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Abstract  
 

On temperate and cold rocky coasts, Fucus species (Fucales, Phaeophyceae) form complex 

habitats in the intertidal zone that provide important ecosystem services. Fucus virsoides J. 

Agardh is a glacial relict endemic to the Adriatic and the only representative of the genus Fucus 

in the Mediterranean. It once formed extensive canopies widespread from northern Italy to 

southern Albania, but its populations have declined drastically in recent decades. 

This thesis aims to investigate long-term changes in the distribution of F. virsoides and 

to identify possible causes for its decline. To this end, a multidisciplinary approach was adopted 

that includes a critical analysis of historical datasets, environmental factors, ecophysiological 

laboratory experiments, field studies and modeling techniques. 

In the first chapter, we undertook a comprehensive assessment of the distribution and 

status of F. virsoides by analysing the historical and current occurrence since the 19th century. 

In addition, long-term analyses of key marine abiotic parameters were conducted to investigate 

possible causes of the species' decline. The mapping revealed a continuing decline with only 

about 20 fragmented populations left, possibly related to significant changes in the physical 

characteristics of the Adriatic,. In the second and third chapters, we conducted laboratory 

experiments to investigate the physiological effects of two potential stressors: nutrient changes, 

measured by O  evolution and PAM fluorimetry, and water stress, assessed through water 

relations parameters. The results showed the potential of the species to acclimatize to a wide 

range of nutrient conditions and the speciesô tolerance to water stress. In the fourth chapter, 

restoration trials were carried out, combining laboratory and field studies. The results showed 

the optimal temperature for seedling growth at 15ÁC in selected culture media in the laboratory 

and the importance of site selection and herbivore control. In the fifth chapter, we modeled the 

occurrence of F. virsoides using environmental and anthropogenic data and assessed the 

changes in its future distribution under Representative Concentration Pathway (RCP) scenarios. 

According to the model, the increase in atmospheric temperatures due to climate change is the 

major factor affecting the occurrence of F. virsoides. The projections showed a future 

progressive decline in suitable habitats for the species, which could potentially lead to its 

disappearance under the most severe RCP scenario. 

Through a multidisciplinary approach, this study provides a thorough assessment of the 

overall status of F. virsoides and contributes to a deeper understanding of the factors driving its 

decline. The results emphasize the urgent need for immediate conservation measures to prevent 

the extinction of this key component of the Adriatic's natural heritageЮШ  
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General Framework 
 

Marine coastal ecosystems worldwide are increasingly impacted by the cumulative and 

potentially synergistic effects of anthropogenically induced climate change, along with its 

cascading consequences such as marine heatwaves, increased storminess and biological 

invasions (Doney et al. 2012). These impacts are further exacerbated by additional 

anthropogenic pressures, including habitat destruction, pollution, overfishing and unsustainable 

aquaculture practices (Halpern et al. 2008). These combined pressures have significantly altered 

the distribution patterns of numerous taxa by disrupting ecological processes across multiple 

scales, from the cellular level to ecosystems. These alterations often occur through both direct 

impacts and cascading effects leading to species range shifts and, in some cases, population 

extinctions (Parmesan and Yohe 2003; Lima et al. 2007; Hawkins et al. 2009; Poloczanska et 

al. 2013; Pecl et al. 2017). Range shifts in foundation species are of particular concern, as they 

may results in drastic changes in ecosystem functions and services, with subsequent impacts on 

the associated socio-economic values (Kordas et al. 2011; Pecl et al. 2017). 

In cold- and warm-temperate rocky habitats, fucoids (Fucales, Phaeophyceae) act as 

foundation species (sensu Dayton 1972) that play a pivotal role in shaping the structure and 

function of coastal ecosystems. As autogenic ecosystem engineers (sensu Jones et al. 1994), 

these fucoids enhance biodiversity by increasing habitat complexity, providing food and shelter 

for associated communities (Chapman 1995). Fucoids also make a significant contribution to 

primary production by sustaining diverse trophic webs (Mann 1973) and participating in 

essential ecological processes such as nutrient cycling, oxygen production and carbon 

sequestration (Duarte et al. 2013a; Krause-Jensen and Duarte 2016). Additionally, they have 

considerable commercial value, being widely utilised in the food, pharmaceutical and cosmetic 

industries (D²az-Rubio et al. 2009; Ale et al. 2011; Patarra et al. 2011; Min et al. 2012; Catarino 

et al. 2018).  

However, in recent decades, there have been increasing reports of global range contractions 

and local extinctions of these habitat-forming species (e.g. Thibaut et al. 2005, 2015; Viejo et 

al. 2011; Mart²nez et al. 2012; Rita et al. 2012; Duarte et al. 2013b; Nicastro et al. 2013; Riera 

et al. 2015; Blanfun® et al. 2016; Louren­o et al. 2016; Valdazo et al. 2017; Duarte and Viejo 

2018; Casado-Amez¼a et al. 2019; Martins et al. 2019; S§nchez de Pedro et al. 2023), as a result 

of direct or indirect anthropogenic pressures. The decline of fucoids leads to a simplification of 

coastal communities, resulting in less structural complexity and homogenization of coastal 
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habitats (Benedetti-Cecchi et al. 2001; Mangialajo et al. 2008; Airoldi et al. 2008; Perkol-Finkel 

and Airoldi 2010). 

The effects of anthropogenic impacts and climate changes are particularly evident in 

intertidal and shallow subtidal coastal areas (Harley et al. 2006, 2012; Somero 2010), where 

species are already exposed to frequent and intense environmental fluctuations (Raffaelli and 

Hawkins 1999). The intertidal zone, located between the supralittoral and infralittoral zones, is 

one of the harshest habitats, characterized by rapid and extreme fluctuations in environmental 

conditions driven by tidal cycles. Intertidal species are submerged during high tide and exposed 

to the air at low tide, thereby enduring terrestrial-like conditions (Norton 1991). As sessile 

organisms, intertidal macroalgae must cope with drastic changes in abiotic factors (e.g. 

temperature, salinity, light availability, wave action, nutrient concentration, desiccation) as well 

as biotic factors (e.g. grazing). Additionally, they face chemical and physical anthropogenic 

stressors, including pollution, habitat destruction and trampling. To withstand these highly 

dynamic environments, intertidal macroalgae have evolved a range of adaptations (Hurd et al. 

2014). However, an increase in the intensity, frequency or duration of stressors may cause 

species to exceed their physiological tolerance thresholds and become unable to adapt to rapidly 

changing conditions (Harley et al. 2006). Many intertidal species live at the upper limits of their 

tolerance (Somero 2010), making them particularly vulnerable to escalating stress, which can 

affect their performance and undermine their resilience.  

The genus Fucus is key component of both sheltered and exposed rocky intertidal and 

shallow subtidal shores, as well as tidal marshes, across a wide latitudinal and longitudinal 

range within the North Pacific, North Atlantic, Mediterranean and Baltic Seas (L¿ning 1990; 

Wahl et al. 2011). Despite their expected broad ecological niches, Fucus spp. have undergone 

several changes in their distribution range migrating towards colder areas (e.g. Nicastro et al. 

2013; Neiva et al. 2016; Monteiro et al. 2017; Duarte and Viejo 2018) and experiencing declines 

in population sizes and densitiesШ(Louren­o et al. 2016) with several populations becoming 

extinct (e.g. Riera et al. 2015; Louren­o et al. 2016; S§nchez de Pedro et al. 2023). 

 

The present thesis focuses on Fucus virsoides J. Agardh (Fucales, Phaeophyta) (Fig. 1a), 

the only representative of the genus in the Mediterranean region (Ardissone 1886) and endemic 

to the Adriatic (Munda 1972). F. virsoides populations typically form extensive stands in the 

intertidal fringe (Linardiĺ 1949) (Fig. 1b), colonizing sheltered or semi-exposed hard substrates 

(Kremer and Munda 1982) (Fig. 1c).  
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Fig. 1 a) Individual, b) dense patches and c) canopy-forming Fucus virsoides. 

 

Fucus virsoides is a perennial brown macroalga consisting of a thallus up to 20 cm long, 

which is composed of a basal disc, a reduced stipe, and arborescent, flattened, dichotomous 

fronds (Fig. 2a). The fronds are traversed by a thin midrib and are dotted with piliferous crypts. 

During winter, the receptacles develop at the ends of the fronds (Fig. 2b). They contain spherical 

hermaphroditic conceptacles with both female and male gametangia ï  oogonia and antheridia, 

respectively ï along with paraphysis (Fig. 2c). Female (oospheres) and male (antherozoids) 

gametes are released through the ostiole into the environment, where external fertilization 

occurs. The species has a monogenetic, diplophasic, oogamous cycle, with reproduction taking 

place in late winter to spring when the receptacles reach full maturity. The fronds are shed 

annually at the end of summer, followed by regeneration in late autumn, when temperatures 

decrease (Lindariĺ 1949; Gessner and Hamer 1971). However, F. virsoides never goes into 

complete dormancy, as thalli from different seasons coexist throughout the year.  
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Fig. 2 a) General morphology (adapted from Linardiĺ 1949), b) receptacles and c) transverse 

80 Õm conceptacle section of Fucus virsoides. 

 

Fucus virsoides was once ubiquitous, with a range extending from northern Italy to southern 

Albania (Linardiĺ 1949; Kashta 1992; Maļiĺ 2006). However, in recent years, it has suffered a 

drastic decline throughout its range (Falace et al. 2010; Battelli 2016; Gljuġĺiĺ et al. 2023). 

Consequently, the species has been included in the "List of Threatened or Endangered Species" 

under the Barcelona Convention (amended Annex II of the Protocol on Specially Protected 

Areas and Biological Diversity in the Mediterranean, UNEP 2019). 

The conservation of this habitat-forming species is essential to prevent the loss of critical 

ecosystem services, aligning with the goals of the UN Decade on Ecosystem Restoration (2021ï

2030) (United Nations Environment Agency 2019). Furthermore, identifying the key drivers of 

its decline is crucial for developing and implementing effective, and sustainable management 

strategies aimed at its conservation and restoration. 

 

Organization of the thesis 
 

The PhD project focuses on long-term changes in the distribution of F. virsoides and 

investigates some of the possible factors driving its decline. The approach is multidisciplinary, 

encompassing the critical analysis of historical datasets and environmental factors contributing 

to the observed changes (Chapter I), ecophysiological laboratory experiments (Chapter II, III), 

field experiments (Chapter IV), and modelling techniques (Chapter V) (Fig. 3).  
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The thesis consists of chapters that reproduce the published manuscripts in their entirety, 

each addressing different aspects of the study on F. virsoides and its conservation. Specifically, 

five chapters (I-IV) correspond to four published papers, while the last chapter (V) is based on 

a manuscript currently in preparation, with possible cross-references between them. The 

specific objectives of the PhD project were to: 

1. Reconstruct the long-term distribution patterns of F. virsoides, providing a 

comprehensive assessment of its historical and current conservation status. 

2. Identify and analyse the key factors contributing to its decline, to gain a deeper 

understanding of the mechanisms driving population changes. 

3. Propose and develop science-based, targeted restoration strategies to support recovery 

and ensure the long-term persistence of the species in its natural habitats. 

 

 

Fig. 3 Visual representation of the PhD project organisation. 

 

Below is an overview of the content covered in each chapter: 

Chapter I: An extensive bibliographic review was conducted to reconstruct the historical 

and current distribution of F. virsoides in the Adriatic. In addition, long-term analyses of key 

abiotic marine parameters (i.e. seawater temperature, salinity, nutrient concentration) were 

performed to investigate potential causes for the decline of the species. A total of 558 records 

were collected from the 19th century to 2023, allowing the creation of distributional maps and 

the assessment of the current status of the species. The study revealed a continuing decline, with 
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only about 20 fragmented populations remaining. The analysis of long-term marine data 

revealed significant spatial and temporal changes that may be related to the species' decline. 

Given its critically endangered status, the inclusion of F. virsoides in the IUCN Red List and 

the implementation of urgent conservation measures, are strongly advocate. 

Chapter II:  Based on the significant changes in nutrient concentrations in the Adriatic 

recorded in Chapter I, particularly the phosphorus depletion in the northern sub-basin, which is 

now classified as oligotrophic, a laboratory experiment was conducted to test the hypothesis 

that nutrient shifts could be a major driver of F. virsoides decline. We carried out a two-week 

experiment, in which we exposed germlings and adult fronds of F. virsoides to six different 

nutrient conditions, including three Redfield ratios recorded in the Gulf of Trieste (northern 

Adriatic), which reflect the shift from eutrophic to oligotrophic experienced in the wild. In 

addition, the adult fronds were exposed to two supplementary eutrophic conditions and 

seawater from the sampling site. Consistent growth was observed in both juveniles and adults 

across all treatments, indicating that none of the nutrient conditions severely restricted the 

development of the species. Physiological responses, as measured by O2 evolution and PAM 

fluorimetry, were largely consistent across treatments, suggesting the species' acclimation 

potential. These findings imply that short-term nutrient changes alone may not account for the 

species' decline. 

Chapter III: Since intertidal macroalgae are sessile poikilohydric organisms exposed to 

desiccation stress during emersion, a second laboratory experiment was conducted to assess the 

water relations parameters of F. virsoides. The aim was to evaluate its capacity to withstand 

water scarcity, providing insights into the species' specific responses to increasing drought 

conditions driven by climate change. We combined measurements of water potential parameters 

derived from pressure-volume curves and chlorophyll a fluorescence (Fv/Fm) in juvenile and 

adult thalli sampled on three different dates in spring. The results highlighted that F. virsoides 

exhibited remarkable tolerance to water stress, as evidenced by the low water potential at the 

turgor loss point (  ) and the maintenance of high Fv/Fm values even at low water potential 

(Ɋ) and at high water loss. While no differences were observed between the growth stages, 

significant differences in water relations parameters were recorded according to sampling dates. 

The Ɋ measured on thalli collected after a typical prolonged emersion period was markedly 

lower than the estimated   , suggesting that the population frequently experiences turgor loss, 

possibly limiting both primary metabolism and growth. 
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Chapter IV: We evaluated the feasibility of restoring F. virsoides at two sites using a 

three-step protocol. First, we conducted an ex-situ experiment to determine the optimal 

temperature and culture medium conditions for efficient germling growth. Based on these 

findings, the germlings were cultivated under optimal conditions, followed by a transition step 

using hanging structures, and were finally outplanted at two sites in the Gulf of Trieste: the 

Marine Protected Area (MPA) of Miramare in northern Italy and Piran in Slovenia. This method 

aimed to test the effectiveness of an intermediate step before outplanting and to evaluate the 

potential for reintroducing F. virsoides in these areas. The results showed that lower 

temperatures in both tested culture media promoted successful germlings growth. However, 

after outplanting, no thalli survived in the Miramare MPA, which had shifted to an alternative 

state dominated by turf algae. At Piran, a significant decline in cover was observed, likely due 

to excessive grazing by limpets, emphasizing the importance of herbivore control measures. 

This study contributes to a better understanding of the early life stages of F. virsoides and 

provides key insights into practical considerations for successful restoration efforts. 

Chapter V: In this final chapter, a modeling approach was used to investigate the relation 

between the occurrence of F. virsoides at Adriatic basin scale and both environmental and 

anthropogenic stressors. Time series of potential marine and atmospheric variables, along with 

land cover data, were analysed to assess their influence on the spatio-temporal distribution of 

the species within the broader context of changes in the Adriatic over recent decades. The model 

showed that the increase in atmospheric temperature due to climate change has a significant 

impact on the regression of F. virsoides. This variable was also correlated with solar radiation, 

ultraviolet radiation and seawater temperature, suggesting their combined influence on the 

species' decline. Projections indicate a progressive decline of F. virsoides habitats, with the 

potential for extinction under the most severe Representative Concentration Pathway (RCP) 

scenario. 

 

Future perspectives  

 

This project provides a comprehensive assessment of the overall status of F. virsoides and 

deepens our understanding of the factors driving its decline. However, it also raises new 

questions and highlights the need for further researches. 

Chapter I: The comprehensive mapping revealed a continuing decline, with only about 

20 fragmented populations left. In the context of conservation and restoration efforts, assessing 
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and modeling the genetic diversity and connectivity of these populations can provide valuable 

insights into species resilience. Genetic diversity supports adaptive evolution, while 

connectivity maintains gene flow, and thus reduces the risks of inbreeding and genetic drift 

(Frankham 2005). In addition, artificial hybridization experiments could introduce adaptive 

genetic material, improving the ability of species to cope with the effects of climate change 

(Aitken and Whitlock 2013). 

Chapters II - III: Laboratory experiments have shown that the species can acclimatize 

to a wide range of nutrient conditions and tolerate water stress. However, further experiments 

are essential to investigate the effects of single and multiple stressors and their complex 

interactions (e.g. nutrient/UV exposure, nutrient/heatwave) using advanced techniques, 

including omics. In addition, assessing the potential change in water relations as a function of 

tidal range and sea level rise, and the relationship between water potential and PS II efficiency 

under less favourable conditions (e.g. during summer), would enhance our understanding of F. 

virsoides responses in the context of climate change. 

Chapter IV: Several constrains were identified during the restoration trials, including 

challenges in controlling grazing pressure and site selection. Future efforts should focus on 

developing a habitat suitability model to identify the most effective areas for restoration 

initiatives. In addition, the development of innovative species-specific restoration strategies, 

selecting genetically appropriate populations, could significantly improve the restoration 

success of restoration efforts (Mijangos et al. 2015). 

Chapter V: Modeling approach has shown that rising atmospheric temperature due to 

climate change is a key factor negatively affecting the occurrence of F. virsoides. To validate 

this model, laboratory experiments should be conducted to assess the impact of temperature on 

the physiology of both seedling and adult individuals, with the aim of identifying critical 

thermal thresholds. 

 Public engagement and policy advocacy are crucial for translating research findings 

into effective conservation actions. International collaboration with stakeholders, including 

local communities, government agencies, non-governmental organisations and policy makers, 

along with the inclusion of F. virsoides on the IUCN Red List, could raise global awareness of 

its threatened status and promote decisions to support regional conservation initiatives and 

restoration strategies (e.g. development of marine protected areas, management of coastal 

development and pollution control). 
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Abstract 
 
Fucus virsoides is a glacial relict-species endemic to the Adriatic that was widespread from 

northern Italy to southern Albania. In recent decades, however, it has suffered an alarming 

decline. In this study, all available records were reviewed to reconstruct its historical and current 

occurrence and to investigate the possible causes of its decline. Comprehensive mapping 

revealed a continuing decline with a significant shift, leaving only about 20 fragmented 

populations. While the species is already classified as critically endangered in Albania, F. 

virsoides could be considered functionally extinct in Istria (Croatia), critically threatened with 

extinction in Italy and Montenegro and locally extinct in Slovenia. The status of the species in 

the rest of Croatia is still unclear. The remaining populations are located in areas characterised 

by low temperatures, low salinity and high nutrient concentrations. Long-term analyses of these 

key abiotic factors revealed profound changes that suggest a link to the species' decline. This 

study provides a thorough assessment of the overall status of F. virsoides and argues for its 

inclusion on the IUCN Red List. Immediate conservation measures are needed for the long-

term survival of this species. 

 

Keywords: Fucus virsoides, Adriatic Sea, endangered species, distribution  
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1. Introduction  

 

Fucus species (Fucales, Phaeophyceae) are intertidal canopy-forming algae widely distributed 

on temperate and cold rocky coasts (L¿ning 1990; Chapman 1995). They provide crucial 

ecosystem services (Wernberg and Filbee-Dexter 2019), by enhancing habitat complexity 

(Kautsky et al. 1992; Boaden 1996; Fredriksen et al. 2005) and species diversity (e.g. Aneer et 

al. 1983; Duffy and Hay 1991; Borg et al. 1997). In addition, Fucus spp. are a source of 

bioactive components that are of interest to the pharmaceutical, food, and cosmetics industries 

(Catarino et al. 2018 and references therein). 

 Fucus virsoides J. Agardh is the only representative of the genus in the Mediterranean 

and endemic to the Adriatic (Linardiĺ 1949; Giaccone and Pignatti 1967). Its occurrence has 

been interpreted as a glacial relict (Munda 1972), extending from northwestern Italy to southern 

Albania (Linardiĺ 1949; Kashta 1992; Maļiĺ 2006). The occurrence of F. virsoides in the 

Mediterranean region appears to be the result of geographical isolation, fostering speciation 

through long-term isolated reproduction. This likely occurred after the initial migration of the 

genus during the Pleistocene glacial events, followed by isolation after the last glaciation 

(Serr«o et al. 1999). This explanation is supported by the possible presence of the Atlantic Fucus 

vesiculosus Linnaeus in the northwestern Mediterranean from the Last Glacial Maximum to the 

mid-Holocene (Assis et al. 2014). 

 The distribution of F. virsoides is controlled by environmental factors such as substrate 

type and orientation (Vukoviļ 1982; Lipizer et al. 1995; Battelli 2002; Rindi and Battelli 2005; 

Battelli 2013; Orlando-Bonaca et al. 2013; Battelli 2016a), wave exposure (Munda 1972; 

Lipizer et al. 1995; Orlando-Bonaca et al. 2013), and salinity (Vouk 1938; Linardiĺ 1949; 

Giaccone and Pignatti 1967; Munda 1972; Orlando-Bonaca et al. 2013). It is naturally exposed 

to variable conditions, such as desiccation, changes in water and air temperature, salinity, light 

(i.e. quality, quantity, UV-radiation), wave action and nutrient supply (Pignatti 1962; Giaccone 

and Pignatti 1967; Munda 1972; Dethier and Williams 2008; Lamote et al. 2012; Battelli 2013). 

In addition, it is highly exposed to human pressure (Vukoviļ 1980, 1982; Munda 1993a,b, 2000; 

Lipizer et al. 1995; Battelli 2002; Lipej et al. 2004, 2006; Rindi and Battelli 2005; Falace et al. 

2010, 2018; Orlando-Bonaca et al. 2013; Gerdol et al. 2020). 

 In recent decades, F. virsoides has suffered an alarming decline (Munda 1979, 1982; 

Falace 2000; Falace and Bressan 2003; Maļiĺ 2006; Falace et al. 2010, 2018; Orlando-Bonaca 

et al. 2013; Battelli 2016a) and has therefore been included in the ñList of Endangered or 
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Threatened Speciesò of the Barcelona Convention (amended Annex II of the Protocol on 

Specially Protected Areas and Biological Diversity in the Mediterranean, UNEP 2019).  

 Fucus populations are declining due to a combination of multiple impacts (e.g. Vogt and 

Schramm 1991; Mart²nez et al. 2012; Nicastro et al. 2013; Mota et al. 2015; Riera et al. 2015), 

affecting their ecological and physiological performance, with cascading effects on productivity 

and ecosystem services (Altieri et al. 2007; Assis et al. 2014; Casado-Amez¼a et al. 2019). The 

loss of F. virsoides has been linked to pollution (Munda 1982, 1991, 1993a; Falace et al. 2018; 

Gerdol et al. 2020), habitat fragmentation (Maļiĺ 2006; Falace et al. 2010; Orlando-Bonaca et 

al. 2013; Paviļiĺ-Hamer et al. 2016) and climate change (Boero and Bonsdorff 2007; Boero et 

al. 2008; Munda 2008). Numerous concurrent changes in the physical, chemical and ecological 

properties of the Adriatic have occurred, including oligotrophication (Mozetiļ et al. 2010) and 

surface temperature warming (Giani et al. 2012; Grilli et al. 2020), with changes in biodiversity, 

including macroalgal structure and function (Falace et al. 2010), shifts in fisheries productivity 

(Fortibuoni et al. 2017) and invasive species introduction (Malej et al. 2017; Sfriso et al. 2020).  

 Due to its ecological value as part of the natural heritage in several countries, F. virsoides 

needs the highest protection status. Therefore, there is an urgent need to assess the status of this 

species in order to develop appropriate management and conservation (Falace et al. 2010).  

 The aims of the present work were: 1) to review all available historical and current 

distribution data, as these are highly fragmented, and 2) to discuss the likely causes of the 

decline and propose appropriate management measures to prevent the extinction of the species. 

 

2. Materials and methods  

 

2.1. Geographical area 

 

The Adriatic is a semi-enclosed basin in the northernmost part of the Mediterranean Sea, 

bordered from west to south-east by Italy, Slovenia, Croatia, Bosnia and Herzegovina, 

Montenegro and Albania. It exhibits pronounced longitudinal and transverse asymmetries in its 

geomorphology, bathymetry, and hydrology (Artegiani et al. 1997; Totti et al. 2019), resulting 

in a biogeographical subdivision into three sub-basins (Artegiani et al. 1997) (Fig. S1).  

 The northern sub-basin is very shallow (average depth 35 m) and is influenced by the 

largest Adriatic freshwater inflows (Cushman-Rosin et al. 2001), 50% of which originate from 

the Po (Penna et al. 2004). The middle sub-basin has an average depth 140 m (Zavatarelli et al. 

1998), while the southern sub-basin is characterized by a depression, the South Adriatic Pit, 
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with a depth of over 1200 m, and extends to the Strait of Otranto, through which it is connected 

to the Ionian Sea. Here the saltier and warmer water from the Ionian Sea mixes with the fresher 

and colder water from the Adriatic. The western coast is characterised by sand and gentle slopes, 

while the eastern coast, which is more irregular, has rocky substrates, steep slopes, and 

numerous islands (Russo and Artegiani 1996). 

 The Adriatic is influenced by dynamic meteorological conditions (Cushman-Roisin et 

al. 2001), including strong winds such as the dry, cold and strong Bora wind. It generates 

upwelling along the eastern coast, providing cold and nutrient-rich water (Rachev and Purini 

2001). Through heat loss and evaporation, this polar continental air mass also contributes to the 

formation of dense water (Vilibiĺ and Supiĺ 2005). In addition, the Adriatic is considered a 

dilution basin due to the freshwater imbalance, which is influenced by freshwater runoff 

(Raicich 1996). Salinity shows an increasing north-south gradient, while temperature and 

nutrient concentrations generally show a decreasing trend. The tides are among the highest in 

the Mediterranean, with higher amplitudes in the northern sub-basin (ca. 90 cm) than in the 

central and southern sub-basins (ca. 20-30 cm) (Tsimplis et al. 1995; Marcos et al. 2009; Battelli 

2016b).  

 In recent decades, the Adriatic coast has undergone significant anthropogenic changes 

due to socio-economic activities, which have led to changes in coastal marine ecosystems. 

 

2.2 Data collection 

 

All available scientific articles, proceedings, and reports on F. virsoides were analysed. Two 

online scientific databases, Scopus and Web of Science, as other digital archives (e.g. 

Macroalgal Herbarium Consortium Portal), repositories, and unpublished data were consulted. 

Past and current locations of F. virsoides were geolocated and then analysed using QGIS 

(QGIS.org 2023).  

 Annual and seasonal average values of Sea Surface Temperature (SST), salinity, 

dissolved inorganic nitrogen [DIN = sum of ammonium, nitrite and nitrate] and phosphorus 

[DIP = dissolved inorganic phosphorus] were downloaded from the European Marine 

Observation and Data Network (EMODnet - https://emodnet.ec.europa.eu/en) in-situ dataset 

(Table S1). The data were trimmed to a narrow strip along the coast (from the coastline to 20 - 

40 km offshore) and focused on the surface (0 - 1 m). To check for increasing or decreasing 

linear trends in the time data series of the coastal and surface strips for all four environmental 

parameters, we calculated linear regressions from 1990 to 2021 and from 1993 to 2017 for 

https://emodnet.ec.europa.eu/en
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physical and chemical parameters, respectively, using the Python package statsmodels (Seabold 

and Perktold 2010). 

 

3. Results 

 

A total of 558 records documenting the presence of F. virsoides were gathered from the 19th 

century until 2023 (Figs. S2a, b; Table S2). The historical and current occurrences of F. virsoides 

along the Adriatic coasts are illustrated in Figure 1a, b. Current occurrences refer to 

observations from 2020 onward, unless extinction was detected thereafter. References for the 

occurrence of F. virsoides are in the supplementary materials (Table S3). 

 

Fig. 1 Historical (a) and current (b) known populations of Fucus virsoides in the Adriatic Sea. 

 

3.1.  Historical and current distribution of F. virsoides 

  

3.1.1. Italy 

 

Fucus virsoides was reported between 1941 and 1946 only in the Venice Lagoon (Zanardini 

1841) and on the Riviera del Conero (Pierpaoli 1946; Linardiĺ 1949). As noted by Solazzi 

(1966-1967), the species disappeared from the Riviera del Conero, so that the Venice Lagoon 

represents the limit of its distribution on the Italian coast. 
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 Until the early 2000s, it was found both in the Venice Lagoon and in the coastal marine 

waters of Lido and Pellestrina. Between 1941 and 2004, F. virsoides was reported by many 

authors (approx. 30 papers) (Sfriso and Curiel 2007). In the following years, Fucus disappeared 

from the coastal waters (panels and lagoon jetties), but it was still very common in the lagoon 

(Fig. 2a). Here it colonized with dense populations most of the banks of Punta Sabbioni, Lido, 

Pellestrina, Chioggia and all the small islands in the lagoon, including some embankments and 

heavily polluted internal canals of the historic centre of Venice. The decline of Fucus in the 

lagoon was observed in 2015-16, when it disappeared almost everywhere. As of 2024, there are 

only a few remaining populations, mostly in areas protected by direct wave action and 

influenced by high water renewal that prevents extremely high temperatures (e.g. in the San 

Leonardo harbour in the central lagoon and in the Pordelio canal near Treporti at Punta Sabbioni 

in the northern lagoon (Fig. S2c)). In the past, the seawater temperatures were colder in winter 

and many freezing water events were recorded (Fig. S2d). Camuffo et al. (2017) reconstructed 

freezing water events in the Venice Lagoon during the last 1400 years. Between 2012 and 2015, 

frozen water was only occasionally detected in some salt marshes and canals. In the following 

years until today, the water temperature in January-February hardly fell below 4-5 ÁC. At the 

same time, the rapid decline of F. virsoides began. 

 For the Italian coasts of the Gulf of Trieste (Fig. 2b), most of the data come from 

Linardiĺ (1949), Pollesello et al.  (1992), Osterc and Stibilj (2008), Lipizer et al.  (1995), Falace 

et al. (2010) and Orlando-Bonaca et al. (2013). Lipizer et al.  (1995) investigated the distribution 

of F. virsoides from Punta Sdobba (Gorizia) to Punta Sottile (Muggia). Dense belts were 

reported for Punta Sdobba, Marina Julia, Monfalcone, Costa dei Barbari (Aurisina), Ginestre 

(Aurisina), Aquilinia, Muggia, and Punta Sottile with discontinuous belts at Duino, Sistiana, 

Filtri di Aurisina (Aurisina), Santa Croce, Grignano, Miramare, San Bartolomeo (Muggia) and 

Rio Ospo (Muggia) and scattered patches at Canovella degli Zoppoli (Aurisina) and Cedas 

(Trieste) in areas with high ecological, physical and chemical variability. In 2009, Orlando-

Bonaca et al. (2013) produced a high-resolution Geographic Information System database using 

visual census methods to determine the presence and abundance of F. virsoides, including the 

geomorphology of the substrate along the Italian and Slovenian coasts of the Gulf of Trieste. 

On the Italian side of the Gulf, continuous or almost continuous belts were observed from Duino 

to Punta Sottile. However, no thalli were found in the harbors of Sistiana, San Rocco (Muggia) 

and San Bartolomeo (Muggia). From Sistiana to Trieste, of the 12 populations recorded, 10 

were located inside marinas or small artificial shelters and two were directly exposed to the 
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open sea. The longest populations were found along the rocky coast in Duino and Muggia near 

freshwater inlets with muddy seabed.  

 In 2017 (Falace et al. 2018; Gerdol et al. 2020), the last populations of F. virsoides 

were found only on the Italian coast of the Gulf of Trieste on the artificial substrate of Marina 

Julia (Monfalcone). This site is influenced by the estuaries of the Isonzo and Timavo rivers and 

receives direct freshwater inflow from the protected Natura 2000 Site Cavana di Monfalcone. 

 

3.1.2. Slovenia   

 

The occurrence of F. virsoides along the Slovenian coast has been well documented over time 

(Herbario Lugduno-Batavo; Schiffner Algae marinae; Accurti 1858; Linardiĺ 1949; Ġtirn 1965; 

Vukoviļ 1980, 1982; Munda 1991, 1993a, 1993b; Alberti and Battelli 2002; Battelli 2002; 

Battelli and Alberti 2003; Lipej et al. 2004; Osterc and Stibilj 2008, 2012; Orlando-Bonaca et 

al. 2013, Battelli 2016a) and several maps have been produced (Ġtirn 1965; Vukoviļ 1982; 

Lipej et al. 2004; Orlando-Bonaca et al. 2013; Battelli 2016a) (Fig. 2b).  

 In 2009, Orlando-Bonaca et al. (2013) documented continuous populations over a length 

of 2.33 km between Koper and Izola, populations in the marina of Izola, and populations at 

Seļovlje extending over 2.78 km within the Seļovlje Salina Nature Park. However, no 

populations were observed in the Ankaran, Strunjan and Piran areas.  

 Battelli (2016a) found spatial and quantitative variability in the distribution of F. 

virsoides, recorded from the Ankaran to Seļovlje areas until the summer of 2010. Continuous 

and almost continuous belts were found in Izola and San Simon (Izola), abundant patches from 

Porporela harbour (Koper) to Viliģan Bay (Izola) and Cape Madona (Piran), while rare to 

scattered thalli were observed from Sv. Jerney Bay to Sv. Katarina (Ankaran), from Cape Kane 

(Strunjan) to FiesaïMadona (Piran), and from Bernardin (Piran) to the Seļovlje Salina Nature 

Park (Seļovlje). In autumn 2010, a drastic decline in F. virsoides populations was observed, 

leading to the almost complete disappearance of the population. As a result, only rare and 

scattered individuals were found at Viliģan Bay (Izola) by 2014, and in Pirat Bernardin 

(Portoroģ) by 2015. This marked the disappearance of the last F. virsoides population in 

Slovenia. Coinciding with the decline of Fucus, Battelli (2016a) recorded a massive increase in 

the macro-grazer Patella caerulea Linnaeus, 1758. No new individuals of F. virsoides have 

been observed in Slovenia since 2015. 
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3.1.3. Croatia  

 
Due to the extensive coastline (6,278 km, determined at a scale of 1:25000), of which 4,398 km 

are accounted for by 1,246 islands and islets (Duplanļiĺ Leder et al. 2004; Lincke et al. 2020), 

the accurate mapping of the distribution of F. virsoides for the entire Croatian coastline is 

lacking. From 1886 to the present, sporadic localizations have been recorded (Herbar der 

Zoologisch-Botanischen Gesellschaft in Wien; Herbarium von Anton Hansgirg; W. Migula, 

Cryptogamae Germaniae, Austriae et Helvetiae exsiccatae Fasc; Schiffner Algae marinae; 

Herbier F. Magne; Linardiĺ 1949; Ļmelik and Morovĺ 1950; Gessner 1969; Munda 1969; 

Zavodnik 1965, 1967a,b, 1973, 1977; Gessner and Hammer 1971; Munda 1972, 1973, 2000; 

Pelivan and Lutkiĺ 1994; Zavodnik et al. 2002, 2005; Battelli and Alberti 2003; Osterc and 

Stibil 2008; Jakl et al. 2008; Ļelig 2010; Koletiĺ et al. 2011; Hanģek et al. 2012; Najdek-Dragiĺ 

et al. 2014; Kuļinar 2014; Gljuġĺiĺ 2016; Paviļiĺ-Hamer et al. 2016; Mioļiĺ-Stosic et al. 2020; 

Antoliĺ et al. 2021; Cvitkoviĺ et al. 2021; Dobrinļiĺ et al. 2021, 2022; Jerkoviĺ et al. 2021;  

Banoģiĺ et al. 2022; Gljuġĺiĺ et al. 2023; Cikoġ et al. 2023), often only with the names of nearby 

towns.  

 Most historical records focus on the Istrian peninsula (northern Adriatic) (Fig. 2c). From 

the 19th to the beginning of the 20th century, F. virsoides was abundant and widespread in this 

region (Linardiĺ 1949; Munda 2000; Battelli and Alberti 2003) with records in Umag, 

Novigrad, Poreļ, Pula, Medulin, and numerous records around Rovinj. Subsequently, 

populations were found around Novigrad, Ļervar, Poreļ, Funtana, Vrsar, Medulin, and Trget 

(Ļelig 2010; Kuļinar 2014; Gljuġĺiĺ 2016; Gljuġĺiĺ et al. 2023). In the last three decades, the 

decline of F. virsoides has been noted along the Istrian coast and the first regressions were 

reported by Zavodnik (1967a) and Munda (1972, 1973, 1980). Gljuġĺiĺ et al.  (2023) 

comprehensively mapped the Istrian coast and found further declines through comparisons with 

historical data. They documented a local extinction in southern Istria (Figs. S2e,f), characterised 

by the disappearance of continuous belts in the Medulin area, followed by a disappearance in 

the Rovinj area in 2016, while at the same time previously unrecorded populations were 

recorded in the Poreļ area. In the period 2021-2023, there were still some small remnant 

settlements from Ļervar to Vrsar, and one settlement was located in Lanterna, and in Uvala Blaģ 

(Raġa Bay, near Trget) (Gljuġĺiĺ et al. 2023). Of these, only the settlements in Lanterna, Bijela 

uvala (Funtana) and Uvala Blaģ (Raġa Bay) are currently preserved, as a result of further 

degradation as well as stochastic events (grazing, weather events, damage caused by coastal 

wreckage and moving substrate). 
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 Outside the Istrian peninsula (Figs. 2d,e), only a limited number of localised and 

sporadic observations have been made along the entire mainland and islands coast. In addition, 

most historical sites were surveyed only once, making it impossible to determine the long-term 

distribution patterns. During this study, isolated patches were observed on Pag Island, Raģanac, 

Rab and in Bariĺ Draga, populations already listed by Linardiĺ (1949). Previously unrecorded 

isolated populations were found in Mali Ston Bay (Mioļiĺ-Stosic et al. 2020), Lastovo Island 

(Jakl et al. 2008), Vrsi and Ġibenik. Moderately abundant patches in the Posedarje area 

(Novigrad Sea), first documented in 2011 (Hanģek et al. 2012), have persisted and have been 

extensively sampled for scientific experiments (Cvitkoviĺ et al. 2021; Dobrinļiĺ et al. 2021, 

2022; Jerkoviĺ et al. 2021; Banoģiĺ et al. 2022; Cikoġ et al. 2023). The most extensively 

documented disappearance took place in the Zadar region, where a population observed in 2011 

(Hanģek et al. 2012) disappeared by 2023, as well as populations recorded by Linardiĺ (1949) 

on the nearby islands Ugljan and Dugi Otok. Moreover, in the Kvarner region, more specifically 

in Omiġalj (Krk) and Stara Voda (Rijeka), the populations observed until 2021 were also no 

longer present by 2023. F. virsoides recorded by Linardiĺ (1949) in Starigrad (the Hvar Island) 

seems also to disappear by 2011 (Koletiĺ et al. 2011).  

 

3.1.4. Montenegro 

 

The first record of F. virsoides in the Boka Kotorska Bay (southern Adriatic) in Montenegro 

dates back to 1949 (Linardiĺ 1949). Later, Solazzi (1971) identified two localities in the Kotor 

Bay (Radimiri and Institute of Marine Biology), both of which had disappeared by 2003 (Maļiĺ 

2006). Between 2003 and 2004, Maļiĺ (2006) investigated the distribution of F. virsoides and 

recorded a further 16 sites, 2 of which had disappeared by 2005 (Kraġiĺi, in the Tivat Bay and 

Gospa od Andela, in Kotor Bay). Most of the recorded sites were located in Risan Bay, while 

other populations were observed in the Verige strait, Kraġiļi (Tivat Bay) and Male Rose (Herceg 

Novi Bay). During this study, F. virsoides was not found at most of the historical locations. 

Only remnant populations were found in the shallow waters of the narrow Verige Strait 

(Opatovo, Lepetane, Andriĺi, Turski Rt), characterized by low temperature and salinity due to 

freshwater input, rocky substrate, and sheltered habitat (Fig. 2f). The observed decline was 

attributed to habitat destruction, eutrophication, and cumulative concurrent abiotic changes.  
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3.1.5. Albania 

 

In Albania, historical and current records were extremely rare. Kashta (1987, 1992) documented 

the occurrence of F. virsoides in Albania and identified Treport Cape in the Bay of Vlora as the 

southern limit of its distribution range. However, after 1994, Kashta (1995-1996) reported its 

disappearance from the Bay of Vlora, which was confirmed by Blanfun® et al.  (2016) in 2003. 

Recently, as part of a Marine Protected Area Gap Analysis (UNEP/MAP-SPA/RAC-PAP/RAC 

et al. 2021), the presence or absence of F. virsoides was recorded along the Albanian coast and 

3 populations of F. virsoides were observed from the Patoku Lagoon to Spille, which may now 

represent the new southernmost limit of its distribution range (Fig. 2g). According to the 

Albanian Red List (Decision of the Council of Ministers 2013), the status of F. virsoides along 

the Albanian coast is critically endangered.  
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Fig. 2 Fucus virsoides in the Venice Lagoon (a), in the Gulf of Trieste (Italy) (b), in Istria (c), 

in Kvarner (d), in Dalmatia (Croatia) (e), in the Boka Kotorska Bay (Montenegro) (f) and in 

Albania (g). Green points= present in historical sites; red points= extinct in historical sites, 

yellow points = a historical site with no current assessment; the grey hatched areas are coastal 

towns. 
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3.2. Long-term environmental data collection and analysis 

 

From 1990 to 2021, the SST along the Adriatic coasts, from the Venice Lagoon to the Bay of 

Vlora (southern Albania), showed a significant increase (the slope of the linear trend m = 0.011 

ÁC a ĭ; p < 0.05) (Fig. S3). The strongest increase was observed in winter (m = 0.042 ÁC a ĭ; p 

< 0.05) (Fig. S4). In addition to the documented temperature gradient from north to south, the 

warming also showed a gradient in intensity. The southern sub-basin showed a stronger 

warming (m = 0.018 ÁC a ĭ; p < 0.05), as did the central sub-basin (m = 0.017 ÁC a ĭ; p < 0.05). 

In contrast, for the northern sub-basin, the warming linear trend is not significant if computed 

over this period (m = 0.002 ÁC a ĭ; p > 0.05) (Fig. S3).  

 Mean annual surface salinity increased (m= 0.012 psu a ĭ; p < 0.05) (Fig. S5), and this 

increase was constant across seasons (Ñ 0.001 SD) (Fig. S6). In addition to the documented 

salinity gradient from north to south, a slight gradient of salinity increase in the opposite 

direction was observed, with a faster increase in the northern (m = 0.014 psu a ĭ; p < 0.05) than 

in the central (m = 0.011 psu a ĭ; p < 0.05) and southern (m = 0.009 psu a ĭ; p < 0.05) sub-

basins (Fig. S5).  

 From 1993 to 2017, a general increase in the average annual DIN concentration was 

observed along the Adriatic coast (m = 1.94E-04 ÕM a ĭ; p < 0.05).  Specifically, an increase 

was recorded from 1993 to 2003, followed by a subsequent decrease until 2017, the last year 

available in the EMODnet dataset (Fig. S7, S8). This trend is similar in all seasons and sub-

basins. However, concentrations were highest in winter and lowest in summer, and both the 

northern and southern sub-basins had higher concentrations than the central sub-basin (Fig. S9).  

 The average annual DIP concentration showed a slight increase along the Adriatic coast 

(m = 2.39E-6 ÕM a ĭ; p < 0.05) (Figs. S7, S10). All seasons showed similar concentration 

ranges, but significant increases were observed in winter, summer and autumn, but not in spring 

(Fig. S11). Furthermore, only the southern sub-basin showed a significant increase (m = 1.24E-

5 ÕM a ĭ; p < 0.05) (Fig. S10).  

 In the northern sub-basin, we observed significant differences in nutrient concentrations 

between the west coast (from the Venice Lagoon to Grado) and the east coast (from Grado to 

Ġibenik) (Fig. 12). On the west coast, the trend in DIN and DIP concentrations was similar to 

that on the Adriatic coast from northern Italy to southern Albania (Figs. S8, S10), albeit with 

higher concentrations. On the east coast, however, the DIN concentration increased as on the 

Adriatic coast, while the DIP concentration decreased (m = -2.49E-6 ÕM a ĭ; p < 0.05). In 

particular, a significant decrease was recorded in the Gulf of Trieste (m = -8.89E-6 ÕM a ĭ; p < 
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0.05), which decreased from 0.09 Ñ 0.01 ÕM in 1993 to 0.025 Ñ 0.005 ÕM in 2017, accompanied 

by a decrease in DIN concentration (m = -8.27E-5 ÕM a ĭ; p < 0.05) (Fig 12). This decrease led 

to an increase in the N:P ratio from 40 in 1993 to 102 in 2017 in the Gulf of Trieste, compared 

to the Adriatic coasts, where the N:P ratio changed from 16 to 41 (Fig. S7).  

 

4. Discussion  

 

The present study provides the first comprehensive distribution of F. virsoides in its range, the 

Adriatic Sea. The investigation of historical data allowed the reconstruction of long-term 

changes showing a strong decline to about 20 remaining populations. As F. virsoides no longer 

forms contiguous belts, it can be considered functionally extinct in Istria (Croatia). In Italy and 

Montenegro, it is threatened with extinction. In Albania, it was classified as critically 

endangered in 2013, while it is already extinct in Slovenia. The current status of F. virsoides in 

the remaining regions of Croatia (Kvarner and Dalmatia) is still elusive. Population assessments 

have primarily relied on the CARLIT method (Ballesteros et al. 2007). However, a significant 

proportion of these regions, around 65%, have not been studied recently, resulting in a lack of 

data. Although the identification of some recent, small populations in Croatia is noteworthy, 

this does not indicate an expansion of the range, but rather highlights gaps in the historical data. 

 While declines of F. virsoides have been documented in certain regions since 1970 

(Zavodnik 1967a; Munda 1972, 1973, 1980; Orlando-Bonaca et al. 2013; Battelli 2016a; Rindi 

et al. 2019, 2020; Gljuġĺiĺ et al. 2023), recognisable regime shifts were observed especially 

between 2010 and 2016 (Falace et al. 2010; Battelli 2016a; Gljuġĺiĺ et al. 2023). Located in the 

coldest regions of the Mediterranean, the Adriatic has historically served as a refuge for F. 

virsoides. However, a variety of anthropogenic stressors (e.g. habitat destruction, pollution, 

overgrazing) exacerbated by climate change, have significantly reduced the speciesô range. 

 The extant populations primarily inhabit regions bordering freshwater inputs, 

characterized by lower temperatures and salinity (e.g. Marina Julia, the surroundings of 

Novigrad and Poreļ, Funtana, Trget, Bariĺ Draga, the Novigrad Sea, Vrsi, Ġibenik, Mali Ston 

Bay). They also thrive in lagoons, such as the Venice Lagoon, and in enclosed seas and bays 

with freshwater inflow (e.g. Novigrad Sea, Mali Ston Bay and Boka Kotorska Bay). Both 

temperature and salinity have been identified as critical factors for the occurrence of Fucus (e.g. 

Vouk 1938; Linardiĺ 1949; Giaccone and Pignatti 1967; Munda 1972; Maļiĺ 2006). Linardiĺ 
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(1949) defines F. virsoides as a micro-euryhaline and micro-eurythermal species whose 

optimum skewed towards the minimum values.  

 Over the last three decades, both sea surface temperature and salinity along the Adriatic 

have experienced an upward trend. While Fucus species are known for their resilience to 

extreme thermal conditions, making them relatively robust compared to other infralittoral 

macrophytes (e.g. Saha et al. 2020), the rise in winter temperatures, a critical period for the 

vegetative and generative development of F. virsoides (Linardiĺ, 1949), may significantly affect 

its physiological functioning and overall survival. The increased salinity, particularly noticeable 

in the northern sub-basin, is attributed to the reduced outflow from the northern tributaries and 

the Po River (Tsimplis et al. 2008; Cozzi and Giani 2011), which not only affects the nutrient 

balance but also influences the structure and dynamics of the marine ecosystem (Cozzi and 

Giani 2011). Orlando-Bonaca et al. (2013) suggested that the proximity of F. virsoides to 

freshwater inflows could also be the result of limited grazing pressure, particularly by limpets 

(Arrontes et al. 2004).  

 Nitrogen (N) and phosphorus (P) are essential for the growth of macroalgae (Harrison 

and Hurd 2001). Despite the increase in DIN values in all sub-basins, a significant increase in 

DIP values can only be observed in the southern sub-basin. Overall, DIP concentrations in the 

northern and central sub-basins exhibit a lower trend than in their southern counterparts. This 

pattern is influenced by Italian legislation to control nutrient pollution, with a focus on 

phosphorus regulation (Marchetti et al. 1989; Palmeri et al. 2005). On the Adriatic coasts, N 

enrichment resulted in a rise in the N:P ratio from 30:1 to 41:1, exceeding the critical threshold 

of 30:1 indicating phosphorus limitation (Atkinson and Smith 1983). Notably, in the Gulf of 

Trieste, the N:P ratio increased from 31:1 to 102:1. Interestingly, nutrient stresses do not appear 

to affect the functional traits of F. virsoides (authorôs unpublished data), but these nutrients 

could play a positive role during stressful events and possibly mitigate the associated 

detrimental effects, as indicated by Gerdol et al. (2020). 

 During this study, we observed dense recruits on previously bare artificial substrates in 

Marina Julia (Monfalcone Bay) (Figs. S2g, S2h), underscoring the high recovery potential of 

F. virsoides, as documented in prior studies (Hanel 2002; Zavodnik et al. 2002; Iveġa and 

Djakovac 2015). The same was recently observed in Bijela Uvala (Funtana-Poreļ), where the 

population experienced a sharp decline by the dumping of allochthonous pebbles from the 

artificial beaches. Indeed, the genus Fucus exhibits remarkable expansion potential (Williams 

and Smith 2007) with high phenotypic plasticity and rapid ecotypic selection (Wahl et al. 2011). 

By adapting to dynamic and unstable intertidal environments coupled with life history traits 
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such as an effective reproductive capability and rapid growth, F. virsoides exhibits 

characteristics akin to an r-strategist (MacArthur and Wilson, 2001). The species expends 

considerable energy on reproduction and contributes to increased fitness through high fecundity 

(production of numerous zygotes), a short generation time and hermaphroditism. Following 

Grime's CSR strategies in plant ecology (Grime 1974, 1977, 2001), F. virsoides could be 

classified as a ruderal strategist (R). This categorization is justified by its reproductive 

investment, which allows recovery following disturbance. However, the strong anthropogenic 

pressure at the land-sea interface leads to changes in the coastline and irreversible habitat 

destruction. 

 As a glacial relict endemic to the Adriatic (Munda 1972), F. virsoides possesses a unique 

genetic heritage and evolutionary history trajectory. However, the identification of only a few 

fragmented populations suggests a scenario of limited genetic connectivity, possibly leading to 

inbreeding and reduced genetic diversity and adaptability to changing environmental 

conditions, thus increasing the risk of extinction. 

 In the broader context of biodiversity conservation, this study serves as a comprehensive 

assessment of the overall status of F. virsoides. This taxon is highly threatened with extinction 

in the wild due to declining population sizes and fragmented habitats, but has not yet been 

assessed (ñNot Evaluatedò) by the International Union for Conservation of Nature (IUCN). 

However, based on the categories and criteria of the IUCN Red List (IUCN 2024), we strongly 

advocate classifying F. virsoides as ñCritically Endangered" due to the existing high risk of 

extinction. This classification emphasizes the urgent need for immediate conservation 

initiatives and effective management measures to ensure the long-term survival and resilience 

of the species. 

 The long-term environmental data analysis presented here reveals significant spatio-

temporal changes that suggest possible correlations with the decline of F. virsoides. However, 

it must be recognized that while this analysis provides compelling insights, it's not sufficient to 

conclusively demonstrate causality. Further research on the influence of single and multiple 

stressors and their complex interactions on the ecophysiology of F. virsoides is crucial to gain 

a deeper understanding of the factors driving its loss, and then develop effective nature-based 

solutions in time to prevent its predicted extinction. 
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Supplementary materials 

 

 

Fig. S1 Adriatic Sea coastline and bathymetry. Dotted lines define the northern, central, and 

southern sub-basin (adapted from Artegiani et al. 1997).
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Table S1 EMODnet environmental parameter used for the distribution analysis 

 

Parameter Temporal resolution Temporal 

coverage 

Unit of 

measure 

Link 

Sea Surface Temperature 

(SST) 

Monthly 1990-2021 ÁC ERDDAP - CORA: Objective analysis in Delayed Mode - 

Temperature and Salinity in the Water Column (1960 - 2021) 

objective analysis in Delayed Mode - Data Access Form 

(emodnet-physics.eu); Accessed in July 2023 

Salinity Monthly 1990-2021 psu ERDDAP - CORA: Objective analysis in Delayed Mode - 

Temperature and Salinity in the Water Column (1960 - 2021) 

objective analysis in Delayed Mode - Data Access Form 

(emodnet-physics.eu); Accessed in July 2023 

Water body Phosphorus 

concentration (DIP) 

Seasonal: each year of the 

temporal dimension corresponds 

to the 6-year centred average of 

the season. 

1968-2019 ÕM Mediterranean Sea - DIVA 4D 6-year seasonal analysis of 

Water body phosphate 1968/2019 v2021 (europa.eu); 

Accessed in August 2023 

Water body Dissolved 

Inorganic Nitrogen 

concentration (DIN) 

Seasonal: each year of the 

temporal dimension corresponds 

to the 6-year centred average of 

the season. 

1990-2019 ÕM Mediterranean Sea - DIVA 4D 6-year seasonal analysis of 

Water body dissolved inorganic nitrogen (DIN) 1990/2019 

v2021 (europa.eu); Accessed in August 2023 

https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://prod-erddap.emodnet-physics.eu/erddap/griddap/INSITU_GLO_PHY_TS_OA_MY_013_052.html?PSAL
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
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Fig. S2 Individual of Fucus virsoides (a). Dense canopy-forming F. virsoides in 2009 at San 

Rocco (Muggia, Italy) (b). Population of Pordelio canal in 2023 (Venice Lagoon, Italy) (c). 

Frozen waters in a canal of Lido Island in 2002 (Venice Lagoon, Italy) (d). Continuous belts at 

Bijela uvala in 2016 (Poreļ, Croatia) (e). Locally extinction of F. virsoides at Bijela uvala in 

2023 (Poreļ, Croatia) (f). Rocky substrate without F. virsoides before January 2023 at Marina 

Julia (Monfalcone Bay, Italy) (g). Development of recruits observed in April 2023 at Marina 

Julia (Monfalcone Bay, Italy) (h). 
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Table S2 Historical and current distribution data of Fucus virsoides in Italy (a), Slovenia (b), Croatia (c), Montenegro (d), and Albania (e). "Year" 

indicates the year of observation or, if not specified, the year of publication. "Site" refers to the name of the location as specified by the author(s) 

or deducted from the map extrapolation, and coordinates are included when available in the publication. "Accuracy" indicates the precision of the 

data, which is classified as low if only the site name is given, medium if a map is given, and high if coordinates are given. ñExtinctionò refers to 

the current status of the population and the year of the record is specified. ñCommentò includes qualitative and quantitative data on the population 

and environmental characteristics of the site. 

 

Year Site Reference Accuracy Extinction Comment 

a)       Italy         

1824 Trieste Erbario Museo Botanico Hauniensi; 

New York Botanical Garden  

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1827 Trieste Herbarium of William Randolf 

Taylor, University of Michigan 

(MICH)  

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1858 Lazzaretto Herbarium of Francis Drouet, 

Drexel University  

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1886 Muggia Flora marina iustinopolitana 

Antonio Zaratin 

(Battelli and Alberti 2003) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1911 Barcola Algae Adriaticae Exciccatae, 

Herausgegeben von der k.k. 

zoologischen Station in Trieste, 

Farlow Herbarium; Harvard 

University 

Low Locally extinct 2017 

(Falace et al. 2018) 

  



ΠΦ 
 

(Macroalgal Herbarium Consortium 

Portal) 

1924 Trieste Schiffner Algae marina, Farlow 

Herbarium (Harvard University) 

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1946 Ancona Rindi 2020 Low Locally extinct 

(Solazzi 1966ï67) 

Common in the area of Ancona 

1946 Passetto di Ancona 

(43.615983, 13.534414) 

Pierpaoli 1946  

(Rindi 2020) 

High Locally extinct 

(Solazzi, 1966ï67) 

  

1949 Ancona Linardiĺ 1949 Low Locally extinct 

(Solazzi 1966ï67) 

  

1949 Barcola Linardiĺ 1949 Low Locally extinct 2017   

1949 Chioggia Linardiĺ 1949 Low Present 2023   

1949 Iter ad urbem Ravenam Linardiĺ 1949 Low Locally extinct   

1949 San Michele, Venice Lagoon Linardiĺ 1949 Low Locally extinct 2023 (decline 

started in 2015-16) 

  

1949 Trieste Linardiĺ 1949 Low Locally extinct 2017   

1949 Venice Linardiĺ 1949 Low Locally extinct 2023 (decline 

started in 2015-16) 

  

1966 Barcola Erbario Instituto Botanico di 

Trieste, University of Michigan 

(MICH) 

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1980 Miramare Herbarium algarum instituti 

botanici porticensis Universit¨ di 

Napoli, University of Michigan 

(MICH) 

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct 2017 

(Falace et al. 2018) 

  

1985 Chioggia Mariani 1985 Low Present 2023   

1991 Muggia Pollesello 1992 Low Locally extinct 2017 

(Falace et al. 2018) 

  

1992 Aquilina 

(45.60064162, 13.78718743) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 



ΡΜ 
 

1992 Aquilina 

(45.60101192, 13.7902206) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Aquilina  

(45.60154505, 13.79013609) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Barcola  

(45.68195632, 13.75009632) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 C. de Zoppoli 

(45.75038242, 13.65449403) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 C. dei Barbari 

(45.74392399, 13.66382984) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 C. dei Barbari 

(45.74930063, 13.65589391) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 C. del Barbari 

(45.75665078, 13.6430229) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 C. del Barbari 

(45.76161421, 13.63754314) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 C. del Barbari 

(45.76766108, 13.63069004) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Cedas ï Miramare 

(45.69541857, 13.73455772) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Cedas 

(45.69302556, 13.73680856) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Duino 

(45.77449367, 13.59404136) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 



ΡΝ 
 

prevailing South-West substratum 

inclination 

1992 Duino 

(45.77520841, 13.59261076) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Duino 

(45.77786635, 13.5596328) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 F. Aurisina 

(45.73979115, 13.67127736) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 F. Aurisina 

(45.74078846, 13.66871567) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 F. Aurisina 

(45.74098643, 13.66929439) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 F. Aurisina 

(45.74106164, 13.66883237) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Ginestre 

(45.75241933, 13.65039918) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Ginestre  

45.75380564, 13.64891703) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Grignano  

45.7050899, 13.71092092) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Grignano 

(45.70682264, 13.7119651) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 



ΡΞ 
 

1992 Grignano 

(45.71009938, 13.71224539) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Marina Julia 

(45.77299594, 13.53056103) 

Lipizer 1995 High Present 2023 Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Marina Julia 

(45.77381124, 13.53147038) 

Lipizer 1995 High Present 2023 Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Marina Julia 

(45.77679336, 13.53464064) 

Lipizer 1995 High Present 2023 Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Miramare 

(45.70398589, 13.71153496) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Monfalcone 

(45.77815249, 13.55123604) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Monfalcone 

(45.78013764, 13.54993124) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Monfalcone 

(45.78116492, 13.54896921) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Muggia 

(45.60150622, 13.77796619) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Muggia 

(45.60644468, 13.76764589) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 



ΡΟ 
 

1992 Muggia 

(45.60664899, 13.76276967) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Pta. Sdobba 

(45.73263705, 13.55660036) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Pta. Sdobba 

(45.73343404, 13.55505933) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Pta. Sdobba 

(45.73534057, 13.55702792 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Pta. Sottile 

(45.60083109, 13.72102288) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Pta. Sottile 

(45.60244826, 13.71970296) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Pta. Sottile 

(45.60581586, 13.7194343) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Pta. Sottile 

(45.61021105, 13.733195) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 Rio Ospo 

(45.59797242, 13.78544625) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Rio Ospo 

(45.59865619, 13.78429387) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 



ΡΠ 
 

1992 Rio Ospo 

(45.59936694, 13.78565646) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 San Bartolomeo 

(45.59693391, 13.72195871) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 San Rocco 

(45.60804181, 13.75682718) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Continuous and prolific belts; low and 

medium degree of wave exposure and 

prevailing North and West substratum 

inclination 

1992 San Rocco 

(45.60914278, 13.74939742) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 San Rocco 

(45.6091524, 13.74075292) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.71265187, 13.7087194) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.72357819, 13.6930829) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Santa Croce 

(45.72473595, 13.69248601) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.72632129, 13.68971651) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.72723433, 13.68940059) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.72760057, 13.68876002) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 



ΡΡ 
 

1992 Santa Croce 

(45.7283176, 13.68783901) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Santa Croce 

(45.72943149, 13.68645679) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Sistiana 

(45.76831922, 13.62809625) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Sistiana 

(45.76846332, 13.62869098) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1992 Sistiana 

(45.76886003, 13.62541278) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Discontinuous belt; low and medium 

degree of wave exposure and 

prevailing South-West substratum 

inclination 

1992 Sistiana 

(45.7732029, 13.5984841) 

Lipizer 1995 High Locally extinct 2017 

(Falace et al. 2018) 

Scattered patches; strong surf 

conditions, South-West substratum 

inclination 

1999 Lido inlet Caliceti 2002 Medium Locally extinct 2023   

2000 Grado 

(45.677562, 13.381900) 

In this study High Locally extinct 2017 

(Falace et al. 2018) 

  

2006 Aurisina Osterc and Stibilj 2008 Low Locally extinct 2017 

(Falace et al. 2018) 

  

2006 Miramare Osterc and Stibilj 2008 Low Locally extinct 2017 

(Falace et al. 2018) 

  

2006 Sistiana Osterc and Stibilj 2008 Low Locally extinct 2017 

(Falace et al. 2018) 

  

2006 Trieste Osterc and Stibilj 2008 Low Locally extinct 2017 

(Falace et al. 2018) 

  

2006 Villaggio del Pescatore Osterc and Stibilj 2008 Low Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Aurisina Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Barcola 1 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Barcola 2 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  



ΡΣ 
 

2009 C. de Zoppoli Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 C. del Barbari 1 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 C. del Barbari 2 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Cedas - Miramare Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Duino Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

Almost continuous or continuous 

population 

2009 Grignano 1 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Grignano 2 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Miramare 1 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Miramare 2 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

Abundant patches 

2009 Muggia Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

From rare to scattered plants 

2009 Pta. Sottile Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Rio Ospo 1 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Rio Ospo 2 Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2009 Santa Croce Orlando Bonaca et al. 2013 Medium Locally extinct 2017 

(Falace et al. 2018) 

  

2014 Alberoni, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Cavallino Treporti, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Chioggia 

(45.227889, 12.294028) 

In this study High Present 2023   

2014 Chioggia Caroman 1 In this study Medium Present 2023 Dense populations 

2014 Chioggia Caroman 2 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Isola Cartieri, Chiogga In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 



ΡΤ 
 

2014 Isola Cartieri, Chioggia In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Isola La Certosa, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Isola S. Clemente, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Isola San Spirito, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Isola Sant'Elena, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 La Grazia, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Laguna del Lusenzo, Chiogga In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Le Vignole 1, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Le Vignole 2, Venice Lagoon In this study Medium Present 2023 Dense populations 

2014 Le Vignole 3, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido 1, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido 2, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido 3, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido 4, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido 5, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido di Venezia 1, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido di Venezia 2, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido inlet, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido-Pellestrina 1, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Lido-Pellestrina 2, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 



ΡΥ 
 

2014 Malamocco, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Murano, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Ottagono Alberoni, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Ottagono S.P. Volta In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pellestrina 1, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pellestrina 2, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pellestrina 3, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pordello Canal, Venice Lagoon In this study Medium Present 2023 Dense populations 

2014 Poveglia, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pta. Sabbioni 1 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Pta. Sabbioni 2 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sacca San Biagio, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sacca Sessola, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 San Giorgio Maggiore, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 San Leonardo Harbour, Venice 

Lagoon 

In this study Medium Present 2023 Dense populations 

2014 San Pietro in Volta 1, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 San Pietro in Volta 2, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 San S¯rvolo, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Santa Croce, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Santa Maria del Mare, Venice 

Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 



ΡΦ 
 

2014 Sant'Antonio di Pellestrina 1, 

Venice Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sant'Antonio di Pellestrina 2, 

Venice Lagoon 

In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sant'Erasmo 1, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sant'Erasmo 2, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sant'Erasmo 3, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Sant'Erasmo 4, Venice Lagoon In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice Lagoon Islands 1 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice Lagoon Islands 2 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice Lagoon Islands 3 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice Lagoon Islands 4 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2014 Venice Lagoon Islands 5 In this study Medium Locally extinct 2023 (decline 

started in 2015-16) 

Dense populations 

2017 Marina Julia 

(45.773797, 13.531197) 

Falace et al. 2018; Gerdol et al. 

2020 

High Present 2023   

2017 Ottagono S.P. Volta Rizzo et al. 2017 Low Locally extinct 2023 (decline 

started in 2015-16) 

  

2023 Chioggia 

(45.227889, 12.294028) 

In this study High Present 2023   

2023 Chioggia Caroman In this study Low Present 2023   

2023 Marina Julia 

(45.772996, 13.530561) 

In this study High Present 2023 Residual populations; artificial 

substrate 

2023 Marina Julia 

(45.773811, 13.531470) 

In this study High Present 2023, almost extinct Scattered patches; artificial substrate 

2023 Marina Julia 

(45.776793, 13.534641) 

In this study High Present 2023 Continuous and almost continuous 

belts; artificial substrate 

2023 Marina Nuova 

(45.781589, 13.539705) 

In this study High Present 2023 Abundant patches of dense stands; in 

small harbour 



ΣΜ 
 

2023 Pordello Canal, Venice Lagoon In this study Medium Present 2023 Residual dense populations; area 

protected by direct wave motions and 

affected by high water renewal which 

hampers extreme high temperatures 

2023 San Leonardo Harbour, Venice 

Lagoon 

In this study Medium Present 2023 Residual dense populations; area 

protected by direct wave motions and 

affected by high water renewal which 

hampers extreme high temperatures 

b)       Slovenia         

1856 Piran Herbarium of the Slovenian 

Museum of Natural History, 

Ljubljana  

(Alberti and Battelli 2002) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

Under the name Fucus scherardi 

1885 mar Adr., Pirano (Piran) Flora marina adriatica, Istria ï 

Trieste, Antonio Zaratin  

(Battelli and Alberti 2003) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

Under the name Fucus scherardi 

1886 Capodistria (Koper) Premiata Flora Marina Jstriana. 

Raccolta e preparata da Antonio 

Zaratin Emerito Dirigente 

Scolastico  

(Battelli and Alberti 2003) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

Under the name Fucus scherardi 

1886 Izola Herbario Lugduno-Batavo, Field 

Museum of Natural History (F)  

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

1909 Capodistria (Koper) Premiata Flora Marina Jstriana. 

Raccolta e preparata da Antonio 

Zaratin Emerito Dirigente 

Scolastico 

(Battelli and Alberti 2003) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

Under the name Fucus scherardi 

1910 Capodistria (Koper) Flora marina iustinopolitana 

Antonio Zaratin 

(Battelli and Alberti 2003) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

Under the name Fucus scherardi and 

Fucus vesciculosus 

1925 Capodistria (Koper) Schiffner Algae marinae, Farlow 

Herbarium (Harvard University) 

(Macroalgal Herbarium Consortium 

Portal) 

Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

1949 Izola Linardiĺ 1949 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  



ΣΝ 
 

1949 Koper Linardiĺ 1949 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

1949 Piran Linardiĺ 1949 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

1949 Portoroģ Linardiĺ 1949 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

1965 Cape Kane Strunjan Ġtirn 1965 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1965 Cape Seļa Ġtirn 1965 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1965 FiesaïMadona, Piran Ġtirn 1965 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1965 Koper - Izola Ġtirn 1965 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Bernardin Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Cape Madona Piran Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Cape Seļa Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Fizine Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Koper - Izola Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Koper - Semedela Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Porporela Harbour, Koper Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Port - Cape Debeli rtiļ Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Sv. Katarina Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

1982 Valdoltra Vukoviļ 1982 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2001 San Simon Battelli 2002 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2002 Cape Debeli rtiļ Rindi and Battelli 2005 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2002 San Simon Rindi and Battelli 2005 Medium Locally extinct in autumn 2010   



ΣΞ 
 

(Battelli 2016) 

2004 Bernardin Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 Cape Madona Piran Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 Cape Strunjan Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 Izola Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 Koper - Izola Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 Piran Ġlejkovec et al. 2006 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2004 San Simon Lipej et al. 2004 

(Battelli 2016) 

Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2006 Ankaran Osterc and Stibilj 2008 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2006 Debeli rtiļ Osterc and Stibilj 2008 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2006 Piran Osterc and Stibilj 2008 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2006 Portoroģ Osterc and Stibilj 2008 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2006 Ģusterna Osterc and Stibilj 2008 Low Locally extinct in autumn 2010 

(Battelli 2016) 

  

2009 Cape Seļa Orlando-Bonaca et al. 2013 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2009 Debeli rtiļ 

(45.587150, 13.707450) 

Osterc and Stibilj 2011 High Locally extinct in autumn 2010 

(Battelli 2016) 

  

2009 Izola Orlando-Bonaca et al. 2013 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Abundant patches 

2009 Koper - Izola Orlando-Bonaca et al. 2013 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Almost continuous or continuous 

population 

2009 Portoroģ (45.513750, 

13.581767) 

Osterc and Stibilj 2011 High Locally extinct in 2015  

(Battelli 2016) 

  

2009 San Simon Orlando-Bonaca et al. 2013 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

  

2009 Seļovlje saltpans Orlando-Bonaca et al. 2013 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Almost continuous or continuous 

population 



ΣΟ 
 

2009 Ģusterna (45.548117, 

13.695450) 

Osterc and Stibilj 2011 High Locally extinct in autumn 2010 

(Battelli 2016) 

  

2010 èPiratç Bernardin Battelli 2016 Medium Locally extinct in 2015 

 (Battelli 2016) 

Rare to scattered thalli 

2010 Bernardin Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Cape Debeli rtiļ Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Cape Kane Strunjan Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Cape Madona Piran Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Abundant patches 

2010 Cape Seļa Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Cape Strunjan Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 FiesaïMadona, Piran Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Fizine Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Izola Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Continuous or almost continuous belt 

2010 Koper - Izola Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Abundant patches 

2010 Koper - Semedela Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Abundant patches 

2010 Porporela Harbour, Koper Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Abundant patches 

2010 Port - Cape Debeli rtiļ Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 San Simon Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Continuous or almost continuous belt 

2010 Seļovlje saltpans Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Strunjan saltpans Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Sv. Jernej Bay Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Sv. Katarina Battelli 2016 Medium Locally extinct in autumn 2010 Rare to scattered thalli 



ΣΠ 
 

(Battelli 2016) 

2010 Valdoltra Battelli 2016 Medium Locally extinct in autumn 2010 

(Battelli 2016) 

Rare to scattered thalli 

2010 Viliģan Bay Battelli 2016 Medium Locally extinct in 2014 

(Battelli 2016) 

Abundant patches 

2011 èPiratç Bernardin Battelli 2016 Medium Locally extinct in 2015 

(Battelli 2016) 

Rare to scattered thalli 

2011 Viliģan Bay Battelli 2016 Medium Locally extinct in 2014 

(Battelli 2016) 

Rare to scattered thalli 

2013 èPiratç Bernardin Battelli 2016 Medium Locally extinct in 2015 

(Battelli 2016) 

Rare to scattered thalli 

2013 Viliģan Bay Battelli 2016 Medium Locally extinct in 2014 

(Battelli 2016) 

Rare to scattered thalli 

2014 èPiratç Bernardin Battelli 2016 Medium Locally extinct in 2015 

(Battelli 2016) 

Rare to scattered thalli 

c)  Croatia         

1837 Rovinj 1 Tomasini i Biasoletto 1837 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

1837 Rovinj 2 Tomasini i Biasoletto 1837 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1837 Rovinj 3 Tomasini i Biasoletto 1837 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1862 Katarina Island Herbar der Zoologisch-Botanischen 

Gesellschaft in Wien, Farlow 

Herbarium (Harvard University) 

(Macroalgal Herbarium Consortium 

Portal) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1884 Pola (Pula) Premiata Flora Marina Jstriana. 

Raccolta e preparata da Antonio 

Zaratin Emerito Dirigente 

Scolastico. 

(Battelli and Alberti 2003) 

Low Not recorded since 1990 

(Gljuġĺiĺ et al. 2023) 

Under the name Fucus scherardi 

1885 Parenzo, Isola della Sanit¨ 

(Poreļ) 

Miscellanea Antonio Zaratin  

(Battelli and Alberti 2003) 

Low Present 2021 

(Gljuġĺiĺ et al. 2023) 

  

1885 Novigrad area Zaratini, 1885 

(Gljuġĺiĺ et al. 2023) 

Medium No current data   



ΣΡ 
 

1885 mar Adr., Rovigno (Rovinj) Flora marina adriatica raccolta e 

preparata da Antonio Zaratin 

dirigente scolastico, Parenzo 

(Battelli and Alberti 2003) 

Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1886 Parenzo, Sotto i cannoni (Plava 

Laguna, Poreļ area) 

Flora marina parentina raccolta e 

preparata da Antonio Zaratin 

dirigente scolastico in Parenzo 

(Battelli and Alberti 2003) 

Low Present 2021 

(Gljuġĺiĺ et al. 2023) 

  

1886 Parenzo, Molin di Rio (Poreļ) Flora marina parentina raccolta e 

preparata da Antonio Zaratin 

dirigente scolastico in Parenzo 

(Battelli and Alberti 2003) 

Low Not recorded since 1990 

(Gljuġĺiĺ et al. 2023) 

  

1887 Rt. Barabiga, Rovinj Miscellanea Antonio Zaratin 

(Battelli and Alberti 2003) 

Low Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

1887 Rovigno (Rovinj) Miscellanea Antonio Zaratin 

(Battelli and Alberti 2003) 

Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1888 Lussin piccolo, Mali Losinj Herbar von Anton Hansgirg im 

Naturhistorischen Museum, Wien, 

Field Museum of Natural History 

(F) 

(Macroalgal Herbarium Consortium 

Portal) 

Low No current data   

1888 Umago (Umag) Flora marina istriana raccolta e 

preparata da Antonio Zaratin 

dirigente scolastico l. R 

(Battelli and Alberti 2003) 

Low No current data Under the name Fucus vesciculosus 

1888 Cherso (Cres) Flora marina istriana raccolta e 

preparata da Antonio Zaratin 

dirigente scolastico l. R 

(Battelli and Alberti 2003) 

Low No current data Under the name Fucus scherardi 

1892 St. Eufemia, Rovinj Luckas 1892 

(Munda 2000) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1892 Figarola Island, Rovinj Luckas 1892 

(Munda, 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1892 Island of St. Catarina (Katarina 

Island, Rovinj) 

Luckas 1892 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1892 Bagnole, Rovinj (Banjole) Luckas 1892 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 



ΣΣ 
 

1892 Asino, Rovinj Luckas 1892 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1899 St. Eufemia, Rovinj Kuckuck 1899 

(Munda 2000) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1899 Figarola Island, Rovinj Kuckuck 1899 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1899 Island of St. Catarina, Rovinj 

(Katarina Island) 

Kuckuck 1899 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1899 Bagnole, Rovinj (Banjole) Kuckuck 1899 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1899 Asino, Rovinj Kuckuck 1899 

(Munda 2000) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1904 Abbazia, Istrien W. Migula Cryptogamae 

Germaniae, Austriae et Helvetiae 

exsiccatae Fasc, Drexel University, 

Academy of Natural Sciences ï 

Algae 

(Macroalgal Herbarium Consortium 

Portal) 

Low No current data   

1925 Medulin Baumgartner, 1925 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1928 Bua Island Schiffner Algae marinae, Farlow 

Herbarium (Harvard University) 

(Macroalgal Herbarium Consortium 

Portal) 

Low No current data   

1949 Bakar Linardiĺ 1949 Low No current data   

1949 Bariĺ Draga Linardiĺ 1949 Low Present 2023   

1949 Baska Linardiĺ 1949 Low No current data   

1949 Bene i Lubinovo - isprod 

Marjana kod Splita 

Linardiĺ 1949 Low No current data   

1949 Crikvenica Linardiĺ 1949 Low No current data   

1949 Gruģ Linardiĺ 1949 Low No current data   

1949 Ilovnik Linardiĺ 1949 Low No current data   

1949 Jablanac Linardiĺ 1949 Low No current data   

1949 Karlobag Linardiĺ 1949 Low No current data   

1949 Korļula Linardiĺ 1949 Low No current data   



ΣΤ 
 

1949 Kornati Linardiĺ 1949 Low No current data   

1949 Kraljevica Linardiĺ 1949 Low No current data   

1949 Lokrum Linardiĺ 1949 Low No current data   

1949 Loġinj Linardiĺ 1949 Low No current data   

1949 Martinġĺica- O. Cres Linardiĺ 1949 Low No current data   

1949 Maslinica Linardiĺ 1949 Low No current data   

1949 Maslinica - O. Ġolta Linardiĺ 1949 Low No current data   

1949 Medulin Linardiĺ 1949 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1949 Novi Linardiĺ 1949 Low No current data   

1949 Opatija Linardiĺ 1949 Low No current data   

1949 Orebic Linardiĺ 1949 Low No current data   

1949 Otok Dugi Linardiĺ 1949 Low No current data   

1949 Pag Linardiĺ 1949 Low Present 2023   

1949 Poreļ Linardiĺ 1949 Low Present 2021 

(Gljuġĺiĺ et al. 2023) 

  

1949 Preko Linardiĺ 1949 Low Locally extinct 2024   

1949 Primosten Linardiĺ 1949 Low No current data   

1949 Privlaka Linardiĺ 1949 Low Locally extinct 2024   

1949 Provic- Otok ispred Sibenika Linardiĺ 1949 Low No current data   

1949 Pula Linardiĺ 1949 Low Not recorded since 1990 

(Gljuġĺiĺ et al. 2023) 

  

1949 Rab Linardiĺ 1949 Low Present 2024   

1949 Raģanac Linardiĺ 1949 Low Present 2024   

1949 Rijeka Linardiĺ 1949 Low No current data   

1949 Rovinj Linardiĺ 1949 Low Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

1949 Sali - O. Dugi Linardiĺ 1949 Low Locally extinct 2023   

1949 Selce Linardiĺ 1949 Low No current data   

1949 Senj Linardiĺ 1949 Low No current data   

1949 Spl itska - O. Braļ Linardiĺ 1949 Low No current data   

1949 Split Linardiĺ 1949 Low No current data   



ΣΥ 
 

1949 Starigrad - Paklenica Linardiĺ 1949 Low No current data   

1949 Starigrad- O. Hvar Linardiĺ 1949 Low Locally extinct in 2011 

(Koletiĺ et al. 2011) 

  

1949 Supetar Linardiĺ 1949 Low No current data   

1949 Susak Linardiĺ 1949 Low No current data   

1949 Sv. Jakov Linardiĺ 1949 Low No current data   

1949 Sv. Juraj Linardiĺ 1949 Low No current data   

1949 Tribanj Linardiĺ 1949 Low No current data   

1949 Ugljan Linardiĺ 1949 Low Locally extinct 2024   

1949 Vinjerac Linardiĺ 1949 Low Not recorded 2024   

1949 Vranjic Linardiĺ 1949 Low No current data   

1949 Zadar Linardiĺ 1949 Low Locally extinct 2023   

1949 Zman- O. Dugi Linardiĺ 1949 Low Locally extinct 2023   

1949 Savudrija Linardiĺ 1949 Low No current data   

1950 Kastela Bay Ļmelik and Morovĺ 1950 Low No current data   

1965 Rovinj Zavodnik 1965 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1966 Crikvenica Herbier F. Magne, University of 

Michigan (MICH) 

(Macroalgal Herbarium Consortium 

Portal) 

Low No current data   

1967 Faborso 1  

(45.11666667, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific populations; sheltered location 

(Munda, 1973) 

1967 Faborso 2 

(45.11666667, 13.63333333) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific populations; sheltered location 

(Munda, 1973) 

1967 Katarina 1 / Katarina 2. Harbour 

(45.06666667, 13.61666667) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1967 Lone, Rovinj 

(45.06666667, 13.63333333) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Dense and prolific populations; semi-

exposed location (Munda, 1973) 

1967 Ġkaraba, Rovinj 

(45.05, 13.61666667) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Scattered populations; exposed 

location (Munda, 1973) 

1967 Velika Figarola island / Val di 

Lesso, Rovinj  

(45.08333333, 13.61666667) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1967 Katarina Island 1, Rovinj Munda 1973 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Dense; sheltered and gently slope 



ΣΦ 
 

1967 Katarina Island 2, Rovinj Munda 1973 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Scattered populations; gently slope, 

organic pollution and epiphyte 

1967 Mala Figarola Island, Rovinj Munda 1973 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Scattered populations; exposed 

location 

1967 Val di Lesso, Rovinj Munda 1973 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Reduced settlement; exposed location 

1967 Velika Figarola Island, Rovinj Munda 1973 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific populations; moderate 

exposure, coastal rocks with gentle 

slope 

1967 Rovinj Zavodnik, 1967a Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1967 Figarola Island, Rovinj Zavodnik, 1967b Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Katarina 1 / Katarina 2. Harbour 

(45.06666667, 13.61666667) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Lone, Rovinj 

(45.06666667, 13.63333333) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Ġkaraba, Rovinj 

(45.05, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Velika Figarola island / Val di 

Lesso, Rovinj 

(45.08333333, 13.61666667) 

Munda 1969  High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Faborso Bay 1 

(45.11666667, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1968 Faborso Bay 2 

(45.11666667, 13.63333333) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Katarina Island, Rovinj Gessner, 1969 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Faborso Bay 1 

(45.11666667, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Faborso Bay 2 

(45.11666667, 13.63333333) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Katarina Island 1 / Katarina 

Island 2. Harbour, Rovinj 

(45.06666667, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Lone, Rovinj  

(45.06666667, 13.63333333) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1969 Ġkaraba, Rovinj 

(45.05, 13.61666667) 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  



ΤΜ 
 

1969 Velika Figarola island, Mala 

Figarola Island, Rovinj 

Munda 1969 High Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1970 Katarina Island, Rovinj Gessner and Hammer 1971 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1970 Lim Channel Gessner and Hammer 1971 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1970 St. Eufemia, Rovinj Munda 2000 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Bagnole, Rovinj (Banjole) Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Asino, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Canal di Leme (Lim Channel) Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Val Soline, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Punta Croce, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Barabiga, Rovinj Munda 2000 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Muccia (hospital), Rovinj 

(Muļa) 

Munda 2000 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Val di Bora, Rovinj (Valdibora) Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Punta Corrente, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Pirosi, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 St. Andrea, Rovinj (Sv. Andrija 

Island) 

Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Sturago, Rovinj (Sturag Islet) Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 St. Giovanni, Rovinj Munda 2000 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970, later 

absent in most sites 

1970 Palu, Rovinj (Palud) Munda 2000 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Prolific from 1967 to 1970 

1970 Faborso Bay Zavodnik 1973 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1970 Lone, Rovinj Zavodnik 1973 Low Not recorded since 2010   



ΤΝ 
 

(Gljuġĺiĺ et al. 2023) 

1970 Valdibora, Rovinj Zavodnik 1973 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1975 Lone, Rovinj Munda 1977 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1977 Faborso Bay Zavodnik 1977 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1981 Promontory of Marjan, Split Pelivan and Lutkiĺ 1994 Low No current data   

1995 Samonjin cape, Prviĺ Zavodnik et al. 2005 Medium No current data Well-developed settlement; nearby 

small beach protected by large rock 

boulders 

1995 Sv. Grgur Port Zavodnik et al. 2005 Medium No current data   

1995 Tatinja Cove Harbour, Goli Zavodnik et al. 2005 Medium No current data   

1995 Veli galebov islet steep, Goli Zavodnik et al. 2005 Medium No current data Patchily distributed; semi-exposed 

location 

1995 Veli Samotorac cove, Sv. Grgur Zavodnik et al. 2005 Medium No current data Sheltered location, rugged substrate, 

and gently inclined slope 

1998 Faborso Bay Zavodnik et al. 2002 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

1998 Haludovo Zavodnik et al. 2002 Low No current data   

2000 Plomin Bay 

(45.115988, 14.206201) 

Antoliĺ et al. 2021 High No current data   

2000 Plomin Bay 

(45.121196, 14.192718) 

Antoliĺ et al. 2021  High No current data   

2000 Plomin Bay 

(45.133879, 14.175548) 

Antoliĺ et al. 2021  High No current data   

2000 Plomin Bay 

(45.11308, 14.199768) 

Antoliĺ et al. 2021  High No current data   

2003 Barabiga, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2003 Faborsa Bay 1 Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2003 Faborso Bay 2 Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Katarina Island, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Lone 1, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  



ΤΞ 
 

2003 Muļa, Marina, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Palud, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2003 Punta Kriģ FKK, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Amarin Resorts, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Rovinj old town Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Samer Islet, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Ġkaraba, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Sturag Islet, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Sv. Andrija Island, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Val di Lesso, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2003 Velika Figarola island, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Zlatni rt, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2003 Lone 2, Rovinj Devescovi and Iveġa 2003 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2004 Lim Channel Iveġa 2004 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2006 Lone, Rovinj Osterc and Stibilj 2008 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

  

2006 Plava Laguna, Poreļ area Osterc and Stibilj 2008 Low Present 2021 

(Gljuġĺiĺ et al. 2023) 

  

2006 Umag - near marina Osterc and Stibilj, 2008 Low No current data   

2008 Novigrad Sea area Antoliĺ et al. 2021 Low Present 2022 

(Dobrinļiĺ et al. 2022) 

  

2008 Amarin Resorts, Rovinj 

(45.106006727, 13.613971992) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Scattered tiny patches 

2008 Cape Barabiga, Rovinj 

(45.100182709, 13.622388444) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Scattered small settlements on both 

sides of "Barabiga" cape 



ΤΟ 
 

2008 Bolnica, Rovinj 

(45.099690469, 13.631075967) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

After the artificial beach 

2008 Lastovo Island 

(42.7338, 16.8589) 

Jakl et al. 2008 High No current data   

2008 Lone, Rovinj Paviļiĺ-Hamer et al. 2016 Low Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Habitat destruction in October 2009 

2009 Starigrad ï Paklenica 

(44.295547, 15.436294) 

Andres, 2009 High No current data Small patches 

2010 Cintinera beach, Banjole Ļelig, 2010 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Sheltered limestone substrate 

2010 Indije camp, Banjole Ļelig, 2010 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Sheltered limestone substrate 

2010 Rt. Ġkara - Cape Kamenjak Ļelig, 2010 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; semi-exposed 

artificial substrate 

2010 Pjeġļana Beach Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; semi-exposed 

artificial substrate 

2010 Pomer Beach Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; semi-exposed 

artificial substrate 

2010 Pomer Harbour Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; sheltered artificial 

vertical substrate 

2010 Premantura Beach Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; semi-exposed 

artificial substrate 

2010 Premantura Harbour Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; sheltered limestone 

substrate 

2010 Soline Bay, near Vinkuran Ļelig 2010; Najdek et al. 2014 Medium Not recorded since 2010 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; sheltered limestone 

substrate 

2011 Krk ï Punat 1 

(45.018178, 14.627547) 

Hanģek et al. 2012 High No current data   

2011 Krk ï Punat 2 

(45.018628, 14.626833) 

Hanģek et al. 2012 High No current data   

2011 Masleniļko ģdilo - Masleniļka 

strana 

(44.221917, 15.536167) 

Hanģek et al. 2012 High Present 2024   

2011 Masleniļko ģdilo - Posejdarska 

strana 

(44.219833, 15.535983) 

Hanģek et al. 2012 High Present 2024   

2011 Otok Pag ï Novalja 

(44.571564, 14.886431) 

Hanģek et al. 2012 High No current data   

2011 Posedarje Hanģek et al. 2012 High No current data   



ΤΠ 
 

(44.209850, 15.479167) 

2011 Zadar ï Bazen 

(44.107600, 15.231000) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Borik 1 

(44.133842, 15.207197) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Borik 2 

(44.134792, 15.209300) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Diklo 1 

(44.149700, 15.205967) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Diklo 2 

(44.148667, 15.207033) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Diklo 3 

(44.147833, 15.208500) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Diklo 4 

(44.147417, 15.208733) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar - Karma 

(44.098344, 15.241942) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Zadar ï Punta Bajlo 

(44.094333, 15.249667) 

Hanģek et al. 2012 High Locally extinct 2023   

2011 Palud, Rovinj Iveġa 2011 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2013 Cape Barabiga, Rovinj 

(45.100182709, 13.622388445) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Scattered small settlements only on the 

right side of "Barabiga" cape 

2013 Bolnica 1, Rovinj  

(45.09762767, 13.631612231) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Small, but dense settlement 

2013 Bolnica 2, Rovinj  

(45.099690469, 13.631075968) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Residual and scarce thalli; after the 

artificial beach 

2013 Bolnica 3, Rovinj  

(45.100083075, 13.629400420) 

In this study High Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Well-developed settlement 

2013 Muļa, Rovinj 

(45.094158700, 13.632920767) 

In this study High Present 2023 Several small to medium sized 

settlements; Planting location - 2021-

2023 

2014 Barabiga, Rovinj Kuļinar and Iveġa 2014 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2014 Faborso Bay Kuļinar and Iveġa 2014 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2014 Muļa, Rovinj Kuļinar and Iveġa 2014 

(Gljuġĺiĺ et al. 2023) 

Medium Present 2023 Several small to medium sized 

settlements; Planting location - 2021-

2023 



ΤΡ 
 

2014 Val di Lesso, Rovinj Kuļinar and Iveġa 2014 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2015 Porat, Ļervar 

(45.27615, 13.58574) 

In this study High No current data Thinned to mosaic settlement; exposed 

location, limestone substrate and 

gently inclined slop 

2015 Trget - Uvala Blaģ 

(44.999254352, 14.047938654) 

Iveġa 2015 

(Gljuġĺiĺ et al. 2023) 

High Present 2021 

(Gljuġĺiĺ et al. 2023) 

Medium sized settlement, observed 

during CARLIT 

2016 Krniļki porat Gljuġĺiĺ and Iveġa 2016 

(Gljuġĺiĺ et al. 2023) 

Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

An app 1m2 patch amongst the 

unregulated, small boat moorings 

2016 Bijela Uvala, Funtana Gljuġĺiĺ 2016 Medium Present 2021 

(Gljuġĺiĺ et al. 2023) 

Continuous belt 

2016 Funtana Resorts, Funtana Gljuġĺiĺ 2016 Medium Present 2021 

(Gljuġĺiĺ et al. 2023) 

Mosaic settlement; exposed substrate 

2016 Materada 1, Poreļ area Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Rare, but widespread settlement 

2016 Materada 2, Poreļ area Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Plava Laguna, Poreļ area 

(45.211221225, 13.590460318) 

Gljuġĺiĺ 2016 High Present 2021 

(Gljuġĺiĺ et al. 2023) 

Medium sized settlement, with 2 

smaller patches nearby (30 m apart) 

2016 Valkanela north 1, Funtana Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Valkanela north 2, Funtana Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Valkanela north 3, Funtana Gljuġĺiĺ 2016 Medium Present 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Valkanela south, Funtana Gljuġĺiĺ 2016 Medium Present 2021 

(Gljuġĺiĺ et al. 2023) 

Continuous belt; vertical substrate and 

grazers 

2016 Valkanela south, Vrsar Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

Thinned to mosaic settlement; under 

intense anthropogenic influence 

(located on the beach in a tourist 

camp) 

2016 Vrsar 1 Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Vrsar 2 Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Zelena laguna camping, Funtana Gljuġĺiĺ 2016 Medium Not recorded since 2021 

(Gljuġĺiĺ et al. 2023) 

  

2016 Hotel Delfin 1, Poreļ area Gljuġĺiĺ Bilajac and Iveġa 2021 

(Gljuġĺiĺ et al. 2023) 

High Present 2021 

(Gljuġĺiĺ et al. 2023) 

Several square meters cover; 

moderately exposed location, 



ΤΣ 
 

limestone substrate, gentle slope and 

other Fucales present nearby 

2016 Pag 

(44.5032631, 15.0055506) 

In this study High Present 2023   

2016 Porat, Ļervar 

(45.27615, 13.58574) 

In this study High No current data Rare to scattered thalli; exposed 

location, limestone substrate and 

gently inclined slop 

2017 Porat, Ļervar 

(45.27615, 13.58574) 

In this study High No current data Rare to scattered thalli; exposed 

location, limestone substrate and 

gently inclined slop 

2018 Novigrad Sea area  

(44.200556, 15.480833) 

Cvitkoviĺ et al. 2021 High Present 2022 

(Dobrinļiĺ et al. 2022) 

  

2018 Porat, Ļervar  

(45.27615, 13.58574) 

In this study High No current data Rare thalli; exposed location, 

limestone substrate and gently inclined 

slop 

2019 Zlarin port Croatian Biology student 

association 2019 

Low Not recorded 2024   

2020 Novigrad Sea area 

(44.200556, 15.480833) 

Banoģiĺ et al. 2022 High Present 2022 

(Dobrinļiĺ et al. 2022) 

  

2020 Bay of Mali Ston Mioļiĺ-Stosic et al. 2020 Low Present 2020   

2021 Novigrad Sea area 

(44.200556, 15.480833) 

Cikoġ et al. 2022 High Present 2022 

(Dobrinļiĺ et al. 2022) 

  

2021 Bijela Uvala 1, Poreļ area Gljuġĺiĺ et al. 2023 Medium Present 2021 Small patch 

2021 Bijela Uvala 2, Poreļ area Gljuġĺiĺ et al. 2023 Medium Present 2021 10x10 m settlement 

2021 Funtana Resorts, Poreļ Gljuġĺiĺ et al. 2023 Medium Present 2021   

2021 Hotel Delfin 1, Poreļ area  

(45.19901364, 13.583218160) 

Gljuġĺiĺ et al. 2023 High Present 2021 Several square meters cover; 

moderately exposed location, 

limestone substrate, gentle slope and 

other Fucales present nearby 

2021 Hotel Delfin 2, Poreļ area 

(45.199220263, 13.5818040652 

Gljuġĺiĺ et al. 2023 High Present 2021 Small patch 

2021 Hotel Delfin 3, Poreļ area Gljuġĺiĺ et al. 2023 Medium Present 2021 Few thalli 

2021 Istra Premium Camping Resorts, 

Funtana 

Gljuġĺiĺ et al. 2023 Medium Locally extinct in 2022/2023 Small patch 

2021 Plava Laguna, Poreļ area 

(45.211221225, 13.590460318) 

Gljuġĺiĺ et al. 2023 High Present 2021 Scarcely distributed specimens in 2 

patches 



ΤΤ 
 

2021 Uvala Blaģ, near Trget (Raġa 

Bay) 

(44.999254352, 14.047938654) 

Gljuġĺiĺ et al. 2023 High Present 2021 Belt-shaped, medium sized settlement 

(5m long, but 10-20cm wide), 

observed during CARLIT 

2021 Ulika camp, Ļervar Gljuġĺiĺ et al. 2023 Medium Present 2021 Few thalli 

2021 Valkanela south 1, Funtana Gljuġĺiĺ et al. 2023 Medium Present 2021 Small residual patches; near the coastal 

wall 

2021 Lanterna (camping resort)  

(45.302121518, 13.58734555) 

Gljuġĺiĺ Bilajac and Iveġa 2021 

(Gljuġĺiĺ et al. 2023) 

High Present 2021 

(Gljuġĺiĺ et al. 2023) 

Medium sized but slightly scarce 

settlement (5x10) with large specimens 

2021 Luļica Stara voda, Kostrena, 

Rijeka, Croatia  

(45.29331, 14.50523) 

In this study High Extinct 2023 Thinned to mosaic settlement; in small 

harbour 

2021 Omiġalj In this study Low Locally extinct autumn 2023   

2021 Novigrad Sea area  

(44.200556, 15.480833) 

Jerkoviĺ et al. 2021 High Present 2022 

(Dobrinļiĺ et al. 2022) 

  

2022 SW side of the Novigrad Sea 

(44.200556, 15.480833) 

Dobrinļiĺ et al. 2022 High Present 2022   

2022 SW side of the Novigrad Sea 1 

(44.2004526, 15.4807804) 

In this study High Present 2023 Moderately abundant patches 

2022 SW side of the Novigrad Sea 2 

(44.1997539, 15.4818854) 

In this study High Present 2023 Moderately abundant patches 

2023 Lanterna (camping resort) 

45.30212151754, 

13.58734554961) 

Gljuġĺiĺ et al. 2023 High Present 2024 Medium sized but slightly scarce 

settlement (5x10) with large specimens 

2023 Bariĺ Draga (44.3634639, 

15.2895224) 

In this study High Present 2023 Near river 

2023 Hotel Delfin 1, Poreļ area 

(45.199013641, 13.583218160) 

In this study High Mostly disappeared Few tiny, scattered thalli remaining, 

devastated by severe fouling; 

moderately exposed location, 

limestone substrate, gentle slope and 

other Fucales present nearby 

2023 Uvala Blaģ, near Trget (Raġa 

Bay) 

(44.999254352, 14.047938654) 

In this study High Present 2024 Belt-shaped, medium sized settlement 

(5m long, but 10-20cm wide), 

observed during CARLIT 

2023 Uvala Blaģ, near Trget (Raġa 

Bay) - second settlement 

(45.000161825, 14.045971384) 

In this study High Present 2024 Belt-shaped, large sized settlement (30 

m long, but 10-20 cm wide), regularly 

monitored since mapping in 2023 

2023 Islet Zeļevo  

(44.2955314, 15.1930052) 

In this study High Present 2023 Reduced belt attached to the peer 



ΤΥ 
 

2023 Muļa, Rovinj  

(45.094158700, 

13.6329207669) 

In this study High Present 2024 Small patches; planting location - 

2021-2023 

2023 Pag  

(44.5032631, 15.0055506) 

In this study High Present 2023 Isolated small patches 

2023 Sebi beach  

(44.2853072, 15.1937193) 

In this study High Present 2023 Isolated small patches 

2023 Ġibenik In this study Low Present 2023   

2023 Vrsi 1 

(44.2837497, 15.1927732) 

In this study High Present 2023 Isolated small patches 

2023 Vrsi 2 

(44.2858157, 15.1941817) 

In this study High Present 2023 Isolated small patch 

2023 Vrsi 3 

(44.2863579, 15.1949095) 

In this study High Present 2023 Isolated small patches 

2023 Vrsi 4 

(44.2522536, 15.2742322) 

In this study High Present 2023 Isolated small patches on rocky 

substrate, freshwater input 

2024 South Novigrad Sea, Beach 

Korala 1  

(44.1762915, 15.5244616) 

In this study High Present 2024 Few scattered thalli on rocky substrate, 

freshwater input, anthropogenic 

pressure, on the beach 

2024 South Novigrad Sea, Beach 

Korala 2 

In this study High Present 2024 Few scattered thalli on rocky substrate, 

freshwater input, anthropogenic 

pressure, on the beach 

2024 Raģanac 1  

(44.2812717; 15.3543125) 

In this study High Present 2024 Isolated small patches 

2024 Raģanac 2  

(44.2807498; 15.3559018) 

In this study High Present 2024 Isolated small patches 

2024 Masleniļko ģdilo - Masleniļka 

strana  

(44.221917, 15.536167) 

In this study High Present 2024   

2024 Masleniļko ģdilo - Posejdarska 

strana  

(44.219833, 15.535983) 

In this study High Present 2024   

2024 Maslenica Ponton (posedarska 

strana)  

(44.2198341, 15.5358629) 

In this study High Present 2024 Isolated small patches 

2024 Maslenica 1  

(44.2214937, 15.5374897) 

In this study High Present 2024 Isolated small patches 

2024 Maslenica 2  

(44.2207796, 15.5394869) 

In this study High Present 2024 Isolated small patches 
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2024 SW Novigrad Sea 1 In this study High Present 2024 Isolated small patches, along the 

coastline from 44.1983712206, 

15.4845396233 to 44.19815584906, 

15,48477029330) 

2024 SW Novigrad Sea 2 In this study High Present 2024 Isolated small patches, along the 

coastline from 44,19762126252, 

15,48573052410 to 44,19409056236, 

15,48937832840) 

2024 SW Novigrad Sea 3 In this study High Present 2024 Isolated small patches, along the 

coastline from 44,18395496998, 

15,50648009306 to 44,18287784066, 

15,50776755340) 

2024 Rab  

(44.765833, 14.743583) 

In this study High Present 2024 Several scattered patches 

d) Montenegro         

1949 Hercegnovi Linardiĺ 1949 Low Locally extinct June 2023   

1949 Kotor Linardiĺ 1949 Low Locally extinct June 2023   

1949 Tivat Linardiĺ 1949 Low Locally extinct June 2023   

1971 Institute of Marina Biology, 

Dobrota 

Solazzi 1971 

(Maļiĺ 2006) 

Medium Locally extinct June 2023   

1971 Radimiri Solazzi 1971 

(Maļiĺ 2006) 

Medium Locally extinct June 2023   

2004 Andriĺi  

(42.474045, 18.687062) 

Maļiĺ 2006 High Present 2023 Sheltered, rocky substrate and 

freshwater input 

2004 Banj Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Carine Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Draģin Vrt Maļiĺ 2006 Medium Locally extinct June 2023   

2004 Gospa od Andela Maļiĺ 2006 Medium Locally extinct June 2023   

2004 Kamenari Maļiĺ 2006 Medium Locally extinct June 2023 Habitat destruction, rocky substrate 

and freshwater input in Risan Bay 

2004 Kraġiĺi 1 Maļiĺ 2006 Medium Locally extinct June 2023 Habitat destruction 

2004 Kraġiĺi 2 Maļiĺ 2006 Medium Locally extinct June 2023 Habitat destruction 

2004 Lipci Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Male Rose Maļiĺ 2006 Medium Locally extinct June 2023 Habitat destruction 
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2004 Morinj Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Perast 1 Maļiĺ 2006 Medium Locally extinct June 2023 Habitat destruction 

2004 Perast 2 Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Sopot Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Strp Maļiĺ 2006 Medium Locally extinct June 2023 Rocky substrate and freshwater input 

in Risan Bay 

2004 Turski rt Maļiĺ 2006 Medium Present 2023   

2023 Andriĺi  

(42.474045, 18.687062) 

In this study High Present 2023 Sheltered, rocky substrate and 

freshwater input 

2023 Lepetane  

(42.464119, 18.683301) 

In this study High Present 2023 Sheltered, rocky substrate and 

freshwater input 

2023 Opatovo  

(42.455823, 18.681565) 

In this study High Present 2023 Sheltered, rocky substrate and 

freshwater input 

2023 Turski rt In this study Medium Present 2023 Almost extinct 

e) Albania         

1987 Bay of Vlora Kashta 1987 

(Hoda et al. 2018) 

Low Locally extinct 1994 

(Kashta 1995-1996 in Blanfun® 

et al. 2016; Hoda et al. 2018) 

  

1987 Kallm, Durr±s Kashta 1987 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

1987 Lagji Cape (Kalaja e Turres) Kashta 1987 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

1987 Rodoni Cape Kashta 1987 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

1992 Bay of Vlora Kashta 1992 

(Blanfun® et al. 2016) 

Low Locally extinct 1994 

(Kashta 1995-1996 in Blanfun® 

et al. 2016; Hoda et al. 2018) 

  

1995 Kallm, Durr±s Kashta 1995-1996 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

1995 Lagji Cape (Kalaja e Turres) Kashta 1995-1996 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

1995 Rodoni Cape Kashta 1995-1996 

(Hoda et al. 2018) 

Low Present 2020 

(Genc Myftiu et al. 2020) 

  

2020 Durr±s ï Bishtpalla UNEP/MAP-SPA/RAC-PAP/RAC, 

MEDPOL, NAPA 2021 

Low Present 2020   
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2020 Kalaja e Turres ï Spille UNEP/MAP-SPA/RAC-PAP/RAC, 

MEDPOL, NAPA 2021 

Low Present 2020   

2020 Rodoni Cape ï Patoku lagoon UNEP/MAP-SPA/RAC-PAP/RAC, 

MEDPOL, NAPA 2021 

Low Present 2020   
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Fig. S3 Annual average of Sea Surface Temperature (SST) (ÁC) on the Adriatic coast from the 

northern Italy to the southern Albania (a), and of the northern sub-basin (b), central sub-basin (c), 

and southern sub-basin (d), from 1990 to 2021. The black points represent the seasonal averages, 

and the black lines represent the trend lines with their equation (y), their R-squared (RĮ) and their 

p-value (p). 

Fig. S4 Seasonal average of Sea Surface Temperature (SST) (ÁC) on the Adriatic coast, from 

northern Italy to southern Albania, from 1990 to 2021. The black dots represent the seasonal 

averages, and the black lines the trend lines with equation (y), R-squared (RĮ) and p-value (p). 

a)                                                                           b) 

c)                                                                          d) 

a)                                                                             b) 

c)                                                                            d) 
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Fig. S5 Annual average of salinity (psu) on the Adriatic coast from northern Italy to southern 

Albania (a), northern sub-basin (b), central sub-basin (c) and southern sub-basin (d), from 1990 to 

2021. The black dots represent the seasonal averages, and the black lines the trend lines with 

equation (y), R-squared (RĮ) and p-value (p). 

Fig. S6 Seasonal average of salinity (psu) on the Adriatic coast, from the northern Italy to the 

southern Albania, from 1990 to 2021. The black points represent the seasonal averages, and the 

black lines represent the trend lines with their equation (y), their R-squared (RĮ) and their p-value 

(p). 

a)                                                                               b) 

c)                                                                              d) 

a)                                                                               b) 

c)                                                                              d) 
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 Fig. S7 Annual average of the DIN (ÕM) in 1993 (a) and 2017 (b), of DIP (ÕM) in 1993 (c) and 

2017 (d) and in DIN:DIP in 1993 (e) and in 2017 (f). 

a)                                                                                 b) 

c)                                                                                 d) 

e)                                                                                 f) 
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 Fig. S8 Annual average of DIN concentration (ÕM) on the Adriatic coast from the northern Italy 

to the southern Albania (a), of the northern sub-basin (b), central sub-basin (c) and southern sub-

basin (d), from 1993 to 2017. The black points represent the seasonal averages, the black lines 

represent the trend lines with their equation (y), their R-squared (RĮ) and their p-value (p). 

 

Fig. S9 Seasonal average of DIN (ÕM) of the Adriatic coast, from the northern Italy to the southern 

Albania, from 1993 to 2017. The black points represent the seasonal averages, and the black lines 

represent the trend lines with their equation (y), their R-squared (RĮ) and their p-value (p). 

ċьШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШĤь 

ĦьШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШШĬь 

a)                                                                           b) 
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Fig. S10 Annual average of DIP concentration (ÕM) on the Adriatic coast from the northern Italy 

to the southern Albania (a), of the northern sub-basin (b), central sub-basin (c) and southern sub-

basin (d), from 1993 to 2017. The black points represent the seasonal averages, the black lines 

represent the trend lines with their equation (y), their R-squared (RĮ) and their p-value (p). 

 

Fig. S11 Seasonal average of DIP (ÕM) of the Adriatic coast, from the northern Italy to the southern 

Albania, from 1993 to 2017. The black points represent the seasonal averages, and the black lines 

represent the trend lines with their equation (y), their R-squared (RĮ) and their p-value (p). 

c)                                                                           d) 

a)                                                                             b) 

a)                                                                            b) 

c)                                                                          d) 
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 Fig. S12 Annual average of DIN and DIP concentrations (ÕM) on the northwest coast (NW) (a 

and b), on the northeast coast (NE) (c and d) and in the Gulf of Trieste (e and f), from 1993 to 

2017. The black dots represent the annual averages, and the black lines the trend lines with their 

equation (y), R-squared (RĮ) and p-value (p). 

a)                                                                            b) 

c)                                                                            d) 

e)                                                                            f) 



 

ΦΟ 
 

Chapter II 

 

Ecophysiological responses of Fucus virsoides (Phaeophyceae, 

Fucales) to past and present nutrient conditions in the northern 

Adriatic 

 

 

Descourvi¯res et al. 2024, Marine Biology, Volume 171, 205 

 

  



 

ΦΠ 
 

Abstract 
 

Fucus virsoides is a brown seaweed endemic to the Adriatic and the only species of its genus found 

in the Mediterranean. Historically widespread from the Venice lagoon (Italy) to Albania, this 

species has suffered a sharp decline and is currently threatened with extinction. 

Over the past three decades, the northern Adriatic has seen a shift towards oligotrophy 

conditions, yet the ecophysiology of F. virsoides in response to nutrients changes has been poorly 

studied. Addressing this gap is crucial for understanding the extent to which these environmental 

changes may have contributed to the speciesô decline. 

To test our hypothesis that nutrient changes might be the primary driver of F. virsoides 

decline, we conducted a two-week experiment exposing germlings and adults to six different 

nutrient conditions. These included three Redfield ratios recorded in the Gulf of Trieste in 1996, 

2007 and 2017, reflecting the shift from eutrophic to oligotrophic conditions experienced by F. 

virsoides in the wild. Additionally, the adults were exposed to three supplementary eutrophic 

conditions (naturally and artificially fertilized).  

Growth and physiological responses (measured via O2 evolution and PAM fluorimetry) of 

F. virsoides to varying nutrient conditions were largely consistent, with only subtle effects 

observed. Our results highlight the speciesô acclimatation potential, suggesting that short-term 

nutrient changes alone may not fully explain its decline. Understanding F. virsoides resilience to 

multiple environmental stressors is crucial for developing effective conservation strategies to 

preserve marine forests in the face of ongoing anthropogenic disturbances.  

 

Keywords: Mediterranean, seaweeds, metabolic rates, photosynthetic performances  
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1. Introduction 

 

Marine ecosystems are increasingly threatened by rapid climatic changes, exacerbated by human 

activities, which alter ecosystem structure and functioning and consequently affect the services 

they provide (Halpern et al. 2008; Pecl et al. 2017). Numerous studies on macroalgae have 

documented the cumulative impacts of these changes at both local and global scales (Smale and 

Wernberg 2013; Smale 2020). Key factors affecting macroalgae include temperature, salinity, 

photosynthetically active radiation (PAR), ultraviolet (UV) exposure, and nutrient availability, all 

of which significantly affect growth and productivity (L¿ning 1990; Hurd et al. 2014; Perini and 

Bracken 2014). 

In terms of nutrients dynamics, the Redfield ratio (C:N:P 106:16:1) serves as reference for 

many aquatic environments (Redfield et al. 1963), while a nitrogen (N) to phosphorous (P) ratio 

of 30:1 is considered non-limiting for macroalgae and seagrasses (Atkinson and Smith 1983). 

Fucus virsoides J. Agardh is the only endemic Mediterranean representative of the genus Fucus 

(Giaccone and Pignatti 1967; Munda 1973), which is otherwise distributed in colder temperate 

areas in the North Atlantic and North Pacific coasts, the Baltic Sea (Wahl et al. 2011) and at 

upwelling areas in the east Atlantic coasts and Strait of Gibraltar (Louren­o et al. 2016; S§nchez 

de Pedro et al. 2023a). Once considered almost ubiquitous from the lagoon of Venice to Albania 

(Linardiĺ 1949; Kashta 1996; Maļiĺ 2006), F. virsoides, restricted to the intertidal zone, has 

declined drastically and today only a few fragmented populations remain (Falace et al. 2010; 

Battelli 2016a; Gljuġĺiĺ et al. 2023; Descourvi¯res et al. 2024a).  

The ecological importance of Fucus spp. is well recognized, as they serve as primary 

producers and habitat-forming species, providing shelter, nursery and feeding grounds for a variety 

of associated species (Wahl et al. 2011). Fucus species are known for their ability to tolerate large 

fluctuations in environmental variables (Wahl et al. 2011; Ferreira et al. 2014), resulting in 

significant ecotypic and phenotypic differentiation even at local scale (Gylle 2011). From a 

ñresistanceïresilienceò perspective (Nimmo et al. 2015), their ecological success in fluctuating 

(i.e. intertidal zones) and disturbed environments (i.e. polluted sites) may be related to their broad 

ñoptimumò performance range, in which physiological responses remain stable (resistance 

response), as well as their ability to recover their physiological functions (i.e. photosynthesis, 

nutrient uptake) following abiotic stress (Schagerl and Mºstl 2011). However, the impact of a 
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single stressor can exceed the natural physiological limits of Fucus species (e.g. Mart²nez et al. 

2012; Falace et al. 2018a), leading to decline and local extinction (Nilsson et al. 2004; Nicastro et 

al. 2013; S§nchez de Pedro et al. 2023b).  

In contrast to other congeneric species, such as Fucus vesiculosus, which have been 

extensively studied under various stressors (temperature, Graiff et al. 2015; temperature and 

salinity, Takolander et al. 2017; temperature and nutrients, Steen and Rueness 2004; Pi¶eiro-

Corbeira et al. 2019), the literature on F. virsoides remains scarce (Zavodnik 1973; Kremer and 

Munda 1982). Recent studies have explored the responses of F. virsoides to eutrophication and 

pollutants such as glyphosate, a widely used fertilizer (Falace et al. 2018a; Felline et al. 2019; 

Gerdol et al. 2020). However, the causes of F. virsoides decline remain elusive (Falace et al. 2010; 

Orlando-Bonaca et al. 2013; Battelli 2016a; Descourvi¯res et al. 2024a). 

In its northern range, a decrease in P load of the Po River has been recorded since the late 

1980s (Cozzi and Giani 2011; Giani et al. 2012), likely due to Italian legislation reducing 

phosphates in detergents and thus nutrient load in wastewater (Totti et al. 2019). This P depletion 

(Solidoro et al. 2009; Grilli et al. 2020) has led to an increase in the N:P ratio in the northern 

Adriatic (Degobbis et al. 2000; Fanelli et al. 2022), which is now classified as oligotrophic 

(Mozetiļ et al. 2010). Phosphorus is crucial for nucleic acids, proteins, coenzymes and 

phospholipids and is essential for energy transfer through ATP, photosynthesis, respiration, and the 

priming of molecules for metabolic pathways (Douglas et al. 2014). In contrast, high nutrient levels 

(e.g. eutrophication) can trigger growth responses in environment where other conditions are 

suboptimal (e.g. salinity) (Nyg¬rd and Dring 2008). Increased nutrient loading may also promote 

competition with fast-growing macroalgae (e.g. Ulva spp.), sessile fauna and periphytic 

microorganisms, leading to the overgrowth of epibionts (Korpinen et al. 2010), impaired light 

penetration, phytoplankton blooms and altered vertical distribution of coastal macroalgae in the 

subtidal (Kautsky et al. 1986). 

We hypothesized that the shift from eutrophy to oligotrophy in the northern Adriatic could 

be a driving factor in the decline of F. virsoides and that speciesô responses my vary depending on 

its developmental stage. The aim of this study was to test this hypothesis under controlled 

laboratory conditions. We examined the effects of three dissolved inorganic nitrogen to phosphorus 

ratios ([DIN]:[P]) experienced by F. virsoides in the Gulf of Trieste (northern Adriatic) over the 

last 30 years on germlings and adult fronds. Additionally, we exposed adult fronds to three 
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supplementary conditions (i.e. seawater collected at the sampling site, eutrophic and biofertilizer 

enriched). Our objectives were: i) to assess differences in physiological performance and ii) 

evaluate the morphological development of germlings and adult fronds to determine whether 

varying nutrient conditions could be blamed for the decline of F. virsoides. 

 

2. Materials and methods 

 

2.1. Analysis of the [DIN]:[P] ratio in the Gulf of Trieste 

 

The long-term annual average concentrations of dissolved inorganic nitrogen [DIN] and [P] in the 

surface seawater of the Gulf of Trieste were assessed using the pre-processed datasets available on 

EMODnet: Mediterranean Sea  ï DIVA 4D 6-year seasonal analysis of Water body DIN 1990/2019 

v2021 (https://emodnet.ec.europa.eu/geonetwork/emodnet/api/records/3b85a714-cd1c-11e8-

8664-8056f28224bb) and Mediterranean Sea ï DIVA 4D 6-year seasonal analysis of Water body 

phosphate 1968/2019 v2021 

(https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-

8056f28224bb). The downloaded dataset was formatted as a 6-year average for each season, 

covering the period from 1990-1995 to 2014-2019. Based on the calculated annual mean 

concentrations, we derived the corresponding annual [DIN]:[P] ratio. Data analysis was conducted 

using the Python programming language. From the results, we identified two extreme values of 

the annual mean [DIN]:[P] ratio: 31:1 in 1996 (R1) and 102:1 in 2017 (R3). Additionally, a median 

value of 66:1 from 2007 (R2) was selected to represent intermediate conditions. These three 

[DIN]:[P] ratios were chosen as the experimental conditions for testing the responses of both adults 

and germlings stages of F. virsoides (Fig. 1, Table 1).  

Historical data indicate that F. virsoides populations were abundant and widespread in the 

Gulf of Trieste during 1992-1993 (Lipizer et al. 1995). However, by 2009, Orlando-Bonaca et al. 

(2013) noted the absence of the species at several previously recorded sites, and by 2017, only the 

population of Marina Julia was reported (Falace et al. 2018a; Descourvi¯res et al. 2024a). Given 

that the peak of growth of F. virsoides occurred under conditions similar to those in R1, this ratio 

was considered representative of non-limiting conditions for the species.  

https://emodnet.ec.europa.eu/geonetwork/emodnet/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/emodnet/api/records/3b85a714-cd1c-11e8-8664-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-8056f28224bb
https://emodnet.ec.europa.eu/geonetwork/srv/api/records/158de2d6-ca8a-11e8-b0bc-8056f28224bb
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Fig. 1 Long-term analysis of the seasonal [DIN]:[P] ratio in the Gulf of Trieste. The dots connected 

by  dotted line represent the annual average values, while the black line represents the trend line 

with the corresponding equation (y), R-squared (RĮ) and p-value (p). Data were extracted from 

pre-processed datasets available on the EMODnet website (see the section ñAnalysis of the 

[DIN]:[P] ratio in the Gulf of Triesteò for more details). 

 

2.2. Sampling 

 

Fucus virsoides samples were collected in the Gulf of Trieste at Marina Julia (45Á46ô37.7 ñN, 

13Á32ô02.6 ñE) during low tide (ca. 1m above Chart Datum) in May-July 2023. In this area 

(northern Adriatic), the mean recorded tidal amplitude reaches its peak up to ca. 90 cm compared 

to the average 20-30 cm recorded in the rest of the Adriatic and the Mediterranean (Battelli 2016b). 

To minimize the impact on the population, only apical fronds were collected rather than whole 

individuals. To ensure that different individuals were sampled, fronds were collected at least 10 

cm apart. Approximately 150 fronds with mature receptacles and around 100 sterile fronds (ca. 5 

cm long) were gathered and transported under dark, cold conditions to the Phycological Laboratory 

of the University of Trieste (Italy) within one hour.  
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The samples were then cleaned of epiphytes, sand and pebbles using artificial seawater 

(ASW) and tweezers. For the germling experiment, fertile fronds were stored at 4 ÁC for 24 h to 

induce the release of gametes (Falace et al. 2018b; Kaleb et al. 2022). 

All fronds were photographed and weighed (fresh weight, FW) using an analytical scale (Ñ 

0.1 mg) (Sartorius, Gºttingen, Germany). The fronds were then dark-adapted in Petri dishes for 20 

min (Kaleb et al. 2023) before measuring the maximal quantum efficiency of photosystem II 

(Fv/Fm) using a PAM Imaging Fluorometer Open FluorCam (Photon Systems InstrumentsÉ, Czech 

Republic). Initial basal fluorescence (F0) was measured, followed by the application of a saturating 

light pulse to induce and measure the maximum fluorescence (Fm). Fv/Fm was then calculated using 

the equation of Maxwell and Johnson (2000). Only samples with Fv/Fm Ó 0.6, indicative of a 

healthy ecophysiological state (e.g. Schagerl and Mºstl 2011; Mart²nez et al. 2012), were selected 

for the experiments.  

 

2.3. Experimental setup 

 

Cultures of germlings and fronds of F. virsoides were maintained under controlled conditions at 

15 Ñ 0.5 ÁC, with a light intensity of 125 Ñ 30 Õmol photons m-2 s-1, salinity of 35, and a 

photoperiod of 15:9 hours light-dark cycle similar to field condition. Light was provided by white 

LED lamps (ADDLIVE LED, Dongguan, China) and measured using a LI-COR190/R photometer 

(LICOR-Biosciences, Lincoln, NE, USA). 

Culture media were prepared with ASW (ca. 30-40 L per conditions) using Instant OceanÈ 

Salt (Aquarium Systems, Sarrebough, France) following the protocols of Nielsen and Nielsen 

(2012). Temperature and salinity were monitored daily using a digital thermometer (ThermoPro, 

Shenzhen, China) and a portable refractometer RSM/ATC (Exacta and Optech, San Prospero, 

Modena, Italy), respectively. 

The effects of the three specific [DIN]:[P] ratios (R1, R2 and R3) were tested on both adult 

fronds and germlings. Each nutrient condition was replicated in three 1-liter tanks, containing five 

clay tiles for the germlings culture and seven fronds for the adults culture (Fig. 2), resulting in a 

total of 45 clay tiles and 63 fronds. The fronds were needle-punched at their base, labelled with 

plastic beads, and suspended in the tanks using nylon strings.  
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In addition to the three [DIN]:[P] conditions, adult fronds were exposed to three additional 

nutrient conditions (Table 1):  

- C1: representing higher annual mean values recorded in the Gulf of Trieste by the Regional 

Environmental Protection Agency ï Friuli Venezia Giulia (ARPA FVG, 2009-2014) (Gerdol et al. 

2020). 

- C2: enriched with the biofertilizer AlgatronCifoÈ (Cifo S.p.A. San Giorgio di Piano, Bologna, 

Italy) which has been shown to enhance photophysiological and growth performance in 

other Fucales (e.g.. Gongolaria barbata, Kaleb et al. 2023; Ericaria amentacea, Malfatti et al. 

2023). 

- SW: filtered seawater collected at the sampling site in Marina Julia.  

R1 was used as control condition for a three-day acclimation period, as it was considered 

optimal for F. virsoides based on historical data from the 1990s when it was widespread and 

abundant in the Gulf of Trieste. 

 

Table 1 Nutrient conditions used in the Fucus virsoides culture experiment derived from 

EMODnet and the literature. 

Acronym Culture Media N-NO3 

(ÕM) 

P-PO4 

(ÕM) 

[DIN]:[P] 

ratio 

R1 ASW + [DIN]:[P] 

ratio in 1996 

3.18 0.12 31:1 

R2 ASW + [DIN]:[P] 

ratio in 2007 

3.58 0.05 66:1 

R3 ASW + [DIN]:[P] 

ratio in 2017 

2.46 0.03 102:1 

C1 ASW + ARPA 2009-

2014 a 

25.99 0.05 577:1 

C2 SW + AlgatronCifoÈ bc  0.86 0.02 1044:1 

SW SW at collection site b  1.25 0.02 121:1 

Û  Values as reported by Gerdol et al. (2020); b Values as reported by Kaleb et al. (2023); c In addition to the N-NO3, C2 also 

included 20.75 ÕM N-NH4  
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Culture media R1, R2, R3 and C1 were prepared by adding sodium nitrate (NaNO3, 

SigmaAldrich), and potassium phosphate (KH2PO4, SigmaAldrich) to ASW. Nitrites (NO ) were 

not included due to their typically low concentrations compared to nitrates in the North Adriatic 

Sea (Degobbis and Gilmartin 1981). Both nutrients were dissolved in distilled water and then 

added to the ASW batches. Instant Ocean contains trace amounts of NO3
- and PO4

3- (ca. 0.5 ɛM 

NO3
- and ca. 0.3 ɛM PO4

3-); however, since the same amount of salt was added to each condition 

involving ASW, these trace amounts and other micronutrients present in the filtered SW were not 

included in the nutrient listings. For the C2 and SW conditions, seawater was collected from the 

sampling site and filtered through 0.22 Õm Durapore membrane filters (Merck Millipore Ltd). The 

C2 condition was prepared by adding 4.5 mL L-1 of AlgatronCifoÈ to the seawater, as in Kaleb et 

al. (2023). 

To avoid possible nutrient limitation, culture media were renewed every three days in the 

germlings tanks and every two days in the adult tanks. To control the variation of light intensity 

with position under the lamp, tanks and tiles within the tanks were randomly repositioned under 

the lamps when culture media was refreshed.  

Fig. 2 Experimental design for the different nutrient conditions in the germling and adult 

experiment. R1= [DIN]:[P] ratio in 1996, R = [DIN]:[P] ratio in 2007, R3 = [DIN]:[P] ratio in 

2017, C1= higher annual mean values registered in the Gulf of Trieste, C2= biofertilizer additive 

AlgatronCifoÈ and SW= filtered seawater collected at the sampling site.  
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2.4. Germlings culture 

 

After 24 h in dark and cold conditions, the receptacles were placed in six 300 mL beakers filled 

with R1 solution and left undisturbed for an additional 24 h under laboratory conditions (see 

previous section) until the gamete release and fertilization occurred. The receptacles were then 

carefully removed, and concentrated zygote solution was prepared by removing ca. 250 mL of R1 

from each beaker. An area of 3.2 Ñ 0.22 cmĮ on 45 clay tiles was inoculated by pipetting the zygote 

solution. The tiles were acclimatized for 24 h, after which five tiles per tank were randomly 

assigned (T0). The following measurements were conducted (Table 2): 

- Morphometry: One tile for each tank was used for morphometric analysis, where 10 embryos 

were randomly selected and photographed under an inverted microscope (Leica, DM IL LED) 

using a Canon PowerShot G9. This procedure was repeated after 3 (T1), 6 (T2), 9 (T3), and 12 

days (T4). The following variables were measured using ImageJÈ software (Schneider et al. 

2012): embryo length and width, rhizoid length, hyaline hair length and number (measured from 

T2 to T4). 

- Embryo density and survival rate: The number of embryos per tile was determined from images 

of 4 tiles per tank, taken with a digital camera (Olympus Tough TG-7) at T0 and T4. The tiles were 

positioned on a plasticized grid paper, which served as a reference for germling coverage in the 

images. The survival rate (%) was then manually calculated using ImageJÈ software. 

- Photosynthetic efficiency: Fv/Fm was measured on the surface of the germlings-covered tiles at 

T2, T3 and T4 using a PAM Imaging Fluorometer Open FluorCam as previously described 

(Malfatti et al. 2023). 
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Table 2 Data collected on germlings.  

Time Sample size Variable 

T0 = random assignment of 

the tiles to the different 

nutrient concentrations 

4 tiles per tank density 

T1 = 3 days  10 embryos per tank embryos length and width  

rhizoids length  

T2 = 6 days  10 embryos per tank 

 

 

 

4 tiles per tank 

embryos length and width  

rhizoids length  

hyaline hairs length and 

number 

Fv/Fm  

T3 = 9 days 10 embryos per tank 

 

 

 

4 tiles per tank 

embryos length and width  

rhizoids length  

hyaline hairs length and 

number 

Fv/Fm  

T4 = 12 days 10 embryos per tank 

 

 

 

4 tiles per tank  

4 tiles per tank  

embryos length and width  

rhizoids length  

hyaline hairs length and 

number 

density 

Fv/Fm  

 

2.5. Adults culture 

 

Fronds were acclimatized in R1 solution for three days before being randomly assigned to tanks 

(T0). Measurements were conducted as follows (Table 3):  
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- Photosynthetic performance: Rapid Light Curves (RLCs) measurements were performed on three 

randomly selected fronds per tank with the PAM Imaging Fluorometer Open FluorCam at day 0 

(T0), 4 (T1), 8 (T2), and 12 days (T3). RLCs consisted of eight actinic light steps (18, 101, 188, 

277, 451, 622, 1118, 1588 ɛmol photons m Į s ĭ), each lasting 60 seconds. A saturating light pulse 

of 4040 ɛmol photons m Į s ĭ was applied at the end of each step to determine the minimum (F0) 

and maximum fluorescence (Fm). Each RLC lasted approximately 8 min and recorded the 

fluorescence yield (F), the maximum fluorescence yield of a light-adapted frond (Fôm), the 

effective quantum yield of PSII (PʟSII), and the electron transport rate (ETR). Following Ralph and 

Gademann (2005), the initial slope of the RLC before the onset of saturation (Ŭ), the minimum 

saturating irradiance (Ek) and the maximum relative electron transport rate (rETRmax) were 

determined by fitting the RLC to a curve as function of PAR irradiance (SigmaPlot v. 12.0, Systat 

Software Inc.) using the equation of Platt et al. (1980). For each light step, non-photochemical 

quenching (NPQ) was calculated as the ratio of the difference between Fm and Fôm to Fôm, and fitted 

as function of PAR irradiance to obtain the maximum non-photochemical quenching (NPQmax), 

representing maximum thermal energy dissipation, according to Ser¹dio and Lavaud (2011).  

- Relative Growth Rate (RGR): The FW of all fronds was recorded at T0 and T3. RGR was 

calculated as the difference between the logarithms of the final and initial FW divided by the time 

interval (L¿ning 1990).  

- Metabolic rates: To minimize stress to the fronds, metabolic rates were recorded one-day after 

the photosynthetic performance measurements, referred to as T0*, T1*, T2*, T3*. Oxygen 

evolution was measured by incubating individual fronds in 20 mL gas-tight glass vials equipped 

with sensor spots (three fronds per tank, one per vial) alongside a control vial containing only the 

tank medium to account for possible microbial activity. Once incubated, the fronds were put back 

into the tank and left to acclimate again to the laboratory conditions. Dissolved oxygen (DO) was 

recorded through contactless optical fibers, with the oxygen curve recorded in real-time using a 4-

channel optical O2 readout device (FireSting-O2; FSO2-C4, PyroScience GmbH, Aachen, 

Germany) at one-minute interval, with data stored in the Pyroscience Workbench software. The 

incubation lasted approximately 15-20 min and was conducted under both light and dark 

conditions to measure net production (NP) and respiration rate (R), respectively. The incubation 

time was defined appropriate after some preliminary tests combining biomass, vials volume and 

time, so to prevent any photorespiration process happening in the light incubation (Ouiss ̄et al. 
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2014). While light incubations did not require a specific acclimation time because conducted at 

laboratory conditions, prior respiration measurement, fronds acclimation was ensured by starting 

at least one hour after the lamps switched off. To prevent the boundary layer formation at the 

beginning and at the end of the incubation, the vials were carefully shaken, stirring the water inside 

during the experiment and before recording the values. DO measurements were automatically 

adjusted for temperature changes using the TSUB21 temperature sensor (PyroScience GmbH, 

Aachen, Germany), which was inserted into the culture medium within the tank and connected to 

the readout device. At the end of each incubation cycle, each frond was photographed and weighed 

(FW) to express metabolic rates as Õmol O2ĿgFW
-1Ŀh-1. Net production and respiration were 

calculated as the difference between the final and initial values. Assuming a constant respiration 

rate throughout the daily cycle, gross primary productivity (GPP) was calculated as follows: GPP 

= NP + R (Guy-Haim et al. 2016). 

 

Table 3 Data collected on adult fronds. *Asterisks indicate the time intervals of the metabolic rates 

measurements, one day later than the other measurements.   

Time Sample size Variable Unit 

T0 = random assignment of 

fronds to the different 

nutrient concentrations 

3 fronds per tank 

63 fronds 

 

 

RLCs  

Length 

 

-  

mm 

 

T0* = 1 days 3 fronds per tank Metabolic 

rates 

Õmol O2ĿgFW
-1Ŀh-1 

T1 = 4 days 3 fronds per tank RLCs  -  

T1* = 5 days 3 fronds per tank Metabolic 

rates 

Õmol O2ĿgFW
-1Ŀh-1 

T2 = 8 days 3 fronds per tank RLCs  -  

T2* = 9 days 3 fronds per tank Metabolic 

rates 

Õmol O2ĿgFW
-1Ŀh-1 

T3 = 12 days 3 fronds per tank 

63 fronds 

RLCs  

Length 

-  

mm 

T3* = 13 days 3 fronds per tank Metabolic 

rates 

Õmol O2ĿgFW
-1Ŀh-1 
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2.6. Statistical analysis  

 

Statistical tests were performed in RStudio (R Core Team 2023). Germling morphometric 

measurements and density were analyzed by a Split-Plot ANOVA with ñTankò as the within-

subjects identifier (9 levels), ñTimeò as the within-subjects factor (4 or 3 levels), and ñNutrientò 

as the between-subjects factor (3 levels) using the ñanova_testò function from the ñrstatixò 

package (Kassambara 2023). When these were significant, we proceeded with pairwise 

comparison analysis with Bonferroni adjustment using the ñt-testsò function from ñrstatixò. Linear 

mixed-effects models were used to account for the nesting design with the function ñlmerò from 

the package ñlme4ò (Bates et al. 2020) and Type II or III Wald Chi-Square tests were applied to 

assess the significance of the fixed effects. For the analysis of photosynthetic performances and 

metabolic rates, the factors ñNutrientò (3 or 6 levels) and ñTimeò (3 or 4 levels) were treated as 

fixed effects, while ñTankò was included as a random effect (9 or 17 levels). For the RGR, the 

factor ñNutrientò (6 levels) was treated as a fixed effect and ñTankò as a random effect (17 levels). 

Estimated marginal means analysis with pairwise comparison test with Tukey adjustment was then 

performed using the ñemmeansò package (Lenth et al. 2023) when necessary.  

 

3. Results 

 

Morphometric measurements of germlings significantly increased over time, but no significant 

differences were observed between treatments (Tables S1, S2). However, at T4, the mean length 

of hyaline hairs in the R1 condition was ca. 52 Õm smaller than in R2 and R3 (284.76 Ñ 45.42 Õm, 

337.92 Ñ 58.97 Õm and 335.28 Ñ 7.49 Õm, respectively). Germling density decreased significantly 

and uniformly over time across all conditions (Split-plot ANOVA, F2,6 = 59.85, p < 0.01), while 

no significant differences in germling survival were observed (Linear mixed model, ChiĮ2 = 0.03, 

p = 0.98) (Fig. S1). 

Fv/Fm ratio was similar across different nutrient conditions (Linear mixed model, ChiĮ2 

=  0.09, p = 0.96), but significant differences were observed over time and in the interaction 

between nutrient conditions and time (ChiĮ2 = 76.71, p < 0.01 and ChiĮ4 = 10.73, p < 0.05, 

respectively). A slight decrease in Fv/Fm was observed over time in all nutrient conditions, with 

mean values ranging from 0.68 Ñ 0.01 (ÑSD) at T2 to 0.63 Ñ 0.03 (ÑSD) at T4. 
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In adult fronds, Fv/Fm decreased slightly over time (Linear mixed model, ChiĮ3 = 55.25, p 

< 0.01), but not uniformly across nutrient conditions (ChiĮ15 = 52.76, p < 0.01) (Table S3). Notably, 

Fv/Fm values at T3 remained consistently above 0.6 in C1 and SW, whereas these values decreased 

to 0.56-0.58 in R1, R2, R3 and C2 (Fig.3a, Table S4). Similar to Fv/Fm, rETRmax also showed 

significant differences over time (Linear mixed model, ChiĮ3 = 54.51, p < 0.01) and in the 

interaction of the factors (ChiĮ15 = 67.85, p < 0.01) (Table S3). However, similar rETRmax values 

of ca. 83 ɛmol electrons m-2 s-1 were found at both T0 and T3 (Fig.3b, Table S4). Differences were 

also observed for Ŭ and Ek in both factors and their interaction (Table S3). In particular, samples 

cultured in R1, R2 and R3 exhibited lower Ŭ values than those in C1, C2 and SW (Fig.3c, Table 

S5) and higher Ek values compared to C1 (Fig.3d, Table S5). A similar trend to rETRmax was 

observed for NPQmax (Fig. S2, S3). NPQmax only showed significant differences when the 

interaction of the two factors was considered (Linear mixed model, ChiĮ15 = 27.66, p < 0.01, Table 

S3). At the end of the experiment, higher NPQmax values were observed in C1 and SW compared 

to R1, R2, R3 and C2 (Fig.3e, S5).  
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Fig. 3 a) Fv/Fm, b) rETRmax,c) Ŭ and d) Ek and e) NPQmax measured in adult fronds of Fucus 

virsoides under different nutrient conditions on day 0 (T0) in grey and day 12 (T3) in black. R1 = 

[DIN]:[P] ratio in 1996 , R2 = [DIN]:[P] ratio in 1996, R3 = [DIN]:[P] ratio in 2017, C1 = higher 

annual mean values recorded in the Gulf of Trieste, C2 = biofertilizer additive AlgatronCifoÈ and 

SW = filtered seawater collected at the sampling site. Data are presented as mean values (n = 3) Ñ 

SD. Different regular and bold letters indicate statistically significant differences between nutrient 

conditions at T0 and T3, respectively (p < 0.05); n.s. = not statistically significant. 
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The average RGR ranged from 1.54 Ñ 0.28 in C2 to 2.71 Ñ 1.32 % d-1 in R3. The RGR in 

C2 was ca. 1% lower than in R2, R3, C1 and SW, and R3 showed a slightly higher RGR than R1 

(Linear mixed model,  ChiĮ15 = 29.16, p < 0.01) (Fig. 4, Table S6). 

 

 

Fig. 4 Median values, 25th and 75th percentiles of relative growth rates expressed in terms of fresh 

weight (RGR%) of adult fronds of Fucus virsoides exposed to the different nutrient conditions. R1 

= [DIN]:[P] ratio in 1996, R2 = [DIN]:[P] ratio in 1996, R3 = [DIN]:[P] ratio in 2017, C1 = higher 

annual mean values recorded  in the Gulf of Trieste, C2 = biofertilizer additive AlgatronCifoÈ and 

SW = filtered seawater collected at the sampling site. Data are presented as mean values (n = 3) Ñ 

SD. Different letters indicate statistically significant differences among nutrient conditions and 

times (p < 0.05). 
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Fig. 5 Metabolic oxygen evolution rates measured on adult fronds of Fucus virsoides under light 

(net production: NP) and dark conditions (respiration: R) incubations on day 1 (T0*) and 13 (T3*). 

R1 = [DIN]:[P] ratio in 1996 , R2 = [DIN]:[P] ratio in 1996, R3 = [DIN]:[P] ratio in 2017, C1 = 

higher annual mean values recorded in the Gulf of Trieste, C2 = biofertilizer additive 

AlgatronCifoÈ and SW = filtered seawater collected at the sampling site. Data are mean values 

(n=3) Ñ SD. DO: dissolved oxygen. Different regular and bold letters indicate statistically 

significant differences between nutrient conditions in NP and R, respectively (p < 0.05); n.s. = not 

statistically significant. 

 

Metabolic rates, net oxygen production (NP) and respiration (R), remained consistent over time 

(Linear mixed model, ChiĮ3 = 3.37, p = 0.34, ChiĮ3 = 6.94  p = 0.07, respectively) (Fig.5, Table 

S7). Nonetheless significant differences were observed between treatments  (ChiĮ5 = 19.38, p < 

0.01 and ChiĮ5 = 59.68,  p < 0.001) and in the interaction between time and treatment. Notably, 

samples in the R3 exhibited the highest R values at T0*. Additionally, NP was similar across the 

six nutrient conditions, except for R1, which was significantly lower than R2 and R3 (Table S8). 

By the final measurement (T3*), R values were similar across all conditions, while R2 showed a 

higher NP than C2. The calculated gross primary productivity (GPP) values were initially (T0*) 

higher in R3 compared to the other conditions, with R2 significantly higher than C1 and C2 after 

two weeks (T3*). 
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4. Discussion  

 

This study provides new insights into the ecophysiology (i.e. growth, photosynthesis, oxygen 

production and respiration) of Fucus virsoides. Although the decline of F. virsoides is mainly 

associated with pollution, habitat fragmentation and climate change (e.g. Boero et al. 2008; 

Orlando-Bonaca et al. 2013; Gerdol et al. 2020; Descourvi¯res et al. in press), the exact cause-

effect relationships have not yet been assessed and the reasons for this loss are still unclear. The 

occurrence of remnant populations is often restricted to areas close to freshwater inputs (Gerdol et 

al. 2020), this may be due to F. virsoides finding shelter in nutrient enriched areas as a consequence 

of the remarkable changes in trophic conditions in the northern Adriatic. Based on these 

assumptions, these changes were therefore hypothesized as a possible driver for the species' 

decline. In addition, according to Wahl et al. (2011), different responses were expected at different 

developmental stages, with greater effects on early life stages, as in other Fucales (Coelho et al. 

2000; Kraufvelin et al. 2012; Falace et al. 2021), and especially within the first two weeks of 

development (Tarakhovskaya et al. 2017). Factors influencing germling physiology and growth 

include storm and wave action (Norton et al. 1981; Vadas et al. 1990; Serr«o et al. 1996), 

temperature (Falace et al. 2021; S§nchez de Pedro et al. 2022, 2023a), light intensity (Creed et al. 

1996), UV exposure (Schoenwaelder et al. 2003), eutrophication (Bergstrºm et al. 2003), trace 

metals (Andersson and Kautsky 1996), pollutants (Creed et al. 1996, 1997) and acidification (Al-

Janabi et al. 2016). However, in our study, we observed only subtle differences in the physiological 

responses of both early life stages and adults under varying nutrient conditions, ranging from 

eutrophic to oligotrophic environments. Despite the limited significant changes in physiological 

traits of F. virsoides, we recorded consistent growth over time across all conditions, suggesting 

that none of the conditions were severely limiting to the species' development and/or function. For 

germlings, significant differences were only observed over time, while in adults, some differences 

were also noted across treatments. 

For instance, the NPQmax values of adults fronds cultured in C2, R1, R2 and R3 media were 

approximately half (2.82 Ñ 0.58, 2.67 Ñ 0.69, 3.11 Ñ 1.09 and 2.87 Ñ 0.62, respectively) of those 

cultured in C1 and SW. Lower NPQmax values indicate reduced photoprotective activity, suggesting 

that the conditions can be interpreted as non-stressful or indicative of allostasis and that 

photosynthetic efficiency is likely to be higher under these conditions. Kaleb et al. (2023) observed 
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that nitrogen enrichment through the addition of Algatron could enhance the biosynthesis of light-

harvesting centers or, as Gerard (2008) noted, increase the density of PSII centers. However, the 

lower Fv/Fm values (0.56-0.58) and RGR (1.54 Ñ 0.28 % d-1) measured in the ammonium-rich 

biofertilizer condition (C2, AlgatronCifoÈ) compared to the other treatments suggest that these 

samples may have experienced some nutrient limitation. This indicate that the concentrations of 

this algal extract may be suboptimal for F. virsoides. In addition, significant P-limitation is 

expected in C2, as indicated by the [DIN]:[P] ratio of 1044:1. Some previous studies in the Fucales 

restoration context recorded enhancement of physiological performance, fertility (Kaleb et al. 

2023), growth, survival and microbial biofilm communities (Malfatti et al. 2023) when the species 

were treated with Algatron addition. Because of its valorization potential, a further consideration 

of this biofertilizer could lead towards new actions aiming at restoring the species within the area, 

as already tested (Kaleb et al. 2022). However, our results along with observations from restoration 

trials conducted in our laboratory (unpublished data) convey that Algatron is not suitable for F. 

virsoides.  

The similarly low values recorded for R1, R2 and R3 conditions suggest that there is no 

consistent pattern in these responses as higher values were observed in conditions such as SW and 

in the most eutrophic condition, C1. Therefore, these results should not be overgeneralized, and 

future studies should investigate whether higher concentration of Algatron could enhance both 

growth and photosynthetic efficiency in this species. Additionally, the potential role of high 

ammonium concentration in lowering pH and thus altering nutrient bioavailability should be 

further explored (Ravaglioli et al. 2017; Prisa 2021).  

We also quantified the primary production of F. virsoides, adding further valuable 

information on this species. The mean GPP value determined in the laboratory was ca. 14 Õmol 

O2ĿgFW
-1 h-1, while a single field measurement conducted in August 2023 yielded a mean value 

of ca. 44.5 Õmol O2ĿgFW
-1 h-1. The R values under both conditions were ca. -5 Õmol Õmol 

O2ĿgFW
-1 h-1. However, these two measurements were not directly comparable due to differences 

in irradiance and temperature between the laboratory and field conditions, which were 125 vs. ca. 

800 Õmol photonsĿm-2 s-1 and 15 vs. 27ÁC, respectively.  

Earlier studies on this topic date back to the 1970s (Zavodnik 1973; Kremer and Munda 

1982). Zavodnik (1973) performed both field and laboratory measurements, reporting GPP values 

of ca. 27 and 17 Õmol O2ĿgFW
-1 h-1 and R values of ca. -5.4 and -4.5 Õmol O2ĿgFW

-1 h-1 for in-
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situ and ex-situ conditions, respectively. Similar data were obtained by Vi¶egla et al. (2006), who 

tested Fucus spiralis in southern Spain (Tarifa) under different irradiances; when exposed to ca. 

120 Õmol photonsĿm-2 s-1, they recorded a productivity of ca. 13 Õmol O2ĿgFW
-1 h-1. The consistent 

results across different studies highlight the wide adaptability of the Fucus genus. The higher GPP 

values recorded in the field both by this study and Zavodnik (1973) can be attributed to the 

maximum saturation of intertidal macroalgae at 400-600 Õmol photonsĿm-2 s-1 (L¿ning 1981). This 

also suggests a potential limitation in our study when assessing metabolic rates and photosynthetic 

activities at irradiance levels below the maximum saturation ones. Nonetheless, these findings 

provide a solid foundation for follow-up experiments that could explore these physiological 

responses under varying PAR conditions, which might influence other aspects such as faster 

desiccation (Descourvi¯res et al. 2024b). 

The lack of significant physiological differences under the nutritional conditions tested may 

be attributed to the evolutionary history and biogeographical distribution of F. virsoides. As the 

only Mediterranean representative of the genus, it may have descended from a common ancestor 

with F. spiralis (Serr«o et al. 1999) and subsequently became isolated in the Adriatic during the 

last glaciation. Nonetheless, given its geographical distribution from the Venice lagoon to Albania, 

the term ñglacial relictò may be misleading. 

Unlike other genera adapted to more stable environments (e.g. the Baltic Sea), F. virsoides 

is well adapted to a wide range of natural environmental conditions, as evidenced by its latitudinal 

distribution. An analysis of annual nutrient concentrations within the three sub-basins (Artegiani 

et al. 1997) in the surface waters from 1993 to 2017 revealed considerable temporal and spatial 

variability (Fig. S4, data obtained from available datasets in EMODnet). The northern sub-basin 

exhibited the largest range of DIN concentrations (from 1.60 to 4.72 ÕM), while the southern sub-

basin had the widest range of DIP concentrations (from 0.03 to 0.14 ÕM).  

Although further species-specific research on F. virsoides is required to address gaps in 

knowledge regarding nutrient uptake, storage strategies and its general ecophysiology. Other 

Fucus species demonstrate remarkable nutrient adaptive strategies which may be shared by this 

Mediterranean representative. For instance, Fucus serratus can thrive in low external P-

concentrations by employing high nutrient storage as well as non-saturating or biphasic kinetics 

(Gordillo et al. 2002). Generally, Fucus spp. have a high capacity for nutrients accumulation, 

reflecting the water trophic status (Wahl et al. 2011), making them effective bioindicators (Garc²a-
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Seoane et al. 2021). Moreover, Munda and Veber (1996) reported that F. virsoides could increase 

its P-content by 8 to 37 times without hindering growth, except under high concentration of heavy 

metals (Kremer and Munda 1982).      

These findings, along with our results, suggest that the interactive effect of non-climatic 

stressors (Gunderson et al. 2016) such as nutrients availability in combination with other factors 

like temperature (Colvard and Helmuth 2017; Gouv°a et al. 2017; Umanzor et al. 2021; Fales et 

al. 2023) and/or salinity (Nyg¬rd and Dring 2008), could contribute to the decline of this species, 

as observed in other Fucales. This highlights the importance of understanding how multiple 

stressors interact (Kunze et al. 2021) and how factors often considered detrimental may instead 

enhance performance in some aspects, such as productivity (Connell et al. 2013). It has been 

suggested that higher nutrient availability could improve the resilience of Fucus species to abiotic 

and/or biotic stressors (e.g. Colvard and Helmuth 2017; Felline et al. 2019; Gerdol et al. 2020). 

For instance, extreme events such as heatwaves and cold spells, which are occurring with 

increasing frequency and unpredictability might trigger unforeseen responses, necessitating further 

investigations into thermal limits (e.g. thermal tolerance curves). Declines in Fucus populations 

have also been documented in other regions; for example, Fucus guiryi has declined in the southern 

Canary Islands due to a ñsite effectò associated with increased wind speed, air temperature and sea 

surface temperature (SST) (Ćlvarez-Canali et al. 2019). Similarly, F. vesiculosus has experienced 

a range contraction, disappearing along the Moroccan coast to southern Portugal, likely due to the 

rising SST, and the spatial fragmentation and isolation of its populations (Nicastro et al. 2013).  

Further species-specific experiments are needed to explore the effects of nutrient conditions, 

ideally at ñthe omicsò level, to better understand the ecophysiology of this endangered species and 

its responses to interaction with other factors (e.g. marine heat waves, UV exposure). This research 

will be critical for developing effective conservation and reforestation strategies. The potential 

disappearance of this species could have profound implications, including the loss of ecosystem 

functions and biodiversity associated with it, as well as socio-economic impacts due to the 

bioactive compounds it provides (Jerkoviĺ et al. 2021). 
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Supplementary materials 

 

 

Fig. 1 Median values, 25th and 75th percentiles of survival (%) values between T1 and T4 

measured in Fucus virsoides in the ñGermling experimentò.
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Table S1 Morphological features of F. virsoides germlings under different N:P ratios (ñR1ò, ñR2ò, ñR3ò). Mean values are expressed 

together with the standard deviation. 

      

  Embryo length (Õm) Embryo width (Õm) mean length hyalin hairs (Õm) mean length rhizoids (Õm) 

R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

T1 114.77 

Ñ 3.01 

124.80 

Ñ 0.97 

111.73 Ñ 

2.61 

79.90 Ñ 

1.89 

84.80 Ñ 

1.26 

84.00 Ñ 

0.55 

- - - 164.10 Ñ 

24.01 

175.53 Ñ 

8.34 

201.17 Ñ 

13.68 

T2 163.53 

Ñ 6.82 

169.97 

Ñ 4.05 

167.40Ñ 

5.31 

94.07 Ñ 

7.61 

97.57 Ñ 

2.39 

99.03 Ñ 

0.66 

71.52 Ñ 

25.65 

111.30 Ñ 

36 

59.74 Ñ 

14.82 

213.64 Ñ 

12.72 

148.04 Ñ 

8.18 

182.80 Ñ 

20.76 

T3 175.28 

Ñ 8.31 

182.20 

Ñ 5.30 

164.98 Ñ 

8.69 

110.71 

Ñ 3.41 

109.60 

Ñ 1.19 

105.37 

Ñ 1.72 

341.03 Ñ 

47.29 

278.81 Ñ 

14.07 

265.89 

Ñ60.55 

213.50 Ñ 

47.15 

256.51 Ñ 

43.10 

341.07 Ñ 

26.17 

T4 185.46 

Ñ 9.62 

198.80 

Ñ 9.62 

188.04 Ñ 

4.02 

118.86 

Ñ 3.91 

116.70 

Ñ 1.00 

118.02 

Ñ 3.85 

284.76 Ñ 

45.42 

337.92 Ñ 

58.97 

335.28 

Ñ 7.49 

215.06 Ñ 

38.59 

240.34 

40.56 

281.60 Ñ 

17.15 
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Table S2 Results of the two-way rm ANOVA for differences in embryos density and survival and 

germling morphometry.  

 

 

  Effect DFn DFd F p 

Embryo width Treatment 2.00 6.00 1.10 0.39 

Time 1.26 7.57 76.46 <0.001 

Treatment:Time 2.52 7.57 0.45 0.70 

Embryo length Treatment 2.00 6.00 0.74 0.51 

Time 1.16 6.96 13.94 <0.01 

Treatment:Time 2.32 6.96 0.95 0.45 

Number hyaline hairs Treatment 2 6 0.55 0.60 

Time 3 18 199.60 <0.001 

Treatment:Time 6 18 0.75 0.62 

Mean length hyaline hairs Treatment 2 4 0.42 0.68 

Time 2 8 80.18 <0.001 

Treatment:Time 4 8 1.75 0.232 

Length rhizoids Treatment 2.00 6.00 0.66 0.551 

Time 1.43 8.55 5.89 <0.05 

Treatment:Time 2.85 8.55 0.62 0.61 

Embryo density Treatment 2 6 2.38 0.17 

Time 1 6 59.85 <0.001 

Treatment:Time 2 6 0.052 0.95 



 

ΝΟΜ 
 

Table S3 Results of the Chi-square tests for adult photosynthetic performance analysis. 

    Chisq Df Pr(>Chisq) 

 Fv/Fm 

  

  

  

(Intercept) 4914.62 1 <0.001 

Treatment 2.54 5 0.77 

Time 55.25 3 <0.001 

Treatment:Time 52.76 15 <0.001 

 rETRmax  

  

  

  

(Intercept) 407.95 1 <0.001 

Treatment 3.67 5 0.60 

Time 54.51 3 <0.001 

Treatment:Time 67.85 15 <0.001 

Ŭ 

  

  

  

(Intercept) 794.435 1 <0.001 

Treatment 93.53 5 <0.001 

Time 49.501 3 <0.001 

Treatment:Time 59.34 15 <0.001 

NPQmax 

  

  

  

(Intercept) 144.09 1 <0.001 

Treatment 5.85 5 0.32 

Time 4.71 3 0.19 

Treatment:Time 27.66 15 0.02 

Ek 

  

  

  

(Intercept) 669.09 1 <0.001 

Treatment 42.83 5 <0.001 

Time 22.93 3 <0.001 

Treatment:Time 29.84 15 0.01 
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Table S4 P-value of pairwise comparisons between T0 and T3 of photosynthetic performance 

values  for the different nutrient conditions. 

 

 FvFm rETRmax Ŭ 

 

NPQmax Ek 

R1 <0.001 0.20 <0.001 0.46 0.39 

R2 <0.001 0.97 <0.001 0.93 0.01 

R3 <0.001 0.22 <0.001 0.84 0.86 

C1 1.00 1.00 0.12 0.19 0.72 

C2 <0.001 0.99 0.45 0.14 0.95 

SW 0.99 0.73 0.001 0.17 0.78 
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Table S5 P-value of pairwise comparisons between nutrients conditions of photosynthetic 

performance values at T0 and T3.  

 

  FvFm rETRmax Ŭ 

 

NPQmax Ek 

contrast T0 T3 T0 T3 T0 T3 T0 T3 T0 T3 

R1-R2 1.00 0.87 1.00 0.72 0.89 0.48 1.00 0.85 1.00 0.90 

R1-R3 1.00 0.68 1.00 1.00 <0.001 0.01 1.00 0.99 1.00 0.93 

R1-R4 0.94 <0.001 1.00 0.22 <0.001 <0.001 0.37 <.0001 <0.001 <0.001 

R1-R5 0.97 0.49 0.67 1.00 <0.001 <0.001 0.90 1.00 0.17 0.75 

R1-SW 1.00 <0.001 1.00 1.00 0.53 1.00 0.97 0.001 0.10 0.21 

R2-R3 0.97 1.00 1.00 0.60 <0.001 0.47 1.00 0.99 1.00 0.35 

R2-R4 0.80 <0.001 1.00 0.96 <0.001 0.11 0.61 0.002 <0.001 0.03 

R2-R5 0.86 0.99 0.74 0.81 <0.001 0.04 0.98 0.97 0.05 1.00 

R2-SW 1.00 <0.001 1.00 0.91 0.98 0.41 1.00 0.04 0.03 0.76 

R3-R4 1.00 <0.001 1.00 0.15 1.00 0.96 0.34 <0.001 <0.001 <.0001 

R3-R5 1.00 1.00 0.81 1.00 1.00 0.85 0.87 1.00 0.12 0.20 

R3-SW 1.00 <0.001 1.00 1.00 0.001 0.009 0.96 0.007 0.07 0.03 

R4-R5 1.00 <0.001 0.53 0.30 1.00 1.00 0.94 <0.001 0.20 0.06 

R4-SW 0.95 1.00 0.99 0.49 <0.001 <0.001 0.93 0.99 0.63 0.69 

R5-SW 0.97 <0.001 0.93 1.00 0.003 <0.001 1.00 0.005 1.00 0.90 
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Fig. S2 Light response curves of electron transport rate (ETR) of dark-acclimated Fucus 

virsoides samples measured in the ñAdult experimentò. Data points are an average of 6-9 

independent measurements with error bars showing standard deviation.   

 

Fig. S3  Light response curves of quenching coefficient non-photochemical quenching (NPQ) 

of dark-acclimated Fucus virsoides samples measured in the ñAdult experimentò. Data points 

are an average of 6-9 independent measurements with error bars showing standard deviation. 
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Table S6 Result of pairwise comparisons between nutrients conditions of RGR. 

 

Contrast estimate SE df t.ratio p.value 

C1 vs C2 1.04 0.29 107 3.65 0.005 

C1 vs R1 0.70 0.27 107 2.55 0.12 

C1 vs R2 0.15 0.27 107 0.53 0.99 

C1 vs R3 -0.12 0.27 107 -0.45 1.00 

C1 vs SW -0.19 0.31 108 -0.62 0.99 

C2 vs R1 -0.34 0.28 107 -1.21 0.83 

C2 vs R2 -0.89 0.28 107 -3.18 0.02 

C2 vs R3 -1.16 0.28 107 -4.13 0.001 

C2 vs SW -1.23 0.32 108 -3.86 0.003 

R1 vs R2 -0.55 0.27 107 -2.05 0.32 

R1 vs R3 -0.82 0.27 107 -3.04 0.03 

R1 vs SW -0.89 0.31 108 -2.88 0.05 

R2 vs R3 -0.27 0.27 107 -0.99 0.92 

R2 vs SW -0.34 0.31 108 -1.10 0.88 

R3 vs SW -0.07 0.31 108 -0.23 1.00 
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Table S7 Results of the Chi-Square tests for metabolic rate analysis. 

 

    Chisq Df Pr(>Chisq) 

GPP 

  

  

  

(Intercept) 168.90 1 <0.001 

Treatment 37.05 5 <0.001 

Time 5.20 3 0.16 

Treatment:Time 39.39 15 <0.001 

NP 

  

  

  

(Intercept) 122.31 1 <0.001 

Treatment 19.38 5 0.002 

Time 3.37 3 0.34 

Treatment:Time 33.74 15 0.004 

R 

  

  

  

(Intercept) 71.57 1 <0.001 

Treatment 59.68 5 <0.001 

Time 6.94 3 0.07 

Treatment:Time 59.29 15 <0.001 
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Table S8 P-value of pairwise comparisons of metabolic rate values at T0 and T3. 

 

 GPP NP R 

contrast T0 T3 T0 T3 T0 T3 

R1 - R2 0.21 0.68 0.03 0.74 0.95 0.98 

R1 - R3 <0.001 0.99 0.03 0.98 0.002 1.00 

R1 - C1 0.98 0.57 0.99 0.70 0.07 0.88 

R1 - C2 1.00 0.66 1.00 0.45 1.00 1.00 

R1 - SW 1.00 0.74 0.89 0.84 0.24 0.95 

R2 - R3 0.29 0.95 1.00 0.98 <0.001 0.99 

R2 - C1 0.05 0.03 0.14 0.08 0.42 0.47 

R2 - C2 0.49 0.04 0.09 0.02 0.87 0.98 

R2 - SW 0.28 0.07 0.46 0.14 0.73 0.62 

R3 - C1 <0.001 0.22 0.15 0.30 <0.001 0.81 

R3 - C2 0.002 0.23 0.09 0.12 0.005 1.00 

R3 - SW 0.001 0.36 0.48 0.45 <.0001 0.91 

C1 - C2 0.88 1.00 1.00 1.00 0.04 0.85 

C1 - SW 1.00 1.00 1.00 1.00 1.00 1.00 

C2 - SW 1.00 1.00 0.99 1.00 0.16 0.93 
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Fig. S4 Annual average of a) [DIN] and b) [P] concentrations (ÕM) on the Adriatic coast from 

northern Italy to southern Albania, northern sub-basin, central sub-basin and southern sub-

basin, from 1993 to 2017 calculated from EMODNET. 
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Abstract 
 

Intertidal macroalgae are sessile poikilohydric organisms exposed to desiccation stress during 

emersion. Water relations parameters are useful tools to evaluate an organism's capacity to 

withstand water scarcity conditions, but such information on marine intertidal macroalgae is 

scarce. We assessed the water relations of the intertidal relict Fucus virsoides, the unique Fucus 

species endemic to the Mediterranean. We combined measurements of water potential ( ) 

parameters derived from pressure-volume curves and chlorophyll a fluorescence (Fv/Fm) in 

juvenile and adult thalli sampled in three different dates between March and April 2023. F. 

virsoides exhibited remarkable water stress tolerance, as evidenced by the low water potential 

at turgor loss point (  ȟ -7.0 MPa on average), and the maintenance of high Fv/Fm at low water 

potentials indicating a prolonged maintenance of healthy physiological status. While no 

differences were observed between growth stages,   , capacitance (C) and the bulk modulus 

of elasticity (Ů) varied significantly according to the sampling dates, whereas the osmotic 

potential at full turgor did not significantly change.   measured on thalli collected after a typical 

prolonged emersion period was markedly lower (-12.3 MPa on average) than the estimated 

   , suggesting that the population is frequently undergoing turgor loss. Further investigations 

are required to determine environmental tolerance ranges based on water status characteristics 

to enhance our understanding of F. virsoides responses and vulnerability to climate change, thus 

providing insight into the possible causes of its widespread decline. 

 

Keywords:  Pressure-volume curves, photosystem II efficiency, Fucus virsoides, turgor loss 

point, modulus of elasticity, capacitance 
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1. Introduction 

 

The midlittoral zone is a dynamic and high-stress environment characterized by rapid and 

severe fluctuations in environmental conditions, including temperature, salinity, humidity, 

nutrient concentration, wave action and radiation (Lobban and Harrison 1994; Chapman 1995; 

Davison and Pearson 1996). Therefore, sessile organisms, such as macroalgae, are subjected to 

considerable stress during the daily transition from submerged to air-exposed conditions 

associated with tidal cycles. Tolerance to these stressful conditions is crucial for their survival 

and reproductive success (da Mota 2016). The human-induced acceleration of global climate 

change is expected to have profound impacts on the ecological dynamics of intertidal species 

(Harley et al. 2006; Somero 2010; Kumar et al. 2020) leading to shifts in distribution and 

abundance ranges, simplifying structural habitat complexity and causing a decline in supported 

biodiversity (Assis et al. 2014; Casado Amez¼a et al. 2019; Whalen et al. 2023). 

 Macroalgae are integral components of intertidal communities (Davison and Pearson 

1996). They are poikilohydric organisms that lack active mechanisms to regulate water loss 

(L¿ning 1990; da Mota 2016). Consequently, they are exposed to desiccation during emersion, 

which can cause significant physiological and biomechanical stress, including oxidative stress 

caused by the accumulation of reactive oxygen species (ROS)  (e.g. Lee and Shin 2003; 

Contreras et al. 2005, 2009; Kumar et al. 2010, 2011), morphological alterations such as a 

reduction in cortical and medullary cell size, as well as changes in cell ultrastructure with 

retraction of protoplasts and disorganization of thylakoids (Flores-Molina et al. 2014), and even 

cell death (Pearson et al. 2009; Tarakhovskaya et al. 2015).  

 Consequently, macroalgae have developed several morpho-physiological adaptations 

and strategies to ensure cell viability and to facilitate the recovery of full metabolic activity 

during tides. These mechanisms include morphological changes such as the reduction of thallus 

size and surface area (Bergquist 1959; Schonbeck and Norton 1979; Dromgoole 1980; Schagerl 

and Mostl 2011), cell wall hardening (McCandless 1981), and the secretion of mucilage 

composed of hydrophilic polysaccharides, such as alginic acid and fucoidin (B®rard-Therryault 

and Cardinal 1973a; Mariani et al. 1985). Physiological adaptations include reduction of the 

photosynthetic quantum yield  (photoinhibition; G·mez et al. 2004; Contreras-Porcia et al. 

2011) with an increase in thermotolerance (Hunt and Denny 2008), the accumulation of 

compatible solutes leading to osmotic adjustment (Kirst and Bisson 1979; Kirst 1989; Bªck et 

al. 1992; Contreras-Porcia et al. 2017), the increase in the activity of antioxidant enzymes and 

compounds to scavenge and neutralize harmful ROS (Burritt et al. 2002; Guajardo et al. 2016; 
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Contreras-Porcia et al. 2017), and the synthesis of desiccation-associated proteins (Contreras-

Porcia et al. 2017). Furthermore, ecological strategies such as thriving in clustered canopies 

have a protective function against desiccation (Bewley 1979; Taylor and Hay 1984; Hunt and 

Denny 2008; Mign® et al. 2020; Clausing et al. 2023).  

 Another possible adaptation of macroalgae to prolonged emersions could rely on the 

ability to adjust their water relation parameters, which have been widely used to assess the 

capacity of terrestrial organisms (e.g. Beckett 1995, 1997; Proctor et al. 1998; Nardini et al. 

2013; Petruzzellis et al. 2018) and seagrasses (Sandoval-Gil et al. 2015) to withstand water 

scarcity conditions. Some of the most relevant water relation parameters of vascular plants are 

derived from pressure-volume (PV) curves (Tyree and Hammel 1972; Kikuta et al. 1985), 

which describe the relationship between the water potential and the water content of a leaf. As 

an example, the water potential at the turgor loss point (  ) reflects the cell ability to maintain 

turgor during dehydration, and terrestrial species with lower    values can extend the time 

available for gas exchange under drought conditions (Tyree and Jarvis 1982) and thus for the 

maintenance of cell functions, structural integrity and overall plant performance (Kramer and 

Boyer 1995; McDowell 2011). Redistributing more water in the apoplast could be also a 

strategy to reduce    (Bartlett et al. 2012), and a high water storage capacitance (C) may play 

a functional role in buffering Ɋ drops during dehydration (emersion) periods (Sack et al. 2003). 

Despite their great potential, studies analysing the water relation parameters obtained from the 

PV curves are less common in marine organisms (Zimmermann and H¿sken 1980; Sandoval-

Gil et al. 2015). Furthermore, previous studies on both vascular plants as well as lichens and 

terrestrial algae reported that water status, expressed in terms of  ,  is correlated to photosystem 

II (PS II) efficiency, which is a proxy of the photosynthetic activity (H§jek et al. 2006; Bart§k 

et al. 2015; Petruzzellis et al. 2018). In particular, Petruzzellis et al. (2018) suggested that the 

initial inactivation of PS II and the subsequent decline in photosynthetic activity are triggered 

by turgor loss in lichens. However, similar studies focusing on marine organisms, including 

marine macroalgae, are extremely rare and might help highlighting whether this process also 

applies to these organisms. 

 Along the cold-temperate intertidal rocky coast of the Northern hemisphere, macroalgae 

of the genus Fucus (Fucales, Phaeophyceae) are foundation species, sensu Dayton 1975 (e.g. 

Lewis 1964; L¿ning 1990; Chapman 1995; Steneck et al. 2002; Schiel and Foster 2006; Smale 

and Wernberg 2013; Assis et al. 2020; Bringloe et al. 2020), which are distributed across 

different vertical zonation (Billard et al. 2010) consistent with their degree of desiccation 
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tolerance (Davison and Pearson 1996; Dring and Brown 1982).  Canopy-forming Fucus spp. 

structure complex habitats (Kautsky et al. 1992; Boaden 1996; Fredriksen et al. 2005), 

supporting high biodiversity (Aneer et al. 1983; Duffy and Hay 1991) and providing numerous 

ecosystem services (Wernberg and Filbee-Dexter, 2019). Their bioactive compounds and 

nutritional value also make them valuable for cosmetic, pharmaceutical and food industries 

(D²az-Rubio et al. 2009; Ale et al. 2011; Patarra et al. 2011; Min et al. 2012; Catarino et al. 

2018). 

Fucus virsoides J. Agardh is a glacial relict endemic to the Adriatic Sea (Munda 1972) 

and the only representative of the genus in the Mediterranean Sea (Ardissone 1886; Schiffner 

and Vatova, 1938; Linardiĺ 1949; Pignatti 1962; Giaccone and Pignatti 1967; Munda 1972). In 

the past, it was locally ubiquitous, with a distribution range extending from northwestern Italy 

to southern Albania (Linardiĺ 1949; Kashta 1992; Maļiĺ 2006). However, a sharp decline in its 

populations has been observed over the last three decades. Currently, only few isolated 

populations remain (Maļiĺ 2006; Falace et al. 2010; Battelli 2016; Orlando-Bonaca et al. 2013; 

Gljuġĺiĺ et al. 2023) and the species is now protected under the Barcelona Convention 

(amended Annex II of the Protocol on Specially Protected Areas and Biological Diversity in the 

Mediterranean; UNEP 2019). 

 The comprehensive assessment of the water relations of this intertidal relict would 

contribute significantly to the broader knowledge base on the physiology and ecology of the 

unique Fucus species endemic to the Mediterranean. It could also provide valuable insights 

into the speciesô specific responses to changing climatic conditions. The decline of F. virsoides 

has already been linked to climate change (Boero and Bonsdorff 2007; Boero et al. 2008; 

Munda 2008), which is expected to increase the severity, duration and frequency of extreme 

weather events (IPCC 2019; Oliver et al. 2018), such as drought and heat waves. Fucus spp. 

are sensitive to prolonged emersion, particularly in summer, due to the combination of elevated 

temperatures and ultraviolet radiation (UVR), which leads to severe desiccation and associated 

osmotic stress (Pearson et al. 2009; Hanģek 2014). Moreover, the increased susceptibility of 

juveniles to air exposure and associated stresses (Schoenwaelder et al. 2003; Henry and Van 

Alstyne 2004) intensifies the risk of drastic mortality within the population (Dudgeon and 

Petraitis 2005). 

 The objectives of this study were i) to evaluate the water relation parameters of F. 

virsoides growing in the Gulf of Trieste, ii) to compare the water relation parameters between 

adult and juvenile individuals, and iii) to describe the relationship between thallus water status 

and PS II efficiency. 

https://www.frontiersin.org/articles/10.3389/fmars.2021.642764/full#B38
https://www.frontiersin.org/articles/10.3389/fmars.2021.642764/full#B69
https://www.frontiersin.org/articles/10.3389/fmars.2021.642764/full#B69
https://www.frontiersin.org/articles/10.3389/fmars.2021.642764/full#B69
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2. Materials and methods 

 

2.1. Sampling site and fronds collection 

 

In late winter and spring 2023, three sampling campaigns were carried out at low tide in the 

intertidal zone of Marina Julia (NE Adriatic Sea) (45Á46'37.7"N 13Á32'02.6''E), which 

represents the last population of F. virsoides in the Gulf of Trieste (Falace et al. 2018).  From a 

phenological point of view, this period is characterized by an intensive vegetative and 

reproductive development of F. virsoides, while in late summer, the fronds are loose and only 

the basal part remains and begins to regenerate in late autumn (Linardiĺ 1949; Gessner and 

Hamer 1971). For each sampling, we calculated the mean values of the following 

environmental parameters recorded in the 3 days preceding the sampling dates and on the 

sampling days (Table 1). The daily mean relative humidity (%), air temperature (ÁC), wind 

speed (km h-1), precipitation (mm), and radiation (kJ m-Į) were downloaded from the Agenzia 

Regionale per la Protezione dellôAmbiente of the Region Friuli Venezia Giulia (ARPA FVG). 

The daily mean superficial sea water temperature (ÁC) and salinity (psu) were downloaded from 

the product Global Ocean Physics Reanalysis from Copernicus Marine Service, catalogued as 

GLOBAL_ANALYSISFORECAST_PHY_001_024. The daily tidal coefficients, which 

represent the magnitude of the expected tide occurring regardless of meteorological influences, 

was obtained from the website Meteopesca (https://meteopesca.com/). For each sampling, 

healthy apical fronds without receptacle, epiphytes and grazing marks of adult thalli (3 - 4 cm 

long) and whole juvenile thalli (0.5 - 2 cm long) of F. virsoides, located at a distance of about 

1 m from each other in the same vertical zone, were collected and transported to the laboratory 

of the University of Trieste within 1 h from the sampling. 

 

 

 

 

 

 

https://meteopesca.com/
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Table 1 Average of environmental conditions on the 3 days preceding the sampling days and 

on the sampling days. 

   

2.2. Water relations and photosystem II efficiency 

 

PV curves were measured on 7 samples of adult and of juvenile thalli to obtain water relation 

parameters, namely the osmotic potential at full turgor (“, MPa), the water potential at turgor 

loss point (  , MPa), the modulus of elasticity of cell walls (Ů, MPa), the relative water 

content at turgor loss point (Ὑὡὅ, %) and capacitance (C, mmol MPa-1 g-1). At the beginning 

of the experiment, F. virsoides fronds were placed in 50 ml Falcon tubes, containing tissue paper 

soaked with de-ionized water adherent to vialôs walls to ensure complete samples rehydration. 

The vials were sealed with ParafilmÈ and stored in the dark at 4 ÁC for about 36 h. In this way, 

samples water potential ( , MPa) approached 0 MPa. This procedure was established based on 

several preliminary tests (Table S1). The protocol used for PV curves measurement was adapted 

from others used for bryophytes (Beckett 1997), seagrasses (Sandoval-Gil et al. 2015) and 

lichens (Petruzzellis et al. 2018). In detail, rehydrated samples were progressively dehydrated 

at stable humidity (40 - 45%) and temperature (20 - 22ÁC) and sequential measurements of  , 

performed using a dew point water potential meter (WP4, Meter Group, Inc., Pullman, WA, 

USA), were coupled with measurements of fresh weight (FW), obtained through an analytical 

 1st sampling: 

13.03.23 

2nd sampling: 

20.03.23 

3rd sampling: 

13.04.23 

Mean humidity (%) 67.8 70.5 64.8 

Air temperature (°C) 11.7 10.1 12.0 

Wind speed (km h-1) 14.8 5 13.3 

Precipitation (mm) 0.7 0.3 5.2 

Radiation (kJ m-²) 13526.8 14495.3 11544.5 

Superficial sea water 

temperature (°C) 9.8 10.5 12.5 

Salinity (psu) 38.2 38.1 37.8 

Tidal coefficient (out of 120)  72 81  52 
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balance (Ñ 0.0001 g), and chlorophyll a fluorescence (in terms of Fv/Fm, or ñquantum yieldò, 

Genty et al. 1989) in dark adapted samples using a portable fluorimeter (Handy PEA, Plant 

Efficiency Analyser, Hansatech, Norfolk, UK).  

After the rehydration procedure, one apical frond for adult samples or 15 thalli for 

juvenile samples (to ensure sufficient mass for   measurement) were transferred to a sample 

holder and placed in the dewpoint hygrometer for   measurement, which lasted approx. 1 h 

(i.e. until three   values within the instrument error range were obtained), ensuring samples 

dark adaptation. Immediately after   measurement, Fv/Fm and FW were measured, carefully 

maintaining the samples under dark conditions. Generally, Fv/Fm values between 0.6 and 0.8 are 

considered indicative of healthy samples (Huppertz et al. 1990; Coelho et al. 2001; Nielsen et 

al. 2003;  Lamote et al. 2007; Schagerl and Mºstl 2011; Mart²nez et al. 2012; Falace et al. 2018). 

Fv/Fm was measured taking care to always select the same tip area during the whole experiment. 

This because F. virsoides shows a gradient in photosynthetic activity, with the apical frond area 

identified as the one with highest photosynthetic rates (Kremer and Munda 1982). For juvenile 

samples, Fv/Fm was measured on a single thallus. After Fv/Fm measurement, FW was measured 

to obtain the cumulative water loss (WL, mg): 

 

                                                   ὡὒ  Ὂὡ Ὂὡ                                                             (1) 

 

where Ὂὡ is the turgid weight after the rehydration procedure and Ὂὡ is the FW for the 

successive measurements. After the first  , Fv/Fm and FW measurements, the sample holder 

was kept open allowing water loss from the sample. The sample holder was then closed, and 

samples were allowed equilibrating for at least 45 min before the following set of 

measurements. This procedure was repeated several times, progressively dehydrating the 

sample until its Fv/ Fm approached 0. Finally, the samples were oven-dried at 70 ÁC for 48 h and 

their dry weight (DW) was determined. 

PV curves were considered to start from   < -0.3 MPa (Nardini et al. 2013, Petruzzellis 

et al. 2018) and finished when the relationship between 1/   and WL became linear (r2 > 0.98, 

from 3 to 5 points). PV curves were elaborated following Petruzzellis et al. (2018), thus 

obtaining “,   , Ů and Ὑὡὅ . “ and    were calculated according to Tyree and Hammel 

(1972), while Ů was calculated considering   values between -1 MPa and   .  Ὑὡὅ was 

calculated as:  

 

Ὑὡὅ Ὂὡ  Ὀὡ Ⱦ Ὀὡ                                          (2) 
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where ὡὒ  is the WL at turgor loss point. We underline that this RWC calculation is usually 

applied in poikilohydric organisms and is not the one properly used for plants. 

Capacitance at full turgor (C) normalized by DW (Nardini et al. 2012) was calculated, 

as done for Ů, for   values between -1 MPa and    as: 

 

ὅ ὡὒ ὡὒ Ⱦ    ρ Ⱦ ὓὌςὕ Ⱦ Ὀὡ                                       (3) 

 

where ὡὒ is the WL at   = -1 MPa ( ) and  ὓ  is molar mass of water (g mol-1) 

 

2.3. Water potential monitoring and correlated photosystem II efficiency 

 

In order to assess   values reached by F. virsoides during a typical prolonged emersion period, 

five additional adult apical fronds were sampled from the same population used for previous 

measurements on February 21, 2024. The sampling took place at 16:40 h (solar time) at the end 

of the low tide (Figure S1), characterised by a tidal coefficient of 63, on a sunlit day with 

average radiation intensity of 12211 KJ/mĮ and mean air temperature and relative humidity of 

11.7ÁC and 68%, respectively. Average vapour pressure deficit (VPD) during the four hours of 

emersion prior to sampling was 0.41 kPa. The average sea surface temperature was 9.9ÁC and 

the average salinity was 37.6 psu. The osmotic potential of the sea water collected at the 

sampling site was measured with the dewpoint water potential meter and was -1.67 MPa. Apical 

fronds were cut from adult thalli and were immediately enclosed in the same sample holders 

used for   measurement (see above) to avoid dehydration. Samples were kept in refrigerated 

bags while transported to the laboratory, where   and Fv/ Fm were measured as indicated above. 

 

2.4. Statistical analysis 

 
Differences of each water relation parameter between adult and juvenile samples were 

evaluated using non-parametric Wilcoxon signed-rank tests (ỡ = 0.05), using the wilcox_test 

function in ñrstatixò (Kassambara 2023) R (R Core Team 2023) package. As no significant 

differences between adult and juvenile samples were found, we pooled water relation 

parameters values for each sampling date. Then, the effect of sampling date (explanatory 

variable with three levels) on each water relation parameter (response variable) was assessed 

through one-way ANOVA tests (one independent test was run separately for each water relation 
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parameter) using the lm function in ñstatsò R package. For significant tests (p < 0.05), pairwise 

differences between tidal range levels were calculated by means of estimated marginal means 

using the emmeans function in ñemmeansò R package (Lenth 2020), with p-values adjusted 

using the Bonferroni-Holm method.  Non-linear exponential decay models were fitted to assess 

the relationship between   and Fv/Fm independently for adult and juvenile samples through the 

drm function in the ñdrcò R package (Ritz et al. 2015). The differences between growth stages 

were calculated for each parameter using the compParm function in R package ñdrcò. R2 was 

calculated using the R2nls function in ñaomiscò R package (Onofri 2020). Then, three-

parameter log-logistic models were run to examine the relationship between WL and Fv/Fm 

independently for adult and juvenile samples using the drm function, followed by a comparison 

of the parameters with the compParm function. Finally, to assess whether   and the 

corresponding Fv/Fm values measured in February 2024 were different from the experimental 

results, we calculated and compared the residuals of both points from the fitted curve using a 

two-sample t-test. 

 

3. Results 

 

3.1. Water relation parameters in F. virsoides: differences among growth stages and 

sampling dates 

 

Mean values of the water relation parameters measured in both adult and juvenile samples of F. 

virsoides are reported in Table 2. No significant differences were found between the two growth 

stages (Figure S2, Table S2).    averaged -6.96 Ñ 0.91 MPa (ÑSD), while Ů was 2.04 Ñ 0.54 

MPa (ÑSD). “ averaged -1.66 Ñ 0.38 MPa (ÑSD), Ὑὡὅ was 85.66 Ñ 16.33 % (ÑSD) and C 

was 13.30 Ñ 4.32 mmol MPa-ĭ g-ĭ (ÑSD). 
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Table 2 Mean Ñ SD of osmotic potential at full turgor (“), water potential at turgor loss point 

(   ), modulus of elasticity of cell walls (Ů), relative water content at turgor loss point 

(Ὑὡὅ ) and capacitance at full turgor (C) obtained through the elaboration of PV curves 

measured in samples of adult and juvenile individuals of Fucus virsoides. 

 n “, MPa    , MPa Ů, MPa Ὑὡὅ , % C, mmol MPa-1 g-1  

Adult 7 -1.73 ± 0.44 -7.13 ± 1.07 2.12 ± 0.64 88.19 ± 15.93 13.89 ± 3.66 

Juvenile 7 -1.59 ± 0.31 -6.78 ± 0.77 1.95 ± 0.44 83.14 ± 17.57 12.71 ± 5.13 

Mean  -1.66 ± 0.38 -6.96 ± 0.91 2.04 ± 0.54 85.66 ± 16.33 13.30 ± 4.32 

  

Conversely, statistically significant differences between sampling dates were found for   , Ů 

and Ὑὡὅ , while similar values were recorded for “ (Figure 1, Table S2, S3, S4). 

Specifically, the main differences were observed between the individuals from the 2nd and 3rd 

sampling, with higher    , Ὑὡὅ and C in the individuals from the 2nd sampling (ca. 1.25 

MPa, 18 % and 8 mmol MPa-1 g-1 higher, respectively) and a higher Ů of ca. 0.84 MPa in the 

individuals from the 3rd sampling.  
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Fig. 1 Median values and 25th and 75th percentiles of osmotic potential at full turgor (“, a), 

water potential at turgor loss point (  , b), modulus of elasticity of cell walls (Ů, c), relative 

water content at turgor loss point (Ὑὡὅ, d) and capacitance at full turgor (C, e) as 

extrapolated from Fucus virsoides individuals according to sampling dates. Different letters 

indicate statistically significant differences among sampling dates (p < 0.05). 

 

3.2. Relationship between thallus water status and photosystem II efficiency  

 
During samples dehydration, an exponential progressive decrease in Fv/Fm was associated 

with   decrease (Figure 2a) for both adult and juvenile samples (RĮ = 0.85). Nevertheless, the 

trends did not differ between the two growth stages (Table S5). Fv/Fm values below 0.6 were 

recorded at   values of about -7 MPa (i.e. ca. -7.4 MPa for juveniles and ca. -6.7 MPa for 

adults), which was close to   . Fv/Fm values close to 0 were measured at   values of -39.07 

Ñ 14.14 MPa for juveniles and -38.87 Ñ 23.92 MPa for adults.  

The relationship between WL and Fv/Fm (RĮ = 0.67) exhibited an initial plateau followed 

by an exponential decline leading to the complete suppression of PS II functionality (i.e. when 

Fv/Fm approached 0) (Figure 2b). No significant differences between growth stages were 

observed (Table S5). The onset of decline, represented by the inflection point of the curve, 
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occurred in juveniles at ca. 43% of WL for Fv/Fm of 0.67, and at ca. 34% of WL for Fv/Fm of 

0.73 in adults. The subsequent decrease in PS II efficiency below 0.6 occurred after a WL of 

about 52% in juveniles and of 53 % in adults. 

 

Fig. 2 Optimal photosynthetic quantum yield (Fv/Fm) as a function of (a) water potential ( , 

MPa) and (b) water loss (WL, %) of juvenile and adult Fucus virsoides. The curve is the trend 

of the values represented by green dots for adult and yellow dots for juvenile individuals, and 

the shaded zone is the range of variability. 

 

3.3. Water potential monitoring and correlated photosystem II efficiency 

 

No significant differences were found between the residuals of data points acquired to measure 

the PV curves and data points collected in the monitoring of February 2024 (t = -0.78, p = 0.48), 

indicating that the model calculated in laboratory conditions holds true also when considering 

field data (Figure 3).   averaged -12.32 Ñ 6.62 MPa (ÑSD), with a corresponding Fv/Fm of 0.54 

Ñ 0.23 (ÑSD). However, most of the samples fell in a   range between -5.72 and -13.26 MPa, 

except for one sample that showed a much lower   (-22.65 MPa). 
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Fig. 3 Photosynthetic quantum yield (Fv/Fm) as a function of water potential ( ) of Fucus 

virsoides. The  curve is the trend of the values represented by black dots, the shaded zone is the 

range of variability, and the blue dots are values from the   monitoring campaign.  

 

4. Discussion   

 

4.1. Water relation parameters in F. virsoides: differences among growth stages and 

sampling dates 

 

In this study, we assessed for the first time the water relation parameters of the intertidal 

macroalga F. virsoides. Our analysis underlined the relatively high desiccation tolerance of F. 

virsoides, which has already been observed in other congeneric species such as Fucus spiralis 

(Schagerl and Moestl 2011), Fucus serratus, Fucus distichus (Andreev et al. 2012) and Fucus 

limitaneus (Ruiz-Medina et al. 2023). Considering the different stress responses observed in 

juvenile and adult Fucus species (Wahl et al. 2011), we hypothesised that F. virsoides might 

display different water relations depending on the growth stage, possibly resulting in lower “ 

and    in adult than in juvenile samples. However, our analysis revealed no significant 

differences in water status parameters between growth stages, indicating a similar desiccation 

tolerance strategy. While F. virsoides exhibits a high tolerance to desiccation itself, it is possible 
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that the synergistic interaction of other factors associated with desiccation, such as UVR, could 

increase its vulnerability during air exposure, as proposed by Lamote et al. (2007). 

Since no statistically significant differences were found between adult and juvenile 

samples (Table 2, Figure S2, Table S2), we hereafter report the mean values of each water 

relation parameter pooling the two groups together. We found “ in F. virsoides fronds to be -

1.66 Ñ 0.38 MPa, a value within the range of other poikilohydric species of angiosperms, ferns, 

mosses, and lichens (e.g. from -0.38 to -2.79 MPa; see Beckett 1995, 1997; Proctor et al. 1998; 

Nardini et al. 2013; Petruzzellis et al. 2018). “ is the major driver of     variation for 

terrestrial plants (Bartlett et al. 2012), and it is considered a good proxy of drought tolerance. 

Indeed, plants can accumulate intracellular solutes (e.g. K+, Na+ and Cl-) in response to reduced 

water availability, leading to a reduction in “ (Bartlett et al. 2012). This phenomenon, known 

as osmotic adjustment, allows homoiohydric plants to reduce their      and thus improve their 

ability to tolerate drought stress (Fanjul and Rosher 1984; Nardini et al. 2003; Bartlett et al. 

2012; Casolo et al. 2014). Similar strategies have been observed under osmotic stress in 

freshwater algae (Winter and Kirst 1990, 1992) and infralittoral marine algae (Kirst and Bisson 

1979), but are less common in estuarine and intertidal marine algae, which mostly have a 

limited ability to regulate their turgor pressure (Bisson and Kirst 1995).    values of F. 

virsoides fronds averaged -6.96 Ñ 0.91 MPa  with a Ὑὡὅ  of 85.66 Ñ 16.33 %. Generally, 

species with lower    values have a greater drought tolerance (Lambers et al. 2008), as they 

can maintain turgor pressure at lower water availability and thus survive under prolonged water 

shortage periods before wilting or suffering irreversible damage (Nardini et al. 2013). As 

expected, the capacitance at full turgor (C) was relatively high (ca. 13 mmol MPa-1 g-1), as it 

would buffer the drop in   during dehydration due to prolonged emersion (Sack et al. 2003). 

With this respect, it is interesting that similar values were measured in the relatively soft leaves 

of mesophylous trees such as Acer pseudoplatanus, in comparison with xerophilous hard-

leaved species such as Quercus ilex, with C values of about 3 mmol MPa-1 g-1 (Nardini et al. 

2012). Finally, Ů is a key indicator of the mechanical properties of cell walls, as flexible cell 

walls (i.e. low Ů) could allow the maintenance of cell turgor even under large water losses 

(Schulte 1992), an ability already observed in intertidal algae, such as Porphyra umbilicalis 

(Wiencke and Lªuchli 1980), Vertebrata lanosa (Reed 1983, 1984) and Codium decorticatum 

(Bisson and Gutknecht 1975). Kirst (1989) found that the osmotic adjustment of macroalgae in 

estuaries often occurs through changes in both cell volume and osmolyte concentration. Indeed, 

low Ů in algae facilitates the adjustment of internal osmotic pressure via changes in cell volume, 
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leading to moderate responses to external osmotic pressure changes and consequently to smaller 

changes in turgor compared to cells with high Ů (Bisson and Kirst 1995). The mean Ů values of 

F. virsoides fronds was 2.04 Ñ 0.54 MPa (ÑSD), indicating relatively low stiffness and 

consequently high flexibility in response to variations in the cell water content if compared to 

inter-tidal and subtidal seagrasses (values between ca. 5 and 11 MPa; Sandoval-Gil et al. 2015) 

as well as to terrestrial plants from different biomes (average values between ca. 5 and ca. 23 

MPa; Bartlett et al. 2012).  

The marked difference among     and “ (ca. 5 MPa) is usually not observed in plants, 

but a similar result was observed for another poikilohydric organism (Petruzzellis et al. 2018). 

This finding can be explained by the observed low Ů values because for large water content 

intervals small changes in turgor are accompanied by large volume variations, and this would 

imply that a high cellular concentration of solutes (i.e. a very low   ) would be needed to 

reach the turgor loss point. 

While no differences were found between growth stages, there were significant 

differences in the pressure-volume parameters between sampling dates, mostly between the 2nd 

and the 3rd campaign. The main differences in environmental conditions (Table 1) between these 

two sampling periods were the variations in rainfall and tidal coefficient. Precipitation was 

recorded prior to the 3rd sampling period, resulting in both direct freshwater input from rainfall 

and indirect contributions from the Timavo and Isonzo rivers, which flank the sampling area. 

The individuals at the 3rd sampling showed higher Ů value than the previous samplings, 

indicating an increased cell wall rigidity and a certain plasticity of F. virsoides with respect to 

this trait. Indeed, intertidal algae facing regular salinity fluctuations and lacking effective turgor 

regulation could use alternative mechanisms of acclimation, such as adjusting their cell wall 

flexibility (Bisson and Kirst 1995). For example, Reed et al. (1980) reported an increase in 

volumetric Ů in Porphyra purpurea under hyposaline conditions, which hinders additional water 

influx and cell expansion (Kirst 1989). In contrast, the 2nd sampling period was characterized 

by high radiation levels and high tidal coefficients, resulting in prolonged air exposure. In 

particular, the tidal coefficient reached 103 out of 120 on the day of the 2nd sampling, 

characterized by both a longer duration and a higher amplitude of the tide, exposing F. virsoides 

to air from ca. 13:00 to 18:00 (https://meteopesca.com/). This condition differs significantly 

from the 3rd sampling, where the tidal coefficient was 52, indicative of longer immersion time. 

However, the individuals of the 2nd sampling showed a higher     and Ὑὡὅ despite major 

air exposure, contrary to our expectations. It is also interesting to note that the increase in Ů 

https://meteopesca.com/
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observed in the last campaign was accompanied by a marked decrease in capacitance at full 

turgor (C). This result is in agreement with Nadal et al. (2018), which found a coordination 

among these two traits in vascular plants. Finally, the lack of significant variability in “ can 

be interpreted as the fact that in F. virsoides osmoregulatory adjustments are not the major driver 

for     adjustment. 

 

4.2. Relationship between thallus water status and photosystem II efficiency  

 

Our data highlighted that F. virsoides can maintain PS II functionality even under severe 

desiccation, ensuring sustained growth and overall survival. As no statistically significant 

differences were found between the growth stages (Figure 2, 3, Table S4), the mean values of 

both groups are pooled together in the following discussion. 

The relationship between   and PS II efficiency in adult and juvenile individuals 

showed a similar trend. Under desiccation, Fv/Fm exhibited an exponential decline, in contrast 

to previous observations of other poikilohydric organisms such as the chlorolichen 

Flavoparmelia caperata in Petruzzellis et al. (2018), where a relationship between the onset of 

decline in photosynthetic activity and the turgor loss point was observed. The healthy 

ecophysiological state, which was set at Fv/Fm > 0.6, was exceeded after a   of ca. -7 MPa, a 

value in the range of   . Below this value the variability increased in both growth stages and 

the suppression of PS II functionality was recorded at ca. -39 MPa. The reduction in 

photosynthetic activity when intertidal macroalgae are exposed to low tide acts as a protective 

measure, preventing potential damage from desiccation stress and excessive UV radiation 

(G·mez et al. 2004; Contreras-Porcia et al. 2011). Indeed, desiccation-induced 

photoinactivation of PS II in the thallus acts as a mechanism protecting from photodamage of 

the photosynthetic apparatus, as suggested by Huppertz et al. (1990).  

When examining the relationship between WL and Fv/Fm, a similar sigmoidal curve was 

observed at both growth stages. An initial maintenance of Fv/Fm of ca. 0.72 until a WL of ca. 

38% was observed, which corresponds to the onset of the loss of symplastic water and thus the 

total loss of apoplastic/extracellular water, a strategy already observed in other poikilohydric 

species (Kirst 1989; Kramer and Boyer 1995; Holzinger and Karsten 2013; Candotto Carniel et 

al. 2015; Banchi et al. 2018) delaying the negative effects of desiccation on metabolism. The 

abundant polysaccharides in the cell walls of Phaeophyceae were previously associated with 

the retardation of water loss (Zaneveld 1937; B®rard-Therriault and Cardinal 1973a, b) because 
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of their hygroscopic properties facilitating water and ion retention in extracellular matrices 

(Aquino et al. 2011; Torode et al. 2015). Finally, Fv/Fm > 0 was detected down to WL of about 

70 %. Our results are consistent with those of Kremer and Munda (1982), where a rapid 

decrease in photosynthetic activity of F. virsoides was recorded after WL of 35-40% and the 

signals persisted even at 60% WL. 

 

4.3. Water potential monitoring and related photosystem II efficiency 

 

In this study we measured   in an additional sampling day, to check the difference between 

    and the minimum   reached by F. virsoides in situ after a typical emersion period in the 

same time of the year (end of February). We found that average thallus   was below     but 

Fv/Fm values were relatively high (0.54 Ñ 0.23), suggesting a moderate reduction of PS II 

efficiency. On one hand, this might imply that F. virsoides could maintain a moderately good 

physiological status even when surpassing turgor loss point, suggesting that this species could 

recover   and Fv/Fm even after prolonged daily emersion periods. On the other hand, this result 

could be a warning signal. Indeed, the slope of the relationship between   and Fv/Fm is 

relatively steep (Figure 3), especially in the range of   values measured in the monitoring date, 

so that minimal further decrease of thallus   could result in a large drop towards critical Fv/Fm 

values. Secondly, in the scenario where thallus   frequently reaches values below     (a 

condition that is likely to occur especially in hot springs and summers), both primary 

metabolism and growth of F. virsoides could be limited, thus potentially explaining why the 

distribution of this species has dramatically reduced in the last decades, characterised by 

prolonged air exposure periods caused by increasing tidal fluctuations. Further analyses 

conducted both in situ and under controlled laboratory conditions are required to test these 

hypotheses.  

 

5. Conclusion 
 

By combining exhaustive measurements of the water potential components as well as 

chlorophyll a fluorescence with the corresponding thallus water contents, our study emphasises 

the remarkable water stress tolerance exhibited by both adult and juvenile individuals of F. 

virsoides. This result is supported by the water relation parameters derived from the PV curves, 

especially by the relatively low water potential at turgor loss point (  ), and the maintenance 
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of relatively high PSII efficiency (Fv/Fm) at   values indicating major desiccation. Further 

investigations are required to determine the environmental tolerance ranges based on water 

status characteristics, and in particular to assess potential water relations modification as a 

function of the tidal range. In addition, assessing the relationship between   and PS II efficiency 

under less favourable conditions, e.g. in summer, can improve our understanding of F. virsoides 

responses and vulnerability in the context of climate change. 
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Fig. S1 Sampling site of Marina Julia (NE Adriatic Sea) during a typical prolonged emersion 

period on February 21st 2024, when sampling for in situ water potential was performed. 

  


















































































































