situ techniques are best suited for the recovery of 

endangered species to avoid depletion of donor populations (De La Fuente et al. 2019b). 

To maintain genetic integrity and enhance restoration success, reproductive material 

should ideally be collected from populations located as close as possible to the recipient 

site and from habitats with comparable environmental conditions (Buonomo et al. 2018; 

Clark et al. 2020; Coleman & Brawley 2005a; Riquet et al. 2021). Cystoseira s.l. species 

are monoecious, producing both male and female gametes on the same individual, within 

the same conceptacle (Guern 1962; Rindi et al. 2023; Savonitto et al. 2019), therefore this 

approach is particularly effective.  
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During the reproductive season of Cystoseira s.l. species, the collection of fertile 

material from donor populations should be done very carefully. To minimize impacts on 

reproductive capacity and maintain genetic variability, no more than three fertile apices 

or less than 5% should be harvested from each algal thallus (Cebrian et al. 2021). Gamete 

release and fertilization can then be induced by exposing receptacles to a thermal shock, 

typically by keeping them at 4 °C in darkness for 12–24 hours, which stimulates gamete 

release (De La Fuente et al. 2019b; Falace et al. 2018; Gerard 1982; Lokovšek et al. 2023; 

Lokovšek et al. 2025; Orlando-Bonaca et al. 2022a).  

After this preparation period, the material collected can be used with different 

techniques:  

1. in situ cutivation, by placing fertile branches directly at the restoration site.

Success rates of in situ seeding are limited in exposed intertidal and shallow subtidal

habitats with strong wave action or currents, because zygotes are easily swept away

into the water column (Cebrian et al. 2021; Verdura et al. 2018). In sites with low

hydrodynamic conditions, where zygotes can successfully settle and attach, in situ

cultivation methods have been tested as a cost- and labor-efficient method for

restoring Cystoseira s.l. populations, since once settled, seedlings require only

periodic monitoring (Cebrian et al. 2021; Lokovšek et al. 2023; Verdura et al. 2018).

Different approaches to in situ seeding have been developed:

a. to put fertile apices in mesh bags.

The mesh should be fine enough that the receptacles will not escape through the hole

(recommended mesh size 1.20 x 1.28mm, grocery mesh bag for vegetables are good option). 

This bag will serve as a dispersal bag. Previous studies suggest placing 10 – 20 fertile 

receptacles in each bag (Cebrian et al. 2021; Verdura et al. 2018), but more receptacles 

mean better chance of successful seeding and recruitment (author’s unpublished data). 

Right balance between the availability of material at donor population and promoting 

success at recipient population should be found, not to deplete the donor site. The dispersal 

mesh bags can be: 

- fixed to vertical picks, that are hammered into the substratum, with the bag

positioned about 25 cm above the seafloor. Picks are spaced 2–3 m apart

(Verdura et al. 2018). The surrounding area should provide suitable

settlement substrate, cleared of turf algae. This can be achieved by deploying

large, flat stones pre-cleaned of organisms or by brushing the natural rocky

surface. Bags are typically removed after ~4 days (pers. obs.);

- tied directly to rocks (See Chapter 7). Mesh bags are secured horizontally onto

the substrate so that zygotes fall directly onto the target surface. This reduces

the risk of reproductive material being lost to the water column. Bags are left

in place for 4–7 days before removal.

b. to seed reproductive material with bottomless containers (author’s personal

technique, See Chapter 7). A bottomless container is placed on the substrate, into

which a mesh bag with fertile apices is briefly shaken (≈2 min) to release gametes

and/or zygotes directly onto the settlement surface. This approach is highly time-

efficient, as divers do not need to return to remove the bag, but its effectiveness is

reduced under medium to high hydrodynamic conditions (pers. obs.).
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2. ex situ cultivation of seedlings in controlled conditions before transplantation to

the field (see Fig. 6). Ex situ cultivation is generally more suitable for environments

with high hydrodynamics and grazing pressure (Cebrian et al. 2021; Lokovšek et al.

2023). The relatively simple life cycle of Cystoseira s.l. species enables successful

cultivation under controlled conditions with appropriate temperature, light and

nutrient regimes. With this technique, a large numbers of healthy individuals are

grown (Cebrian et al. 2021; Falace et al. 2006; Verdura et al. 2018), since the

survival, fitness and growth rates during early life stages can be enhanced (De La

Fuente et al. 2019b; Falace et al. 2018; Lokovšek et al. 2023; Orlando-Bonaca et al.

2022a).

The protocol for collecting fertile branches of Cystoseira s.l. and preparing them in the 

laboratory for ex situ cultivation follows the same procedure as that used for in situ 

cultivation. Additionally, if epiphytic algae or epizoans are present on the fertile 

branches, they should be carefully removed using a soft brush to avoid damaging the 

receptacles. Several seeding methods have been tested:  

a. One approach involves placing fertile branches in mesh bags, which are then floated

on the surface of aerated aquaria containing filtered natural seawater in a closed-

circuit system (Cebrian et al. 2021).

b. Alternatively, branches can be placed directly onto cleaned substrata (e.g., natural

rocks, clay tiles, or concrete surfaces) using tweezers. This is performed in a shallow

layer of seawater, just sufficient to cover the material and facilitate the release of

gametes and the settlement of zygotes (Falace et al. 2018; Lokovšek et al. 2023;

Lokovšek et al. 2024; Lokovšek et al. 2025; Orlando-Bonaca et al. 2021b).

Substrata must be thoroughly prepared prior to use: natural rocks should be scrubbed with 

a hard brush, while clay tiles should be cleaned and, if previously used, disinfected with a 

bleach solution (Falace et al. 2018; Lokovšek et al. 2023; Lokovšek et al. 2024; Lokovšek 

et al. 2025; Orlando-Bonaca et al. 2021b). Aquaria or containers should be disinfected prior 

use. After 2–4 days, once gametes have been released and zygotes have attached to the 

substrate, adult branches are removed to prevent contamination (Lokovšek et al. 2023; 

Lokovšek et al. 2024; Lokovšek et al. 2025; Orlando-Bonaca et al. 2021b). 

During the initial days of cultivation, water movement in the aquaria should be 

minimized to facilitate zygote settlement (Lokovšek et al. 2023; Lokovšek et al. 2024; 

Lokovšek et al. 2025; Orlando-Bonaca et al. 2021b). Once settlement has occurred, gentle 

water circulation is recommended to improve mixing and nutrient exchange. Settled 

zygotes can be observed with the naked eye as brownish spots (<1 mm in size). Throughout 

cultivation, environmental parameters—including photoperiod, temperature, and 

irradiance—should be adjusted to reflect the natural conditions of the donor population 

(Verdura et al. 2015). The water must be filtered or sterilized and partially renewed at 

least once or twice per week (Lokovšek et al. 2023). To promote growth, Von Stosch 

medium or species-specific biostimulants may be added (Kaleb et al. 2023; Lokovšek et al. 

2025).  
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Figure 6: Starting ex situ cultivation in the temperature-controlled room - fertile apices 

are placed on clay tiles to release gametes and zygotes (Photo: A. Lokovšek).

As an alternative to closed systems, open systems can also be employed (Lokovšek et 

al. 2023), in which seawater is continuously pumped directly from the sea into the 

cultivation tanks and subsequently discharged back, maintaining constant circulation. To 

minimize the risk of contamination, it is advisable to sterilize the incoming water with a 

UVC sterilizer (Lokovšek et al. 2023). The main advantage of an open system is that 

temperature and other water parameters remain naturally stable, and regular water 

changes are unnecessary, making the method more time- and labor-efficient. However, a 

significant drawback is the potential introduction of epiphytic algae and other organisms 

such as polychaetes (Lokovšek et al. 2023), since UVC sterilization is only effective against 

unicellular organisms and does not eliminate multicellular ones. 

Seedlings are typically maintained in aquaria or containers for at least 2–3 weeks, 

regardless of whether they are grown in closed systems/mesocosms or open systems (De La 

Fuente et al. 2019b; Falace et al. 2018; Gerard 1982; Kaleb et al. 2023; Lokovšek et al. 

2023; Lokovšek et al. 2024; Lokovšek et al. 2025). During this period, they should reach a 

minimum size of 1–1.5 mm before being transplanted (Lokovšek et al. 2023). At this stage, 

seedlings can either be further cultivated under controlled conditions or transferred directly 

to the field (Lokovšek et al. 2023). Many studies demonstrated successful outcomes with 

the tiles with germlings placed on suspended lantern nets (hybrid method) in the water 

column, which were later (after 2-3 months) transferred to the seabed with protective cages 

(Lokovšek et al. 2025).  

Despite the application of various cultivation techniques, protecting transplanted 

germlings from grazers and browsers remains a considerable challenge, particularly in areas 

with abundant schools of herbivorous fish (Gianni et al. 2017; Gianni et al. 2018; Gianni 
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et al. 2020), as also observed in the field (pers. obs.). Protective cages, although widely 

used in the last 5 years in the northern Adriatic, have significant limitations: they require 

regular maintenance to control the overgrowth of epiphytic algae and are prone to damage 

from fishing activities, heavy thunderstorms, and storm surges (Orlando-Bonaca et al., 

2021, 2022). Furthermore, once cages are removed, adult specimens once again become 

highly vulnerable to grazing (pers. obs.). This highlights the need to test and develop new 

deterrent devices. 

Figure 7: Seedlings of G. barbata on clay tiles; A - 2 weeks, B – 3 months old (Photo: A. 

Lokovšek).

1.6 Life cycle and reproduction of Cystoseira s.l. 

In brown algae from the order Fucales, the gametophyte stage is highly reduced. The 

dominant life phase is the sporophyte (diploid), with the reduced gametophyte (haploid) 

confined to superficial cavities located on the apical branches of the sporophyte (Ballesteros 

2002). 

The apical parts of the branches of Cystoseira s.l species develop into specialized 

structures called receptacles. Each receptacle bears numerous small cavities known as 

conceptacles. All Cystoseira s.l. species are monoecious, producing both female and male 

gametes on the same thallus, and they are self-compatible hermaphrodites capable of 

reproducing via self-fecundation (Bologa & Sava 2006; Coleman & Brawley 2005b; Coleman 

& Brawley 2005a). Typically, hermaphroditic, bisexual conceptacles occur, while unisexual 

thalli or conceptacles can develop in some species, but are rather an exception (Rindi et 

al. 2023).  

When a conceptacle is mature, it contains several oogonia, typically between 5–6 and 

12, although the exact number varies from species to species (Guern 1962). These oogonia 

are usually at different stages of development and are formed in the part of the conceptacle 

opposite the ostiole. The ostiole is a small pore that connects the inner chamber where 

gametes develop, to the surrounding seawater and appears externally as a tiny opening on 



28   Chapter 1. Introduction 

the surface of the receptacle. Each oogonium produces a single egg cell, which can be 

spherical (90–130 μm in diameter) or ovoid (110–130 × 140–180 μm) (Rindi et al. 2023). 

In the conceptacle, near the ostiole, a ring of antheridial branches develops (Guern 

1962). These slender, hair-like structures each contain 64 male gametes, known as 

antherozoids. In some species, such as G. barbata, each antherozoid bears a pigmented dot 

or “stigma” rich in carotenoids; these colored spots give the antheridial layer a distinct 

brownish-orange appearance (Rindi et al. 2023). Other species like C. compressa lack a 

stigma, resulting in the antheridia forming a greyish layer that may be hard to distinguish 

from the surrounding paraphyses (Guern 1962). 

Once ripe, the gametes are released through the ostiole. Fertilization is oogamous and 

takes place externally (Guern 1962; Savonitto et al. 2019). Thousands of biflagellate 

antherozoids are released and encounter the larger, rapidly sinking egg cell near the 

conceptacle. The fertilized egg cell develops into a zygote that settles on the seafloor near 

the parent thallus (Riquet et al. 2021). The zygote attaches to the substrate via a sticky 

fertilization membrane that facilitates adhesion. Polarization then takes place: the initially 

homogeneous cytoplasm differentiates metabolically and forms the vertical growth axis 

that defines the poles of the rhizoid and the thallus (Falace et al. 2018; Guern 1962; 

Savonitto et al. 2019). Within the first 12–24 hours, the spherical zygote undergoes its first 

equatorial division (De La Fuente et al. 2019b; Falace et al. 2018; Lardi et al. 2022; 

Savonitto et al. 2019). Within 20-42 hours after fertilization, a second division follows, 

which is usually perpendicular to the first, but in some cases also parallel. The third division 

is also perpendicular to the first and usually takes place in the upper cell (Falace et al. 

2018). During the first two days, several successive divisions take place without increasing 

the volume of the embryo (as observed in E. amentacea) and four primary rhizoids develop 

(Falace et al. 2018). In the following days, these rhizoids elongate into long filaments that 

attach the embryo to the substrate, strengthening the initial adhesion. As the embryo 

elongates, it gradually loses its spherical form. About a week after fertilization, the 

fertilization membrane begins to detach. Growth continues through subsequent cell 

divisions, accompanied by the development of secondary rhizoids (Falace et al. 2018; Lardi 

et al. 2022). An invagination forms in the apical region, from which hyaline (apical) hairs 

emerge between days 7 and 12 (Falace et al. 2018; Lardi et al. 2022), after which the 

embryo assumes an upright position. By the second week, the germlings with numerous 

rhizoids continue to elongate and small lateral branches with early cryptostomata appear. 

By the third week, several cryptostomata are fully developed. The germling gradually 

transitions into a juvenile sporophyte with primary branches (Lardi et al. 2022; Falace et 

al. 2018). The rhizoids differentiate into a multicellular, discoid holdfast that provides 

permanent attachment, while species-specific branching patterns develop (Guern 1962).  

The juvenile sporophyte stage can last from several months to few years before sexual 

maturity is reached (Capdevila et al. 2018), as also observed in in situ cultures (pers. obs.). 

Adult sporophytes have a perennial cauloid and a highly branched thallus, can live for 

several years, and produce receptacles seasonally (Ballesteros 2002; Ercegović 1952). 
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Growth and development follow broadly similar patterns in all Cystoseira s.l. species, 

but the timing of each stage varies according to the species and environmental conditions 

(Falace & Bressan 2006; Irving et al. 2009; Kaleb et al. 2023; Lardi et al. 2022; Lokovšek 

et al. 2023; Lokovšek et al. 2024; Lokovšek et al. 2025). Based on embryological traits such 

as the egg cell shape, the number of primary rhizoids, and the sequence of segmentation of 

zygote—three groups of Cystoseira s.l. have been described (Guern 1962). The first group 

is characterized by spherical eggs (90–130 μm), antherozoids with pigmented stigma, early 

appearance of the rhizoidal cell, and embryos with four primary rhizoids. It includes also 

our study species, G. barbata. The second group has ovoid eggs, antherozoids without 

stigma, and embryos that develop eight primary rhizoids (Guern 1962). The third group 

has spherical eggs that elongate before segmentation, antherozoids with stigma, and 

segmentation of zygote beginning with a protrusion at the rhizoidal pole before division. 

The embryos form four primary rhizoids (Guern 1962). 

Most Cystoseira s.l. species in the Mediterranean reproduce from late winter to late 

spring, when sea temperatures are the lowest (De La Fuente et al. 2019b; Falace et al. 

2018; Garreta 2000; Lokovšek et al. 2024; Orlando-Bonaca et al. 2021b; Rindi et al. 2023; 

Rodríguez-Prieto et al. 2013). The timing can vary depending on species and location and 

is controlled by day length, light availability and temperature (Liu et al. 2017; 

Figure 8: Life cycle of Gongolaria barbata (Illustration: A. Benedejčič). 
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Papadimitriou et al. 2022). Temperatures outside the tolerance range for early life stages, 

generally between 10 and 18 °C for most species, can constrain reproductive development 

or reduce survival (see Chapter 4; (Marletta et al. 2021)). Furthermore, thermal anomalies 

may shift or shorten the reproductive window, ultimately decreasing reproductive success 

(Cimini et al. 2024). 

Because egg cells are relatively large and heavy, dispersal capacity of Cystoseira s.l. 

species is limited, typically not exceeding a few meters from the parent sporophyte 

(Buonomo et al. 2018; Capdevila et al. 2018; Riquet et al. 2021). The estimated dispersal 

distance of G. barbata is less than 600 m (Riquet et al. 2021). This means that gene flow 

is restricted, and populations are genetically disconnected even at small spatial scales 

(<10km). Within isolated populations, this can result in occurrence of genetic drift (Riquet 

et al. 2021).  

1.7 Study area 

The northern Adriatic Sea is the shallowest, most enclosed and northernmost part of the 

Mediterranean Sea. It is highly dynamic system, strongly influenced by freshwater inflow, 

surface heat fluxes and meteorological conditions (Artegiani et al. 1997; Boicourt et al. 

2021; Buljan 1976). More recent studies confirm and refine this characterization, 

highlighting the high spatial and temporal variability of its physical and biogeochemical 

properties (Grilli et al. 2020; Vilibić et al. 2019). It has cyclonic water circulation, with 

surface waters flowing north-eastward along the Croatian and Slovenian coast and 

returning south-westward along the Italian coast (Artegiani et al. 1997; Ursella et al. 2018). 

Discharges from the Po and other rivers generate a strong southward coastal current along 

the Italian shore (Western Adriatic Current, WAC), which sustains the cyclonic 

circulation, while the weaker, warmer, and saltier Eastern Adriatic Current (EAC) flows 

northward along the eastern coast (Poulain et al. 2001). At depth, colder and denser waters 

move southward, and a bathymetrically constrained transverse current near the 50 m 

isobath connects the EAC and WAC (Poulain et al. 2001). Stratification develops from 

spring to autumn due to surface heating and freshwater buoyancy, whereas winter cooling 

and strong north-easterly Bora winds induce deep mixing and the formation of dense waters 

(Boicourt et al. 1999; Poulain et al. 2001; Terzić et al. 2025). Riverine nutrient loads, 

particularly from the Po, strongly influence the western and northern coasts, supporting 

high primary production during stratified periods (Cozzi & Giani 2011; Degobbis et al. 

2000). In contrast, the eastern part of the basin remains more oligotrophic, where internal 

remineralization plays a larger role in nutrient cycling (Mentaschi et al. 2024). 

The Gulf of Trieste, extending from Cape Savudrija in Croatia to Grado in Italy, 

represents the northernmost extension of both the Adriatic and the Mediterranean Sea (see 

Fig. 9). Stretching across three countries and encompassing the entire Slovenian coastline, 

it covers an area of about 600 km², with a volume of approximately 9.5 km³ and a maximum 

depth of 37 m. Oceanographically, it is a shallow and semi-enclosed basin, with an average 

depth of around 18 m and limited water exchange through its open western boundary 

(Cosoli et al. 2013; Malačič & Petelin 2001). 
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Its hydrological and physical characteristics are shaped by the interplay of 

meteorological factors, freshwater inflow from the rivers Soča (Isonzo), Timava, Rižana 

and Dragonja, and exchanges with the northern Adriatic (Malačič & Petelin 2001). 

Hydrodynamics are dominated by a northward-flowing eastern current along the Istrian 

coast. Substantial water exchange also occurs between the Grado–Marano Lagoon and the 

open sea through six tidal channels, while rivers along other parts of the Gulf contribute 

less than 10 % to the freshwater balance (Cozzi et al. 2012). Circulation is generally 

counter-clockwise in deeper layers and clockwise near the surface, and the latter is strongly 

modulated by prevailing easterly winds, particularly the Bora (Stravisi 1983). The semi-

enclosed shape of the Gulf, together with dominant offshore winds from the northeast and 

its shallow depth, results in relatively sheltered conditions (Boicourt et al. 1999).  

The Soča River is the major source of land-derived nutrients, particularly nitrate, and 

also the principal driver of salinity fluctuations. Average salinity in the area is 37 but can 

vary widely depending on river discharge (Mozetič et al. 1998). Gulf’s hydrography is 

characterized by seasonal variability. Temperatures typically range between 6 and 28 °C 

(Malačič et al. 2006), although a trend towards increasing temperatures has been observed 

in recent decades. With winter temperatures falling  below 10 °C, the Gulf of Trieste is the 

coldest region of the Mediterranean Sea during the winter months (Boicourt et al. 1999). 

During summer, solar heating and freshwater inflow create a typical thermal stratification 

of the water column, while in winter the column becomes vertically homogeneous due to 

autumnal cooling and wind-induced mixing (Boicourt et al. 1999; Mozetič et al. 1998).  

Geologically, the Gulf of Trieste lies on a carbonate platform overlain by Holocene 

sediments (Trobec et al., 2018), with Cretaceous–Paleogene carbonates locally covered by 

Eocene flysch (Carulli, 2011). The Friulian plain to the north consists of Quaternary 

glacial–fluvial deposits. Western sectors contain up to 70 % biogenic carbonate, while inner 

bays (Koper, Piran, Muggia, Panzano) are dominated by clayey silt with ~30 % carbonate 

(Ogorelec et al., 1991). The carbonate fraction derives from in situ production, and 

terrigenous minerals originate mainly from flysch erosion, largely via the Soča River. 

Sedimentation rates are highest in the inner bays (1–5 mm yr⁻¹) and lowest offshore, where 

Holocene deposits reach 1–5 m in thickness (Trobec et al., 2018). 
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Figure 9: Adriatic Sea and Gulf of Trieste (Map: M. Šiško). 
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1.8 Species under study: Gongolaria barbata 

Gongolaria barbata is a shallow-water Cystoseira s.l. species that thrives in sheltered, well-

lit marine habitats, rock pools and coastal lagoons (Ballesteros 2002; Barcelo Mc 2000; 

Ercegović 1952; Falace et al. 2024b; Iveša et al. 2022). It is widespread across the 

Mediterranean Sea, extending to the Atlantic coasts near the Strait of Gibraltar in the 

west and east into the Levantine Basin (Garreta 2000). Occurrences have also been 

reported from the Canary and Savage Islands (Blanfuné et al. 2022), and along the 

Romanian coast of the Black Sea (Marin & Spinu 2023, 2024). In the Mediterranean it 

typically occupies the upper sublittoral (about 0.5–2 m depth, occasionally deeper in clear 

waters) (Garreta 2000; Rodríguez-Prieto et al. 2013). 

Its morphology is notably variable among sites, reflecting strong phenotypic plasticity. 

In coastal lagoons, it can develop a free-floating form, previously known as the separate 

species Cystoseira aurantia, now renamed Gongolaria barbata f. aurantia (Kützing) Falace, 

Alongi & Kaleb (Falace et al. 2024b) In the Šćuza Lagoon in Croatian Istria, however, the 

local G. barbata population shows yet another distinct morphology that does not 

correspond to G. barbata f. aurantia described from Slovenian lagoons (Falace et al. 2024b; 

Iveša et al. 2022). A detached, free-floating form has been observed, in which the holdfast 

is absent or non-functional and deformed, cauloid is heavily ramified and lose its’ 

arborescent shape and thalli drift among seagrass fronds and detritus (Iveša et al. 2022; 

Smith et al. 2025). This form is probably adaptation to lagoonal conditions (Iveša et al. 

2022; Smith et al. 2025). In coastal waters, G. barbata grows in an erect, non-caespitose 

form, firmly attached to hard substrata (Ballesteros 2002). The attached thalli occur on 

rocky seafloors of the upper infralittoral zone all year-round and represent the sporophyte 

generation. The colour of the thalli varies from golden-brown to dark brown or almost 

black (Ercegović 1952; Garreta 2000; Rodríguez-Prieto et al. 2013). Younger branches are 

lighter in colour. The thallus attaches to the substrate with a discoid holdfast called the 

basal plate, which is compact, thin, usually 5-7 mm, occasionally up to 10 mm or more in 

width, round-oval shaped with lobed margins (Ercegović 1952; Garreta 2000). From the 

basal plate grows the cauloid, a perennial, thick, stem-like structure, and the most compact 

part of the alga. G. barbata is a monopodial species, therefore it has a single main axis that 

is cylindrical, smooth, and uniform along its entire length, measuring 3-5 mm in diameter 

and up to 50 cm in height (Garreta 2000). The axis is usually simple and slightly curved 

or twisted at the top. Tophules are absent (Garreta 2000). The apex is prominent, elevated 

above the insertion point of the mature primary branches, especially during the active 

growth period in winter and spring, when it may rise 1 to 2 cm above the base of the 

branches (Garreta 2000). It is smooth, completely bare, without spines and appears flat 

and truncated at the very tip, although in rare cases, it may be slightly thickened. A 

prominently raised and bare apical tip is the most distinct and reliable morphological 

feature of this species (Ercegović, 1952). In favourable conditions, G. barbata grows rapidly, 

as indicated by wide spacing between the still undeveloped primary branches at the tip of 

the axis (Ercegović 1952). It can grow to 1 m in height (Garreta 2000). 
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The apical vegetative part with primary branches of G. barbata grows from the cauloid 

(See Fig. 10). Primary branches further divide into secondary branches. Primary branches 

are well developed, especially in spring. Secondary and higher order branches are filiform 

(Garreta 2000). Adventitious branches emerge from the scars left by fallen primary 

branches or from other points along the axis. Typically, one or two adventitious branches 

grow from each scar, with more than two being  uncommon (Ercegović 1952). These 

branches do not differ significantly from the normal primary branches at the apex of the 

plant, except that they are usually shorter and less frequently bear aerocysts and 

receptacles (Garreta 2000). They can develop at any time of year but are usually formed 

during the summer and autumn. Aerocysts are usually present at the ends of the branches 

(See Fig. 10) but are sometimes absent (Garreta 2000). They are arranged in chains or 

occur isolated. All branches have visible cryptostomata. Receptacles develop at the ends 

of secondary branches in spring and early summer (Ercegović 1952). They are simple, 1 

mm wide, 0.5 – 2 cm long, usually cylindrical or spindle-shaped, pedicellate, and terminate 

in a mucron (Ercegović 1952).  

Morphological characteristics of the thallus of G. barbata exhibit season- and 

temperature-related variability  (Iveša et al. 2022; Orlando-Bonaca et al. 2021b). In general, 

the most active vegetative period begins in the second half of autumn, typically in early or 

mid-November (Ercegović 1952). Primary branches that develop during this time are 

shorter, with evenly sized and shorter secondary branches, giving them a lanceolate shape 

(Ercegović 1952). They are darker in colour and have fewer aerocysts and receptacles, 

which are also short (Ercegović 1952). In contrast, primary branches that develop during 

winter and the first half of spring show much more vigorous growth, evident in their greater 

length and the density of all structural elements (Ercegović 1952). In the Slovenian coastal 

sea, G. barbata lose their lighter-coloured secondary branches in winter, and in some cases 

also primary ones, often leaving only the bare cauloid, which may become overgrown with 

epiphytes (pers. obs.). New primary branches start growing at the end of winter or in early 

spring. The reproductive period of G. barbata typically begins between February and May 

in Slovenian coastal waters (pers. obs.), when seawater temperatures range between 8 and 

23°C. During the peak of the vegetative period—usually in April or early May—primary 

branches reach their maximum length, sometimes up to 40 to 45 cm (pers. obs.).  

At this time, the entire thallus can measure up to 80 centimeters or even 1 m in length 

(Ercegović 1952; Garreta 2000).  
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1.9. Objectives of the Dissertation 

The main objective of this dissertation is to develop and optimize integrative, evidence-

based approaches for the restoration of Gongolaria barbata forests in the northern Adriatic 

Sea, based on knowledge of the species’ biology and life cycle, alongside an understanding 

of the stress factors that threaten its persistence. The work addresses the urgent need for 

scalable, ecologically informed restoration strategies for canopy-forming brown algae, which 

Figure 10: Morphology of G. barbata (Illustration: A. Benedejčič). 
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are undergoing widespread decline due to cumulative anthropogenic pressures and climate-

related stressors. 

Building on recent advances in macroalgal cultivation, this research aims to improve 

the survival and growth of early-stage G. barbata seedlings destined for restoration 

purposes. Laboratory and field experiments are used to refine and simplify cultivation 

protocols, address key knowledge gaps in ex situ cultivation, assess temperature tolerance, 

explore host-microbiome interactions, and test the use of microalgal extracts. Collectively, 

this work provides new insights into the biology of G. barbata and generates applied 

knowledge that supports the successful restoration of functional, canopy-forming 

macroalgal communities in degraded Mediterranean coastal systems. 

The specific objectives of the dissertation, aligned with the published research outputs, 

are:  

1. Improvement and simplification of ex situ cultivation protocols:

Development of a cost-effective, reproducible laboratory method for the

cultivation of Gongolaria barbata seedlings, comparison of different seawater 

treatments (e.g. UV sterilization vs. filtration) and evaluation of seedling survival and 

growth in both mesocosms (ex situ) and hybrid systems (in situ). 

2. Evaluation of thermal stress on early life stages:

Experimental evaluation of thermal sensitivity of G. barbata seedlings under

controlled conditions, focusing on growth, deformity and survival across temperature 

regimes reflecting current and predicted climatic conditions in the northern Adriatic 

Sea. 

3. Evaluation of the potential of algal extracts as biostimulants on early life

stages growth:

Evaluate the effects of microalgal and macroalgal extracts (e.g. Desmodesmus sp., 

Trichormus variabilis, Cylindrotheca closterium and AlgatronCifo®, a commercial 

Macrocystis pyrifera extract) on seedling survival and development and determine the 

species- and concentration-specific responses to promote early stages growth in ex situ 

cultivation systems. 

4. Characterization of the microbiome of G. barbata:

Investigate the composition, diversity, and host specificity of microbial

communities associated with different parts of the thallus of G. barbata and explore 

environmental drivers of microbiome structure as well as variation across morphotypes 

and habitats. 

5. Assessment of intraspecific genetic diversity:

Use molecular markers (cox1 mitochondrial gene) to assess the genetic

homogeneity among morphologically and ecologically distinct G. barbata populations 

in the northern Adriatic and western Mediterranean, testing whether the observed 

phenotypic plasticity reflects true infraspecific diversity or environmentally induced 

variation. 
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Chapter 2 

Improvement of ex situ cultivation 

protocols 

2.1 Paper: Keep It Simple: Improving the Ex Situ Culture of 

Cystoseira s.l. to Restore Macroalgal Forests 

This chapter focuses on refining ex situ cultivation protocols for the habitat-forming brown 

alga Gongolaria barbata, with the aim of enhancing the effectiveness and scalability of 

restoration practices in the northern Adriatic. Restoration of Cystoseira s.l. forests is often 

constrained by limited dispersal capacity, high sensitivity of early life stages, and strong 

grazing pressure. These challenges underscore the importance of developing cost-efficient 

and reliable methods. Building on previous work (De La Fuente et al. 2019b; Falace et al. 

2006; Falace et al. 2018; Orlando-Bonaca et al. 2021b) this study aimed to streamline ex 

situ protocols, reducing costs and labor demands of while assessing the survival and growth 

of juvenile thalli under mesocosm and open-system conditions. In addition, the study tested 

whether early transfer of juveniles to the marine environment could improve restoration 

success. 

Specific objectives: 

I. Test whether UV-sterilized seawater provides a reliable and less resource-demanding

alternative to ultra-filtration in ex situ mesocosm cultivation.

II. Compare mesocosm and open-system approaches for cultivating G. barbata germlings

from two donor populations in the Gulf of Trieste.

III. Assess the performance of young thalli during the critical transition from laboratory to

field conditions, using lantern net baskets as an intermediate protective phase.

IV. Identify cost- and time-saving practices that maintain restoration success while

facilitating more frequent and scalable cultivation.

Hypothesis: 

Replacing ultra-filtration with UV sterilization and shortening the laboratory phase 

through early transfer to lantern net baskets will simplify the cultivation of G. barbata 

without compromising survival and growth. This hybrid approach is expected to reduce 

costs and labor while providing protection from biofouling and herbivory, thus offering a 

practical pathway to upscale restoration efforts in the Adriatic. 
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Key findings: 

• A low-cost hybrid ex situ–in situ cultivation system for Gongolaria barbata was

successfully improved and tested.

• Seedlings grown under this system achieved high survival and growth rates

compared to traditional methods.

• The approach demonstrated that ex situ rearing followed by in situ acclimatization

can produce healthy, transplantable juveniles.

• The method offers a scalable, reproducible, and cost-efficient technique for restoring

canopy-forming brown algae.

• Findings highlight the feasibility of restoring degraded macroalgal forests through

integrative cultivation and outplanting strategies.

The objectives outlined above were achieved, and the hypothesis was supported by the 

results presented in this chapter. 

The research work is presented in the following publication and is listed below: 

Lokovšek, A., Pitacco, V., Trkov, D., Zamuda, L. L., Falace, A., & Orlando-Bonaca, M. 

(2023). Keep it Simple: Improving the Ex Situ Culture of Cystoseira s.l. to Restore 

Macroalgal Forests. Plants, 12(14), 2615. https://doi.org/10.3390/plants12142615 

Ana Lokovšek contributed to this paper as follows: conceptualization, methodology, 

investigation, formal analysis, writing – original draft, writing – review & editing. 



39 



40 Chapter 2. Improvement of ex situ cultivation protocols 



41 



42 Chapter 2. Improvement of ex situ cultivation protocols 



43 



44 Chapter 2. Improvement of ex situ cultivation protocols 



45 



46 Chapter 2. Improvement of ex situ cultivation protocols 



47 



48 Chapter 2. Improvement of ex situ cultivation protocols 



49 



50 Chapter 2. Improvement of ex situ cultivation protocols 



51 



52 Chapter 2. Improvement of ex situ cultivation protocols 



53 



54 Chapter 2. Improvement of ex situ cultivation protocols 



55 



56 Chapter 2. Improvement of ex situ cultivation protocols 



57 

Chapter 3 

Thermal Stress and Early Life Stages 

of Gongolaria barbata 

3.1 Paper: Too Hot to Handle: Effects of Water Temperature 

on Early Life Stages of Gongolaria barbata (Fucales) 

This chapter examines how elevated seawater temperatures affect the early life stages of 
Gongolaria barbata, a key habitat-forming species in the Mediterranean. In the northern 
Adriatic, summer seawater temperatures often rise above 28 °C, exceeding the species’ 
general thermal optimum of 10–25 °C. While adult plants can tolerate a wider thermal 
range, the earliest stages of development are far more sensitive, with optimal growth 
occurring around 15 °C. Unusually warm winters, where temperatures remain above 
historical norms, further threaten germling survival during recruitment. Since the 
persistence of Cystoseira s.l. forests depend on the successful establishment of these 
vulnerable early stages, understanding their thermal tolerance is essential for predicting 
the resilience of coastal algal forests under future climate warming. 

The study was conducted using reproductive material collected from natural 
populations in the Gulf of Trieste. Germlings were cultivated under controlled laboratory 
conditions at four temperatures (15, 18, 24, and 28 °C), spanning typical spring values to 
extreme late-spring and summer conditions already recorded in the region. Over a 16-day 
period, survival, growth, and deformities were monitored to identify thresholds of thermal 
tolerance and to assess how warming influences recruitment success. 

Specific objectives: 
I. Assess survival and growth rates of G. barbata germlings across a gradient of seawater
temperatures.
II. Determine the onset of temperature-induced deformities and mortality.
III. Identify the upper thermal limits of germling development in relation to present and
projected warming trends in the northern Adriatic.
IV. Provide insights into how future marine heatwaves could constrain the recruitment
and persistence of Cystoseira s.l. forests.

Hypothesis: 
Early life stages of G. barbata are highly sensitive to thermal stress. Temperatures above 
24 °C were expected to cause significant mortality and deformities, creating a recruitment 
bottleneck that threatens long-term population survival. 

Key findings: 
• Germlings developed normally at 15 and 18 °C, showing high survival and healthy

growth.
• At 24 °C, germlings experienced severe stress, with deformities and substantial

mortality within two weeks.
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• At 28 °C, complete mortality occurred within the first week, confirming the extreme
vulnerability of early stages to high temperatures.

• The results identify 24 °C as a critical threshold, beyond which recruitment success
is drastically reduced.

• Findings highlight that increasing frequency and intensity of marine heatwaves
could severely limit the recovery and persistence of Cystoseira s.l. forests in the
northern Adriatic.

The objectives were achieved, and the hypothesis was supported by the results presented 

in this chapter. 

The work presented in this chapter has been published as: 
Lokovšek, A., Pitacco, V., Falace, A., Trkov, D., & Orlando-Bonaca, M. (2024). Too Hot 
to Handle: Effects of Water Temperature on the Early Life Stages of Gongolaria barbata 
(Fucales). Journal of Marine Science and Engineering, 12(3), 514. 
https://doi.org/10.3390/jmse12030514 

Ana Lokovšek contributed to this paper as follows: conceptualization, methodology, 
investigation, formal analysis, writing – original draft, writing – review & editing. 
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Chapter 4 

Biostimulant Effects on Early Life 

Stages of Mediterranean Fucales 

4.1 Paper: Enhancing Ex Situ Cultivation of Mediterranean 

Fucales: Species-Specific Responses of Gongolaria 

barbata and Ericaria crinita Seedlings to Algal extracts  

This chapter explores the potential of algal biostimulants to enhance the growth and 
resilience of early life stages of Mediterranean Fucales. The widespread decline of Cystoseira 
s.l. forests has made ex situ cultivation and seedling outplanting essential tools for
restoration. However, the survival and growth of germlings are often constrained by
physiological stress, limited nutrient availability, and microbial contamination, creating a
bottleneck for restoration success. Inspired by the established use of algal biostimulants in
agriculture and aquaculture, this study tested whether microalgal and macroalgal extracts
could improve seedling performance in Gongolaria barbata and Ericaria crinita.

The experiments were carried out in controlled mesocosm trials, using extracts from 
the cyanobacterium Trichormus variabilis, the green alga Desmodesmus sp., the diatom 
Cylindrotheca closterium, and a commercial kelp-based formulation (AlgatronCifo®). 
Seedling survival, growth, and deformities were monitored across different extract types 
and concentrations, with particular focus on dose-dependent and species-specific responses. 

Specific objectives: 
I. Test the effects of different microalgal and macroalgal extracts on the survival and
development of G. barbata and E. crinita seedlings.
II. Identify optimal extract types and concentrations that enhance early-stage growth
without inducing cytotoxicity or microbial overgrowth.
III. Compare the performance of a commercial kelp-derived formulation with microalgal
extracts to evaluate practical applications for large-scale restoration.
IV. Assess species-specific responses and the potential of biostimulants as a scalable tool
to improve ex situ cultivation protocols.

Hypothesis: 
Microalgal and macroalgal extracts, when applied at appropriate concentrations, enhance 
the survival and growth of Mediterranean Fucales seedlings, thereby increasing their 
resilience and suitability for restoration. 

Key findings 
• Low concentrations of Desmodesmus sp. extract significantly enhanced growth and

survival of seedlings, confirming its potential as a biostimulant.
• High concentrations of all extracts produced cytotoxic effects, reducing survival

and increasing deformities.
• Responses were species-specific.
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• G. barbata performed best in control conditions, showing limited benefit from
biostimulant addition.

• E. crinita showed clear positive responses to several extract treatments,
highlighting its greater sensitivity to supplementation.

• The commercial kelp-based formulation (AlgatronCifo®) performed comparably
to microalgal extracts but also showed dose-dependent risks, stressing the need
for careful concentration control.

• Overall, the results demonstrate that biostimulants can enhance early-stage
performance in some Fucales, but their use requires optimization to avoid
harmful side effects.

The objectives were achieved, and the hypothesis was partly supported by the results 
presented in this chapter. While Desmodesmus sp. extract at low concentrations proved 
effective, species-specific differences emphasize the need for tailored approaches in 
restoration programs.  

The work presented in this chapter has been published as: 
Lokovšek, A., Orlando-Bonaca, M., Gljušćić, E., Bilajac, A., Iveša, L., Di Cave, A., Savio, 
S., Ortenzi, F., Trkov, D., Congestri, R., & Falace, A. (2025). Enhancing ex situ cultivation 
of Mediterranean Fucales: species-specific responses of Gongolaria barbata and Ericaria 
crinita seedlings to algal extracts. Marine Environmental Research, 107411. 
https://doi.org/10.1016/j.marenvres.2025.107411 

Ana Lokovšek contributed to this paper as follows: conceptualization, methodology, 
investigation, data curation, validation, formal analysis, writing – original draft, writing – 
review & editing. 
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Chapter 5 

Genetic Diversity of Gongolaria 

barbata 

5.1 Paper: Contribution to the Knowledge of Gongolaria 

barbata (Sargassaceae, Fucales) from the 

Mediterranean: Insights into Intraspecific diversity 

This chapter investigates the infraspecific diversity of Gongolaria barbata, a canopy-
forming species characterized by remarkable morphological variability. Historically, 
distinct morphotypes have been described as separate infraspecific taxa, but their 
interpretation has varied, with some considered seasonal stages, ecotypes, or independent 
taxa. Such polymorphism complicates taxonomy, conservation planning, and restoration 
strategies, underscoring the need to clarify the relationship between morphological traits, 
ecological conditions, and genetic identity. 

To address this, we applied an integrative approach combining molecular, 
morphological, and ecological analyses. Attached (haptophytic) and free-floating 
(pleustophytic) specimens were collected from several sites in the Gulf of Trieste and from 
Sardinia. Vegetative and reproductive traits were quantified and compared across 
populations, while mitochondrial cox1 sequences were analyzed to test for genetic 
divergence between morphotypes. This integrative approach aimed to clarify whether 
morphological variability reflects genetic differentiation or environmentally driven 
phenotypic plasticity. 

Specific objectives: 
I. Characterize vegetative and reproductive morphology of G. barbata populations across
contrasting ecological conditions.
II. Assess genetic differentiation between free-floating and attached forms using
mitochondrial cox1 sequences.
III. Clarify the taxonomic status of historically described infraspecific taxa such as hoppei,
turneri, and aurantia.
IV. Provide insights into the ecological and evolutionary significance of infraspecific
diversity in G. barbata.

Hypothesis: 
The morphological variability observed among populations of G. barbata represents site-
specific phenotypic plasticity rather than true genetic divergence, with distinct 
morphotypes reflecting adaptation to local ecological conditions. 

Key findings 
• Stable morphological differences were documented between northern Adriatic

populations.
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• Izola thalli matched f. hoppei (long fronds, spindle-shaped receptacles, abundant
aerocysts).

• Strunjan and Piran thalli corresponded to f. turneri (short fronds, cylindrical
receptacles, few or no aerocysts).

• Molecular analyses (cox1) revealed no genetic divergence among morphotypes,
supporting the role of phenotypic plasticity rather than genetic isolation.

• Free-floating lagoon forms were genetically indistinguishable from attached thalli,
confirming they are detached but viable branches that persist and occasionally
reproduce in calm environments.

• The historically described C. aurantia was clarified as a lagoon-associated ecoform,
formally recombined as Gongolaria barbata f. aurantia.

• The study formally recognized three ecologically defined infraspecific taxa: G.
barbata f. hoppei, G. barbata f. turneri and G. barbata f. aurantia.

The objectives were achieved, and the hypothesis is confirmed by the results presented in 
this chapter.  

The research work is presented in the following publication and is listed below: 
Falace, A., Manfrin, C., Furnari, G., D’Ambros Burchio, S., Pallavicini, A., Descourvieres, 
E., Kaleb, S., Lokovšek, A., Grech, D., & Alongi, G. (2024). Contribution to the knowledge 
of Gongolaria barbata (Sargassaceae, Fucales) from the Mediterranean: insights into 
infraspecific diversity. Phytotaxa, 635(3), 191–205. 
https://doi.org/10.11646/phytotaxa.635.3.1 

Ana Lokovšek contributed to this paper as follows: fieldwork, morphological analysis, and 
writing – review & editing. 
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Chapter 6 

Microbiome Diversity and Host 

Specificity in Gongolaria barbata 

6.1 Paper: Diversity of the Surface Microbiome of Canopy-

Forming Brown Macroalgae (Fucales) in Northern 

Adriatic 

This chapter explores the diversity and host specificity of the microbiome associated with 
the habitat forming brown alga Gongolaria barbata. According to the meta-organism 
concept, macroalgae and their associated microbiota form a functional unit in which 
microorganisms contribute to growth, defense, and resilience. Despite their importance, the 
composition and ecological role of the microbiome in Cystoseira s.l. species remain poorly 
studied, creating a major gap in knowledge relevant to restoration and long-term ecosystem 
stability. 

Understanding the structure and variability of algal microbiomes is particularly 
important for restoration efforts, since microbial communities may differ among algal 
species, populations exposed to different environmental conditions, and even across algal 
body parts. Such differences may strongly influence seedling survival, growth, and stress 
resistance during cultivation. Identifying population- or tissue-specific microbial 
associations can therefore help refine cultivation protocols and improve restoration 
outcomes. 

In this study, two morphologically distinct but genetically identical populations of G. 
barbata from the Slovenian coastal sea (Belvedere and Merkur) were analyzed using 16S 
rRNA amplicon sequencing. Microbial assemblages were characterized across different algal 
parts (holdfast, axis, branches, receptacles, and aerocysts) and compared with those in 
surrounding seawater and sediments. This design allowed the assessment of both host-part 
specificity and population-level variation in microbiome composition. 

Specific objectives: 
I. Characterize the taxonomic diversity of microbiomes associated with G. barbata
compared to surrounding seawater and sediments.
II. Test whether microbiomes differ among algal body parts and between morphologically
distinct populations.
III. Assess the degree of host specificity and the potential role of horizontal transmission
from sediment communities.
IV. Provide baseline knowledge for future hypothesis-driven research on algal–microbiome
interactions, with direct implications for restoration.

Hypothesis: 
The microbiome of G. barbata exhibits low host specificity, with a large proportion of its 
bacterial community overlapping with surrounding environmental microbiota. However, 
basal algal body parts such as the holdfast may host distinct microbial assemblages, partly 
recruited from adjacent sediments. 
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Key findings 
• Around 75% of algae-associated Amplicon Sequence Variants overlapped with the

core coastal ecosystem microbiome, confirming generally low host specificity.
• Despite this overlap, microbiomes differed significantly between algal parts,

seawater, and sediment, with basal structures (holdfast and axis) being most similar
to sediment, suggesting horizontal transmission from sediments.

• Deciduous parts (branches, receptacles, aerocysts) showed distinct communities
shaped by selective pressures in the water column.

• Morphologically distinct but genetically identical populations (Belvedere and
Merkur) harbored similar microbiomes overall, although holdfast and axis showed
greater between-site variation than upper thallus parts.

• The study establishes a baseline framework for integrating microbiome knowledge
into restoration, highlighting the need to consider microbial associations when
cultivating seedlings for outplanting.

The objectives outlined above were achieved, and the hypothesis was supported by the 

results presented in this chapter. 

The research work is presented in the following publication and is listed below: 
Orel, N., Lokovšek, A., Orlando-Bonaca, M., & Tinta, T. (2025). Diversity of the surface 
microbiome of canopy-forming brown macroalgae (Fucales) in the northern Adriatic. 
Microbiology Spectrum, 13(4), e02204-24. https://doi.org/10.1128/spectrum.02204-24 

Ana Lokovšek contributed to this paper as follows: conceptualization, data curation, formal 
analysis, visualization, and writing – review & editing. 
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Chapter 7 

Development of In Situ Cultivation 

Methods 

In addition to ex situ cultivation, we conducted preliminary in situ trials of G. barbata 

over two consecutive years (2022 and 2023). Although the results of these experiments 

were not published yet, they provided valuable insights into the feasibility of direct seeding 

methods under natural conditions. In situ approaches are attractive because, once 

established, they are relatively cost- and labor-efficient, requiring only periodic monitoring. 

However, a major challenge is protecting young germlings from intense grazing, particularly 

by schools of herbivorous fish and sea urchins, which can decimate recruits during their 

most vulnerable stages. 

Two direct seeding methods (See Fig. 11) were tested on natural rock surfaces: (1) mesh 

bags with apical parts of G. barbata tied horizontally to the substrate and (2) bottomless 

containers used to release zygotes of G. barbata directly onto cleaned rocky areas. Both 

methods proved technically feasible in 2022, resulting in attachment and early development 

of recruits, which were subsequently protected with nets once they reached ~10 mm in size. 

However, in 2023, strong hydrodynamic conditions led to the failure of the bottomless 

container method, while the tied-bag method proved reliable in both years. 

The tied-bag method is particularly noteworthy, as it had not been previously described 

or published. It consistently produced high recruit densities and good prospects for seedling 

Figure 11: Two methods of in situ seeding; A, B - mesh bag with apical parts tied to the 

substrate; C - juvenile sporophytes growing on seeded substrate; E - seeding with 

bottomless container; E - seeded area marked with a tag (Photo: A, D – L.L.Zamuda, B, C, 
E – A. Lokovšek).
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establishment, making it a promising option for restoration. Its main drawback, however, 

is that it is labor-intensive and therefore less practical for large-scale interventions. By 

contrast, the bottomless container technique is far more time efficient. Although it failed 

under high hydrodynamic conditions in 2023, it may still be suitable in more sheltered 

environments where wave action is lower. 

A complementary experiment on sandstone slabs further tested the bottomless 

container method combined with different grazer protection strategies, including cages and 

3D predator models (See Fig. 12). Protective cages reduced grazing pressure but quicky 

became overgrown with epiphytic algae, shading recruits and requiring frequent 

maintenance. They also proved vulnerable to extreme weather and fishing activity. 

Similarly, the effectiveness of 3D predator models diminished once they became fouled. 

These results underline the difficulty of ensuring reliable grazer protection in dynamic 

coastal environments.

Importantly, across both years we observed that once germlings of G. barbata were 

successfully established and protected from grazers, their growth in situ was considerably 

faster than in mesocosms or in open systems on land. Natural light, hydrodynamics, and 

nutrient conditions appear to favor development, provided that early survival is secured. 

This suggests that hybrid strategies that shorten the ex situ phase and transfer germlings 

to the field as early as possible, may provide the best balance between control and growth 

performance.  

Overall, the two-year in situ trials confirmed that direct seeding of G. barbata is feasible 

and can lead to good establishment, though outcomes depend strongly on local conditions. 

In areas of high grazing pressure, protective measures are necessary but costly, labor-

intensive, and only partly effective. In hydrodynamically exposed sites, the tied-bag method 

appears more reliable, whereas bottomless container method may be advantageous in 

sheltered locations where efficiency is a priority. 

Figure 12: Complementary actions to prevent overgrazing of G. barbata by S. salpa; 

A - installation of fish scarecrow, 3D model of S. salpa predator; B - protective cage 

(Photo: A – L.L.Zamuda, B – A. Lokovšek).
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Building on these insights, we conducted also a preliminary test aimed at simplifying 

and improving G. barbata cultivation by integrating the most effective elements of both in 

situ and ex situ approaches. Fertile apical parts of G. barbata were seeded ex situ onto 

large sandstone slabs (50 × 50 × 5 cm) placed in a large plastic container (baby pool), 

where they were left under a few millimeters of seawater for three days, later extended to 

six days to enhance settlement. Upon removal of the receptacles, numerous zygotes were 

already visible on the sandstone surface. The container was then filled with seawater and 

connected to an open flow-through system, with one hose supplying seawater and another 

allowing outflow. Maintenance during this phase was minimal, consisting mainly of 

removing sediment and organic matter that accumulated on the slabs by briefly lifting and 

rinsing them by using gentle current from a hose. After approximately three months, the 

sandstone slab bearing juvenile sporophytes was transferred to the sea. To reduce 

sedimentation, the slab was mounted on an iron frame positioned 0.5 m above the bottom 

and enclosed within a protective cage to prevent grazing (See Fig. 13B). The results of this 

preliminary trial were very encouraging—juvenile thalli of G. barbata exhibited rapid 

growth and healthy development, reaching above 20 cm and developing fertile receptacles 

at 7 months (Fig. 13 – C,D,E) —suggesting that this simplified, integrated approach holds 

strong potential. Although further testing and replication under different environmental 

conditions are needed before the method can be validated, the outcomes are consistent 

with Lokovšek et al. (2023), demonstrating that both ex situ cultivation followed by early 

transfer to the sea represent time- and cost-effective strategies and that seedlings appear 

to thrive best under natural conditions, provided that key stressors such as sedimentation 

and herbivory are effectively mitigated.  

Taken together, all these findings highlight the trade-offs between ex situ and in situ 

cultivation. Ex situ methods provide greater control, reduce early mortality, and enable 

hybrid strategies such as short mesocosm phases followed by transfer to lantern baskets. 

In situ methods, by contrast, are simpler and cheaper but more exposed to grazing and 

environmental variability. A promising path forward may involve combining approaches. 

Continued innovation in grazer deterrents and refinement of existing devices could further 

improve survival, but in the longer term, grazer population management may also need to 

be considered as part of a sustainable, ecosystem-based restoration framework. 
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Figure 13: Testing combined approaches - ex situ seeding of G. barbata and early transfer 

to the sea; A – 4 weeks old seedlings ex situ; B - protective cage raised above the seafloor 

to prevent sediment depositon; C - 7 months old sporophytes; D – coverage of the seeded 

substrate after 7 months; E – healthy adult G. barbata sporophytes after 9 months (Photo: 

A. Lokovšek).
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Chapter 8 

Conclusions 

This dissertation presents the ecological, physiological, and methodological foundations for 
the restoration of Cystoseira s.l. forests, with a focus on the habitat-forming brown alga 
Gongolaria barbata. Building on previous studies, it extends knowledge through five 
targeted studies addressing cultivation, thermal tolerance, biostimulants, genetic diversity, 
and the microbiome of the study species. The overall aim was to refine and test approaches 
that make large-scale restoration both feasible and effective.  

Successful restoration must be grounded in a robust understanding of the species’ 

biology, life cycle, limitations, and stressors. Equally important is detailed knowledge of 

the restoration site, which determines which interventions are possible and what outcomes 

are realistic. By contributing new insights in five interconnected research areas, this 

dissertation strengthens the scientific foundation for restoring Mediterranean brown algal 

forests. 

8.1 Refinement of Ex Situ Cultivation Protocols 

Using G. barbata as a study species, this work demonstrated that ex situ cultivation 
protocols can be improved and scaled without compromising success. The study showed 
that UVC sterilization provides a practical and cost-efficient alternative to manual 
filtration, enabling reliable water treatment at large volumes. 

Comparisons between mesocosms and open systems revealed that both can support 

seedling development, but mesocosms offer greater control of the cultivation. Open systems, 

while promising, require improved safeguards against multicellular contaminants. 

A hybrid approach, combining short mesocosm phases with early transfer of juveniles 
to floating lantern nets, proved particularly effective. This strategy reduces costs, frees 
laboratory space, accelerates acclimation to natural conditions, and provides protection 
against grazers and sedimentation. The method spreads risk across cultivation phases and 
shows strong potential for scaling up seedling production for restoration. 

8.2 Temperature as a Critical Factor in Cultivation 

The thermal tolerance study established that early life stages of G. barbata are highly 

temperature-sensitive, with optimal cultivation conditions at 15 °C. While adults tolerate 

a wider range, seedlings exhibited high mortality and deformities above 20 °C. At 24 °C 

survival was severely reduced, and at 28 °C all germlings perished within a week. 

These findings clarify why earlier cultivation protocols using higher temperatures were 
suboptimal. They emphasize the need to align seedling cultivation with cooler seasonal 
windows and to anticipate the impacts of climate-driven warming and heatwaves, which 
could critically constrain recruitment in the wild.  
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8.3 Biostimulants as a Tool to Enhance Seedling Performance 

This dissertation also explored the potential of algal biostimulants to strengthen early-

stage resilience. Experiments with extracts from Desmodesmus sp., Trichormus variabilis, 

Cylindrotheca closterium, and a commercial kelp-based formulation (AlgatronCifo®) 

demonstrated that biostimulants can enhance seedling survival and growth when applied 

at low concentrations. 

Desmodesmus extract, in particular, promoted growth comparable to commercial 

formulations, while high concentrations of all extracts caused cytotoxic effects. Responses 

were species-specific: E. crinita benefited more strongly than G. barbata. 

These results highlight the promise of biostimulants as supplements to traditional 

nutrient media, though their application must be carefully optimized. They open new 

opportunities for integrating biotechnological innovation into restoration practice. 

8.4 Genetic Diversity and Morphological Plasticity 

The genetic study resolved long-standing questions about the infraspecific diversity of G. 

barbata. Morphologically distinct populations, such as f. hoppei, f. turneri, and f. aurantia, 

showed stable differences in form and habitat associations but no genetic divergence based 

on cox1 sequences. Similarly, pleustophytic (free-floating) forms were genetically 

indistinguishable from attached populations. 

These findings confirm that morphological diversity reflects phenotypic plasticity 
shaped by ecological conditions rather than underlying genetic differentiation. This has 
practical implications for restoration: donor selection should prioritize ecological 
compatibility with the target site rather than morphotype labels, broadening the potential 
donor pool and reducing taxonomic uncertainty. 

8.5 The Role of the Microbiome 

The microbiome study provided the first detailed characterization of microbial communities 

associated with G. barbata. About 75% of algal-associated Amplicon Sequence Variants 

overlapped with the coastal core microbiome, confirming generally low host specificity. 

Nevertheless, clear patterns emerged: basal parts (holdfast and axis) resembled sediment 

microbiota, while upper structures (branches, receptacles, aerocysts) hosted distinct 

assemblages shaped by the water column. 

Subtle site-level differences further indicated that microbiomes are partly shaped by 
local conditions. These findings suggest that seedlings raised in mesocosms may develop 
microbial communities different from those at restoration sites, potentially influencing 
resilience. Restoration protocols could therefore benefit from microbiome-aware practices, 
such as avoiding over-sterilization and inoculating cultures with site-source microbial 
communities to improve acclimation. 
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8.6 In Situ Cultivation 

Two years of in situ trials demonstrated that direct seeding of G. barbata is technically 
feasible, with outcomes strongly influenced by local hydrodynamics and grazing pressure. 
The novel tied-bag method proved reliable in exposed conditions but is labor-intensive, 
while the bottomless container method offers greater efficiency in sheltered sites. Despite 
the challenges of grazer protection, once recruits were established, their growth in situ 
outpaced that of ex situ counterparts. These results highlight the potential of hybrid 
strategies that minimize the ex situ phase while leveraging natural conditions for growth. 
Moving forward, effective and sustainable large-scale restoration will require both technical 
innovation and ecosystem-based management, including long-term solutions for grazer 
population control. 

8.7 Success Criteria, Challenges, and Future Perspectives 

Assessing restoration success requires more than tracking survival or growth. Long-term 
resilience depends on reproduction, recruitment, structural complexity, and ecosystem 
functioning. Standardized monitoring protocols across the Mediterranean should include 
these parameters, alongside genetic diversity and adaptive potential. 

Scaling up remains challenging. High grazing pressure, climate stressors, incomplete 

distribution data, and limited funding constrain progress. Compared to seagrass or 

saltmarsh restoration, macroalgal restoration still lacks investment and policy integration. 

Embedding initiatives within marine protected area networks and coastal management 

frameworks will be essential for shielding restored sites from recurring impacts. 

Future progress will require coordinated, multidisciplinary action. Biotechnological 

innovations, such as biostimulants, probiotics, and assisted selection, hold promise but 

must be applied cautiously. Restoration should not be isolated from conservation: active 

interventions must be paired with protection of existing populations and reduction of 

stressors. 

This dissertation demonstrates that restoration of Cystoseira s.l. forests is achievable 

through a combination of ecological understanding, methodological innovation, and 

adaptive management. Improved cultivation methods, temperature scheduling, 

biostimulant use, recognition of phenotypic plasticity, and microbiome-aware practices all 

contribute to more resilient and scalable approaches. 

Ultimately, long-term success requires that restored forests function like natural ones—

supporting biodiversity, sustaining ecosystem services, and withstanding environmental 

variability. Only by combining science-based restoration with broader conservation and 

policy frameworks can these foundational habitats be rebuilt at ecologically meaningful 

scales. 
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Appendix A 

Photos of the G. barbata forest at the Ruda site in Izola during the 2021-2025 period: 

Figure A1: Healthy G. barbata forest in March 2022 (dodaj avtorja slik 

Figure A2: Well developed adult sporophytes with receptacles in March 

2022 

Figure 14: Healthy G. barbata forest - March 2022 (Photo: A. Lokovšek). 

Figure 15: Well-developed adult sporophytes of G. barbata with receptacles - 

May 2022 (Photo: A. Lokovšek). 
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Figure 17: Due to grazing activity adult sporophytes of G. barbata were lower than year 

before - May 2023 (Photo: A. Lokovšek). 

Figure 16: Still healthy G. barbata forest with signs of grazing - year later – March 

2023 (Photo: A. Lokovšek). 
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Figure 18: G. barbata forest covered with sediment, trapped into epiphytic 

overgrowth - March 2024 (Photo: A. Lokovšek). 

Figure 19: G. barbata forest - May 2024 (Photo: A. Lokovšek). 
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Figure 20: G. barbata thalli without receptacles, probably due to grazing - bite marks 

visible at the end of the branches, June 2024 (Photo: A. Lokovšek). 

Figure 21: G. barbata thalli with heavy epiphytic overgrowth - July 2024 (Photo: A. 

Lokovšek). 
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Figure 22: Poor condition of G. barbata forest due to overgrazing, sedimentation stress 

and heavy epiphytic overgrowth - March 2025 (Photo: A. Lokovšek). 

Figure 23: G. barbata forest - June 2025 (Photo: A. Lokovšek). 
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Figure 24: G. barbata forest - September 2025 (Photo: A. Lokovšek). 

Figure 25: G. barbata forest with high sediment load and epiphytic overgrowth - October 

2025 (Photo: A. Lokovšek). 



141 

References 

European Commision. Directive 2017/848. 'Laying down criteria and methodological 

standards on good environmental status of marine waters and specifications and 

standardised methods for monitoring and assessment, and repealing Decision 

2010/477/EU', Official Journal of the European Union, L 125/43. 

UNEP. 1995. "Global Programme of Action for the Protection of the Marine Environment 

from Land-based Activities." In Intergovernmental conference to adopt a global 

programme of action for the protection of the marine environments from land-

based activities, edited by United Nations Environment Programme. Washington 

D.C.: Nations Unies.

Adrian, F., Abaza, V., Marin, O., and Dumitrache, C. 2016. 'Community structure of 

zoobenthos associated with Cystoseira barbata facies from the southern Romanian 

Black Sea Coast ', Journal of Environmental Protection and Ecology, 17: 942-49. 

Agnetta, D., Badalamenti, F., Ceccherelli, G., Di Trapani, F., Bonaviri, C., and Gianguzza, 

P. 2015. 'Role of two co-occurring Mediterranean sea urchins in the formation of

barren from Cystoseira canopy', Estuarine, Coastal and Shelf Science, 152: 73-77.

Airoldi, L. 2003. 'The effects of sedimentation on rocky coastal assemblages', Oceanography 

and Marine Biology: An Annual Review, 41: 161-203. 

Airoldi, L., Balata, D., and Beck, M. W. 2008. 'The gray zone: relationships between 

habitat loss and marine diversity and their applications in conservation', Journal 

of Experimental Marine Biology and Ecology, 366: 8-15. 

Airoldi, L., Ballesteros, E., Buonomo, R., Van Belzen, J., Buoma, T. J., Cebrian, E., De 

Clerck, O., Engelen, A., Ferrario, F., Fraschetti, S., Gianni, F., Guidetti, P., Iveša, 

L., Mancuso, F. P., Fiorenza, M., Perkol-Finkel, S., Serrao, E. A., Strain, E. M. A., 

and Mangialajo, L. 2014. "Marine forests at risk: solutions to halt the loss and 

promote the recovery of Mediterranean canopy-forming seaweeds." In 5th 

Mediterranean Symposium on Marine Vegetation, edited by H. Langar, Bouafif, 

C., Ouerghi, A., 251. Portorož, Slovenia: UNEP/MAP - RAC/SPA. 

Airoldi, L., and Beck, M. 2007. 'Loss, Status and Trends for Coastal Marine Habitats of 

Europe', Oceanography and Marine Biology: An Annual Review, 45: 345-405. 

Airoldi, L., and Cinelli, F. 1997. 'Effects of sedimentation on subtidal macroalgal 

assemblages: an experimental study from a mediterranean rocky shore', Journal of 

Experimental Marine Biology and Ecology, 215: 269-88. 

Airoldi, L., and Hawkins, S. J. 2007. 'Negative effects of sediment deposition on grazing 

activity and survival of the limpet Patella vulgata', Marine Ecology Progress Series, 

332: 235-40. 

Airoldi, L., Rindi, F., and Cinelli, F. 1995. 'Structure, seasonal dynamics and reproductive 

phenology of a filamentous turf assemblage on a sediment influenced, rocky subtidal 

shore', Botanica Marina, 38: 227-37. 



142 

Airoldi, L., and Virgilio, M. 1998. 'Response to turf-formig algae to spatial variations in 

deposition of sediments', Marine Ecology Progress Series, 165: 271-82. 

Alestra, T., Tait, L. W., and Schiel, D. R. 2014. 'Effects of algal turfs and sediment 

accumulation on replenishment and primary productivity of fucoid assemblages', 

Marine Ecology Progress Series, 511: 59-70. 

Alonzo, S. H., and Heckman, K. L. 2010. 'The unexpected but understandable dynamics 

of mating, paternity and paternal care in the ocellated wrasse', Proceedings of the 

Royal Society B: Biological Sciences, 277: 115-22. 

Alós, C. 1990. 'Anélidos poliquetos del Cabo de Creus (NE de España). Facies de Corallina 

eleongata Ellis & Solander y de Cystoseira mediterranea (J. Feldmann).', 

Miscellania Zoologica, 14: 17-28. 

Andrews, S., Bennett, S., and Wernberg, T. 2014. 'Reproductive seasonality and early life 

temperature sensitivity reflect vulnerability of a seaweed undergoing range 

reduction', Marine Ecology Progress Series, 495: 119-29. 

Antit, M., Daoulatli, A., Rueda, J., Salas, C.,. 2013. 'Temporal variation of the algae-

associated molluscan assemblage artificial substrata in Bay of Tunis (Tunisia)', 

Mediterranean Marine Science, 14: 390-402. 

Antoniadou, C., and Chintiroglou, C. 2005. 'Biodiversity of zoo-benthic hard-substrate 

sublittoral communities in the Eastern Mediterranean (North Aegean Sea)', 

Estuarine, Coastal and Shelf Science, 62: 637-53. 

Arévalo, R., Pinedo, S., and Ballesteros, E. 2007. 'Changes in the composition and structure 

of Mediterranean rocky-shore communities following a gradient of nutrient 

enrichment: descriptive study and test of proposed methods to assess water quality 

regarding macroalgae', Marine Pollution Bulletin, 55: 104-13. 

Artegiani, A., Paschini, E., Russo, A., Bregant, D., Raicich, F., and Pinardi, N. 1997. 'The 

Adriatic Sea general circulation. Part II: baroclinic circulation  structure.', Journal 

of Physical Oceanography, 27: 1515-32. 

Ávila, S. 2003. 'The  littoral  molluscs  (Gastropoda,  Bivalvia and Polyplacophora) of Sao 

Vicente, Capelas (Sao Miguel Island, Azores): ecology and biological associations 

to algae', Sociedad Española de Malacologia, 21: 11-33. 

Azzurro, E., Fanelli, E., Mostarda, E., Catra, M., and Andaloro, F. 2007. 'Resource 

partitioning among early colonizing Siganus luridus and native herbivorous fish in 

the Mediterranean: an integrated study based on gut-content analysis and stable 

isotope signatures', Journal of the Marine Biological Association of the United 

Kingdom, 87: 991-98. 

Bach, H. K., Rasmussen, E. K., and Riber, H. H. 1993. "The application of an ecological 

model to asses the impact of sediment spill on benthic vegetation. ." In Proceedings 

of the 12th Baltic Marine Biologists Symposium., edited by E. Bjørnestad et al., 7-

15. Fredensborg: Olsen & Olsen.

Báez, J. C., Olivero, J., Real, R., Vargas, J. M., and Flores-Moya, A. 2005. 'Analysis of 

geographical variation in species richness within the genera Audouinella 

(Rhodophyta), Cystoseira (Phaeophyceae) and Cladophora (Chlorophyta) in the 

western Mediterranean Sea.', Botanica Marina, 48: 30-37. 



143 

Bakker, E. S., Wood, K. A., Pagès, J. F., Veen, G. F., Christianen, M. J. A., Santamaría, 

L., Nolet, B. A., and Hilt, S. 2016. 'Herbivory on freshwater and marine 

macrophytes: A review and perspective', Aquatic Botany, 135: 18-36. 

Ballesteros, E. 1989. 'Production of seaweeds in Northwestern Mediterranean marine 

communities: Its relation with environmental factors', Scientia Marina, 53: 357-64. 

Ballesteros, E. 2002. Flora Phycologica Iberica, (Servicio de Publicationes. Universidad 

Murcia. : Murcia). 

Ballesteros, E., Garrabou, J., Hereu, B., Zabala, M., Cebrian, E., and Sala, E. 2009. 'Deep-

water stands of Cystoseira zosteroides C. Agardh (Fucales, Ochrophyta) in the 

Northwestern Mediterranean: Insights into assemblage structure and population 

dynamics', Estuarine, Coastal and Shelf Science, 82: 477-84. 

Ballesteros, E., Torras, X., Pinedo, S., García, M., Mangialajo, L., and De Torres, M. 2007. 

'A new methodology based on littoral community cartography dominated by 

macroalgae for the implementation of the European Water Framework Directive', 

Marine Pollution Bulletin, 55: 172-80. 

Barcelo Mc, G. T., Gomez A., Perez-Ruzafa I., Ribera MA. 2000. 'Fucales.' in Gomez 

Garreta A (ed) (ed.), Flora Phycologica Iberica, Vol. 1. 

Bariche, M., Letourneur, Y., and Harmelin-Vivien, M. 2004. 'Temporal Fluctuations and 

Settlement Patterns of Native and Lessepsian Herbivorous Fishes on the Lebanese 

Coast (Eastern Mediterranean)', Environmental Biology of Fishes, 70: 81-90. 

Barmawidjaja, D. M., Van Der Zwaan, G. J., Jorissen, F. J., and Puskaric, S. 1995. '150 

years of eutrophication in the northern Adriatic Sea: Evidence from a benthic 

foraminiferal record', Marine Geology, 122: 367-84. 

Barrientos, S., Piñeiro-Corbeira, C., and Barreiro, R. 2022. 'Temperate Kelp Forest 

Collapse by Fish Herbivory: A Detailed Demographic Study', Frontiers in Marine 

Science, 9. 

Bartsch, I., Vogt, J., Pehlke, C., and Hanelt, D. 2013. 'Prevailing sea surface temperatures 

inhibit summer reproduction of the kelp Laminaria digitata at Helgoland (North 

Sea)', Journal of Phycology, 49: 1061-73. 

Belegratis, M. R., Bitis, I., Economou-Amili, A., and Ott, J. A. 1999. 'Epiphytic patterns 

of macroalgal assemblages on Cystoseira species (Fucales, Phaeophyta) in the east 

coast of Attica (Aegean Sea, Greece).', Hydrobiologia, 412. 

Bellgrove, A., Mckenzie, P. F., Mckenzie, J. L., and Sfiligoj, B. J. 2010. 'Restoration of the 

habitat-forming fucoid alga Hormosira banksii at effluent-affected sites: competitive 

exclusion by coralline turfs', Marine Ecology Progress Series, 419: 47-56. 

Benedetti-Cecchi, L., and Cinelli, F. 1992. 'Effects of canopy cover, herbivores and 

substratum type on patterns of Cystoseira spp. settlement and recruitment in 

littoral rockpools', Marine Ecology Progress Series, 90: 183-91. 

Benedetti-Cecchi, L., Pannacciulli, F., Bulleri, F., Moschella, P., Airoldi, L., Relini, G., 

and Cinelli, F. 2001. 'Predicting the consequences of anthropogenic disturbance: 

Large-scale effects of loss of canopy algae on rocky shores', Marine Ecology Progress 

Series, 214: 137-50. 

Bertness, M. D. 1984. 'Habitat and community modification by an introduced herbivorous 

snail. ', Ecology, 65: 370-81. 



144 

Bevilacqua, S., Savonitto, G., Lipizer, M., Mancuso, P., Ciriaco, S., Srijemsi, M., and 

Falace, A. 2019. 'Climatic anomalies may create a long-lasting ecological phase shift 

by altering the reproduction of a foundation species', Ecology, 100: 1-4. 

Bianchelli, S., Buschi, E., Danovaro, R., and Pusceddu, A. 2016. 'Biodiversity loss and 

turnover in alternative states in the Mediterranean Sea: a case study on meiofauna', 

Scientific Reports, 6: 1-12. 

Bianchi, C. N. 2007. 'Biodiversity issues for the forthcoming tropical Mediterranean Sea', 

Hydrobiologia, 580: 7-21. 

Bianchi, C. N., and Morri, C. 2000. 'Marine Biodiversity of the Mediterranean Sea: 

Situation, Problems and Prospects for Future Research', Marine Pollution Bulletin, 

40: 367-76. 

Bilajac, A., Gljušćić, E., Smith, S., Najdek, M., and Iveša, L. 2024. 'Effects of extreme 

temperatures and recovery potential of Gongolaria barbata from a coastal lagoon 

in the northern Adriatic Sea: an ex situ approach', Annals of Botany, 134: 415-26. 

Blanfuné, A., Boudouresque, C.-F., Verlaque, M., and Thibaut, T. 2025. 'Severe decline of 

Gongolaria barbata (Fucales) along most of the French Mediterranean coast', 

Scientific Reports, 15: 5701. 

Blanfuné, A., Boudouresque, C. F., Verlaque, M., and Thibaut, T. 2019. 'The ups and 

downs of a canopy-forming seaweed over a span of more than one century', 

Scientific Reports, 9: 5250. 

Blanfuné, A., Verlaque, M., Boudouresque, C. F., Rozis, E., and Thibaut, T. 2022. Guide 

de détermination des espèces-ingénieurs. Sargassaceae, Fucales, Phaeophyceae. 

(Presses Universitaries de Provence.: Aix-en-Provence, France). 

Boero, F., Feral, J. P., Azzuro, E., Cardin, V., Riedel, B., Desplatović, M., Munda, I., 

Moschella, P., Zaouali, J., Fonda Umani, S., Theocharis, A., Wiltshire, K., and 

Briand, F. 2008. "Climate Warming and Related Changes in Mediterranean Marine 

Biota." In CIESM. Helgoland, Germany: CIESM Publisher. 

Boesch, D. F., and Rabalais, N. N. 1991. ' Effects of Hypoxia on Continental Shelf Benthos: 

Comparisons between the New York Bight and the Northern Gulf of Mexico.' in 

R.V. Tyson, Pearson, T.H. (ed.), Modern and Ancient Continental Shelf Anoxia

(The Geological Society: London, England).

Boicourt, W., Kuzmić, M., and Hopkins, T. S. 1999. The inland sea: Circulation of 

Chesapeake Bay and the Northern Adriatic.  Ecosystems at the Land-Sea Margin: 

Drainage Basin to Coastal Sea (Coastal and Estuarine Studies, American 

Geophysical Union: Washington, DC, USA). 

Boicourt, W., Ličer, M., Li, M., Vodopivec, M., and Malačič, V. 2021. 'Sea State: Recent 

Progress in the Context of Climate Change.' in T.C Malone, A. Malej and J.  

Faganeli (eds.), Coastal Ecosystems in Transition (American Geophysical Union). 

Bologa, A., and Sava, D. 2006. 'Progressive decline and present trend of Romanian Black 

Sea macroalgal flora', Cercetari Marine, 36: 31-60. 

Bonaca, M. O., and Lipej, L. 2005. 'Factors affecting habitat occupancy of fish assemblage 

in the Gulf of Trieste (Northern Adriatic Sea)', Marine Ecology, 26: 42-53. 



145 

Bonaviri, C., Vega Fernández, T., Fanelli, G., Badalamenti, F., and Gianguzza, P. 2011. 

'Leading role of the sea urchin Arbacia lixula in maintaining the barren state in 

southwestern Mediterranean', Marine Biology, 158: 2505-13. 

Boudouresque, C.-F., Perret-Boudouresque, M., and Blanfuné, A. 2022. 'Diversity of 

Marine and Brackish Macrophytes in the Port-Cros National Park (Provence, 

France, Mediterranean Sea): Taxa and Research Effort over Space and Time', 

Diversity, 14: 329. 

Boudouresque, C. F., and Verlaque, M. 2001. 'Ecology of Paracentrotus lividus', 

Developments in Aquaculture and Fisheries Science, 32: 177-216. 

Branch, G. M., Eekhout, S., and Bosman, A. L. 1990. 'Short-term effects of the 1988 

Orange River floods on the intertidal rocky-shore communities of the open coast. ', 

Transactions of the Royal Society of Africa., 47: 331-54. 

Buljan, Z.-A. 1976. 'Oceanographical properties of the Adriatic Sea', Oceanography and 

Marine Biology -  Annual Review, 14: 11-98. 

Bulleri, F., and Chapman, M. G. 2010. 'The Introduction of Coastal Infrastructure as a 

Driver of Change in Marine Environments', Journal of Applied Ecology, 47: 26-35. 

Bulleri, F. B., J. F.; Silliman, B. R.; Stachowicz, J. J. . 2016. 'Facilitation and the niche: 

implications for coexistence, range shifts and ecosystem functioning.', Functional 

Ecology, 30: 70 - 78. 

Buñuel, X., Alcoverro, T., Pagès, J. F., Romero, J., Ruiz, J. M., and Arthur, R. 2020. 'The 

dominant seagrass herbivore Sarpa salpa shifts its shoaling and feeding strategies 

as they grow', Scientific Reports, 10: 10622. 

Buonomo, R., Chefaoui, R. M., Lacida, R. B., Engelen, A. H., Serrão, E. A., and Airoldi, 

L. 2018. 'Predicted extinction of unique genetic diversity in marine forests of

Cystoseira spp.', Marine Environmental Research, 138: 119-28.

Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., and Saba, V. 2018. 'Observed 

fingerprint of a weakening Atlantic Ocean overturning circulation', Nature, 556: 

191-96.

Cáliz, A. C., Fernández, A. N., De Pedro, R. S., Flores-Moya, A., and Bañares-España, E. 

2019. "Physiological responses of adults and juveniles of Cystoseira tamariscifolia 

to projected warming scenarios along Alboran sea populations." In II International 

Congress of Young Marine Researchers, 426-30. Malaga, Spain: Fundacion CEIA 

Mar. 

Capdevila, P., Hereu, B., Salguero-Gómez, R., Rovira, G. l., Medrano, A., Cebrian, E., 

Garrabou, J., Kersting, D. K., and Linares, C. 2019. 'Warming impacts on early 

life stages increase the vulnerability and delay the population recovery of a long-

lived habitat-forming macroalga', Journal of Ecology, 107: 1129-40. 

Capdevila, P., Linares, C., Aspillaga, E., Riera, J. L., and Hereu, B. 2018. 'Effective 

dispersal and density-dependence in mesophotic macroalgal forests: Insights from 

the Mediterranean species Cystoseira zosteroides', PLoS One, 13: e0191346. 

Capuzzo, J. M., Burt, W. V., Duedall, I. W., Park, P. K., and Kester, D. R. 1985. 'The 

impact of waste disposal in nearshore environments. .' in B.H.  et al. Ketchum 

(ed.), Wastes in the ocean. Nearshore Waste Disposal. (John Wiley: New York). 



146  

Cardona, L., Moranta, J., Reñones, O., and Hereu, B. 2013. 'Pulses of phytoplanktonic 

productivity may enhance sea urchin abundance and induce state shifts in 

Mediterranean rocky reefs', Estuarine, Coastal and Shelf Science, 133: 88-96. 

Caretti, O. N., Bohnenstiehl, D. R., and Eggleston, D. B. 2021. 'Spatiotemporal variability 

in sedimentation drives habitat loss on restored subtidal oyster reefs', Estuaries 

and Coasts, 44: 2100-17. 

Catra, M., Alongi, G., Leonardi, R., Negri, M. P., Sanfilippo, R., Sciuto, F., Serio, D., 

Viola, A., and Rosso, A. 2019. 'Degradation of a photophilic algal community and 

its associated fauna from eastern Sicily (Mediterranean Sea)', Mediterranean 

Marine Science, 20: 74-89. 

Cebrian, E., Tamburello, L., Verdura, J., Guarnieri, G., Medrano, A., Linares, C., Hereu, 

B., Garrabou, J., Cerrano, C., Galobart, C., and Fraschetti, S. 2021. 'A Roadmap 

for the Restoration of Mediterranean Macroalgal Forests', Frontiers in Marine 

Science, 8. 

Ceccherelli, G., and Cinelli, F. 1997. 'Short-term effects of nutrient enrichment of the 

sediment and interactions between the seagrass Cymodocea nodosa and the 

introduced green alga Caulerpa taxifolia in a Mediterranean bay', Journal of 

Experimental Marine Biology and Ecology, 217: 165-77. 

Cerrano, C., Bavestrello, G., Bianchi, C. N., Cattaneo-Vietti, R., Bava, S., Morganti, C., 

Morri, C., Picco, P., Sara, G., Schiaparelli, S., Siccardi, A., and Sponga, F. 2000. 

'A catastrophic mass-mortality episode of gorgonians and other organisms in the 

Ligurian Sea (North-western Mediterranean), summer 1999', Ecology Letters, 3: 

284-93. 

Cheminée, A., Pastor, J., Bianchimani, O., Thiriet, P., Sala, E., Cottalorda, J.-M., 

Dominici, J.-M., Lejeune, P., and Francour, P. 2017. 'Juvenile fish assemblages in 

temperate rocky reefs are shaped by the presence of macro-algae canopy and its 

three-dimensional structure', Scientific Reports, 7: 14638. 

Cheminée, A., Sala, E., Pastor, J., Bodilis, P., Thiriet, P., Mangialajo, L., Cottalorda, J.-

M., and Francour, P. 2013. 'Nursery value of Cystoseira forests for Mediterranean 

rocky reef fishes', Journal of Experimental Marine Biology and Ecology, 442: 70-

79. 

Cheng, K.-Y., Harris, L., Bretherton, C., Merlis, T. M., Bolot, M., Zhou, L., Kaltenbaugh, 

A., Clark, S., and Fueglistaler, S. 2022. 'Impact of Warmer Sea Surface 

Temperature on the Global Pattern of Intense Convection: Insights From a Global 

Storm Resolving Model', Geophysical Research Letters, 49: e2022GL099796. 

Cheng, L., Abraham, J., Trenberth, K. E., Boyer, T., Mann, M. E., Zhu, J., Wang, F., Yu, 

F., Locarnini, R., Fasullo, J., Zheng, F., Li, Y., Zhang, B., Wan, L., Chen, X., 

Wang, D., Feng, L., Song, X., Liu, Y., Reseghetti, F., Simoncelli, S., Gouretski, V., 

Chen, G., Mishonov, A., Reagan, J., Von Schuckmann, K., Pan, Y., Tan, Z., Zhu, 

Y., Wei, W., Li, G., Ren, Q., Cao, L., and Lu, Y. 2024. 'New Record Ocean 

Temperatures and Related Climate Indicators in 2023', Advances in Atmospheric 

Sciences, 41: 1068-82. 

Cheng, L., Abraham, J., Trenberth, K. E., Fasullo, J., Boyer, T., Mann, M. E., Zhu, J., 

Wang, F., Locarnini, R., Li, Y., Zhang, B., Yu, F., Wan, L., Chen, X., Feng, L., 



147 

Song, X., Liu, Y., Reseghetti, F., Simoncelli, S., Gouretski, V., Chen, G., Mishonov, 

A., Reagan, J., and Li, G. 2023. 'Another Year of Record Heat for the Oceans', 

Advances in Atmospheric Sciences, 40: 963-74. 

Chust, G., Villarino, E., Mclean, M., Mieszkowska, N., Benedetti-Cecchi, L., Bulleri, F., 

Ravaglioli, C., Borja, A., Muxika, I., Fernandes-Salvador, J. A., Ibaibarriaga, L., 

Uriarte, A., Revilla, M., Villate, F., Iriarte, A., Uriarte, I., Zervoudaki, S., 

Carstensen, J., Somerfield, P. J., Queirós, A. M., Mcevoy, A. J., Auber, A., Hidalgo, 

M., Coll, M., Garrabou, J., Gómez-Gras, D., Linares, C., Ramírez, F., Margarit, 

N., Lepage, M., Dambrine, C., Lobry, J., Peck, M. A., De La Barra, P., Van 

Leeuwen, A., Rilov, G., Yeruham, E., Brind’amour, A., and Lindegren, M. 2024. 

'Cross-basin and cross-taxa patterns of marine community tropicalization and 

deborealization in warming European seas', Nature Communications, 15: 2126. 

Cimini, J., Asnaghi, V., Chiantore, M., Kaleb, S., Onida, A., and Falace, A. 2024. 'Can 

thermal anomalies impair the restoration of Cystoseira s.l. forests?', Marine 

Environmental Research, 198: 106537. 

Çinar, M. E. 2003. 'Ecological features of Syllidae (Polychaeta)from shallow-water benthic 

environments of the Aegean Sea, Eastern Mediterranean', Journal of the Marine 

Biological Association of the United Kingdom, 83: 737-45. 

Clark, J. S., Poore, A. G. B., Coleman, M. A., and Doblin, M. A. 2020. 'Local Scale 

Thermal Environment and Limited Gene Flow Indicates Vulnerability of Warm 

Edge Populations in a Habitat Forming Macroalga', Frontiers in Marine Science, 

7. 

Claudet, J., and Fraschetti, S. 2010. 'Human-driven impacts on marine habitats: A regional 

meta-analysis in the Mediterranean Sea', Biological Conservation, 143: 2195-206. 

Clausing, R. J., De La Fuente, G., Falace, A., and Chiantore, M. 2022. 'Accounting for 

environmental stress in restoration of intertidal foundation species', Journal of 

Applied Ecology, 60: 305-18. 

Clayton, M. N. 1990. 'The adaptive significance of life history characters in selected orders 

of marine brown maeroalgae', Australian Journal of Ecology, 15: 439-52. 

Cloern, J. E. 1999. 'The relative importance of light and nutrient limitation of 

phytoplankton growth: a simple index of coastal ecosystem sensitivity to nutrient 

enrichment', Aquatic Ecology, 33: 3-15. 

Coleman, M., and Brawley, S. 2005a. 'Spatial and temporal variability in dispersal and 

population genetic structure of a rockpool alga', Marine Ecology Progress Series, 

300: 63-77. 

Coleman, M. A., and Brawley, S. H. 2005b. 'Are life history characteristics good predictors 

of genetic diversity and structure? a case study of the intertidal alga Fucus spiralis 

(Heterokontophyta; Phaeophyceae) ', Journal of Phycology, 41: 753-62. 

Connell, S. 2005. 'Assembly and maintenance of subtidal habitat heterogeneity: Synergistic 

effects of light penetration and sedimentation', Marine Ecology Progress Series, 

289: 53-61. 

Connell, S. 2007. 'Water quality and the loss of coral reefs and kelp forests: alternative 

states and the influence of fishing.  .' in Connell S.D. and Gillanders B.M. (eds.), 

Marine Ecology (Oxford University Press: Melbourne, Australia). 



148  

Convention, B. 1979. 'Convention on the Conservation of European Wildlife and Natural 

Habitats (ETS No. 104)', Official Journal of the European Union, L 38: 3-32. 

Cosoli, S., Ličer, M., Vodopivec, M., and Malačič, V. 2013. 'Surface circulation in the Gulf 

of Trieste (northern Adriatic Sea) from radar, model, and ADCP comparisons', 

Journal of Geophysical Research: Oceans, 118: 6183-200. 

Cozzi, S., Cabrini, M., Kralj, M., De Vittor, C., Celio, M., and Giani, M. 2020. 'Climatic 

and anthropogenic impacts on environmental conditions and phytoplankton 

community in the Gulf of Trieste (Northern Adriatic Sea)', Water, 12: 2652. 

Cozzi, S., Falconi, C., Comici, C., Čermelj, B., Kovač, N., Turk, V., and Giani, M. 2012. 

'Recent evolution of river discharges in the Gulf of Trieste and their potential 

response to climate changes and anthropogenic pressure', Estuarine, Coastal and Shelf 

Science, 115: 14-24. 

Cozzi, S., and Giani, M. 2011. 'River water and nutrient discharges in the northern 

Adriatic Sea: current importance and long term changes', Continental Shelf Research, 31: 

1881-93. 

Criscoli, A., Colloca, F., Carpentieri, P., Belluscio, A., and Ardizzone, G. 2006. 

'Observations on the reproductive cycle, age and growth of the salema, Sarpa salpa 

(Osteichthyes: Sparidae) along the western central coast of Italy', Scientia Marina, 

70: 131-38. 

Cunning, R., Silverstein, R. N., Barnes, B. B., and Baker, A. C. 2019. 'Extensive coral 

mortality and critical habitat loss following dredging and their association with 

remotely-sensed sediment plumes', Marine Pollution Bulletin, 145: 185-99. 

D'antonio, C. 1985. 'Epiphytes on the rocky intertidal red alga Rhodomela larix (Turner) 

C. Agardh: Negative effects on the host and food for herbivores?', Journal of 

Experimental Marine Biology and Ecology, 86: 197-218. 

Da Costa, V. S., Alessandri, J., Verri, G., Mentaschi, L., Guerra, R., and Pinardi, N. 2024. 

'Marine climate indicators in the Adriatic Sea', Frontiers in Climate, Volume 6 - 

2024. 

Daly, M. A., and Mathieson, A. C. 1977. 'The effects of sand movement on intertidal 

seaweeds and selected invertebrates at Bound Rock, New Hampshire, USA', Marine 

Biology, 43: 45-55. 

De Bettignies, T., Wernberg, T., and Gurgel, C. F. D. 2018. 'Exploring the influence of 

temperature on aspects of the reproductive phenology of temperate seaweeds', 

Frontiers in Marine Science, 5: 218. 

De La Fuente, G., Asnaghi, V., Chiantore, M., Thrush, S., Povero, P., Vassallo, P., Petrillo, 

M., and Paoli, C. 2019a. 'The effect of Cystoseira canopy on the value of midlittoral 

habitats in NW Mediterranean, an emergy assessment', Ecological Modelling, 404: 

1-11. 

De La Fuente, G., Chiantore, M., Asnaghi, V., Kaleb, S., and Falace, A. 2019b. 'First ex 

situ outplanting of the habitat-forming seaweed Cystoseira amentacea var. stricta 

from a restoration perspective', PeerJ, 7: e7290. 

De Wit, M., and Bendoricchio, G. 2001. 'Nutrient fluxes in the Po basin', Science of The 

Total Environment, 273: 147-61. 



149 

Degobbis, D., Precali, R., Ivancic, I., Smodlaka, N., Fuks, D., and Kveder, S. 2000. 'Long-

term changes in the northern Adriatic ecosystem related to anthropogenic 

eutrophication', International Journal of Environment and Pollution, 13: 495-533. 

Diffenbaugh, N. S., Pal, J. S., Giorgi, F., and Gao, X. 2007. 'Heat stress intensification in 

the Mediterranean climate change hotspot', Geophysical Research Letters, 34. 

Directive, H. 1992. "Council Directive 92/43/EEC of 21 May 1992 on the conservation of 

natural habitats and of wild fauna and flora — Annex IV: Animal and plant species 

of Community interest in need of strict protection." In L 206, edited by Official 

Journal of the European Communities. 

Directive, M. S. F. 2008. 'Directive 2008/56/EC of the European Parliament and the 

Council of 17 June 2008. Establishing a Framework for Community Action in the 

Field of Marine Environmental Policy (Marine Strategy Framework Directive).', 

Official Journal of the European Union, L 164/19. 

Directive, W. F. 2000. 'Directive 2000/60/EC of the Parliament and of the Council of 23 

October 2000 establishing a framework for community action in the field of water 

policy ', Official Journal of the European Union. 

Djakovac, T., Degobbis, D., Supić, N., and Precali, R. 2012. 'Marked reduction of 

eutrophication pressure in the northeastern Adriatic in the period 2000–2009', 

Estuarine, Coastal and Shelf Science, 115: 25-32. 

Djakovac, T., Supić, N., Aubry, F. B., Degobbis, D., and Giani, M. 2015. 'Mechanisms of 

hypoxia frequency changes in the northern Adriatic Sea during the period 1972–

2012', Journal of Marine Systems, 141: 179-89. 

Domingues, R. B., Guerra, C. C., Barbosa, A. B., and Galvão, H. M. 2017. 'Will nutrient 

and light limitation prevent eutrophication in an anthropogenically-impacted 

coastal lagoon?', Continental Shelf Research, 141: 11-25. 

Dublin, H. T., Sinclair, A. R. E., and Mcglade, J. 1990. 'Elephants and Fire as Causes of 

Multiple Stable States in the Serengeti-Mara Woodlands', Journal of Animal 

Ecology, 59: 1147-64. 

Duggins, D. O., Eckman, J. E., and Sewell, A. T. 1990. 'Ecology of understory kelp 

environments. II. Effects of kelps on recruitment of benthic invertebrates', Journal 

of Experimental Marine Biology and Ecology, 143: 27-45. 

Durack, P. J., Wijffels, S. E., and Matear, R. J. 2012. 'Ocean Salinities Reveal Strong 

Global Water Cycle Intensification During 1950 to 2000', Science, 336: 455-58. 

Eckman, J. E., Duggins, D. O., and Sewell, A. T. 1989. 'Ecology of understorey kelp 

environments. I. Effects of kelps on flow and particle transport near the botton. ', 

Journal of Experimental Marine Biology and Ecology, 129: 173-87. 

Eger, A. M., Blain, C. O., Brown, A. L., Chan, S. S. W., Miller, K. I., and Vergés, A. 2024. 

'Kelp forests versus urchin barrens: a comparison of ecosystem functions and 

services provided by two alternative stable marine habitats', Proceedings of the 

Royal Society B: Biological Sciences, 291: 20241539. 

Eger, A. M., Marzinelli, E. M., Christie, H., Fagerli, C. W., Fujita, D., Gonzalez, A. P., 

Hong, S. W., Kim, J. H., Lee, L. C., and Mchugh, T. A. 2022. 'Global kelp forest 

restoration: past lessons, present status, and future directions', Biological Reviews, 

97: 1449-75. 



150  

Eggert, A. 2012. 'Seaweed Responses to Temperature.' in Christian Wiencke and Kai 

Bischof (eds.), Seaweed biology: Novel insights into ecophysiology, ecology and 

utilization (Springer Berlin Heidelberg: Berlin, Heidelberg). 

Einav, R. 2023. 'Proximity and distance – Review of seaweed communities and the marine 

environment along the coasts of the Levant Basin', Israel Journal of Plant Sciences, 

70: 213-32. 

Ercegović, A. 1952. Jadranske cistozire. Njihova morfologija, ekologija i razvitak. (Institut 

za oceanografiju i ribarstvo: Split, Croatia). 

Erftemeijer, P. 2006. 'Managing the effects of dredging on seagrasses in the Mediterranean 

Sea', Biologia Marina Mediterranea, 13: 183-88. 

Ergen, Z., and Çinar, M. E. 1994. "Qualitative and quantitative investigations on the 

Cystoseira facies of the Aegean Sea." In XIIth National Biology Congress, 138-49. 

Odrin, Turkey. 

Eriksson, B. K., and Johansson, G. 2005. 'Effects of sedimentation on macroalgae: species-

specific responses are related to reproductive traits', Oecologia, 143: 438-48. 

Fabbrizzi, E., Giakoumi, S., De Leo, F., Tamburello, L., Chiarore, A., Colletti, A., Coppola, 

M., Munari, M., Musco, L., Rindi, F., Rizzo, L., Savinelli, B., Franzitta, G., Grech, 

D., Cebrian, E., Verdura, J., Bianchelli, S., Mangialajo, L., Nasto, I., Sota, D., 

Orfanidis, S., Papadopoulou, N. K., Danovaro, R., and Fraschetti, S. 2023. 'The 

challenge of setting restoration targets for macroalgal forests under climate 

changes', Journal of Environmental Management, 326: 116834. 

Falace, A., Alongi, G., Cormaci, M., Furnari, G., Curiel, D., Cecere, E., and Petrocelli, A. 

2010. 'Changes in the benthic algae along the Adriatic Sea in the last three decades', 

Chemistry and Ecology, 26: 77-90. 

Falace, A., Alongi, G., Orlando-Bonaca, M., and Bevilacqua, S. 2024a. 'Species loss and 

decline in taxonomic diversity of macroalgae in the Gulf of Trieste (Northern 

Adriatic sea) over the last six decades', Marine Environmental Research, 202: 

106828. 

Falace, A., and Bressan, G. 2003. 'Changes of algal flora in the gulf of Trieste (Northern 

Adriatic Sea)', Bocconea: 1033 - 37. 

Falace, A., and Bressan, G. 2006. 'Seasonal Variations of Cystoseira barbata (Stackhouse) 

C. Agardh Frond Architecture', Hydrobiologia, 555: 193-206. 

Falace, A., Kaleb, S. D. L. F., G., Asnaghi, V., and Chiantore, M. 2018. 'Ex situ cultivation 

protocol for Cystoseira amentacea var. stricta (Fucales, Phaeophyceae) from a 

restoration perspective', PLoS One, 13: e0193011. 

Falace, A., Manfrin, C., Giovanni, F., D'ambros Burchio, S., Pallavicini, A., Descourvieres, 

E., Kaleb, S., Lokovšek, A., Grech, D., and Alongi, G. 2024b. 'Contribution to the 

knowledge of Gongolaria barbata (Sargassaceae, Fucales) from the Mediterranean: 

insights into infraspecific diversity', Phytotaxa, 635: 191-205. 

Falace, A., Marletta, G., Savonitto, G., Candotto Carniel, F., Srijemsi, M., Bevilacqua, S., 

Tretiach, M., and Alongi, G. 2021. 'Is the South-Mediterranean canopy-forming 

Ericaria giacconei (= Cystoseira hyblaea) a loser from ocean warming?', Frontiers 

in Marine Science, 8: 760637. 



151 

Falace, A., Zanelli, E., and Bressan, G. 2006. 'Algal transplantation as a potential tool for 

artificial reef management and environmental mitigation', Bulletin of Marine 

Science, 78: 161-66. 

Filbee-Dexter, K., and Scheibling, R. 2014. 'Sea urchin barrens as alternative stable states 

of collapsed kelp ecosystems', Marine Ecology Progress Series, 495: 1-25. 

Filbee-Dexter, K., and Wernberg, T. 2020. 'Substantial blue carbon in overlooked 

Australian kelp forests', Scientific Reports, 10: 12341. 

Fiori, E., Zavatarelli, M., Pinardi, N., Mazziotti, C., and Ferrari, C. R. 2016. 'Observed 

and simulated trophic index (TRIX) values for the Adriatic Sea basin', Natural 

Hazards and Earth System Sciences, 16: 2043-54. 

Frignani, M., and Langone, L. 1991. 'Accumulation rates and 137Cs distribution in 

sediments off the Po River delta and the Emilia-Romagna coast (northwestern 

Adriatic Sea, Italy)', Continental Shelf Research, 11: 525-42. 

Fukami, T., and Nakajima, M. 2011. 'Community assembly: alternative stable states or 

alternative transient states?', Ecology Letters, 14: 973-84. 

Furlan, E., Torresan, S., Critto, A., Lovato, T., Solidoro, C., Lazzari, P., and Marcomini, 

A. 2019. 'Cumulative Impact Index for the Adriatic Sea: Accounting for

interactions among climate and anthropogenic pressures', Science of The Total

Environment, 670: 379-97.

Gambi, M. C., and Morri, C. 2008. 'La fauna: gli invertebrati.' in G. Relini (ed.), Praterie 

a fanerogame marine. Piante con fiori del Mediterraneo (Ministero dell’Ambiente 

e della Tutela del Territorio e del mare / Museo friulano di storia naturale: Udine, 

Italy). 

Garrabou, J., Coma, R., Bensoussan, N., Chelvaldonne, P., Cigliano, M., Diaz, D., 

Harmelin, J. G., Gambi, M. C., Kersting, D. K., Ledoux, J. B., Lejeusne, C., 

Linares, C., Marschal, C., Perez, T., Ribes, M., Romano, J. C., Serrano, E., Teixido, 

N., Torrents, O., Zabala, M., Zuberer, F., and Cerrano, C. 2009. 'Mass mortality 

in Northwestern Mediterranean rocky benthic communities: effects of the 2003 heat 

wave', Global Change Biology, 15: 1090-103. 

Garrabou, J., Gómez‐Gras, D., Medrano, A., Cerrano, C., Ponti, M., Schlegel, R., 

Bensoussan, N., Turicchia, E., Sini, M., and Gerovasileiou, V. 2022. 'Marine 

heatwaves drive recurrent mass mortalities in the Mediterranean Sea', Global 

Change Biology, 28: 5708-25. 

Garreta, A. G. 2000. Flora phycologica ibérica: Fucales (Editum). 

Gerakaris, V., Varkitzi, I., Orlando-Bonaca, M., Kikaki, K., Mozetič, P., Lardi, P.-I., 

Tsiamis, K., and Francé, J. 2022. 'Benthic-Pelagic Coupling of Marine Primary 

Producers Under Different Natural and Human-Induced Pressures’ Regimes', 

Frontiers in Marine Science, Volume 9 - 2022. 

Gerard, V. A. 1982. 'In situ water motion and nutrient uptake by the giant kelp 

Macrocystis pyrifera', Marine Biology, 69: 51-54. 

Giani, M. 2011. 'River water and nutrient discharges in the Northern Adriatic Sea: Current 

importance and long term changes', Continental Shelf Research, 31: 1881-93. 



152  

Giani, M., Djakovac, T., Degobbis, D., Cozzi, S., Solidoro, C., and Umani, S. F. 2012. 

'Recent changes in the marine ecosystems of the northern Adriatic Sea', Estuarine, 

Coastal and Shelf Science, 115: 1-13. 

Gianni, F., Bartolini, F., Airoldi, L., Ballesteros, E., Francour, P., Guidetti, P., Meinesz, 

A., Thibaut, T., and Mangialajo, L. 2013. 'Conservation and restoration of marine 

forests in the Mediterranean Sea and the potential role of Marine Protected Areas', 

Advances in Oceanography and Limnology, 4: 83-101. 

Gianni, F., Bartolini, F., Airoldi, L., and Mangialajo, L. 2018. 'Reduction of herbivorous 

fish pressure can facilitate focal algal species forestation on artificial structures', 

Marine Environmental Research, 138: 102-09. 

Gianni, F., Bartolini, F., Pey, A., Laurent, M., Martins, G. M., Airoldi, L., and Mangialajo, 

L. 2017. 'Threats to large brown algal forests in temperate seas: the overlooked role 

of native herbivorous fish', Scientific Reports, 7: 1-13. 

Gianni, F., Mačić, V., Bartolini, F., Pey, A., Laurent, M., and Mangialajo, L. 2020. 

'Optimizing canopy-forming algae conservation and restoration with a new 

herbivorous fish deterrent device', Restoration Ecology, 28: 750-56. 

Glynn, P. W., Howard, L. S., Corcoran, E., and Freay, A. D. 1984. 'The occurrence and 

toxicity of herbicides in reef building corals', Marine Pollution Bulletin, 15: 370-74. 

Glynn, P. W., Szmant, A. M., Corcoran, E. F., and Cofer-Shabica, S. V. 1989. 'Condition 

of coral reef cnidarians from the northern Florida reef tract: Pesticides, heavy 

metals, and histopathological examination', Marine Pollution Bulletin, 20: 568-76. 

Gómez, F., González, N., EchevarrıÁ, F., and GarcıÁ, C. M. 2000. 'Distribution and Fluxes 

of Dissolved Nutrients in the Strait of Gibraltar and its Relationships to 

Microphytoplankton Biomass', Estuarine, Coastal and Shelf Science, 51: 439-49. 

Gorgula, S. K., and Connell, S. D. 2004. 'Expansive covers of turf-forming algae on human-

dominated coast: the relative effects of increasing nutrient and sediment loads', 

Marine Biology, 145: 613-19. 

Gouvêa, L. P., Schubert, N., Martins, C. D. L., Sissini, M., Ramlov, F., Rodrigues, E. R. 

d. O., Bastos, E. O., Freire, V. C., Maraschin, M., Carlos Simonassi, J., Varela, D. 

A., Franco, D., Cassano, V., Fonseca, A. L., Barufi J, B., and Horta, P. A. 2017. 

'Interactive effects of marine heatwaves and eutrophication on the ecophysiology 

of a widespread and ecologically important macroalga', Limnology and 

Oceanography, 62: 2056-75. 

Gran, A., Movilla, J., Ballesteros, E., Sales, M., Bolado, I., Galobart, C., and Cefalì, M. E. 

2022. 'Assessing the expansion and success of a restored population of Gongolaria 

barbata (Stackhouse) Kuntze (Fucales, Phaeophyceae) using high-precision 

positioning tools and size distribution frequencies', Mediterranean Marine Science, 

23: 907-16. 

Grilli, F., Accoroni, S., Acri, F., Bernardi Aubry, F., Bergami, C., Cabrini, M., Campanelli, 

A., Giani, M., Guicciardi, S., Marini, M., Neri, F., Penna, A., Penna, P., Pugnetti, 

A., Ravaioli, M., Riminucci, F., Ricci, F., Totti, C., Viaroli, P., and Cozzi, S. 2020. 

'Seasonal and Interannual Trends of Oceanographic Parameters over 40 Years in 

the Northern Adriatic Sea in Relation to Nutrient Loadings Using the EMODnet 

Chemistry Data Portal', Water, 12: 2280. 



153 

Guern, M. 1962. 'Embryologie de quelques espèces du genre Cystoseira Agardh 1821 

(Fucales)', Vie et Milieu: 649-80. 

Guidetti, P. 2006. 'Marine reserves reestablish lost predatory interactions and cause 

community changes in rocky reefs', Ecological Applications, 16: 963-76. 

Guidetti, P., and Dulčić, J. 2007. 'Relationships among predatory fish, sea urchins and 

barrens in Mediterranean rocky reefs across a latitudinal gradient', Marine 

Environmental Research, 63: 168-84. 

Guiot, J., and Cramer, W. 2016. 'Climate change: The 2015 Paris Agreement thresholds 

and Mediterranean basin ecosystems', Science, 354: 465-68. 

Guiry, M. D. 2024. 'Algaebase', Accessed 9.2:2024. 

https://www.algaebase.org/browse/taxonomy/#120369. 

Hanel, R. 2002. 'Recovery of Fucacean associations and associated fish assemblages in the 

vicinity of Rovinj, Istrian coast, northern Adriatic Sea', Periodicum Biologorum, 

104: 159-63. 

Hardison, A. K., Canuel, E. A., Anderson, I. C., Tobias, C. R., Veuger, B., and Waters, 

M. N. 2013. 'Microphytobenthos and benthic macroalgae determine sediment

organic matter composition in shallow photic sediments', Biogeosciences, 10: 5571-

88.

Havelange, S., Lepoint, G., Dauby, P., and Bouquegneau, J. M. 1997. 'Feeding of the sparid 

fish Sarpa salpa in a seagrass ecosystem: diet and carbon flux', Marine Ecology, 18: 

289-97.

Hereu, B. 2006. 'Depletion of palatable algae by sea urchins and fishes in a Mediterranean 

subtidal community', Marine Ecology Progress Series, 313: 95-103. 

Hereu, B., Zabala, M., Linares, C., and Sala, E. 2004. 'Temporal and spatial variability in 

settlement of the sea urchin Paracentrotus lividus in the NW Mediterranean', 

Marine Biology, 144: 1011-18. 

Hereu, B., Zabala, M., and Sala, E. 2008. 'Multiple controls of community stucture and 

dynamics in a sublittoral marine environment ', Ecology, 89: 3423-35. 

Hinz, H., Reñones, O., Gouraguine, A., Johnson, A. F., and Moranta, J. 2019. 'Fish nursery 

value of algae habitats in temperate coastal reefs', PeerJ, 7: e6797. 

Hiscock, K. 1983. 'Water movement.' in  

D.G. Erwin.  R. Earll (ed.), Sublittoral ecology. The ecology of the shallow subtidal benthos.

(Claredon Press: Oxford, England).

Hobday, A. J., Oliver, E. C. J., Gupta, A. S., Benthuysen, J. A., Burrows, M. T., Donat,

M. G., Holbrook, N. J., Moore, P. J., Thomsen, M., Wernberg, T., and Smale, D.

A. 2018. 'Categorizing and naming marine heatwaves', Oceanography, 31: 162-73.

Hrs-Brenko, M., and Legac, M. 2006. 'Inter- and intra-species relationships of sessile 

bivalves on the eastern coast of the Adriatic Sea', Natura Croatica, 15: 203-30. 

Irving, A. D., Balata, D., Colosio, F., Ferrando, G. A., and Airoldi, L. 2009. 'Light, 

sediment, temperature, and the early life-history of the habitat-forming alga 

Cystoseira barbata', Marine Biology, 156: 1223-31. 

Iveša, L., Bilajac, A., Gljušćić, E., and Najdek, M. 2022. 'Gongolaria barbata forest in the 

shallow lagoon on the southern Istrian Coast (northern Adriatic Sea)', Botanica 

Marina, 65: 255-68. 

https://www.algaebase.org/browse/taxonomy/#120369


154  

Iveša, L., and Devescovi, M. 2014. "Distribution and composition of stands along the west 

Istrian coast (northern Adriatic, Croatia) and comparison with historical data." In 

Proceedings of the 5th Mediterranean Symposium on Marine Vegetation, 102 - 07. 

Iveša, L., Djakovac, T., and Devescovi, M. 2016. 'Long-term fluctuations in Cystoseira 

populations along the west Istrian Coast (Croatia) related to eutrophication 

patterns in the northern Adriatic Sea', Marine Pollution Bulletin, 106: 162-73. 

Jadot, C., Donnay, A., Acolas, M. L., Cornet, Y., and Bégout Anras, M. L. 2006. 'Activity 

patterns, home-range size, and habitat utilization of Sarpa salpa (Teleostei: 

Sparidae) in the Mediterranean Sea', ICES Journal of Marine Science, 63: 128-39. 

Jennings, S., and Blanchard, J. L. 2004. 'Fish abundance with no fishing: predictions based 

on macroecological theory', Journal of Animal Ecology, 73: 632-42. 

Justić, D. 1987. 'Long-term eutrophication of the northern Adriatic Sea', Marine Pollution 

Bulletin, 18: 281-84. 

Justić, D. 1991. 'Hypoxic conditions in the northern Adriatic Sea: historical development 

and ecological significance', Geological Society, London, Special Publications, 58: 

95-105. 

Kaleb, S., Sánchez De Pedro, R., Bañares-España, E., Alboresi, A., Savonitto, G., Natale, 

S., Bevilacqua, S., and Falace, A. 2023. 'Cultivation of Gongolaria barbata (Fucales, 

Phaeophyceae) with a seaweed-derived biostimulant in order to improve 

photophysiological fitness and promote fertility to advance the restoration of 

marine macroalgal forests', Journal of Applied Phycology, 35: 2337-50. 

Karez, R., Engelbert, S., Kraufvelin, P., Pedersen, M. F., and Sommer, U. 2004. 'Biomass 

response and changes in composition of ephemeral macroalgal assemblages along 

an experimental gradient of nutrient enrichment', Aquatic Botany, 78: 103-17. 

Kennelly, S. J. 1989. 'Effects of kelp canopies on understorey species due to shade and 

scour.', Marine Ecology Progress Series, 50. 

Kocatas, A., Katagan, T., Sezgin, M., Kirkim, F., and Kocak, C. 2004. 'Crustacean 

Diversity Among the Cystoseira Facies of the Aegean Coast of Turkey', Turkish 

Journal of Zoology, 28. 

Korpinen, S., Jormalainen, V., and Honkanen, T. 2007. 'Effect of nutrients, herbivory, and 

depth on the macroalgal community in the rocky sublittoral', Ecology, 88: 839-52. 

Kralj, M., Lipizer, M., Čermelj, B., Celio, M., Fabbro, C., Brunetti, F., Francé, J., Mozetič, 

P., and Giani, M. 2019. 'Hypoxia and dissolved oxygen trends in the northeastern 

Adriatic Sea (Gulf of Trieste)', Deep Sea Research Part II: Topical Studies in 

Oceanography, 164: 74-88. 

Krause-Jensen, D., and Duarte, C. M. 2016. 'Substantial role of macroalgae in marine 

carbon sequestration', Nature Geoscience, 9: 737-42. 

Lardi, P. I., Varkitzi, I., Tsiamis, K., Orfanidis, S., Koutsoubas, D., Falace, A., and 

Salomidi, M. 2022. 'Early development of Gongolaria montagnei (Fucales, 

Phaeophyta) germlings under laboratory conditions, with a view to enhancing 

restoration potential in the Eastern Mediterranean', Botanica Marina, 65: 279-87. 

Le Fur, I., De Wit, R., Plus, M., Oheix, J., Derolez, V., Simier, M., Malet, N., and Ouisse, 

V. 2019. 'Re-oligotrophication trajectories of macrophyte assemblages in 



155 

Mediterranean coastal lagoons based on 17-year time-series', Marine Ecology 

Progress Series, 608: 13-32. 

Lejeune, P. 1985. 'Etude écoéthologique des comportements reproducteurs et sociaux des 

Labridès Méditerranéens des genres Symphodus Rafinesque, 1810, et Coris 

Lacépède, 1802', Cahiers d'Ethologie Appliquee (Belgium). v. 5 (2). Collection 

Enquetes et Dossiers no. 8. 

Ling, S. D., Scheibling, R. E., Rassweiler, A., Johnson, C. R., Shears, N., Connell, S. D., 

Salomon, A. K., Norderhaug, K. M., Pérez-Matus, A., Hernández, J. C., Clemente, 

S., Blamey, L. K., Hereu, B., Ballesteros, E., Sala, E., Garrabou, J., Cebrian, E., 

Zabala, M., Fujita, D., and Johnson, L. E. 2015. 'Global regime shift dynamics of 

catastrophic sea urchin overgrazing', Philosophical Transactions of the Royal 

Society B: Biological Sciences, 370: 20130269. 

Lipej, L., Ivajnsic, D., Pittaco, V., Trkov, D., Mavrič, B., and Orlando-Bonaca, M. 2023. 

'Coastal Fish Fauna in the Cystoseira s.l. algal Belts: Experiences from the 

Northern Adriatic Sea', Journal of Marine Science and Engineering, 11: 888. 

Lipej, L., Orlando-Bonaca, M., Bajželj, B., and Jakov, D. 2009. 'Nest characteristics of 

three labrid species in the Gulf of Trieste (northern Adriatic Sea)', Acta Adriatica, 

50: 139-50. 

Littler, M. M., Martz, D. R., and Littler, D. S. 1983. 'Effects of recurrent sand deposition 

on rocky intertidal organisms: importance of substrate heterogeneity in a 

fluctuating environment', Marine Ecology Progress Series, 11: 129-39. 

Liu, X., Bogaert, K., Engelen, A. H., Leliaert, F., Roleda, M. Y., and De Clerck, O. 2017. 

'Seaweed reproductive biology: environmental and genetic controls', Botanica 

Marina, 60: 89-108. 

Lodge, D. M. 1991. 'Herbivory on freshwater macrophytes', Aquatic Botany, 41: 195-224. 

Lokovšek, A., Orlando-Bonaca, M., Gljušćić, E., Bilajac, A., Iveša, L., Di Cave, A., Savio, 

S., Ortenzi, F., Trkov, D., and Congestri, R. 2025. 'Enhancing ex situ cultivation 

of Mediterranean Fucales: species-specific responses of Gongolaria barbata and 

Ericaria crinita seedlings to algal extracts', Marine Environmental Research: 

107411. 

Lokovšek, A., Orlando-Bonaca, M., Trkov, D., and Lipej, L. 2022. 'An Insight into the 

Feeding Ecology of Serranus scriba, a Shallow Water Mesopredator in the Northern 

Adriatic Sea, with a Non-Destructive Method', Fishes, 7: 210. 

Lokovšek, A., Pitacco, V., Falace, A., Trkov, D., and Orlando-Bonaca, M. 2024. 'Too Hot 

to Handle: Effects of Water Temperature on the Early Life Stages of Gongolaria 

barbata (Fucales)', Journal of Marine Science and Engineering, 12: 514. 

Lokovšek, A., Pitacco, V., Trkov, D., Zamuda, L. L., Falace, A., and Orlando-Bonaca, M. 

2023. 'Keep It Simple: Improving the Ex Situ Culture of Cystoseira s.l. to Restore 

Macroalgal Forests', Plants, 12: 2615. 

Lotze, H., Lenihan, H., Bourque, B., Bradbury, R., Cooke, R., Kay, M., Kidwell, S., Kirby, 

M., Peterson, C., and Jackson, J. 2006. 'Depletion, Degradation, and Recovery 

Potential of Estuaries and Coastal Seas', Science, 312: 1806-9. 



156  

Lotze, H. K., Coll, M., and Dunne, J. A. 2011. 'Historical Changes in Marine Resources, 

Food-web Structure and Ecosystem Functioning in the Adriatic Sea, 

Mediterranean', Ecosystems, 14: 198-222. 

Luigi, P., and Giulia, C. 2017. 'Eutrophication affects the resistance of fucoids to an 

introduced alga spread', Marine Environmental Research, 129: 189-94. 

Mačič, V., and Svirčev, Z. 2014. 'Macroepiphytes on Cystoseira species (Phaeophyceae) on 

the coast of Montenegro ', Fresenius Environmental Bulletin, 23: 29-34. 

Malačič, V., Celio, M., Čermelj, B., Bussani, A., and Comici, C. 2006. 'Interannual 

evolution of seasonal thermohaline properties in the Gulf of Trieste (northern 

Adriatic) 1991–2003', Journal of Geophysical Research: Oceans, 111. 

Malačič, V., and Petelin, B. 2001. 'Gulf of Trieste', Physical Oceanography of the Adriatic 

Sea, Past, Present and Future, 114: 177. 

Manca, F., Benedetti-Cecchi, L., Bradshaw, C. J. A., Cabeza, M., Gustafsson, C., Norkko, 

A. M., Roslin, T. V., Thomas, D. N., White, L., and Strona, G. 2024. 'Projected 

loss of brown macroalgae and seagrasses with global environmental change', Nature 

Communications, 15: 5344. 

Mancuso, F. P., Milazzo, M., and Chemello, R. 2021. 'Decreasing in patch-size of Cystoseira 

forests reduces the diversity of their associated molluscan assemblage in 

Mediterranean rocky reefs', Estuarine, Coastal and Shelf Science, 250: 107163. 

Mangialajo, L., Chiantore, M., and Cattaneo-Vietti, R. 2008. 'Loss of fucoid algae along a 

gradient of urbanisation, and structure of benthic assemblages', Marine Ecology 

Progress Series, 358: 63-74. 

Mangialajo, L., Chiantore, M., Susini, M.-L., Meinesz, A., Cattaneo-Vietti, R., and 

Thibaut, T. 2012. 'Zonation patterns and interspecific relationships of fucoids in 

microtidal environments', Journal of Experimental Marine Biology and Ecology, 

412: 72-80. 

Marguin, A., Bussotti, S., Guidetti, P., and Rossi, F. 2025. 'A systematic review of fishing 

impacts on the trophic level of fish populations and assemblages in the 

Mediterranean Sea', Frontiers in Marine Science, 12: 1489965. 

Marić, D., Kraus, R., Godrijan, J., Supić, N., Djakovac, T., and Precali, R. 2012. 

'Phytoplankton response to climatic and anthropogenic influences in the north-

eastern Adriatic during the last four decades', Estuarine, Coastal and Shelf science, 

115: 98-112. 

Marin, O., and Spinu, A. 2023. 'Assessing the Ecological Status of Gongolaria barbata 

(Stackhouse) Kuntze (Fucales, Ochrophyta) Habitat Along the Romanian Black 

Sea Coast- A Source of Multiple Ecosystem Services', Annals of the Academy of 

Romanian Scientists Series on Biological Sciences, 12: 42-56. 

Marin, O., and Spinu, A. 2024. 'Long term succession of engineering species Gongolaria 

barbata (Stackhouse) Kuntze (Fucales: Ochrophyta) along the Romanian Black Sea 

coast', Periodicum Biologorum, 125: 155–66. 

Marini, M., and Grilli, F. 2023. 'The Role of Nitrogen and Phosphorus in Eutrophication 

of the Northern Adriatic Sea: History and Future Scenarios', Applied Sciences, 13: 

9267. 



157 

Marletta, G., Srijemsi, M., Savonitto, G., Bevilacqua, S., Candotto Carnel, F., Tretiach, 

M., Alongi, G., and Falace, A. 2021. "Impacts of climate change on the 

developmental stages of Cystoseira hyblaea (Fucales) and its possible fate under a 

foreseen warming scenario." In 116° Congresso della Società Botanica Italiana - VII 

International Plant Science Conference, edited by Società Botanica Italiana onlus. 

Online: Società Botanica Italiana onlus. 

Martín, J., Puig, P., Palanques, A., and Ribó, M. 2014. 'Trawling-induced daily sediment 

resuspension in the flank of a Mediterranean submarine canyon', Deep Sea Research 

Part II: Topical Studies in Oceanography, 104: 174-83. 

Mcclanahan, T., and Sala, E. 1997. 'A Mediterranean rocky bottom ecosystem fisheries 

model', Ecological Model, 104: 145-64. 

Medrano, A., Linares, C., Aspillaga, E., Capdevila, P., Montero-Serra, I., Pages-Escola, 

M., Zabala, M., and Hereu, B. 2020. 'Long-term monitoring of temperate 

macroalgal assemblages inside and outside a No take marine reserve', Marine 

Environmental Research, 153: 104826. 

Melville, A. J., and Connell, S. D. 2001. 'Experimental effects of kelp canopies on subtidal 

coralline algae', Australian Journal of Ecology, 26: 102-08. 

Mentaschi, L., Lovato, T., Butenschön, M., Alessandri, J., Aragão, L., Verri, G., Guerra, 

R., Coppini, G., and Pinardi, N. 2024. 'Projected climate oligotrophication of the 

Adriatic marine ecosystems', Frontiers in Climate, Volume 6 - 2024. 

Micheli, F., Benedetti-Cecchi, L., Gambaccini, S., Bertocci, I., Borsini, C., Osio, G. C., and 

Romano, F. 2005. 'Cascading human impacts, marine protected areas, and the 

structure of Mediterranean reef assemblages', Ecological Monographs, 75: 81-102. 

Mineur, F., Arenas, F., Assis, J., Davies, A. J., Engelen, A. H., Fernandes, F., Malta, E.-

j., Thibaut, T., Van Nguyen, T., Vaz-Pinto, F., Vranken, S., Serrão, E. A., and De 

Clerck, O. 2015. 'European seaweeds under pressure: Consequences for communities 

and ecosystem functioning', Journal of Sea Research, 98: 91-108. 

Molinari-Novoa, E., and Guiry, M. D. 2020. 'Reinstatement of the genera Gongolaria 

Boehmer and Ericaria Stackhouse (Sargassaceae, Phaeophyceae)', European 

Journal of Phycology, 54: 456. 

Monserrat, M., Comeau, S., Verdura, J., Alliouane, S., Spennato, G., Priouzeau, F., 

Romero, G., and Mangialajo, L. 2022. 'Climate change and species facilitation affect 

the recruitment of macroalgal marine forests', Scientific Reports, 12: 18103. 

Monserrat, M., Verdura, J., Comeau, S., Cottalorda, J.-M., Priouzeau, F., Romero, G., 

and Mangialajo, L. 2023. 'The role of grazers in early-life stages of Cystoseira sensu 

lato can be crucial in the restoration of marine forests', Frontiers in Marine 

Science, 10: 1176780. 

Moore, P. G. 1972. 'Particulate matter in the sublittoral zone of an exposed coast and its 

ecological 

significance with special reference to the fauna inhabiting kelp holdfasts.', Journal of 

Experimental Marine Biology and Ecology, 10: 59-80. 

Moreda, U., Mazarrasa, I., Cebrian, E., Kaal, J., Ricart, A. M., Serrano, E., and Serrano, 

O. 2024. 'Role of macroalgal forests within Mediterranean shallow bays in blue

carbon storage', Science of The Total Environment, 934: 173219.



158  

Mozetič, P., Francé, J., Kogovšek, T., Talaber, I., and Malej, A. 2012. 'Plankton trends 

and community changes in a coastal sea (northern Adriatic): Bottom-up vs. top-

down control in relation to environmental drivers', Estuarine, Coastal and Shelf 

Science, 115: 138-48. 

Mozetič, P., Solidoro, C., Cossarini, G., Socal, G., Precali, R., Francé, J., Bianchi, F., De 

Vittor, C., Smodlaka, N., and Fonda Umani, S. 2010. 'Recent Trends Towards 

Oligotrophication of the Northern Adriatic: Evidence from Chlorophyll a Time 

Series', Estuaries and Coasts, 33: 362-75. 

Mozetič, P., Umani, S. F., Cataletto, B., and Malej, A. 1998. 'Seasonal and inter-annual 

plankton variability in the Gulf of Trieste (northern Adriatic)', ICES Journal of 

Marine Science, 55: 711-22. 

Munari, C. 2013. 'Benthic community and biological trait composition in respect to 

artificial coastal defence structures: a study case in the northern Adriatic Sea', 

Marine Environmental Research, 90: 47-54. 

Munda, I.-M. 1979. 'Some Fucacean associations from the vicinity of Rovinj, Istrian coast, 

Northern Adriatic', Nova Hedwigia, 31: 607-66. 

Munda, I. 2000. 'Long-term marine floristic changes around Rovinj (Istrian coast, North 

Adriatic) estimated on the basis of historical data from Paul Kuckuck's field diaries 

from the end of the 19th century', Nova Hedwigia, 71: 1-36. 

Munda, I. M. 1980a. 'Changes in the benthic algal associations from the vicinity of Rovinj 

( Istrian coast, North Adriatic) caused by organic wastes ( sewage)', Acta Adriatica, 

21: 299-332. 

Munda, I. M. 1980b. 'Survey of the algal biomass in the polluted area around Rovinj ( 

Istrian coast, North Adriatic)', Acta Adriatica, 21: 333-54. 

Munda, I. M. 1993a. 'Changes and degradation of seaweed stands in the Northern Adriatic', 

Hydrobiologia, 260: 239-53. 

Munda, I. M. 1993b. 'Changes and degradation of seaweeds stands in the Northern 

Adriatic', Hydrobiologia, 260/261: 239-53. 

Munda, I. M. 2008. 'Benthic marine algae as reflection of environmental changes 

in the Northern Adriatic Sea.' in, Climate warming and related changes in Mediterranean 

biota (CIESM Workshop Monographs: Monaco). 

Nagasato, C., Motomura, T., and Ichimura, T. 1999. 'Karyogamy block by heat stress in 

the fertilization of brown algae', Journal of Phycology, 35: 1246-52. 

Nearing, M. A. 2004. 'Expected Climate Change Impacts on Soil Erosion Rates: A Review', 

Journal of Soil and Water Conversation, 59: 43-50. 

Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., and Mitchum, 

G. T. 2018. 'Climate-change–driven accelerated sea-level rise detected in the 

altimeter era', Proceedings of the National Academy of Sciences, 115: 2022-25. 

Newell, R. I. E., and Ott, J. A. 1999. 'Macrobenthic Communities and Eutrophication.' in 

T.C Malone, A. Malej, L.W. Harding Jr. and N. Smodlaka (eds.), Ecosystems at 

the Land‐Sea Margin: Drainage Basin to Coastal Sea (American Geophysical 

Union: Washington, DC, USA). 



159 

Nikolaou, A., Tsirintanis, K., Rilov, G., and Katsanevakis, S. 2023. 'Invasive Fish and Sea 

Urchins Drive the Status of Canopy Forming Macroalgae in the Eastern 

Mediterranean', Biology, 12: 763. 

Nikolić, V., Ante, Z., Mangialajo, L., Antolić, B., Kušpilić, G., and Ballesteros, E. 2013. 

'Cartography of littoral rocky-shore communities (CARLIT) as a tool for ecological 

quality assessment of coastal waters in the Eastern Adriatic Sea', Ecological 

Indicators, 34: 87-93. 

Novacek, M. J., and Cleland, E. E. 2001. 'The current biodiversity extinction event: 

scenarios for mitigation and recovery', Proceedings of the National Academy of 

Sciences U S A, 98: 5466-70. 

Ogorelec, B., Mišič, M., and Faganeli, J. 1991. 'Marine geology of the Gulf of Trieste 

(northern Adriatic): Sedimentological aspects', Marine Geology, 99: 79-92. 

Oliver, E. C. J., Donat, M. G., Burrows, M. T., Moore, P. J., Smale, D. A., Alexander, L. 

V., Benthuysen, J. A., Feng, M., Sen Gupta, A., Hobday, A. J., Holbrook, N. J., 

Perkins-Kirkpatrick, S. E., Scannell, H. A., Straub, S. C., and Wernberg, T. 2018. 

'Longer and more frequent marine heatwaves over the past century', Nature 

Communications, 9: 1324. 

Orfanidis, S. 1991. 'Temperature Responses and Distribution of Macroalgae Belonging to 

the Warm-temperate Mediterranean-Atlantic Distribution Group', Botanica 

Marina, 34: 541-52. 

Orfanidis, S., Panayotidis, P., and Ugland, K. 2011. 'Ecological Evaluation Index 

continuous formula (EEI-c) application: A step forward for functional groups, the 

formula and reference condition values', Mediterranean Marine Science, 12: 199-

231. 

Orfanidis, S., Rindi, F., Cebrian, E., Fraschetti, S., Nasto, I., Taskin, E., Bianchelli, S., 

Papathanasiou, V., Kosmidou, M., Caragnano, A., Tsioli, S., Ratti, S., Fabbrizzi, 

E., Verdura, J., Tamburello, L., Beqiraj, S., Kashta, L., Sota, D., Papadimitriou, 

A., Mahmoudi, E., Kiçaj, H., Georgiadis, K., Hannachi, A., and Danovaro, R. 2021. 

'Effects of Natural and Anthropogenic Stressors on Fucalean Brown Seaweeds 

Across Different Spatial Scales in the Mediterranean Sea', Frontiers in Marine 

Science, 8. 

Orlando-Bonaca, M., Francé, J., Mavrič, B., Grego, M., Lipej, L., Flander-Putrle, V., Šiško, 

M., and Falace, A. 2015. 'A new index (MediSkew) for the assessment of the 

Cymodocea nodosa (Ucria) Ascherson meadow's status', Marine Environmental 

Research, 110: 132-41. 

Orlando-Bonaca, M., Lipej, L., and Orfanidis, S. 2008. 'Benthic macrophytes as a tool for 

delineating, monitoring and assessing ecological status: The case of Slovenian 

coastal waters', Marine pollution bulletin, 56: 666-76. 

Orlando-Bonaca, M., Pitacco, V., and Lipej, L. 2021a. 'Loss of canopy-forming algal 

richness and coverage in the northern Adriatic Sea', Ecological Indicators, 125: 

107501. 

Orlando-Bonaca, M., Pitacco, V., Slavinec, P., Šiško, M., Makovec, T., and Falace, A. 

2021b. 'First restoration experiment for Gongolaria barbata in Slovenian coastal 

waters. What can go wrong?', Plants, 10: 239. 



160  

Orlando-Bonaca, M., and Rotter, A. 2018. 'Any signs of replacement of canopy-forming 

algae by turf-forming algae in the northern Adriatic Sea?', Ecological Indicators, 

87: 272-84. 

Orlando-Bonaca, M., Savonitto, G., Asnaghi, V., Trkov, D., Pitacco, V., Šiško, M., 

Makovec, T., Slavinec, P., Lokovšek, A., Ciriaco, S., Chiantore, M., Kaleb, S., 

Descourvières, E. P., Srijemsi, M., and Falace, A. 2022a. 'Where and how - new 

insight for brown algal forest restoration in the Adriatic', Frontiers in Marine 

Science, 9: 988584. 

Orlando-Bonaca, M., and Trkov, D. 2016. 'Clinitrachus argentatus (Risso, 1810) 

(Perciformes: Clinidae) - a less known fish species in Slovenian coastal waters 

(Adriatic Sea)', Annales. Seria Historia Naturalis., 26: 191-96. 

Orlando-Bonaca, M., Trkov, D., Klun, K., and Pitacco, V. 2022b. 'Diversity of Molluscan 

Assemblage in Relation to Biotic and Abiotic Variables in Brown Algal Forests', 

Plants, 11: 2131. 

Österling, M. E., Arvidsson, B. L., and Greenberg, L. A. 2010. 'Habitat degradation and 

the decline of the threatened mussel Margaritifera margaritifera: influence of 

turbidity and sedimentation on the mussel and its host', Journal of Applied 

Ecology, 47: 759-68. 

Pace, M. L., Cole, J. J., Carpenter, S. R., and Kitchell, J. F. 1999. 'Trophic cascades 

revealed in diverse ecosystems', Trends in ecology & evolution, 14: 483-88. 

Paine, R. T. 1984. 'Ecological determinism in the competition for space: the Robert H. 

MacArthur Award lecture', Ecology, 65: 1339-48. 

Pallaoro, A., Dulčić, J., Matić‐Skoko, S., Kraljević, M., and Jardas, I. 2008. 'Biology of the 

salema, Sarpa salpa (L. 1758)(Pisces, Sparidae) from the middle‐eastern Adriatic', 

Journal of Applied Ichthyology, 24: 276-81. 

Papadimitriou, A., Nakou, K., Papathanasiou, V., and Orfanidis, S. 2022. 'Effects of 

photoperiod and temperature on ecophysiological responses of Ericaria barbatula 

(Phaeophyceae): a long-term study', Botanica Marina, 65: 269-77. 

Papadimitriou, E., Hannachi, A., Papadimitriou, A., Beyrem, H., Kefalas, I., Mahmoudi, 

E., Sellemi, B., Smith, C., Papathanasiou, V., Fraschetti, S., Danovaro, R., and 

Orfanidis, S. 2024. 'Wave attenuation by Cystoseira sensu lato in two shallow 

Mediterranean coastal waters', Mediterranean Marine Science, 25: 556-63. 

Pastor, F., Valiente, J. A., and Khodayar, S. 2020. 'A Warming Mediterranean: 38 Years 

of Increasing Sea Surface Temperature', Remote sensing, 12: 2687. 

Peleg, O., Guy-Haim, T., Yeruham, E., Silverman, J., and Rilov, G. 2020. 'Tropicalization 

may invert trophic state and carbon budget of shallow temperate rocky reefs', 

Journal of Ecology, 108: 844-54. 

Pérès, J. M. 1967. 'The Mediterranean benthos', Oceanography and Marine Biology: An 

Annual Review, 5: 449-533. 

Perez, T., Garrabou, J., Sartoretto, S., Harmelin, J.-G., Francour, P., and Vacelet, J. 2000. 

'Mortalité massive d’invertébrés marins : un événement sans précédent en 

Méditerranée nord-occidentale', Comptes Rendus de l'Académie des Sciences - 

Series III - Sciences de la Vie, 323: 853-65. 



161 

Perkol-Finkel, S., and Airoldi, L. 2010. 'Loss and recovery potential of marine habitats: an 

experimental study of factors maintaining resilience in subtidal algal forests at the 

Adriatic Sea', PLoS One, 5: e10791. 

Perkol‐Finkel, S., Ferrario, F., Nicotera, V., and Airoldi, L. 2012. 'Conservation challenges 

in urban seascapes: promoting the growth of threatened species on coastal 

infrastructures', Journal of Applied Ecology, 49: 1457-66. 

1. Pessarrodona, A., Franco-Santos, R. M., Wright, L. S., Vanderklift, M. A., Howard,

J., Pidgeon, E., Wernberg, T., and Filbee-Dexter, K. 2023. 'Carbon sequestration and

climate change mitigation using macroalgae: a state of knowledge review', Biological

reviews of the Cambridge Philosophical Society, 98: 1945-71.

Piazzi, L., Balata, D., Bulleri, F., Gennaro, P., and Ceccherelli, G. 2016. 'The invasion of 

Caulerpa cylindracea in the Mediterranean: the known, the unknown and the 

knowable', Marine Biology, 163: 161. 

Piazzi, L., Bonaviri, C., Castelli, A., Ceccherelli, G., Costa, G., Curini-Galletti, M., 

Langeneck, M., Manconi, R., Montefalcone, M., Pipitone, C., Rosso, A., and Pinna, 

S. 2018. 'Biodiversity in Canopy-Forming Algae: Structure and Spatial Variability

of the Mediterranean Cystoseira Assemblages', Estuarine, Coastal and Shelf

Science, 207: 132-41.

Piazzi, L., and Ceccherelli, G. 2019. 'Effect of sea urchin human harvest in promoting 

canopy forming algae restoration', Estuarine, Coastal and Shelf Science, 219: 273-

77. 

Piazzi, L., Gennaro, P., and Balata, D. 2011. 'Effects of nutrient enrichment on macroalgal 

coralligenous assemblages', Marine Pollution Bulletin, 62: 1830-35. 

Pignatti, S. 1962. 'Associazioni di alghe marine sulla costa veneziana', Memorie Istituto 

Veneto Lettere Scienze Arti, 32: 1-134. 

Pimm, S. L., Russell, G. J., Gittleman, J. L., and Brooks, T. M. 1995. 'The future of 

biodiversity', Science, 269: 347-50. 

Pinedo, S., Jordana, E., and Ballesteros, E. 2024. 'Assessing the diversity and species 

composition in macroinvertebrate assemblages thriving in shallow water macroalgal 

habitats: Structural complexity is not always better', Marine Environmental 

Research, 202: 106818. 

Pinedo, S., Sardá, R., Rey, C., and Bhaud, M. 2000. 'Effect of sediment particle size on 

recruitment of Owenia fusiformis in the Bay of Blanes (NW Mediterranean Sea): 

an experimental approach to explain field distribution', Marine Ecology Progress 

Series, 203: 205-13. 

Pitacco, V., Orlando-Bonaca, M., Mavrič, B., Popović, A., and Lipej, L. 2014. 'Mollusc 

fauna associated with the Cystoseira algal associations in the Gulf of Trieste 

(Northern Adriatic Sea)', Mediterranean Marine Science, 15: 225-38. 

Poulain, P.-M., Kourafalou, V. H., and Chushman-Roisin, B. 2001. 'Northern Adriatic Sea.' 

in B. Cushman-Roisin, Gacic, M., Poulain, P.-M (ed.), Physical Oceanography of 

the Adriatic Sea. Past, Present and Future (Springer Dordrecht: Dordrecht, 

Germany). 

Poulicek, M. 1985. 'Les mollusques des biocénoses à algues photophiles en Méditerranée 2. 

Analyse du peuplement.', Cahiers de Biologie Marine, 26: 127-36. 



162  

Privitera, D., Chiantore, M., Mangialajo, L., Glavic, N., Kozul, W., and Cattaneo-Vietti, 

R. 2008. 'Inter- and intra-specific competition between Paracentrotus lividus and 

Arbacia lixula in resource-limited barren areas', Journal of Sea Research, 60: 184-

92. 

UNEP 2000. "Action plan for the conservation of marine vegetation in the Mediterranean 

Sea." In, edited by Adopted within the framework of the Barcelona Convention for 

the protection of the marine environment and the and coastal region of the 

Mediterranean, 1-48. Tunis: RAC/SPA. 

Ptacnik, R., Andersen, T., and Tamminen, T. 2010. 'Performance of the Redfield Ratio 

and a Family of Nutrient Limitation Indicators as Thresholds for Phytoplankton 

N vs. P Limitation', Ecosystems, 13: 1201-14. 

Raventos, N. 2004. 'Effects of wave action on nesting activity in the littoral five-spotted 

wrasse, Symphodus roissali, (Labridae), in the northwestern Mediterranean Sea', 

Scientia Marina, 68: 257-64. 

Ribera, M. A., Gómez Garreta, Gallardo, A., Cormaci, T., Furnari, M., and Giaccone, G. 

1992. 'Check-list of Mediterranean Seaweeds. I. Fucophyceae', Botanica Marina, 

35: 109-30. 

Rice, J. A., Crowder, L. B., and Marschall, E. A. 1997. 'Predation on juvenile fishes: 

dynamic interactions between size-structured predators and prey.' in R. 

Christopher Chambers and Edward A. Trippel (eds.), Early Life History and 

Recruitment in Fish Populations (Springer Netherlands: Dordrecht). 

Rindi, F., Vergés, A., Zuchegna, I., Bianchelli, S., De Caralt, S., Galobart, C., Santamaría, 

J., Martini, F., Monserrat, M., Orfanidis, S., Sitjà, C., Tsioli, S., Verdura, J., 

Mangialajo, L., Fraschetti, S., Danovaro, R., and Cebrian, E. 2023. 'Standardized 

protocol for reproductive phenology monitoring of fucalean algae of the genus 

Cystoseira s.l. with potential for restoration', Frontiers in Marine Science, Volume 

10 - 2023. 

Riquet, F., De Kuyper, C.-A., Fauvelot, C., Airoldi, L., Planes, S., Fraschetti, S., Mačić, 

V., Milchakova, N., Mangialajo, L., and Bottin, L. 2021. 'Highly restricted dispersal 

in habitat-forming seaweed may impede natural recovery of disturbed populations', 

Scientific Reports, 11: 16792. 

Robvieux, P. 2013. 'Conservation des populations de Cystoseira en régions Provence-Alpes-

Côte-d'Azur et Corse', Université Nice Sophia Antipolis. 

Rodríguez-Prieto, C., E. Ballesteros, F. Boisset, and Afonso-Carrillo., J. 2013. Guía de las 

macroalgas y fanerógamas marinas del 

Mediterráneo occidental (Ediciones Omega S.A: Barcelona, Spain). 

Rodriguez-Prieto, C., and Polo, L. 1996. 'Effects of sewage pollution in the structure and 

dynamics of the community of Cystoseira mediterraneanea (Fucales, 

Phaeophyceae)', Scientia Marina, 60: 253 - 63. 

Romano, B., and Zullo, F. 2014. 'The urban transformation of Italy's Adriatic coastal strip: 

fifty years of unsustainability', Land use policy, 38: 26-36. 

Rueda, J., Marina, P., Salas, C., and Urra, J. 2008. 'Jujubinus striatus (Linnaeus, 1758) 

(Gastropoda: Trochidae) from a deep Zostera marina bed in southern Spain 



163 

(Alboran Sea): aspects of ecology and biology', Journal of Molluscan Studies, 74: 

345-54.

Sala, E., Kizilkaya, Z., Yildirim, D., and Ballesteros, E. 2011. 'Alien marine fishes deplete 

algal biomass in the Eastern Mediterranean', PLoS One, 6: e17356. 

Sala, E., Ribes, M., Hereu, B., Zabala, M., Alva, V., Coma, R., and Garrabou, J. 1998. 

'Temporal variability in abundance of the sea urchins Paracentrotus lividus and 

Arbacia lixula in the northwestern Mediterranean: Comparison between a marine 

reserve and an unprotected area', Marine Ecology Progress Series, 168: 135-45. 

Sala, E., and Zabala, M. 1996. 'Fish predation and the structure of the sea urchin 

Paracentrotus lividus populations in the NW Mediterranean', Marine Ecology 

Progress Series, 140: 71-81. 

Sales, M., Cebrian, E., Tomas, F., and Ballesteros, E. 2011. 'Pollution impacts and recovery 

potential in three species of the genus Cystoseira (Fucales, Heterokontophyta)', 

Estuarine, Coastal and Shelf Science, 92: 347-57. 

Santana-Garcon, J., Bennett, S., Marbà, N., Vergés, A., Arthur, R., and Alcoverro, T. 

2023. 'Tropicalization shifts herbivore pressure from seagrass to rocky reef 

communities', Proceedings of the Royal Society B: Biological Sciences, 290: 

20221744. 

Saunders, M. I., Atkinson, S., Klein, C. J., Weber, T., and Possingham, H. P. 2017. 

'Increased sediment loads cause non-linear decreases in seagrass suitable habitat 

extent', PLoS One, 12: e0187284. 

Savonitto, G., Alongi, G., and Falace, A. 2019. 'Reproductive phenology, zygote 

embryology and germling development of the threatened Carpodesmia barbatula 

(= Cystoseira barbatula)(Fucales, Phaeophyta) towards its possible restoration', 

Webbia, 74: 317-23. 

Savonitto, G., De La Fuente, G., Tordoni, E., Ciriaco, S., Srijemsi, M., Bacaro, G., 

Chiantore, M., and Falace, A. 2021. 'Addressing reproductive stochasticity and 

grazing impacts in the restoration of a canopy‐forming brown alga by implementing 

mitigation solutions', Aquatic Conservation: Marine and Freshwater Ecosystems, 

31: 1611-23. 

Savva, I., Bennett, S., Roca, G., Jordà, G., and Marbà, N. 2018. 'Thermal tolerance of 

Mediterranean marine macrophytes: Vulnerability to global warming', Ecology and 

evolution, 8: 12032-43. 

Scheffer, M., Carpenter, S., Foley, J. A., Folke, C., and Walker, B. 2001. 'Catastrophic 

shifts in ecosystems', Nature, 413: 591-96. 

Servello, G., Andaloro, F., Azzurro, E., Castriota, L., Catra, M., Chiarore, A., Crocetta, 

F., D’alessandro, M., Denitto, F., Froglia, C., Gravili, C., Langer, M. R., Lo Brutto, 

S., Mastrototaro, F., Petrocelli, A., Pipitone, C., Piraino, S., Relini, G., Serio, D., 

Xentidis, N. J., and Zenetos, A. 2019. 'Marine alien species in Italy: A contribution 

to the implementation of descriptor D2 of the marine strategy framework directive', 

Mediterranean Marine Science, 20: 1-48. 

Sfriso, A. 1987. 'Flora and vertical distribution of macroalgae in the lagoon of Venice: a 

comparison with previous studies', Giornale Botanico Italiano, 121: 69-85. 



164  

Sfriso, A., and La Rocca, B. 2005. 'Aggiornamento sulle macroalghe presenti lungo i litorali 

e sui bassofondali della laguna di Venezia', Lavori- Società Veneziana di Scienze 

Naturali, 30: 45-56. 

Sinopoli, M., Cattano, C., Chemello, R., Timpanaro, A., Timpanaro, V., and Gristina, M. 

2015. 'Nest building in a Mediterranean wrasse (Symphodus ocellatus): are the algae 

used randomly chosen or actively selected?', Marine Ecology, 36: 942-49. 

Skliris, N., Marsh, R., Breedon, M., and Josey, S. A. 2025. 'Accelerated Warming and 

Salinification of the Mediterranean Sea: Implications for Dense Water Formation', 

Journal of Marine Science and Engineering, 13: 25. 

Smale, D. A., and Wernberg, T. 2013. 'Extreme climatic event drives range contraction of 

a habitat-forming species', Proceedings of the Royal Society B: Biological Sciences, 

280: 20122829. 

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey, B. P., Straub, S. C., 

Burrows, M. T., Alexander, L. V., Benthuysen, J. A., Donat, M. G., Feng, M., 

Hobday, A. J., Holbrook, N. J., Perkins-Kirkpatrick, S. E., Scannell, H. A., Sen 

Gupta, A., Payne, B. L., and Moore, P. J. 2019. 'Marine heatwaves threaten global 

biodiversity and the provision of ecosystem services', Nature Climate Change, 9: 

306-12. 

Smith, C., Verdura, J., Papadopoulou, N., Fraschetti, S., Cebrian, E., Fabbrizzi, E., 

Monserrat, M., Drake, M., Bianchelli, S., Danovaro, R., Abdul Malak, D., 

Ballesteros, E., Benjumea, T., Boissery, P., D'ambrosio, P., Galobart, C., Javel, F., 

Laurent, D., Orfanidis, S., and Mangialajo, L. 2023a. 'A decision-support 

framework for the restoration of Cystoseira sensu lato forests', Frontiers in Marine 

Science, 10. 

Smith, K., Burrows, M., Hobday, A., King, N., Moore, P., Sen Gupta, A., Thomsen, M., 

Wernberg, T., and Smale, D. 2023b. 'Biological Impacts of Marine Heatwaves', 

Annual Review of Marine Science, 15: 121437. 

Smith, S. M., Bilajac, A., Gljušćić, E., Najdek, M., and Iveša, L. 2025. 'Development 

amongst the seagrass Cymodocea nodosa influences the morphology of the brown 

algae Gongolaria barbata in a coastal lagoon of the northern Adriatic Sea', 

Frontiers in Marine Science, 12: 1493581. 

Solidoro, C., Bastianini, M., Bandelj, V., Codermatz, R., Cossarini, G., Melaku Canu, D., 

Ravagnan, E., Salon, S., and Trevisani, S. 2009. 'Current state, scales of variability, 

and trends of biogeochemical properties in the northern Adriatic Sea', Journal of 

Geophysical Research: Oceans, 114. 

Steen, H., and Scrosati, R. 2004. 'Intraspecific competition in Fucus serratus and F. 

evanescens (Phaeophyceae: Fucales) germlings: Effects of settlement density, 

nutrient concentration, and temperature', Marine Biology, 144: 61-70. 

Stewart, J. G. 1983. 'Fluctuations in the quantity of sediments trapped among algal thalli 

on intertidal rock platforms in southern California. ', Journal of Experimental 

Marine Biology and Ecology, 73: 205-11. 

Stockner, J., Rydin, E., and Hyenstrand, P. 2000. 'Cultural oligotrophication: causes and 

consequences for fisheries resources', Fisheries, 25: 7-14. 



165 

Strain, E. M., Van Belzen, J., Van Dalen, J., Bouma, T. J., and Airoldi, L. 2015. 

'Management of local stressors can improve the resilience of marine canopy algae 

to global stressors', PLoS One, 10: e0120837. 

Strain, E. M. A., Thomson, R. J., Micheli, F., Mancuso, F. P., and Airoldi, L. 2014. 

'Identifying the interacting roles of stressors in driving the global loss of canopy-

forming to mat-forming algae in marine ecosystems', Global Change Biology, 20: 

3300-12. 

Stramma, L., and Schmidtko, S. 2021. 'Tropical deoxygenation sites revisited to investigate 

oxygen and nutrient trends', Ocean Science, 17: 833-47. 

Straub, S. C., Wernberg, T., Thomsen, M. S., Moore, P. J., Burrows, M. T., Harvey, B. 

P., and Smale, D. A. 2019. 'Resistance, Extinction, and Everything in Between – 

The Diverse Responses of Seaweeds to Marine Heatwaves', Frontiers in Marine 

Science, 6: 00763. 

Stravisi, F. 1983. 'The vertical structure annual cycle of the mass field parameters in the 

Gulf of Trieste', Bollettino Di Oceanologia Teorica Ed Applicata, 1: 239-50. 

Sunday, J. M., Bates, A. E., and Dulvy, N. K. 2012. 'Thermal tolerance and the global 

redistribution of animals', Nature Climate Change, 2: 686-90. 

Susini, M., Mangialajo, L., Thibaut, T., and Meinesz, A. 2007. 'Development of a 

transplantation technique of Cystoseira amentacea var. stricta and Cystoseira 

compressa', Hydrobiologia, 580: 241-44. 

Špan, A. 1969. "Quantities of the most frequent Cystoseira species and their distribution 

in the central and northern Adriatic." In VI International Seaweed Symposium, 

383-87. Santiago, Spain.

Taborsky, M., Taborsky, B., and Wirtz, P. 1987. 'Reproductive Behaviour and Ecology of 

Symphodus (Crenilabrus) ocellatus, a European Wrasse With Four Types of Male 

Behaviour', Behaviour, 102: 82-117. 

Tamburello, L., Papa, L., Guarnieri, G., Basconi, L., Zampardi, S., Scipione, M. B., 

Terlizzi, A., Zupo, V., and Fraschetti, S. 2019. 'Are we ready for scaling up 

restoration actions? An insight from Mediterranean macroalgal canopies', PLoS 

One, 14: e0224477. 

Terzić, E., Cardin, V., Le Meur, J., Dunić, N., Vodopivec, M., and Vilibić, I. 2025. 

'Unprecedented warming and salinization observed in the deep Adriatic', Limnology 

and Oceanography Letters. 

Thibaut, T., Pinedo, S., Torras, X., and Ballesteros, E. 2005. 'Long-term decline of the 

populations of Fucales (Cystoseira spp. and Sargassum spp.) in the Albères coast 

(France, North-western Mediterranean)', Marine Pollution Bulletin, 50: 1472-89. 

Thiriet, P., Cheminée, A., Mangialajo, L., and Francour, P. 2014. 'How 3D Complexity of 

Macrophyte-Formed Habitats Affect the Processes Structuring Fish Assemblages 

Within Coastal Temperate Seascapes?', Underwater Seascapes: From Geographical 

to Ecological Perspectives: 185-99. 

Thrush, S., Halliday, J., Hewitt, J., and Lohrer, A. 2008. 'The effects of habitat loss, 

fragmentation, and community homogenization on resilience in estuaries', 

Ecological applications : a publication of the Ecological Society of America, 18: 12-

21.



166 

Thrush, S. F., Gray, J. S., Hewitt, J. E., and Ugland, K. I. 2006. 'Predicting the effects of 

habitat homogenization on marine biodiversity', Ecological Applications, 16: 1636-

42. 

Trikka, F., Israel, P., Koukaras, K., and Argiriou, A. 2021. 'Biochemical characterization 

of eight Greek algae as candidate species for local seaweed cultivation', Botanica 

Marina, 64: 313-26. 

Tsiamis, K., Panayotidis, P., Salomidi, M., Pavlidou, A., Kleinteich, J., Balanika, K., and 

Küpper, F. C. 2013. 'Macroalgal community response to re-oligotrophication in 

Saronikos Gulf', Marine Ecology Progress Series, 472: 73-85. 

Turk, R., and Vukovič, A. 1994. 'Preliminary inventory and topography of flora and fauna 

in the marine part of the Strunjan Nature Reserve (in Slovenian)', Annales, Series 

Historia Naturalis, 4: 101 - 12  

Unep. 2019. ' United Nations Environment Programme: Convention for the Protection of 

the Marine Environment and the Coastal Region of the Mediterranean and its 

Protocols. ', Mediterranean Action Plan - Barcelona Convention Secretariat.: 153. 

Unep/Map. 1995. "Protocol concerning specially protected areas and biological diversity in 

the Mediterranean." In, 9-10. Barcelona, Spain. 

Unep/Map. 2018. "Annex II: List of endangered or threatened species " In Regional Activity 

Centre for Specially protected Areas. 

Union, E. E. 2008. 'European Commission: Common Implementation Strategy for the 

Water Framework Directive', Policy Paper. Climate Change and Water. 

Ursella, L., Cardin, V., Batistić, M., Garič, R., and Gacic, M. 2018. 'Evidence of 

zooplankton vertical migration from continuous southern Adriatic buoy current-

meter records', Progress in Oceanography, 167: 78-96. 

Vargas-Yáñez, M., García, M. J., Salat, J., García-Martínez, M., Pascual, J., and Moya, 

F. 2008. 'Warming trends and decadal variability in the Western Mediterranean

shelf', Global and Planetary Change, 63: 177-84.

Vargas-Yáñez, M., Moya, F., García-Martínez, M. C., Tel, E., Zunino, P., Plaza, F., Salat, 

J., Pascual, J., López-Jurado, J. L., and Serra, M. 2010. 'Climate change in the 

Western Mediterranean Sea 1900–2008', Journal of Marine Systems, 82: 171-76. 

Venegas, R. M., Acevedo, J., and Treml, E. A. 2023. 'Three decades of ocean warming 

impacts on marine ecosystems: A review and perspective', Deep Sea Research Part 

II: Topical Studies in Oceanography, 212: 105318. 

Venegas, R. M., Kheireddine, M., Rivera Caicedo, J. P., and Treml, E. A. 2025. 'Climate-

driven warming, deoxygenation, and desertification in large marine ecosystems', 

Journal of Marine Systems, 249: 104053. 

Venkatesh, M., and Vora, A. 2024. 'Ecosystems Resilience Modeling: Network-Based 

Simulation of Habitat Loss and Species Extinction', Ecosystems, 24: 1. 

Verdura, J., Cefali, M. E., Orfila, E., Verges, A., Sanchez, M., and Cebrian, E. 2015. 

'Optimal environmental conditions in Cystoseira sp. early life stages', European 

Journal of Phycology, 50: 214-14. 

Verdura, J., Sales, M., Ballesteros, E., Cefalì, M. E., and Cebrian, E. 2018. 'Restoration of 

a canopy-forming alga based on recruitment enhancement: methods and long-term 

success assessment', Frontiers in Plant Science, 9: 1832. 



167 

Verdura, J., Santamaría, J., Ballesteros, E., Smale, D. A., Cefalì, M. E., Golo, R., De 

Caralt, S., Vergés, A., and Cebrian, E. 2021. 'Local-scale climatic refugia offer 

sanctuary for a habitat-forming species during a marine heatwave', Journal of 

Ecology, 109: 1758-73. 

Vergés, A., Alcoverro, T., and Ballesteros, E. 2009. 'Role of fish herbivory in structuring 

the vertical distribution of canopy algae Cystoseira spp. in the Mediterranean Sea', 

Marine Ecology Progress Series, 375: 1-11. 

Vergés, A., Steinberg, P. D., Hay, M. E., Poore, A. G., Campbell, A. H., Ballesteros, E., 

Heck Jr, K. L., Booth, D. J., Coleman, M. A., and Feary, D. A. 2014. 'The 

tropicalization of temperate marine ecosystems: climate-mediated changes in 

herbivory and community phase shifts', Proceedings of the Royal Society B: 

Biological Sciences, 281: 20140846. 

Verri, G., Furnari, L., Gunduz, M., Senatore, A., Santos Da Costa, V., De Lorenzis, A., 

Fedele, G., Manco, I., Mentaschi, L., and Clementi, E. 2024. 'Climate projections 

of the Adriatic Sea: role of river release', Frontiers in Climate, 6: 1368413. 

Vilibić, I., Zemunik, P., Šepić, J., Dunić, N., Marzouk, O., Mihanović, H., Denamiel, C., 

Precali, R., and Djakovac, T. 2019. 'Present climate trends and variability in 

thermohaline properties of the northern Adriatic shelf', Ocean Science, 15: 1351-

62. 

Vitousek, P. M. 1994. 'Beyond Global Warming: Ecology and Global Change', Ecology, 

75: 1861-76. 

Vitousek, P. M., Mooney, H. A., Lubchenco, J., and Melillo, J. M. 1997. 'Human 

Domination of Earth's Ecosystems', Science, 277: 494-99. 

Vukovič, A. 1976. 'Spatial distibution and dynamics of the benthic vegetation in the Gulf 

of Piran (in Slovenian).', Scientific Report., 7: 73. 

Vukovič, A. 1982. 'Florofaunistic changes in the infralitoral zone after the sea urchin 

Paracentrotus lividus (L.) population explosion ', Acta Adriatica, 23: 237-41. 

Wernberg, T., Bennett, S., Babcock, R. C., De Bettignies, T., Cure, K., Depczynski, M., 

Dufois, F., Fromont, J., Fulton, C. J., and Hovey, R. K. 2016. 'Climate-driven 

regime shift of a temperate marine ecosystem', Science, 353: 169-72. 

Wfd. 2003. 'Common implementation strategy for the water framework directive 

(2000/60/EC)', Water Framework Directive, 7. 

Worm, B., and Lotze, H. K. 2006. 'Effects of eutrophication, grazing, and algal blooms on 

rocky shores', Limnology and Oceanography, 51: 569-79. 

Yallop, M. L., De Winder, B., Paterson, D. M., and Stal, L. J. 1994. 'Comparative 

structure, primary production and biogenic stabilization of cohesive and non-

cohesive marine sediments inhabited by microphytobenthos', Estuarine, Coastal 

and Shelf Science, 39: 565-82. 



168 Bibliography 

Bibliography 

Publications Related to the Thesis 

Journal Articles 

Orlando-Bonaca, M., Savonitto, G., Asnaghi, V., Trkov, D., Pitacco, V., Šiško, M., 

Makovec, T., Slavinec, P., Lokovšek, A., Ciriaco, S., Chiantore, M., Kaleb, S., 

Descourvières, E.P., Srijemsi, M., & Falace, A. 2022. 'Where and how: New insight for 

brown algal forest restoration in the Adriatic', Frontiers in Marine Science, 9, 988584. 

doi:10.3389/fmars.2022.988584 

Lokovšek, A., Pitacco, V., Trkov, D., Zamuda, L. L., Falace, A., & Orlando-Bonaca, M. 

2023. 'Keep it simple: Improving the ex situ culture of Cystoseira s.l. to restore 

macroalgal forests', Plants, 12(14), 2615. doi:10.3390/plants12142615 

Lokovšek, A., Pitacco, V., Falace, A., Trkov, D., & Orlando-Bonaca, M. 2024. 'Too hot to 

handle: Effects of water temperature on the early life stages of Gongolaria barbata 

(Fucales) ', Journal of Marine Science and Engineering, 12(3), 514. 

doi:10.3390/jmse12030514 

Falace, A., Manfrin, C., Furnari, G., D'Ambros Burchio, S., Pallavicini, A., Descourvières, 

E.P., Kaleb, S., Lokovšek, A., Grech, D., & Alongi, G. 2024. 'Contribution to the 

knowledge of Gongolaria barbata (Sargassaceae, Fucales) from the Mediterranean: 

Insights into infraspecific diversity', Phytotaxa, 635(3), 191–205. 

doi:10.11646/phytotaxa.635.3.1 

Orel, N., Lokovšek, A., Orlando-Bonaca, M., & Tinta, T. 2025. 'Diversity of the surface 

microbiome of canopy-forming brown macroalgae (Fucales) in the Northern Adriatic', 

Microbiology Spectrum, 02204. doi:10.1128/spectrum.02204-24 

Lokovšek, A., Orlando-Bonaca, M., Gljušćić, E. Bilajac, A., Iveša, L., Di Cave, A., Savio, 

S., Ortenzi, F., Falace. 2025. 'Enhancing ex situ cultivation of Mediterranean Fucales: 

species-specific responses of Gongolaria barbata and Ericaria crinita seedlings to algal 

extracts', Marine Environmental Research. 211, 107411, doi: 

10.1016/j.marenvres.2025.107411 

Conference Paper 

Lokovšek, A., Jamšek, J., Bajt, O., Kalčíková, G. & Orlando-Bonaca, M. 2024. 'Influence 

of microplastic particles on the growth and development of Gongolaria barbata, an 

important habitat-forming seaweed', In 43rd CIESM Congress Proceedings. Palermo, 

Italy: Mediterranean Science Commission. 

Lokovšek, A., Orlando-Bonaca, M., Zamuda, L. L., Makovec, T., Šiško, M. & Pitacco, V. 

2023. 'Conservation of Gongolaria barbata forests in the Northern Adriatic Sea',  In 

Young Algaeneers Symposium Proceedings. Faro, Portugal: European Algae Biomass 

Association. 

https://doi.org/10.3389/fmars.2022.988584
https://doi.org/10.3390/plants12142615
https://doi.org/10.3390/jmse12030514
https://doi.org/10.11646/phytotaxa.635.3.1
https://doi.org/10.1128/spectrum.02204-24
https://doi.org/10.1016/j.marenvres.2025.107411
https://doi.org/10.1016/j.marenvres.2025.107411


169 

Lokovšek, A., Pitacco, V., Falace, A., Trkov, D. & Orlando-Bonaca, M. 2024. 'Too hot to 

handle: Effect of increased seawater temperatures on early stages of Gongolaria barbata', 
In Proceedings of the International Society for Applied Phycology. ISAP 2024, Porto, 

Portugal, p. 60. 

Lokovšek, A., Orlando-Bonaca, M., Gljušćič, E., Bilajac, A., Iveša, L., Di Cave, A., 
Ortentzi F., Savio, S., Congestri, R., Falace, A. 2025. 'Microalgal-derived biostimulants 
as a novel strategy for Cystoseira s.l. restoration',  In The Book of Abstracts; 58th 
EMBS, European Marine Biology Symposium. Norway, Bodø, NORD University. 



170 Biography 

Biography 

Ana Lokovšek was born on November 17, 1995, in Ljubljana, Slovenia. 

She attended the Biotechnical Educational Centre (BIC Ljubljana) and, after graduating, 

continued her studies at the Biotechnical Faculty of the University of Ljubljana. In 2018, 

she obtained her undergraduate degree in Biology. Fascinated by the sea, she pursued an 

Erasmus+ internship at the Malta National Aquarium, where she worked as an aquarist 

for six months, gaining valuable experience, taking care of a wide range of marine organisms 

from around the world. In 2019 she enrolled in the master’s programme in Nature 

Conservation (Marine Module) at the Faculty of Mathematics, Natural Sciences and 

Information Technologies, University of Primorska (UP FAMNIT). During her studies, she 

established close collaboration with the Marine Biology Station Piran (NIB), where she 

completed her internship in the summer of 2020. She later participated in the international 

project Plastic Pirates – Go Europe, which addressed microplastic pollution in European 

rivers. In September 2021, she successfully defended her master’s thesis, “Feeding habits of 

painted comber (Serranus scriba) and brown comber (Serranus hepatus) in the Slovenian 

sea”, under the supervision of prof. dr. Lovrenc Lipej and dr. Domen Trkov. Following the 

completion of her master’s degree, she enrolled in the PhD programme in Ecotechnology 

at the Jožef Stefan International Postgraduate School in Ljubljana and began working as 

a young researcher at the Marine Biology Station Piran (NIB) under the supervision of Dr. 

Martina Orlando-Bonaca. Her doctoral research focuses on the restoration and conservation 

of macroalgal forests of Cystoseira s.l. During her PhD studies, she also actively engaged 

in international scientific exchange, attending several conferences and workshops. In 2023, 

she participated in the SeaWheat COST workshop in Kavala (Greece) and the Macroalgal 

Identification Course organized by Sorbonne University at the Roscoff Marine Station 

(France). 




