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“Dove inizia la fine del mare? O addirittura: cosa diciamo quando diciamo: mare? Diciamo l'immenso mostro 

capace di divorare qualsiasi cosa, o quell'onda che ci schiuma intorno ai piedi? L'acqua che puoi tenere nel 

cavo della mano o l'abisso che nessuno può vedere? Diciamo tutto in una sola parola o in una sola parola 

tutto nascondiamo? Sto qui, a un passo dal mare, e neanche riesco a capire, lui, dov'è. Il mare. Il mare.” 

 – Alessandro Baricco, Oceano Mare 

 

 

 



Genetic background, range shifts and associated microbial responses of 

canopy algae under changing environment 

 

ABSTRACT 

Marine forests are a key habitat across temperate rocky shores, increasing dimensional 

complexity, local biodiversity, and productivity. However, canopy-forming algae are 

experiencing a general global decline, mostly driven by human pressures on coastal ecosystems 

and global changes. In contrast with their high ecological relevance, little is known about how 

their genetic diversity, dispersal and connectivity can be affected by global changes, despite the 

expected consequences for population resilience. I focused on studying brown macroalgae of 

the genus Cystoseira, one of the leading canopy-forming seaweed genera along European 

coasts, coupling molecular and ecological approaches to understand several processes that 

affect these marine forests. I first investigated the present distribution of the closely related C. 

amentacea, C. tamariscifolia, and C. compressa and projected their distribution under predicted 

climatic scenarios based on their climatic niche. I coupled this distribution modeling with the 

genetic characterization of populations to understand the potential consequences of shifts in 

their distribution ranges for the species gene pools. I found that considerable genetic diversity 

can be lost during the predicted shifts in distribution, with profound differences between 

Atlantic and Mediterranean ecosystems. Results suggest that climate change holds an extinction 

risk for C. amentacea. For this latter species, I also modeled the effect of habitat fragmentation 

on species dispersal and connectivity by simulating stepping-stone dispersal dynamics and 

comparing with population genetic differentiation. Results revealed that the population genetic 

structure could be well predicted based on oceanographic transport and dispersal traits of C. 

amentacea, therefore estimating the potential impacts of habitat fragmentation and loss. Finally, 

hypothesizing a potential role of associated bacteria in macroalgal adaptation and resilience, I 

explored the association and functional role of the microbial community within Cystoseira spp. 

I characterized the microbial community living in association with C. compressa at different 

locations, to explore its spatial variability. I also compared it with the microbial communities 

among closely related species of Cystoseira. Species-specific seaweed associated bacterial 

communities could be identified, which are consistent within regions but are differentiated 

between regions. The structure of bacterial communities associated to Cystoseira followed a 

geographical isolation-by-distance pattern, clearly distinguishable among basins (Atlantic, 

Mediterranean and Adriatic) possibly driven by population genetic structure of the host. A 

consistent set of shared bacteria formed the core community of C. compressa across its 
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distribution and was characterized by key ecological functions for the holobiont system, for 

example contributing to the degradation of pollutants at the macroalgal interface. Overall the 

knowledge acquired in this doctoral thesis is a useful contribution for management actions 

involving Cystoseira populations. Increasing our understanding of the ecology of the species, 

of its vulnerability to future global changes and the interactions with its bacterial components, 

can be integrated in informed planning of conservation areas or restoration actions for 

preserving the ecological role and ecosystem functions of these species that are the structure of 

important European marine forests. 

 

 

RESUMO 

As florestas marinhas são um habitat-chave das costas rochosas temperadas, aumentando a sua 

complexidade dimensional, a biodiversidade local e a produtividade. No entanto, as algas de 

porte arbóreo têm vindo a sofrer um declínio global, decorrente maioritariamente de alterações 

climáticas globais e, em particular, de pressões humanas sobre os ecossistemas costeiros. 

Apesar da sua importância ecológica, pouco se sabe de que forma a sua diversidade genética, 

dispersão e conectividade podem ser afectadas por mudanças climáticas globais, apesar dos 

efeitos esperados sobre a resiliência das populações. Este estudo focou-se no estudo de 

macroalgas castanhas do género Cystoseira, um dos géneros principais de algas de porte 

arbóreo, ao longo das costas europeias, e inclui uma abordagem molecular e ecológica de forma 

a compreender os vários processos que estão a afectar estas florestas marinhas. Em primeiro 

lugar, investiguei a distribuição geográfica actual de C. amentacea, C. tamariscifolia e C. 

compressa, espécies mais proximamente relacionadas, e projectei a sua distribuição sob vários 

cenários climáticos previstos com base no seu nicho climático. Os modelos de distribuição das 

espécies e a caracterização genética das populações foram analisados em conjunto para tentar 

compreender quais as consequências de potenciais alterações da distribuição sobre o “pool” 

genético de cada espécie. Os resultados apontam para uma perda considerável da diversidade 

genética em resultado de alterações na sua distribuição geográfica, com profundas diferenças 

entre o Atlântico e o Mediterrâneo. Os modelos sugerem um risco de extinção para C. 

amentacea resultante das mudanças climáticas. Também se modelou o efeito da fragmentação 

de habitat sobre a dispersão e a conectividade para esta espécie, através da simulação da 

dinâmica de dispersão “stepping-stone”, comparando com a diferenciação genética 

populacional. Os resultados mostraram que a estrutura genética da população pode ser prevista 
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com base no transporte oceanográfico e na forma de dispersão, estimando-se assim os 

potenciais impactos da fragmentação e perda de habitat para C. amentacea. Finalmente, 

assumindo que as comunidades bacterianas associadas têm um papel fundamental na adaptação 

e resiliência das macroalgas, explorei essa associação, assim como o papel funcional dessas 

comunidades em Cystoseira spp. A comunidade bacteriana que vive em associação com C. 

compressa foi caracterizada em diferentes locais de modo a explorar sua variabilidade espacial. 

As  comunidades bacterianas associadas a espécies de Cystoseira filogeneticamente mais 

próximas, foram igualmente comparadas. Foram identificadas comunidades bacterianas 

específicas para cada espécie, sendo consistentes dentro de cada região mas diferenciadas entre 

as várias regiões. A estrutura das comunidades bacterianas associadas a Cystoseira seguiu um 

padrão geográfico de isolamento por distância, claramente diferenciado entre as bacias 

(Atlântico, Mediterrâneo e Adriático) possivelmente determinado pela estrutura genética 

populacional do hospedeiro. Um set consistente de bactérias partilhadas formou a comunidade 

nuclear de C. compressa ao longo de toda a sua distribuição e foi caracterizado por funções 

ecológicas chave para o holobionte, contribuindo, por exemplo, para a degradação de poluentes 

na interface da alga. De uma forma geral, os conhecimentos adquiridos nesta tese de 

doutoramento são uma valiosa contribuição para acções de gestão envolvendo populações de 

Cystoseira. Melhorar o conhecimento sobre a ecologia das espécies, a sua vulnerabilidade às 

futuras alterações climáticas globais e as interações com seus componentes bacterianos, 

permitirá um planeamento mais informado de potenciais áreas de conservação ou ações de 

restauro para preservar o papel ecológico e as funções do ecossistema dessas espécies que são 

a estrutura de importantes florestas marinhas europeias. 
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INTRODUCTION 

Global change and the coastal environment 

We live in extraordinary times. Human population and technological progress has increased 

exponentially in the last century and so did the anthropogenic pressures on global ecosystems. 

Such modifications encompass planetary scale and, after the Rio de Janeiro Earth Summit of 

1992, are overall regarded as global changes. Global changes include many different processes, 

which interact in a complex and nonlinear way. These are generating disproportionately more 

impacts in coastal regions as most of the global human population lives within 200 km from 

the coasts (Cohen et al. 1997; Airoldi & Beck 2007) and consequently, all the activities 

including products consumption, waste or transportation, are concentrated along the coastal 

areas. Coastal marine systems are some of the most ecologically and socio-economically 

valuable on the planet. They provide numerous ecosystem goods and services such as food, 

coastal defense (Spalding et al. 2014), water purification, marine biodiversity, carbon 

sequestration and socio-cultural services (Liquete et al. 2013).  

There is strong scientific consensus that coastal marine ecosystems, along with the goods and 

services they provide, are particularly threatened by global and climate changes (Leslie 2008; 

IPCC 2013). Following the human population growth in coastal zones, urbanization and marine 

infrastructures have sprawled, altering or directly removing the natural habitats (Burke et al. 

2001). Construction of artificial structures has been adopted to contrast also sea level rise 

(Fenoglio-Marc & Tel 2010) and erosion (Zhang et al. 2004; Cai et al. 2009). These processes 

are in turn driven mainly by climate change, which is expected to produce increases in extreme 

events, species displacement and ecosystems degradation among other impacts (Harley et al. 

2006). This creates a positive feedback, as degradation of habitats and species replacement 

decrease the ecosystem services provided, including coastal defense (Spalding et al. 2014), 

fostering the need for artificial structures. Additionally, population increase, changes in the use 

of the soil, agricultural activities and alterations in the hydrogeological cycles have amplified 

the local input of nutrient and sediment load (Rabalais et al. 2009). The frequency and extension 

of these impacts have grown up to a level where their effect can be measured globally, with 

consequent increase of anoxic and hypoxic zones, algal blooms, species displacement and 

habitat degradation (Sellner et al. 2003; Diaz & Rosenberg 2008). Increase in sea surface 

temperature, extreme events and ocean acidification driven by global climate change is also 

causing changes in the species distribution and the loss of entire reef ecosystems (Garrabou et 

al. 2001; Munday et al. 2013; Bates et al. 2014). Furthermore, overexploitation of marine 
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resources and the introduction of non-native species is decreasing the biodiversity and the 

resilience of the ecosystems, hampering their ability to buffer the other anthropogenic impacts 

(Jackson 2001; Worm et al. 2006).  Understanding the capabilities of species and ecosystems 

to face those interacting changes is one of the great challenges of the twenty-first century. 

Canopy forming algae in Europe: status and trend 

Shallow temperate and cold rocky shores are characterized by the presence of macroalgal beds, 

one of the most productive, diverse and valuable marine habitat (Wahl 2009). Some species of 

brown algae (mostly Fucales and Laminariales) can fix more than 1 kg Cm−2 year−1 and even 

more in kelp forests (Mineur et al. 2015). These habitats are dominated by brown perennial 

algae (Phaeophyceae) which can form dense tri-dimensional structures allowing the 

coexistence of a rich associated fauna and providing essential ecosystem services (Cheminée et 

al. 2013; Mineur et al. 2015). In the Atlantic and Pacific oceans, kelps (Laminariales and 

Tilopteridales) dominates the lower intertidal and subtidal, while Fucales are found in the 

intertidal zone. In the Mediterranean Sea instead, kelps are virtually absent and the euphotic 

zone is dominated by Fucales of the genus Cystoseira and Sargassum (Airoldi & Beck 2007). 

Quantitative information of the distribution and cover of the macroalgal beds, however, is 

sparse. Some already compiled information on the distribution exists for oceanic kelps 

(Merzouk & Johnson 2011; Marzinelli et al. 2015, Connor 2004) and fucoids in the Atlantic 

and Baltic (Margalet et al. 1993; Malm & Isaeus 2005). However, no comprehensive and 

detailed inventory exists for all European countries and the Mediterranean Sea, even if local or 

regional knowledge can be considerable (Sales & Ballesteros 2009; Macic et al. 2010; Thibaut 

et al. 2016). The services that collate digitalized survey data and distributions records, such as 

GBIF (Gbif 2012) and Algaebase (Guiry & Guiry 2013) made a great step forward making this 

information available to the public, but they also suffer from bias due to uneven effort of 

sampling, data storage and mobilization (Beck et al. 2014).  

A global decline of macroalgal beds has been reported in several studies (Steneck et al. 2002; 

Airoldi & Beck 2007; Mineur et al. 2015). Canopy algae under different disturbance and stress 

regimes tend to shift toward less complex stable state dominated by ephemeral turf forming 

algae, urchin barrens or mussel beds (Airoldi et al. 2015). Depicting the exact cause of this 

habitat transformation is not straightforward as current knowledge suggests it is driven by a 

complex of local and global stressors (Strain et al. 2014). The decrease in water quality, increase 

in sediment load, extreme events and altered grazing pressure are among the most important 

local drivers (Airoldi et al. 2015). The shifts from canopies to alternative habitats such as turfs 
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or barrens might even not be reversible once a certain threshold is exceeded (Perkol-Finkel & 

Airoldi 2010). The profound ecosystem changes that follow the local to regional loss of 

biogenic habitats translate in a major reduction of spatial diversity, food resources and the many 

ecosystem services provided (Airoldi et al. 2008). 

The genus Cystoseira as model system  

In the Mediterranean Sea, brown algae of the genus Cystoseira are the dominant and most 

widespread canopy forming species. Mediterranean Cystoseira spp. comprise various 

endemisms, and are distributed from the infralittoral down to the upper circalittoral zone, with 

each species occupying a specific niche defined by depth, water temperature, substrate 

characteristics, wave exposure and seawater nutrients, competition and effects of herbivores 

(Ballesteros 1990; Sales & Ballesteros 2009; Giaccone 1994; Vergés et al. 2009). As other 

canopy forming algae, the genus Cystoseira has also experienced widespread declines, 

sometimes leading to local extinction of several species (Soltan et al. 2001; Thibaut et al. 2005; 

Serio et al. 2006; Perkol-Finkel & Airoldi 2010; THIBAUT et al. 2014). After the Barcelona 

Convention (1992) all the Cystoseira species are protected in the Mediterranean except C. 

compressa, which showed more stable populations.  

These species present a ramified structure, arising from a holdfast attached to the substrate by 

a basal disk, and can reach more than 1 m in height (Ribera et al. 1992, Gómez Garreta et al. 

2001). Some species present aereocystis along the branches, such as C. compressa while in 

others they are absent (e.g. C. tamariscifolia and C. amentacea). Although individuals are 

perennial, the canopy is lost after the reproductive season and the species enter a quiescent 

phase during the colder months. New fronds regrow in spring and reproduction takes place 

usually during the summer. Cystoseira species are hermaphroditic and self-compatible, and 

they are only known to reproduce by sexual means. Male gametes are released into the water 

while female gametes are also released in synchrony but remain attached to the conceptacles 

until few days after fertilization (Robvieux 2013; Engelen et al. 2008). Zygotes are negatively 

buoyant and tend to quickly settle and develop close to the parent. 

 

Molecular ecology and species resilience 

Molecular ecology is a cross-disciplinary science, merging the tools and methods of molecular 

biology, genomics and bioinformatics with the theory of ecology, evolution, conservation and 

behavior (Andrew et al. 2013). The genetic dimension involves different aspects and tools that 
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are extremely useful in ecology and conservation biology. One of the main focuses is on 

population genetics, which studies the genotypic and allelic diversity, the genetic structure and 

their evolution in natural populations (Hamilton et al. 2009). Genetic diversity is essential for 

the long-term persistence of populations exposed to environmental changes (Bakker et al. 

2010). High genetic variability increases the probability to have some individuals in the 

population pool with the best genotype for a certain environmental condition and therefore 

allows populations to adapt to changing conditions. On the contrary, low genetic diversity has 

been related to reduced fitness and eventually to a higher risk of extinction (Frankham 2005). 

Genetic diversity can have important ecological consequences at each level of species 

organization, from population to ecosystem levels, and it can also be linked to species diversity 

(Vellend & Geber 2005; Hughes et al. 2008). Preservation of the genetic diversity is, therefore, 

a major objective of management and conservation of species.  

The molecular tools allow also quantifying gene flow among populations. The study of gene 

flow gives indications about the realized connectivity and migrations rates in a metapopulation 

context. It also allows identifying barriers and limitations to the genetic exchange among 

populations. In the framework of landscape genetics, knowledge of how landscape 

characteristics influence population genetic structure enables us to understand the processes 

and patterns of gene flow and local adaptation. This is essential, not only for improving 

ecological knowledge but also for managing the genetic diversity of vulnerable and endangered 

populations (Manel et al. 2003; Storfer et al. 2007; Manel & Holderegger 2013). Overall these 

aspects of molecular ecology give fundamental information to identify management units, and 

help understanding metapopulation resilience and designing marine protected areas or 

restoration actions. 

 

Macroalgal holobiont theory 

Bacteria tend to form complex associations with macroalgae. They can aggregate in biofilms 

on the surface, colonize the interstitial spaces between cell walls or even occur as 

endosymbionts (Delbridge et al. 2003; Wahl et al. 2012; Hollants et al. 2013; Aires et al. 2015). 

These relationships are mediated by complex chemical interactions (Goecke et al. 2010) which 

contribute to different essential functions of the algal host, such as morphological development, 

growth and nutrient acquisition, spore release and settlement, and protection from fouling (Egan 

et al. 2012; Aires et al. 2013). Evidence suggests that the microbial-macroalgae association 

tend to be specific to species or phylogenetically related groups (Hollants et al. 2013; Aires et 
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al. 2015, 2016). For this reason, it has been suggested that the macroalgae and their microbiome 

can be considered as holobionts, where the hosts and their specific associated microbiota behave 

as a singular entity (Wahl et al. 2012; Barott et al. 2012; Egan et al. 2012). The study of 

associated bacterial communities can be central in understating the future of canopy algae under 

a changing environment. Alteration of the associated microbial community might concur to the 

detrimental effects of stressors observed in canopy algae, facilitating the colonization by 

pathogens and epiphytes or losing some key function for the holobiont (Wahl et al. 2012). 

Furthermore, associated bacteriomes can have a potential role in macroalgal adaptation and 

resilience to a changing environment. For instance, adaptation of the holobiont can be 

accomplished by adjustments in the microbiome, enabling the holobiont to persist without or 

with minor adaptation of the main host.  

Aims, general approach and structure of the thesis 

In this thesis, I focused on the Cystoseira species that are most common along the coasts of the 

Mediterranean and North-West Atlantic, with the aim of understanding whether these canopy 

species (and consequently the ecosystems they generate) will persist and adapt to future global 

change scenarios. First, I investigated the present distribution of C. amentacea, C. 

tamariscifolia and C. compressa and projected their distribution under predicted climatic 

scenarios. I coupled the distribution modeling with genetic characterization of the populations 

to understand the potential effects of shifts in their distribution ranges. To enable the genetic 

approach, I developed new microsatellite markers for C. compressa. Then, I modeled the effect 

of habitat fragmentation on species dispersal and connectivity on the species that resulted to be 

the most exposed to risks of genetic erosion and local extinction, specifically C. amentacea. 

Finally, I characterized the microbial community living in association with Cystoseira 

compressa, the most common and widespread species across Mediterranean and close Atlantic 

coasts, characterizing its spatial and inter-specific variability and its potential functional roles 

as part of the Cystoseira holobiont. The thesis is structured in 4 chapters, each corresponding 

to a stand-alone manuscript for publication. 

Chapter one: While microsatellite markers for two of the studied species were already available, 

genetic markers for C. compressa were missing. Therefore, we developed 12 microsatellite 

markers for Cystoseira compressa. The microsatellite markers allowed differentiating relatively 

geographically close populations. Therefore, they provide useful genetic tools for population 

genetics studies. These markers were used in the subsequent chapters two and four to 
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characterize the population genetic structure of C. compressa and to predict the consequences 

of a changing climate on this species. 

  

Chapter two:  In this chapter I inferred the genetic structure of three different Cystoseira species 

(C. amentacea, C. tamariscifolia and C. compressa) along their distribution ranges and used a 

correlative approach to develop a model of the present distribution and to predict future changes 

in distribution and in population genetic structure of according to different climatic scenarios. 

The aim was to predict the distribution of these key habitat forming species according to their 

climatic niche to identify future risks and possible conservation strategies. C. amentacea and 

C. compressa were predicted to lose most of their suitable habitat in the Mediterranean region 

in both climatic scenarios used, while C. tamariscifolia showed in future simulations a profound 

regression at its trailing edge of distribution in the worst-case scenario. According to the 

inferred population genetic diversity and differentiation of populations of those species, we 

predicted a consequent loss of genetically distinct clusters and depletion of an important part of 

each species’ genetic diversity. Results from this study show also profound differences in the 

consequences of climate change between Atlantic and Mediterranean habitat and highlighted a 

particularly high extinction risk for C. amentacea.  

 

Chapter three: In this thesis chapter, I analyzed the genetic structure and estimated the 

connectivity of populations along discontinuous rocky habitat patches in southern Italy, using 

microsatellite markers at multiple scales. We used C. amentacea as a model species, also 

because in chapter two it was the species most exposed to genetic erosion and risk of extinction 

by changes in habitat suitability due to its fragmented distribution and isolated populations. In 

addition, I modeled the effect of rocky habitat continuity and ocean circulation on gene flow by 

simulating Lagrangian particle dispersal based on ocean surface currents allowing 

multigenerational stepping-stone dynamics. The results highlighted the importance of spatially 

explicit modeling of stepping stone dynamics and oceanographic directional transport coupled 

with habitat suitability, to better describe and predict marine population structure and 

differentiation. 

 

Chapter four: In the last section, I analyzed bacteria communities associated with Cystoseira 

compressa and closely related macroalgal species (C. tamariscifolia, C. amentacea and 

Sargassum vulgare) across North-East Atlantic, central Mediterranean and Adriatic basins using 

a next generation sequencing approach (16S amplicon sequencing). The aim was to explore the 
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specificity and spatial variability of the Cystoseira holobiont along geographical and 

phylogenetic gradients. Furthermore, I identified the shared bacteria among geographical 

regions for the most widespread species C. compressa. These shared bacteria can describe the 

bacterial core community of the holobiont of this species, therefore I further explored its 

potential functional role by predicting metagenome functional content from marker gene in a 

bioinformatics approach. Results showed large spatial differences in the composition and 

structure of the microbial communities, but with consistent differences among species at 

regional scales. The community structures of these species-specific bacterial communities are 

locally shaped by geographical and environmental local conditions. Additionally, the bacterial 

structure of C. compressa followed a geographical isolation-by-distance pattern, clearly 

distinguishable among basins and possibly driven by population genetic structure of the host. 

However, across its distribution, C. compressa has a small set of shared bacteria forming the 

core community of its holobiont system. This core comprised bacteria with different functional 

roles, including defense from xenobiotics pollutants, contributing to the structure and stability 

of the holobiont system. 
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Abstract  

Cystoseira compressa is a brown macroalga widespread in the Mediterranean Sea and adjacent 

North East Atlantic waters. Rising seawater temperature and increasing frequency of extreme 

events are threatening this ecologically valuable foundation species. Understanding the species 

effective dispersal, connectivity and general populations structuring, which are currently 

unknown, is a priority for its effective conservation. We developed 12 microsatellite markers, 

in order to provide genetic tools for restoration and management and improve the understanding 

of the consequences of changing climate. The loci were validated on two populations of 

southern Italian coasts about 400 km apart. Allelic richness within population ranged between 

2 and 6 and mean gene diversity (HE) between 0.033 and 0.65. Distinct genotypes were 

associated to single individuals and the two populations were clearly differentiated (FST= 

0.373). These results confirm the usefulness of these markers for future studies of population 

genetics and management of the species. 
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Introduction  

Fucoid algae of the genus Cystoseira are ecologically important habitat forming species, 

contributing to the complexity and diversity of coastal ecosystems. However, various species 

of the group are declining across their distribution range, especially in the Mediterranean Sea, 

where there is a high level of endemism (Airoldi and Beck 2007). These macroalgae are 

endangered mainly by local scale impacts (eutrophication, coastal infrastructure, sediment load) 

and by natural events connected to climate change (heat waves, increase storminess) (Perkol-

Finkel and Airoldi 2010; Strain et al. 2014; Airoldi et al. 2015). Cystoseira compressa is one 

of the most widespread species of the genus and can be found all across the Mediterranean Sea 

and in the adjacent North East Atlantic Ocean, along Moroccan and Portuguese coasts. It 

occupies the shallow subtidal and intertidal zone in rocky shores, which makes it more exposed 

to anthropic pressures. Although C. compressa is more resilient to local stressors than other 

comparable species (Mangialajo et al. 2008b; Mangialajo et al. 2008a), the ability of the species 

to cope with global climate change is unknown. Most late succession brown algae are 

characterized by low dispersal, which limits their ability to colonize new areas and to shift their 

distributional ranges to track the temperature change (Nicastro et al. 2013; Neiva et al. 2015). 

High-resolution molecular markers enable the assessment of the population genetic structure 

and connectivity of C. compressa and therefore provide insights into the evolutionary biology, 

ecology and conservation of the speceis (Balloux and Lugon-Moulin 2002). This information 

provides a fundamental step to improve the management of the species and to understand the 

consequences of ongoing climatic and environmental changes.    

 

Material and methods  

Genomic DNA was extracted from 12 individuals of C. compressa originating from two 

locations in the Iberian Peninsula (2 individuals from Mallorca in Spain and Algarve in 

Portugal) and three locations from Italian coasts: Ancona (2 individuals), Livorno (3 

individuals) and Crotone (3 individuals). From each individual a total of 100 mg of silica dried 

tissue were used for genomic DNA extraction following the CTAB protocol (Doyle and Doyle 

1990) and the pooled DNA was sequenced using 454 DNA shotgun pyrosequencing (Biocant - 

Cantanhede, Portugal), producing 141780 individual sequences, ranging from 44 bp to 612 bp. 

Microsatellite loci from di- to hexanucleotide motifs were searched among the sequences 

obtained, using WebSat (Martins et al. 2009). Based on a high number of repeats, the presence 

of anchoring sites and the melting temperature of primers, 24 potential microsatellites were 
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selected and tested using labeled primers. According to their amplification success, the 

possibility of multiplex reaction and polymorphism levels, 12 out of the 24 microsatellites were 

selected. These microsatellite loci amplified consistently and proved to be polymorphic across 

60 specimens coming from two populations of Sicily island, Italy (Portopalo di Capopassero – 

SR, 36.681627 N 15.137066 E, and Sant’Elia – PA, 38.096884 N, 13.540001 E) (Table 1). 

For genotyping, 10 ng of DNA and fluorescent-dye labeled primers were used to produce three 

different multiplex reactions (Table 1) using the QIAGEN multiplex kit (Cat No./ID:206143) 

according to the manufacture protocol. All polymerase chain reactions (PCR) were performed 

in a GeneAmp 9700 thermocycler (PE, Applied Biosystems) using the following conditions: 

15 min at 95°C denaturation phase followed by 35 cycles of 30 s at 94°C, 1 min 30 s at 58°C 

annealing step and 1 min at 72°C. Final elongation step was set at 30 min at 60°C. Genotyping 

was performed on an ABI Prism 3130xl automated DNA sequencer with GeneScan 500 Liz 

size standard (Applied Biosystems) at CCMAR (Faro, Portugal). 

Allele sizes were scored using STRand v.2.4.59 (http://www.vgl.ucdavis.edu/STRand). The 

number of alleles per locus, observed (H
O
), expected (H

E
) heterozygosity and genetic distance 

matrix among samples were estimated using Genalex (Peakall and Smouse 2006). Linkage 

disequilibrium and deviations from Hardy-Weinberg equilibrium (HWE) as F
IS were tested in 

GENEPOP v. 4.2.2 (Rousset 2008). Null allele presence was detected with Micro-Checker 

version 2.2.3 (Van Oosterhout et al. 2004). 

Results and Discussion  

The number of alleles per locus ranges from 2 to 6 alleles per locus per population with a mean 

value of 3.25 and 3.50 for the two populations of Porto Palo and Sant’Elia respectively. 

Observed heterozygosity ranged from 0.033 to 0.300 while expected heterozygosity from 0.033 

to 0.656. The allelic richness found is comparable to what was observed in other Fucales  (Engel 

et al. 2003) but lower than that shown by recently developed microsatellite markers for 

Cystoseira tamariscifolia and Cystoseira amentacea (Robvieux et al. 2012; Engelen et al. 

2016). 

Heterozygosity deficit and deviation from Hardy-Weinberg equilibrium were detected at most 

of the loci and Microchecker reported evidence of null alleles with the exception of loci Cc22, 

Cc04, Cc06. This deficit was mostly consistent across populations and may be due to inbreeding 

among relatives or Wahlund effect. Linkage disequilibrium after Bonferroni correction was 

significant only for the loci pair Cc9 – Cc19.  
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Each specimen was identified by a unique multi locus genotype and allele polymorphism was 

sufficient to clearly identify differentiation between population clusters (FST = 0.373; p < 0.01) 

(Fig. 1). This preliminary assessment demonstrated the efficacy of the 12 markers in 

populations genetic studies, even at relatively small spatial scale. Cystoseira compressa is a 

widespread species in the Mediterranean and adjacent Atlantic Ocean and is a key habitat 

forming species. The use of these markers can help provide essential insight for the 

development of management and restoration strategies for this important species. For instannce 

they can improve our understanding of populations connectivity among marine protected areas 

or assess the effectiveness of artificial structures in fostering habitat restoration.    
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Figures and tables  

 

 

Figure. 1 -. Principal Coordinate Analysis based on genetic distance among samples.  PP: Portopalo; SE: 

Sant’Elia populations. 
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Table 1 - Characterization of 12 polymorphic microsatellite loci in C. compressa 

* significant deviation from HWE (by Markov chain method). 

 

 
 

    Portopalo Sant’Elia 

Multiplex 

mix Locus 
Genebank 

code 
Motif Primer Sequence Ta (ºC) 

Size Range 

(bp) 
Na He Ho Fis Na He Ho Fis 

1 

Cc01 KY820873 
(TA)10 F: GCTGGCGTTCTTTGTAGGTACT 58 235-254 5 0.538 0.233 0.566* 4 0.488 0.167 0.659* 

 
 R: AAGATGGAAGCGAGTCAGTCA           

Cc06 KY820875 
(TAC)10 F: CACCTTCTGATCTGCTGGAGT 58 288-297 3 0.513 0.133 0.740* 2 0.375 0.033 0.911* 

   R: TCAAGTATGAAACACCAAAGGG           

Cc04 KY820874 
(TAGCTG)6 F: GGGTTTACAGGACGTTAATGGA 58 393-411 2 0.180 0.067 0.630* 2 0.033 0.033 -0.017 

   R: ATCGACAGCTATTCCTCAAAGC           

Cc11 KY820876 
(ACT)11 F: GGTAAGATTTATTGGGGAAGGC 58 299-311 3 0.347 0.069 0.801* 4 0.332 0.167 0.497* 

   R: TCAGCGAGAAACAACGAAGATA           

Cc07 KY820877 
(ACT)11 F: AAGCTATCGGCGCATTAAAA 58 204-227 3 0.509 0.100 0.804* 2 0.206 0.033 0.838* 

  R: CCTTCTTATTGTCGAGTCCCAG           

2 

Cc02 
KY820878 

(AT)14 F: CAGCATAGAACGGTGACGAA 58 229-233 3 0.291 0.067 0.771* 2 0.124 0.133 -0.071 

  R: ACTATACACACTTTCCCCAGGC           

Cc05 KY820879 
(TA)11 F: AAGATTAGTATGACAGGGCCGA 58 263-279 5 0.467 0.067 0.857* 6 0.591 0.200 0.661* 

  R: GACTCAAGTAAGCACATGGCAG           

Cc09 KY820880 
(AGGC)10 F: CCGAGTTTATCAGGTGTCATCA 58 273-334 3 0.557 0.034 0.938* 6 0.656 0.100 0.848* 

  R: AGAGAGTCCTCCTCCTCCCTT           

3 

Cc14 KY820881 
(AT)9 F: CATACACGTAGGGTGCAGGTAA 58 184-203 3 0.539 0.167 0.691* 6 0.543 0.233 0.570* 

   R: TCAGTTTTCAAGGGGCTCTCTA           

Cc19 KY820882 
(AT)9 F: CTAACAATGCCCTCCTCAAAAC 58 157-165 4 0.507 0.133 0.737* 4 0.545 0.200 0.633* 

 
 R: ATGTTTCACCTGTGTCCCTTTC           

Cc22 KY820883 
(CGTCAA)6 F: ACGGTTACGCCAGTAGAAATGT 58 194-209 2 0.033 0.033 -0.017 2 0.033 0.033 -0.017 

 
 R: AGCTACCCGATGCACGAT           

Cc24 KY820884 
(GTA)12 F: AATGAATGGACAGATGTTGCC 58 310-319 3 0.512 0.300 0.414* 2 0.420 0.200 0.524* 

   R: CTCGACAATATGACACGTCCC           
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Abstract 

Climate change is inducing shifts in the range of species distribution across the globe. Range 

shifts can affect the genetic pools of species, including loss of genetic variability and 

evolutionary potential. Species with long generation time, low dispersal and connectivity, such 

as brown algae, are more prone to genetic erosion. In this study, we focus on three habitat-

forming seaweed species throughout their entire ranges in the Atlantic and Mediterranean 

regions, Cystoseira tamariscifolia, C. amentacea and C. compressa. We aim to 1) describe their 

population genetic structure and diversity, 2) model the present and predict the future 

distribution and 3) assess the consequences of range shifts for their population genetic structure, 

according to an optimistic and a pessimistic climatic scenario. Our results produced models that 

were accurate, according to performance statistics, in describing current distribution. A net loss 

of suitable areas was predicted in both climatic scenarios across the range of distribution of the 

three species. This loss was particularly severe for C. amentacea in the Mediterranean Sea (-

90% in the worst climatic scenario), suggesting that the species might become potentially at 

extinction risk. In all species, genetic data showed very differentiated populations, indicating 

low inter-population connectivity, and high and distinct genetic diversity in areas that were 

predicted to become lost, causing erosion of unique evolutionary lineages. Our results indicated 

that the Mediterranean Sea is the most threatened region, where future suitable Cystoseira 

habitats will become more limited and species with the same ecological niche and functional 

role are absent. The projected accelerated loss of already fragmented and disturbed populations 

and the long-term genetic effects highlight the urge for local scale management strategies that 

sustain the capacity of these habitat forming species to cope with and adapt to climatic impacts 

while waiting for global emission reductions.   
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Introduction 

 

The distribution of species is predicted to be increasingly affected by anthropogenic climate 

warming (Sunday et al. 2012). Geographic range shifts caused by recent temperature changes 

have been described for many marine species, including sessile ecosystem structuring canopies  

(e.g., Smale & Wernberg 2013; Nicastro et al. 2013; Lourenço et al. 2016). In sessile species, 

range shifts happen by local extinction at the trailing edge and dispersal and colonization of 

new areas at the expanding edge. Such changes are a product of a complex interaction of factors: 

abiotic conditions, biotic interactions, dispersal potential and evolutionary capacity (Soberon 

2005), which complicate predictions of future distributions. However, mechanistic 

understanding of these processes at the community level is commonly limited and predictions 

can be based solely on climatic data (Bates et al. 2014), for which future predicted values are 

available and have successfully been applied (e.g., Assis et al. 2014; Neiva et al. 2015). 

Latitudinal range contractions and expansions of marine organisms are more predictable 

because their current distribution ranges tend to follow their thermal limits closely (Sunday et 

al. 2012). Besides, assuming that correlative species distribution modeling based on 

environmental data approximates the fundamental “climatic” niche of a species, these models 

may be suitable for large-scale range shift predictions (Peterson 2006; Kearney & Porter 2009).  

When species are subject to rapid changes in their distribution they can be exposed to genetic 

erosion and loss of genetic diversity (Hampe & Petit 2005; Nicastro et al. 2013; Neiva et al. 

2015). Taking into account the genetic consequences of species distribution range shifts is still 

relatively recent (Pfenninger et al. 2012), despite its importance for the future evolutionary 

potential and resilience of the species and the ecosystem they support  (O’Leary et al 2017). 

Species with longer generation times, limited population connectivity, and restricted dispersal 

are more prone to local extinction and genetic erosion due to changes in climate conditions 

(Bates et al. 2014). Key fundamental marine organisms that fit these criteria are late succession 

brown algae. For various representatives of this group local to regional extinctions are 

increasingly reported, such as for Scytothalia dorycarpa (Smale & Wernberg 2013), Fucus 

vesiculosus (Nicastro et al. 2013; Assis et al. 2014), Bifurcaria bifurcata (Neiva et al. 2015), 

Fucus guiryi (Lourenço et al. 2016). Understanding the evolution of distributional ranges is 

therefore important for conservation and management of this ecologically important group.  

Here, we aim to use closely related species with distinct distribution ranges to 1) estimate the 

genetic structure and diversity of three habitat-forming seaweed species, Cystoseira 
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tamariscifolia, C. amentacea and C. compressa, throughout their entire distributions in the 

Atlantic and Mediterranean, 2) model their present and predict their future distributions and 3) 

assess the consequences of range shifts for their population genetic structure, according to 

different climatic scenarios.  Our comparative approach allowed us to infer future conservation 

challenges for key structural species of the Mediterranean and Atlantic, and highlighted 

particularly high threat levels predicted for Mediterranean endemic biodiversity. 

 

Methods 

Biological data and study area 

We selected three representative species of the genus Cystoseira (C. tamariscifolia, C. 

amentacea and C. compressa). The species C. tamariscifolia occurs exclusively in the Atlantic 

and the entrance to the Mediterranean, C. amentacea is a Mediterranean endemic, and C. 

compressa occurs throughout the Mediterranean but also in the Atlantic transition zone and in 

the Azores. We compiled georeferenced presence records from field observations, available 

literature and online databases. We found 52 publications (Table S1) with a useful description 

of species location and used two available databases: Algaebase (Guiry & Guiry 2013) and the 

Global Biodiversity Information Facility (GBIF; http://www.gbif.org/). All the records were 

double-checked for referencing errors and misplacement.  

We used a resolution of 5 arc minutes (~ 9.2 km) for georeferencing species data as well as the 

climatic variables. We obtained 259 occurrence records for C. amentacea (171 cells), 475 for 

C. compressa (282 cells), and 580 for C. tamariscifolia (315 cells).  

The study area covered the geographic distribution of the three species, comprising the 

Mediterranean and the Black Sea and the East coast of the North Atlantic Ocean, from Cape 

Verde islands to the Baltic Sea. As these species occur in shallow subtidal or intertidal zones, 

we delimited a 20 m depth threshold along the coastline from the 30 arc-seconds resolution 

GEBCO’s gridded bathymetric data set (http://www.gebco.net/). 

Environmental data 

We selected the most relevant ocean variables, available for both current and future climatic 

conditions, according to previous literature on niche models affecting population genetic 

diversity of brown algae (Assis et al. 2014, 2016a,b; Neiva et al. 2014, 2015). Maximum, mean, 

minimum and range values of sea surface temperature (SST), surface air temperature (SAT) 

(because the upper limits of the species are in the intertidal zone), and mean salinity 
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(particularly relevant in the Baltic) were used. Data were obtained from Bio-ORACLE dataset 

(Tyberghein et al. 2012) and tested by Pearson's correlation coefficient < |0.7| in our study area. 

We also produced a multi-model ensemble using five Ocean General Circulation Models 

(CNRM-CM5, HadGEM2-ES, IPSL-CM5A-LR, MPI-ESM-MR and NASA/GISS) pertaining 

to the Coupled Model Intercomparison Project Phase 5 (CMIP5; http://cmip-

pcmdi.llnl.gov/cmip5/).  We averaged 20 years of monthly data for 2050 (from 2030 to 2050) 

and 2100 (from 2080 to 2100) pertaining to two contrasting future scenarios : the high (RCP 

8.5) and low (RCP 2.6) emissions scenarios of the IPCC Representative Concentration 

Pathways projections (Moss et al. 2010; van Vuuren et al. 2011). These scenarios allow 

projecting future environmental data according to different trajectories of socio-economic 

development and associated greenhouse gas emissions (van Vuuren et al. 2011). 

 

Current and future SDMs 

We implemented an ensemble approach to obtain the current and the two future climate 

scenarios predictions for the three Cystoseira species. We used the “biomod2” package 

(Thuiller et al. 2014) to perform six presence-absence algorithms: flexible discriminant analysis 

(FDA), generalized additive model (GAM), generalized boosting model (GBM), generalized 

linear model (GLM), multiple adaptive regression splines (MARS), and randomForest (RF). 

We used two sets of pseudo-absences extracted at random in a proportion of ten pseudo-

absences per presence cell as previously done in Chefaoui et al. (2008 and 2016). Data were 

split into a calibration (70 %) and a validation set (30 %) in each of the 10 iterations performed 

for each model and set of pseudo-absences. Thus, 120 models were computed for each species 

(2 pseudo-absence sets x 6 modeling techniques x 10 iterations). We evaluated model 

performance using the true skill statistic (TSS; Allouche et al. 2006), the area under the receiver 

operating characteristic (ROC) curve (AUC), and ROC-derived sensitivity (presences correctly 

predicted) and specificity (absences correctly predicted) measures (Fielding and Bell 1997), 

with the threshold that optimized ROC and TSS scores (Thuiller et al. 2014). The consensus 

prediction under current conditions for each species was an ensemble computed through the 

average of binary predictions (committee averaging ensemble), an approach which obtained the 

best performance predicting other coastal species (Chefaoui et al. 2016). To produce the 

ensemble, we strictly used just the models with TSS > 0.7. Ensembles were projected to the 

RCP 2.6 and RCP 8.5 scenarios to obtain the predictions for the future distribution. To assess 

the uncertainty in future projections related to the different values of each variable between the 

training range and the novel scenarios we computed a clamping mask. We estimated the 
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importance of each variable following a procedure similar to “randomForest” (Liaw and Wiener 

2002). The correlation between the full model and a model rearranged without one of the 

variables using three iterations was calculated to obtain an importance value from 0 to 1 (highest 

importance) (Thuiller et al. 2013). Analyses were performed in R (R Core Team 2015) using a 

computational cluster facility. 

 

Genetic analysis  

Genomic DNA was extracted from algal tissue using the cetyl trimethyl ammonium bromide 

(CTAB) method optimized for brown algae (Hoarau et al. 2007). For C. amentacea, a selection 

of 8 microsatellites previously developed for C. tamariscifolia were used  (Engelen et al. 2016, 

Chapter 3). For C. tamariscifolia and C. compressa, specifically developed microsatellite 

markers were used (respectively 6 and 10) (Chapter 1).  Fragment lengths were measured on an 

ABI PRISM 3130 DNA analyzer (Applied Biosystems) with the LIZ 500 (GeneScan) standard 

at the CCMAR sequencing platform. Alleles were scored using the free software STRand 

(Toonen & Hughes 2001) and further binned into size classes with the msatAllele R package 

(Alberto 2013). Departures from Hardy-Weinberg equilibrium (null hypothesis H0: FIS=0) were 

tested with permutations implemented in GENETIX (Belkhir et al. 1996-2004) and confidence 

intervals were estimated by bootstrapping (number of replicates =1000) within the DiveRsity 

R package (Keenan et al. 2013). Allelic richness and confidence intervals were determined after 

999 resampling in DiveRsity. We used the STRUCTURE software to infer population structure 

(Pritchard et al. 2000). This analysis was replicated ten times and the mean of the permuted Q-

matrices across replicates was obtained in CLUMPP (Jakobsson and Rosenberg 2007). The 

resulting output was plotted with DISTRUCT (Rosenberg 2002; 

http://www.cmb.usc.edu/noahr/distruct.html).       

 

 

Results 

Species distribution models 

After correlation analysis, three variables were used for the modeling approach: maximum SST, 

minimum SST and the range of SAT. Overall validation scores were high for the models of the 

three Cystoseira species (Table 1). GBM, RF and GLM obtained more accurate results, though 

no model performed consistently better across all species. FDA and MARS models for C. 
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tamariscifolia and GLM for C. compressa produced lower validation scores in TSS than the 

threshold (TSS<0.7) and were excluded from the ensemble model. Overall, Cystoseira 

amentacea obtained the highest validation scores in the ensemble model (TSS = 0.809) 

compared to C. tamariscifolia and C. compressa (TSS = 0.781 and 0.771 respectively) 

Variable importance scores revealed differences depending on the species, although the highest 

relevance was always achieved by SST (Figure 1). Minimum SST was the variable with greater 

relative importance for the models of two mainly mediterranean species: C. amentacea and C. 

compressa, suggesting that the lower SST of the Atlantic waters adjacent to the Mediterranean 

might be limiting their current distribution. For the Atlantic species, C. tamariscifolia, 

maximum SST obtained the higher scores in the models.  

Ensemble models for current conditions correctly matched the present known distribution of 

the three species (figure 2). C. compressa showed the wider longitudinal range, encompassing 

the eastern Mediterranean Sea from Greece and Turkey to the Azores islands in the Atlantic 

Ocean.  In the Atlantic coast, prediction for this species extended continuously from Morocco 

to the South of Portugal.  Suitable climatic niche for the species was also found in the 

Cantabrian Sea but we could not find records of C. compressa in this region, either because of 

discontinuity in the suitable habitat along the Portuguese coast or because of under-sampling 

efforts in the region. Suitable habitats for C. tamariscifolia are distributed mainly on the 

Atlantic coast, from Western Sahara to the north of England, with an intrusion in the 

Mediterranean coasts of southern Spain, Morocco and Algeria. According to its observed 

distribution and our models, C. amentacea is essentially a Mediterranean endemic species, with 

some potential suitable area in southern Portugal not supported by direct observational records, 

and low presence probability on the west coast of Portugal. 

By 2050 our ensemble models predicted already considerable changes in probabilities of 

occurrence, particularly for the species C. amentacea and C. compressa (Fig. S1). For those 

species, only between 30% and 43% (depending on the RCP scenario) of the current distribution 

range was predicted to maintain a high probability of occurrence (Fig. 3). In contrast, in both 

scenarios, C. tamariscifolia showed much less loss of suitable area, conserving between 75% 

and the 81% of present distributional area in the optimistic and pessimistic scenarios 

respectively. According to our model, by 2100, the present known distribution will largely 

retract due to decrease in the probability of occurrence or local populations extinctions under 

both climate scenarios considered (Fig. 2). However, some considerable differences could be 

found among species. For C. compressa the model predicted a 52% loss of original 
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distributional area (medium to high suitable areas with probability of occurrence > 30%) in the 

optimistic scenario (Fig. 3). In the pessimistic scenario, a substantial increase of new suitable 

area was also predicted (30% of original area of distribution), mostly along the Atlantic coasts 

of Portugal and France but the area lost in the Mediterranean Sea increased to 89%. The areas 

forecasted to become largely unsuitable for compressa are the central and eastern 

Mediterranean Sea (P < 0.3), especially Italian and Greek coasts where a large decrease in 

habitat suitability was predicted. 

The ensemble model predicted a large range shift for C. tamariscifolia in the high emission 

scenario, in which the southern trailing edge would move about 2000 km north, from 20°N 

latitude to 33°N. However, this would not be compensated by an equal expansion of the leading 

edge further into the North Sea. The projected distributional range shift was much more 

conserved in the RCP 2.6 low emission scenario, in which the species would balance the net 

losses of suitable habitat with the expansion of new area (up to 10% of habitat with increased 

probability of occurrence, against 12% decrease in area).  

The suitable habitat for C. amentacea was predicted to contract considerably in the optimistic 

scenario and even more in the RCP 8.5 scenario, with habitat loss of 48% and 90% respectively.  

New suitable areas would only marginally compensate this habitat loss, as they accounted for 

only 11% in optimistic scenario and 16% in the pessimistic one. Furthermore, the overall 

probability of occurrence would be lower than current levels.                  

Uncertainty in future predictions using the RCP 8.5 scenario was higher than for RCP 2.6 in 

both 2050 and 2100 projections (Supporting material S2). However, the areas with a higher 

uncertainty due to extreme values outside the range of the current conditions shared by both 

scenarios were limited to the Red Sea and some marginal areas of the Baltic Sea.. Uncertainty 

areas were mostly limited to habitat with no presence or low probability of occurrence for all 

the species and did not affect the predictions substantially. 

 

Population structure 

The ten microsatellite markers used for C. compressa showed 3 to 19 alleles per locus (110 in 

total). Seven populations out of 8 exhibited a significant positive FIS indicating heterozygote 

deficiency (Table 2). Higher genetic diversity was found in Iberian populations (supporting 

material S3) compared to Italian and French populations, with the latter showing the lowest 

allelic richness (2.17) and HE (0.320). The best number of clusters (K=8) matches the number 
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of populations of C. compressa analyzed. Populations were differentiated but some degree of 

admixture exists, particularly among the western Mediterranean populations.  

C. amentacea exhibited highly variable markers with 15 to 33 alleles per locus. Half of the 

populations presented significant heterozygote deficiency. Population structure analysis found 

the best number of clusters at K=10. Populations were highly differentiated across the basin 

and subdivision largely reflected geographic distance among populations. The Spanish 

population of Santa Pola was the only exception, which was assigned mainly to the same group 

of the population of Marseille (supporting material S4). When East (Italian) and West (France 

and Spain) Mediterranean populations were compared, eastern ones showed lower allelic 

richness, HE and number of private alleles (Western: HE: 0.77 ± 0.04, Ar: 16.50 ± 2.25, priv.all: 

9.33; Eastern HE: 0.64 ± 0.12, Ar: 13.50 ± 2.88, priv.all: 6.33), however these differences were 

non significant. 

C. tamariscifolia showed an average of 24 alleles/locus for six microsatellite markers. Allelic 

richness, as well as HE, significantly (Ar: R2=0.30, p=0.05; HE: R2=0.37, p=0.03) decreased 

with increasing latitude (figure 4). A major genetic subdivision could be obtained already at 

K=2, dividing the distribution into a northern and southern clade of 7 and 6 populations 

respectively. The highest levels of genetic diversity were found in the southern Portugal 

populations of Sagres and Albufeira. Northern populations showed much lower number of 

private alleles, allelic richness and HE when compared with the southern cluster.   

 

 

Discussion 

Our models revealed that populations are genetically distinct with low connectivity and 

predicted extensive modifications of the distribution of suitable habitats with loss of genetic 

diversity for the three species of Cystoseira, according to future climate change scenarios.. A 

remarkable decrease in available habitat is predicted to occur already in the best-case scenario 

of reduced greenhouse gases (GHG) concentration. The expansion of the distributional range 

would only partially compensate the loss of habitat, whereas the Mediterranean Sea would 

suffer considerable habitat retractions and erosion of evolutionary lineages.  

Both scenarios used for the projections resulted in important changes in predicted distribution 

of the species, and most of the habitat loss was observed already in the best-case scenario (RCP 

2.6). Even in the low GHG simulation, important areas of the Mediterranean Sea would become 
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partially or entirely unsuitable for C. compressa and C. amentacea species. The Atlantic 

species, C. tamariscifolia, which could benefit more from the availability of new favourable 

habitat, would be affected by heavy losses at its trailing edge in the worst-case scenario, with 

great impact on the global gene pool of the species which is much richer in the southern range. 

This loss of suitable climatic conditions at the trailing edges is expected to drive local 

extinction, as local adaptation processes might hypothetically not be able to cope with the rate 

of change (e.g., Hu & Fraser 2016). The loss of local populations can also have cascading 

effects on coastal ecosystem functioning (Mineur et al. 2015) but, what we show here is that it 

can be a major cause of intra-specific genetic diversity loss.  

We found high and unique diversity in the regions most vulnerable to climate change according 

to the projections, especially in the case of C. tamariscifolia and partially for C. amentacea. 

High and unique diversity is harboured on the African coast and Gibraltar region. These 

probably acted as climatic refugia during the Last Glacial Maximum and as origin of secondary 

postglacial colonization (Assis et al. 2014, 2016; Lourenço et al. 2016). According to our 

model, this region corresponds to the expected trailing edge of the shifting distributional range 

for C. tamariscifolia and therefore has the highest probability to be lost in the future. The 

Mediterranean species showed a less clear pattern of a diversity richness gradient across the 

distribution range. However, every population of C. amentacea and C. compressa showed high 

level of distinctiveness and the loss of any population might be linked to the permanent loss of 

genetic variability out of the genetic pool of the species (Hampe & Petit 2005) and possibly of 

locally adapted pools. The presence of distinct genetic lineages was less evident but still 

detectable for C. compressa and no strong West-East pattern of genetic diversity across the 

distribution could be found. This lack could be linked to the buoyancy properties of C. 

compressa, which differently from other Cystoseira species has aerocysts on the apical 

branches, which allow for greater dispersal capability (Falace et al. 2005). Also this species has 

a less fragmented presence across its range of distribution which could have maintained a higher 

gene flow. 

The predicted habitat shift of the expanding edge should allow for colonization of new areas, 

particularly along the North Atlantic and the North Sea coasts. C. compressa was predicted to 

thrive well mostly in its Atlantic distribution and extend further north like C. tamariscifolia. 

However, only for the latter species the gained areas could quantitatively compensate the area 

lost at the trailing edge and only in the best-case scenario. Also, the actual spatial tracking of 

the environmental niche can lag behind the increase in suitable areas (Urban et al. 2012). Low 

dispersal traits can increase the time needed for effective colonization of new areas (Urban et 
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al. 2012; Knutsen et al. 2013). This is especially the case if habitat is fragmented (Opdam & 

Wascher 2004), and biotic interactions might limit settlement or development (Urban et al. 

2012; Cahill et al. 2013). Geographic range expansions will occur starting from expanding 

marginal populations of the present distributional range that are, at least for C. tamariscifolia, 

already low in genetic diversity. This is the pattern expected and well documented for 

expansions into pre-glaciated regions (e.g., Assis et al. 2016). The expected range shift is likely 

to reduce further the heritable variability of marginal population and compromise the ability to 

respond to selection under environmental changes (Pujol & Pannell 2008). In contrast, the 

expanding edge for C. compressa would correspond to the Gibraltar Strait region, which does 

not present depleted genetic diversity compared to the genetic pool of the populations. 

Considering this species’ higher dispersal capabilities, it might have better opportunities to 

succeed in colonizing new areas. C. amentacea was also predicted to find increasing suitable 

habitat towards the North Atlantic coasts, however, its fragmented distribution and lack of 

floating vescicles could drastically reduce the likelihood of dispersal, as demonstrated by low 

levels of genetic exchanges among populations. 

Mediterranean vs. Atlantic ecosystems 

Our results suggest that the Mediterranean region will probably face substantially different 

ecological problems than the North Atlantic coasts. Atlantic populations of Cystoseira species 

analyzed here were predicted to be subjected to important changes in their distribution, but 

suitable climatic conditions would persist and eventually expand along most of the Atlantic 

range. Although the global area is not as reduced as in the more Mediterranean species, the 

evolutionary genetic consequences would however be very large in this Atlantic species, with 

great empoverishment of the species gene pool as the southern populations become lost.  This 

is due to the sharp gradient of variation on genetic diversity from south to north along Atlantic 

coasts that comprise a large gradient of latitudes and reach previously glaciated areas which 

could only recently have been colonized by the present populations.  From an ecological stand 

point, the northwards expansion and colonization of new habitats by Cystoseira tamariscifolia 

in the Atlantic could result in unpredictable changes in ecosystems as the shallow subtidal and 

intertidal rocky shore is often shared with other canopy-forming species, such as Laminaria 

spp. and Fucus spp., which contribute to structural complexity of the ecosystem and have a 

partially overlapping functional role (Airoldi & Beck 2007).   

In contrast with the Atlantic populations, Mediterranean ones are expected to suffer major 

changes in climatic conditions which, consequently, reduce their probability of presence. The 

Eastern Mediterranean is the region that will be more affected by the increase in SST with large 
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effects on the habitat distribution of C. compressa and C. amentacea, already in the best-case 

scenario. Climatic conditions in this area were predicted to become largely unsuitable for the 

latter species with a potential risk of extinction in the whole basin under the business-as-usual 

scenario. 

These canopy-forming macroalgae characterize specific communities (EUNIS A3.132 and 

A3.333) (Davies et al. 2004). In the Mediterranean Sea, they represent the most complex and 

stable communities that can dominate the shallow euphotic fringe and essentially have no 

functional equivalent (Benedetti-Cecchi et al. 2001), particularly in wave exposed areas where 

C. amentacea dominates (Bulleri et al. 2002). It has been demonstrated that multiple 

anthropogenic stressors can drive, in some cases irreversibly, the ecosystem toward another 

stable state (Airoldi et al. 2015) with cascading effects on the whole ecosystem (Thrush et al. 

2011; Araujo et al. 2013). Those alternative stable states can include urchin barrens, mussels 

beds and turf algae (Lemée et al. 2012; Connell et al. 2014). Additionally, stressors can interact 

in a non-additive way (Strain et al. 2014), amplifying the negative effects of the single factors. 

For instance, Cystoseira resilience to temperature stress can further decrease when exposed to 

eutrophication (Mancuso et al. 2016) or high sediment load (Strain et al. 2015).The co-

occurrence of multiple stressors makes it difficult to quantify the importance of climate change 

alone on the loss of macroalgal forest biodiversitys. However, this study can give now an 

indication of what is the relative impact that we can expect solely based on the climatic niche 

tracking of the different species. It is necessary to consider that climatic niche models do not 

incorporate evolutionary processes, which could select for more tolerant phenotypes and help 

the populations to adapt to the environmental changes (Somero 2012). These models also do 

not incorporate the negative effects of other anthropogenic local stressors or variables for which 

no simulated data is available. Therefore, we expect that the predicted probability of occurrence 

of the species as well as its effect on the diversity does not describe the upper threshold 

estimation of the future distribution of these essential habitats inevitably. 

Conclusions and recommendations 

Overall, the study underlines the importance of complying with the lower emissions objective 

and of the management of local stressors to build up resilience of key coastal ecosystems. This 

study stresses the high dependence on compliance with the global challenge of greenhouse gas 

reduction at its lower objective recently set in the COP21 of the United Nations framework 

convention on climate change (UNFCCC). The environmental changes under this objective of 

climate mitigation would still affect the Cystoseira macroalgae distribution, but range shifts 

would be limited mostly to Eastern Mediterranean area. On the contrary, the highest 
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representative concentration pathway used in the simulation (RCP 8.5) would expose coastal 

ecosytem to profound changes, including extinction risk and genetic erosion in both 

Mediterranean and North Atlantic ecosystems. COP21 committed to goals of GHG reduction 

that are ambitious and perhaps hard to archive (Tomlinson 2015). However, considering the 

interplay of global with local stressors, we suggest that acting on local pressures should be a 

priority. This would be a relatively easier and faster solution compared to climate mitigation 

that could help increase resilience on global stressors and minimize the habitat loss, while 

allowing more time for the species to adapt, especially in the Mediterranean region. 
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Figures and Tables 

 

 

 

 

 

Figure 1 - Relative contribution of climatic variables to the overall models of the three Cystoseira species (C. 
tamariscifolia, C. compressa and C. amentacea) obtained with all the six algorithms. Boxplots limits show the 
25th and 75th percentile and the horizontal bars show the median scores. Error bars indicates the 95 percent 
confidence interval around the medians while the dots are outlier models. 
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Figure 2 – Ensemble model maps showing the estimated probability of occurrence for C. tamariscifolia, C. compressa and C. amentacea for the present distribution 
and the two future scenarios.
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Figure 3 - relative area change between present and future predicted scenarios with at least a moderate 
probability of occurrence from the model (P> 0.3) according to each species, projection year and scenario. 
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Figure 4 - Cystoseira tamariscifolia population genetic structure according to cluster analysis. Allelic richness 
(Ar) and expected heterozygosity (HE) are indicated. Blue dotted line show the main separation individuated 
among north and southern linages. Locations: Finavarra (FN); Polzeath (PO); Roscoff (RO); Noja (NJ); 
Rieguabajo (RI); Porcia (PR); Viana Do Castelo (VC); Ericera (ER); Odeceixe (OD); Sagres (SG); Albufeira (AB); 
Tan-Tan (TT); Tenerife (TF) 
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Table 1 - Model performance statistics for the three Cystoseira species 
 

Species Model AUC  (±SD) TSS  (±SD) Sensitivity (±SD) Specificity (±SD) 

C. amentacea 

GLM 0.943(±0.006) 0.796(±0.013) 95.980(±2.421) 84.161(±2.339) 

GBM 0.944(±0.011) 0.796(±0.026) 93.431(±2.925) 86.781(±1.986) 

GAM 0.942(±0.005) 0.799(±0.014) 94.804(±2.813) 85.398(±1.643) 

FDA 0.937(±0.006) 0.756(±0.020) 95.490(±2.622) 81.384(±1.753) 

MARS 0.930(±0.010) 0.778(±0.014) 93.824(±2.657) 84.293(±1.939) 

RF 0.939(±0.009) 0.766(±0.026) 92.647(±1.863) 85.315(±2.914) 

C. compressa 

GLM 0.891(±0.011) 0.689(±0.022) 92.529(±3.305) 76.758(±3.703) 

GBM 0.928(±0.008) 0.732(±0.020) 90.471(±2.493) 83.609(±1.953) 

GAM 0.911(±0.005) 0.730(±0.018) 91.765(±2.496) 81.529(±1.368) 

FDA 0.909(±0.010) 0.709(±0.016) 92.706(±2.340) 78.858(±2.395) 

MARS 0.908(±0.009) 0.717(±0.018) 90.000(±1.754) 82.111(±1.562) 

RF 0.932(±0.009) 0.730(±0.022) 92.000(±1.885) 82.096(±2.373) 

C. tamariscifolia 

GLM 0.911(±0.005) 0.720(±0.016) 95.526(±2.109) 77.091(±2.151) 

GBM 0.919(±0.006) 0.717(±0.019) 94.368(±2.808) 78.890(±2.560) 

GAM 0.908(±0.006) 0.722(±0.021) 94.316(±2.351) 78.411(±1.613) 

FDA 0.904(±0.004) 0.676(±0.014) 92.684(±2.053) 76.363(±2.238) 

MARS 0.900(±0.009) 0.698(±0.020) 92.421(±3.475) 78.011(±2.333) 

RF 0.923(±0.008) 0.724(±0.025) 92.421(±3.386) 81.427(±3.095) 

Average validation scores of the 20 models obtained for each algorithm are shown. GLM = generalized linear 
model, GBM = generalized boosting model, GAM = generalized additive model, FDA = flexible discriminant 
analysis, MARS = multiple adaptive regression splines, RF =RandomForest. 

44



Table 2 – Genetic diversity within samping sites and geographical regions 

Ar: mean allelic richness per locus (999 resampling); A’: mean number of private alleles per locus; He: 

Expected heterozygosity; Ho: observed heterozygosity; FIS: multi-locus inbreeding coefficient (*if significant). 

  

 
Population n Ar A’ He Ho FIS 

 

C. tamariscifolia North 
 

6.66 1.50 
    

 
Finavarra  29 1.18 0.00 0.02 0.02 -0.03 

 

 
Polzeath  32 1.54 0.00 0.16 0.16 0.00 

 
 

Roscoff  44 1.89 0.50 0.21 0.19 0.17 
 

 
Noja  24 2.70 0.33 0.49 0.58 -0.18 

 
 

Rieguabajo  32 2.89 0.17 0.37 0.36 0.03 
 

 
Porcia  24 2.61 0.00 0.37 0.37 -0.05 

 
 

Viana Do Castelo 47 1.75 0.17 0.20 0.14 0.32 
 

 
South 

 
22.33 17.17 

    

 
Ericera  24 5.22 1.67 0.60 0.57 0.03 

 

 
Odeceixe  15 4.12 0.83 0.57 0.36 0.37 

 
 

Sagres  31 7.44 4.00 0.70 0.73 -0.01 
 

 
Albufeira  48 5.18 1.50 0.70 0.58 0.17 

 
 

Tan-Tan  30 5.05 3.67 0.54 0.47 0.15 
 

 
Tenerife  48 1.98 1.00 0.30 0.19 0.34 * 

C. compressa West 
 

8.30 4.10 
    

 
Albufeira 39 3.28 0.60 0.31 0.26 0.21 

 

 
Murcia 38 3.93 0.80 0.42 0.33 0.41 *  
Mallorca 30 3.86 0.80 0.56 0.14 0.74 *  
Banyuls 35 2.18 0.40 0.32 0.00 0.99 *  
East 

 
6.90 2.70 

    

 
Sant'Elia 45 3.02 0.70 0.35 0.11 0.57 *  
Sciacca 26 2.99 0.90 0.41 0.10 0.68 *  
Porto Palo 28 2.73 0.30 0.39 0.32 0.37 *  
Montenegro 32 2.80 0.60 0.47 0.02 0.97 * 

C. amentacea West 
 

16.50 9.33 
    

 
Santa Pola 28 1.69 0.17 0.14 0.13 0.01 

 

 
Tarragona 31 4.56 1.17 0.58 0.40 0.25 *  
Blanes 32 4.81 1.17 0.42 0.32 0.19 *  
Cap de Creus 28 4.93 2.00 0.57 0.34 0.43 *  
Mallorca 32 2.08 0.67 0.28 0.24 0.17 

 

 
Marseille 30 3.87 2.17 0.42 0.38 0.06 

 
 

East 
 

13.50 6.33 
    

 
Sant'Elia 30 4.57 1.67 0.52 0.45 0.14 

 
 

Sciacca 25 3.12 0.50 0.31 0.24 0.33 
 

 
Porto Palo 30 4.81 1.17 0.59 0.44 0.29 *  
Crotone 23 3.83 0.50 0.42 0.23 0.47 *  
Torre Uluzzo 25 1.98 0.33 0.17 0.15 0.05 

 

 
 

Otranto 23 2.07 0.33 0.16 0.08 0.56 * 
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Supplementary information 

 

 

 

 

 

 

 

Figure S1 – Ensemble model maps showing the estimated probability of occurrence for C. tamariscifolia, C. 

compressa and C. amentacea by decade 2040-2050 for the two future scenarios. 
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Figure S2 - Clamping mask for the scenarios RCP 2.6 (a) and RCP 8.5 (b) by 2040-2050 decade and RCP 2.6 (c) 

and RCP 8.5 (d) by 2090-2100 decade showing the locations where predictions are uncertain (in red) because 

the values of at least one of the variables are outside the range used for calibrating the models. 

 

  

a)  RCP2.6  2050 b) RCP 8.5  2050 

d) RCP 8.5  2100 c)  RCP2.6  2100 
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Figure S3 - Cystoseira compressa population genetic structure according to cluster analysis (K=8). Allelic 

richness (Ar) and expected heterozygosity (HE) are indicated. Locations: Albufeira (AB); Murcia (MU); 

Mallorca (ML); Banyuls-sur-mer (BY); Sciacca (SC); Porto Palo di capo passero (PP); Sant’Elia (SE); Montenegro 

(MN). 

 

Figure S4 - Cystoseira amentacea population genetic structure according to cluster analysis (K=10). Allelic 

richness (Ar) and expected heterozygosity (HE) are indicated. Locations: Santa Pola (SP); Tarragona (TR); 

Blanes (BL); Cap de Creus (CC); Mallorca (ML); Marseille (MR); Sant’Elia (SE); Sciacca (SC); Porto Palo di capo 

passero (PP); Crotone (CR); Torre Uluzzo (TU); Otranto (OT).  
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Table S1 - References used to map the distribution of C. compressa, C. tamariscifolia and C. 

amentacea. 

 

ID Reference 
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Ben M'sik Université Hassan II Casablanca, 2011. 

3 
Antolić, Boris et al. “A Checklist of the Benthic Marine Macroalgae from the Eastern Adriatic Coast: II. 
Heterokontophyta: Phaeophyceae.” Acta Adriatica 51.1 (2010): 9–33. Web. 3 May 2014. 

4 
Aysel, V, and H Erduğan. “Marine Flora of Sinop (Black Sea, Turkey).” EU Journal of  … (2004): n. pag. Web. 26 May 
2015. 

5 
Aysel, V, H Erdugan, and EŞ Okudan. “Marine Algae and Seagrasses of Hatay (Mediterranean, Turkey).” Journal of the 
Black Sea. 12 (2006): 159–179. Web. 2 May 2014. 

6 
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Península Ibérica." (2012). 

7 
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10 
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Científicos e Técnicos IPIMAR, Série digital 20 (2004): 40. 

11 
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Biosystems I.3 (2009): n. pag. Web. 8 May 2014. 

12 
Cecere, Ester, Mario Cormaci, and Giovanni Furnari. “Benthic Algal Flora of Cheradi Islands (Gulf of Taranto, 
Mediterranean Sea).” Nova … (1996): 191–214. Web. 8 May 2014. 

13 
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Abstract  

Effective predictive and management approaches for species occurring in a metapopulation 

structure require good understanding of inter-population connectivity. In this study we ask 

whether population genetic structure of marine species with fragmented distributions can be 

predicted by stepping-stone oceanographic transport and habitat continuity, using as model an 

ecosystem-structuring brown alga, Cystoseira amentacea var. stricta. To answer this question, 

we analyzed the genetic structure and estimated the connectivity of populations along 

discontinuous rocky habitat patches in southern Italy, using microsatellite markers at multiple 

scales. In addition, we modelled the effect of rocky habitat continuity and ocean circulation on 

gene flow by simulating Lagrangian particle dispersal based on ocean surface currents allowing 

multigenerational stepping-stone dynamics. Populations were highly differentiated, at scales 

from few meters up to 1000s of kilometers. The best possible model fit to explain the genetic 

results combined current direction, rocky habitat extension and distance along the coast among 

rocky sites. We conclude that a combination of variables suitable habitat and oceanographic 

transport is a useful predictor of genetic structure. This relationship provides insight into the 

mechanisms of dispersal and the role of life history traits. Our results highlight the importance 

of spatially explicit modeling of stepping stone dynamics and oceanographic directional 

transport coupled with habitat suitability, to better describe and predict marine population 

structure and differentiation. This study also suggests the appropriate spatial scales for the 

conservation, restoration and management of species that are increasingly affected by habitat 

modifications. 
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Introduction  

The application of landscape genetics in the marine environment, known as “seascape 

genetics”, focuses mainly on the comparison of expected dispersal with observed pairwise 

genetic differentiation (Johansson et al. 2008; White et al. 2010; Coscia et al. 2012), detection 

of dispersal barriers to gene flow (Schultz & Feldheim 2008; Collins et al. 2010; Neiva et al. 

2012) and testing specific ecological hypotheses (Collins et al. 2010; Crandall et al. 2012). As 

high-resolution data on ocean currents become available (Siegel & Kinlan 2003), connectivity 

and dispersal can be better described with improved oceanographic models simulating particle 

movement. However, in seascape genetics oceanographic data are often used only qualitatively 

to explain population genetic structure. Explicit tests of effects of dispersal probabilities derived 

from oceanographic models on estimated genetic data have been applied in the last decade 

(Galindo et al. 2006). This quantitative approach offers a framework to analyze the relevance 

and influence of different environmental features on gene flow and genetic structure (Storfer et 

al. 2007; Alberto et al. 2010, 2011; Sunday et al. 2014). Genetic differentiation and probability 

of migration from oceanographic models can also be combined with fine scale seascape 

features, such as canopy or temperature, to explain genetic structure for multiple species 

(Selkoe et al. 2010). The relative influence of seascape variables can be tested (e.g., Storfer et 

al. 2007; Alberto et al. 2010, 2011), to compare alternative ecological hypotheses on factors 

affecting the genetic structure of marine populations.  

This study addresses two challenges in seascape genetics research, that are asymmetrical 

dispersal and multi-generation dispersal effects linking sites by stepping-stone movements. 

Although the most commonly tested seascape feature is Euclidian distance, predicted to be 

inversely related to gene flow (Rousset 1997), isolation-by-distance models can be insufficient 

if seascape features are unequally distributed between populations. For example, ocean currents 

are often predominantly unidirectional, therefore even close populations might be differentially 

isolated by ocean circulation (Collins et al. 2010). Asymmetrical dispersal can result in a 

source-sink population structure where the demographic context of each population influences 

its evolutionary potential (Kawecki & Holt 2002), but it is often an overlooked factor. 

Furthermore, population connectivity is increasingly affected by a variety of human 

modifications to the environment (Jones 2007), leading to habitat fragmentation and loss and 

genetic disjunction even at small spatial scales (Fraser et al. 2010; Alberto et al. 2011) or 

alternatively introducing novel artificial urban habitats that can act as a conduit for some species 

across the seascape (Airoldi et al 2015). Any of these effects would be particularly relevant for 
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species with low dispersal ability, affecting their capability to recover from disturbances, 

colonize new habitats or migrate, as response to future climate changes (Opdam & Wascher 

2004, Thrush et al 2013). The potential for local adaptation to environmental variations may 

also be modified by changing genetic variability and connectivity (Kawecki & Ebert 2004; 

Chevin et al. 2010). Potential limitations to dispersal in a marine metapopulation system can 

be caused by the species’ dispersal biology, oceanographic transport and the spatial distribution 

of suitable habitat. These can therefore affect population genetic diversity and connectivity. 

The effects of these processes should be considered in coastal management and restoration 

(McKay et al. 2005). This goal can be achieved by modeling the stepping-stone dynamics of 

species among fragmented patches of suitable habitats.  

Marine dispersal has rarely been evaluated in a stepping-stone mode, and the few cases that did 

so have generally focused on species with long pelagic larvae duration (Treml et al. 2007; 

Crandall et al. 2012). Here we focused on species with low dispersal capacity, expected to be 

highly differentiated and which might depend strongly on stepping stone dispersal to achieve 

genetic connectivity. This is expected to be the case of fucoid algae belonging to the genus 

Cystoseira, whose zygotes develop attached to the maternal alga and sink directly underneath, 

having no planktonic life stages. These are amongst the most relevant ecosystem engineering 

species in the Mediterranean Sea, and used to form extensive canopy “forests” on suitable rocky 

substrate (Airoldi & Beck 2007). Nowadays these biogenic habitats are threatened by increasing 

urbanization and habitat loss (Benedetti Cecchi et al. 2001, Mangialajo et al. 2008), sometimes 

to local extinction (Thibaut et al. 2015, Perkol-Finkel & Airoldi 2010, Airoldi et al. 2014). 

Recent work has tried to understand what factors can facilitate the persistence of populations 

of Cystoseira spp. across a range of increasing anthropogenic and climatic stressors and habitat 

modifications (Strain et al 2016), and what are the opportunities for restoration in natural and 

artificial habitats along increasingly urbanized coastlines (Perkol-Finkel et al 2012, Gianni et 

al 2013, Ferrario et al 2016). These programs should also incorporate knowledge of genetic 

structuring and connectivity to ensure that rehabilitation has the best possible chance of success 

by considering natural scales of dispersal and gene flow. 

 In this study we ask whether the genetic structure and genetic connectivity of populations of 

marine species that can only disperse by rafting can be better predicted by taking into account 

stepping stone migration between suitable habitat patches (i.e., rocky habitat continuity) and 

dispersal pathways inferred from oceanographic currents rather than distance alone. We use as 

model oceanographic region a complex coastline in southern Italy where geographical and 

oceanographic distances are uncoupled, therefore providing the opportunity to compare their 
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effects. Our model species is Cystoseira amentacea var. stricta Montagne, chosen to represent 

low dispersal species whose propagules do not have a planktonic stage. This trait is expected 

to result in genetically isolated populations where suitable habitat is discontinuous, only 

counteracted by transport of reproductive drifting thalli in floating rafts. If connectivity is 

limited, the consequent smaller population gene pools and sizes render populations more 

vulnerable to threats that cause demographic instability (e.g., recruitment failure due to high 

sedimentation, Benedetti-Cecchi et al 2001, Soltan et al 2001, Ballesteros et al 2007). We 

compared genetic and oceanographic estimates of connectivity at different scales to assess the 

hypothesis that stepping stone transport by directional currents and habitat continuity could 

explain the main patterns of genetic differentiation. We chose as model region a complex 

oceanographic system where simple geographical distance can be distinguished from current 

transport and rocky habitat continuity.  

 

Cystoseira amentacea life history 

C. amentacea is an endemic Mediterranean species, restricted to the upper sublittoral zone and 

highly sensitive to environmental degradation, such as that occurring in proximity of sewage 

outfalls, ports and urban areas (Benedetti-Cecchi et al 2001; Soltan et al. 2001; Mangialajo et 

al. 2008; Falace et al 2010; Thibaut et al. 2014). It is used as an indicator of good environmental 

status within the EU Water-Framework Directive (2000/60/EC) (Ballesteros et al. 2007). The 

species has experienced local declines (Zavodnik et al. 2002; Mangialajo et al. 2008; Iveša et 

al. 2016), although in other regions it has been historically stable (Thibaut et al. 2016), and it 

is currently protected under the Bern Convention and Barcelona Convention. Little is known 

about the genetic diversity of this species or any other Cystoseira species (but see Susini et al. 

2007; Robvieux et al. 2012; Robvieux 2013), limiting our understanding of populations and 

species resilience to local and global stressors. 

Dispersal of C. amentacea is very restricted except for transport in floating rafts. Thalli are 

negatively buoyant, and propagules normally settle at less than 20-40 cm from the source 

(Mangialajo et al. 2012), strongly limiting the potential dispersal distance. Fragments of thalli 

can however also be transported entangled in floating rafts of other algae (Susini et al. 2007a), 

a relatively frequent and documented mechanism of marine dispersal (Thiel & Gutow 2005). 

Like most species in the genera Cystoseira and Sargassum, C. amentacea undergoes an annual 

thallus loss at the end of summer, where the entire frond breaks at the base. The holdfasts 

overwinter and regrow in the next year. Therefore, although individuals are perennial, the thalli 
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are annual, forming large thallus loss events. To what extent these annual events release 

fragments that carry viable reproductive structures has not been studied in C. amentacea. 

However, massive drifting events of reproductive thalli are suggested to be a key factor in the 

invasion success of Sargassum muticum (e.g., Norton 1976).  

 

Methods  

Study area and sampling design 

Samples were collected along the southern Italian coast at 8 different locations (Fig.1) 

encompassing the regions of Puglia, Calabria and the island of Sicily, to represent a complex 

coastline system regarding rocky shore continuity and current patterns. Shallow rocky habitats 

are naturally fragmented (Fig. 1), particularly due to separation of the mainland and the island 

of Sicily and because this area comprise the two regions (Sicily and Calabria) with the highest 

national extension of sandy coastlines (ISPRA 2015). Up to 75% of the local human populations 

live within 5 km from the coast, determining a variety of coastal pressures and transformations 

(Thompson et al. 2002) further modifying the suitable habitat available for species of 

Cystoseira (Perkol-Finkel & Airoldi 2010; Thibaut et al. 2014). In this region, the species 

presence is historically scattered (S1, supporting information) and limited by fragmentation of 

suitable substratum.  

The eight locations sampled comprise three populations from the Italian mainland, and two and 

three populations from the southern and northern coast of Sicily, respectively. Population 

distances along the coast covered different scales, from hundreds of meters, the distance 

between three subpopulations at one location, Capo Gallo (Fig. 1), up to about 1000 km between 

the most distant population pair. The species was confidently identified in the field as it could 

be distinguished from other closely related taxa thanks to the expertise of the collectors and 

according to a local identification guide (Mannino & Mancuso 2009; identifications were later 

confirmed by the genetic results). Apical tissue, free from epiphytes, was collected from 30 to 

35 individuals haphazardly selected and separated by at least 30 cm at each study site. Samples 

were preserved dry in silica gel.    

At Capo Gallo an additional fine scale sampling scheme was applied along 230 m of coast. 

Three 10 m transects were sampled, located 100 m apart from each other, each consisting of 30 

individuals collected every 30 cm. Coordinates were recorded for every individual to allow to 

estimate exact distances between pairs of individuals. Additionally, 5 individuals were collected 
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every 25 m between the 3 transects, totaling 120 sampled specimens in Capo Gallo. We 

replicated the spatial autocorrelation analysis in Sant’Elia, but only up to a maximum distance 

of 34 m. It was not possible to replicate the entire sampling scheme as in Capo Gallo because 

due to the high degree of local population fragmentation no other site was found to hold a 

continuous population along 230 m of coastline.  

Genetic analyses  

Genomic DNA was extracted from algal tissue using a cetylatrimethyl ammonium bromide 

(CTAB) method optimized for brown algae (Hoarau et al. 2007). Ten microsatellites previously 

developed for Cystoseira tamariscifolia (Engelen et al. in press) were tested, eight of which 

successfully cross-amplified in C. amentacea after optimization. These were chosen instead of 

previously published microsatellites (Robvieux et al. 2012) for future data comparability 

between these two closely related species. The primer Ct 2.3, excluded for C. tamariscifolia, 

was included in our analysis because it showed polymorphism across populations (F: 

GTCGGATGCTCCTCCAGTC, R: AGTGATCTAGCCCAGCGAAG; (AC)10 ). Fragment 

lengths were estimated on an ABI PRISM 3130 DNA analyzer (Applied Biosystems) with the 

LIZ 500 (GeneScan) standard. Alleles were scored using the free software STRand (Toonen & 

Hughes 2001) and further binned into size classes with the msatAllele R package (Alberto 

2013). 

The genotypes obtained per population were used to estimate population diversity (gene 

diversity and allelic richness) and to test for departures from the null hypothesis of Hardy-

Weinberg equilibrium (H0: FIS=0) using permutations as implemented in GENETIX (Belkhir 

et al. 1996-2004). Presence of null alleles was estimated with Microchecker (Van Oosterhout 

et al. 2004) and corrected FST (θ, Weir & Cockerham 1984) accounting for null alleles were 

estimated with FreeNA (Chapuis & Estoup 2007). Results of corrected FST were compared with 

the original matrix of genetic distances between population pairs. Partition of variance was 

estimated with AMOVA (Excoffier et al. 1992) in GenALEx (Peakall & Smouse 2006). The 

null hypothesis of no pairwise differentiation (FST=0) was tested using 999 permutations of 

individuals across populations. Optimal population clustering and graphical visualization of 

population distance was obtained through the Discriminant Analysis of Principal Components 

(DAPC) approach implemented in the adegenet R package (Jombart 2008). DAPC minimized 

the within individuals genetic variance in the choice of discriminant functions to improve the 

between groups genetic variance description (Jombart et al. 2010).     

Fine scale genetic differentiation was tested as variation of the probability of identity-by-

descent between pairs of individuals over the total distance. We calculated the kinship 
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autocorrelation coefficient as the r index (Smouse & Peakall 1999), a multiallelic codominant 

loci analysis closely related to Moran’s-I index, and plotted the correlogram in GenALEx 

(Peakall & Smouse 2006). Statistical significance and confidence intervals were estimated by 

999 random permutations.  

Habitat continuity and particle dispersal  

To infer the potential connectivity among C. amentacea populations, we developed individual-

based Lagrangian Numerical Simulations (hereafter LNS) following the framework 

implemented by Assis et al. (2015) and Klein et al. (2016). This modeling approach mimics the 

species’ capacity to disperse between favorable habitat patches via rafting of floating 

macroalgae (Susini et al. 2007a). The simulation tracked the geographical position of virtual 

particles advected by surface velocity fields (0 m depth layer) derived from the Hybrid 

Coordinate Ocean Model (HYCOM), a high-resolution product produced on a daily basis, 

forced by heat flux, precipitation, wind speed and wind stress (Chassignet et al. 2007). This 

oceanic model is already validated in the Mediterranean (Xu et al. 2007) and resolves oceanic 

fronts, filaments, meandering currents and eddies, essential processes to simulate the dispersion 

of floating rafts (Chassignet et al. 2007; Lett et al. 2008; Young et al. 2012). 

Suitable near-shore rocky habitats in southern Italy were digitized (Quantum GIS Development 

Team 2014) and gridded to 0.01° x 0.01° cells (~0.9km), which is the spatial resolution of the 

simulation. Individual particles simulated floating rafts of C. amentacea by incorporating a set 

of state variables such as age (day), location (longitude and latitude) and status (drifting or 

settled). These were released from every cell with favorable habitat on a daily basis and allowed 

to drift for 30 days throughout summer (Jul-Sep; simulation period per year), the season when 

the individuals of C. amentacea are reproductive and may associate with other macroalgae, 

facilitating the drifting of the rafts, which otherwise would be limited due to the negative 

buoyance of the thalli.  

The duration of rafts was established at 30 days according to viability tests on Sargassum spp, 

one of the plausible vector for the species (Thiel & Gutow 2005). The longevity of viable 

reproductive material in rafts is unknown so the best estimate is provided by laboratory studies 

in other fucoids that have kept unattached reproductive material releasing gametes for 24 days 

(Monteiro et al. 2016). Since unattached fucoid algae do not produce new reproductive 

structures (e.g., Norton & Mathieson 1983), the role of rafts on dispersal must be mediated by 

the longevity of the reproductive structures produced before detachment. The position of each 

particle (in geographical coordinates) was calculated every two hours (12 time steps per day) 
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using bilinear interpolation of the daily velocity fields. A 4th-Order Runge-Kutta calculation 

scheme (sampling at midpoints along the distance) was integrated to determine the trajectory 

of particles throughout the simulated time steps (e.g., Lett et al. 2008).  

Dispersal simulations were performed independently per year for an 11-year period (2002-

2012). The individual trajectories were used to infer paired probability estimates by determining 

the steps in the path of each individual particle released from a given cell i, that achieved or 

crossed cell j, divided by the number of simulated steps (30 days PD * 12 time steps a day). 

Squared connectivity matrices between all pairs of sites were produced by averaging the 

probability outcomes from all particle release events performed in the simulation period of a 

given year (i.e., 92 particles per cell). Probabilities between samples in Capo Gallo were 

estimated as the retention probability inside the same cell, as the grid resolution of the 

oceanographic currents was not small enough to resolve connectivity at that scale. An averaged 

connectivity matrix between every pair of cells was determined for the 11-year period.  

We implemented a graph-theoretical framework to account for the hypothesis of genotypes 

migrating between suitable habitats patches on a year to year stepping-stone scenario. The 

Floyd-Warshall’s algorithm (Floyd 1962) was used to find the shortest directed path between 

cells (i.e., the graph nodes), using the paired probabilities from the averaged connectivity matrix 

as the direct weight between edges (i.e., the graph links). The stepping-stone probabilities were 

determined by multiplying the probabilities found in the shortest path between all pairs of cells. 

The averaged and stepping-stone connectivity matrices were used to extract the connectivity 

estimates between the sites sampled for genetics. LNS were developed in R (R Core Team 

2014) with packages: calibrate, e1071, parallel and raster. 

Directionality of oceanographic transport  

An index of directionality was designed to be proportional to the directionality of currents 

driving particles between sites, being 0 where completely bidirectional and 1 when exclusively 

unidirectional and calculated as 𝐼(𝑖𝑗) =
(𝑃𝑚𝑖𝑛−𝑃𝑚𝑎𝑥)

𝑃𝑚𝑖𝑛
  where Pmin is the natural logarithm of the 

minimum probability between sites i and j from the LNS model and Pmax the logarithm of the 

maximum probability between the same sites. The index was developed to test the hypothesis 

that sites connected with bidirectional gene exchange show lower genetic differentiation 

compared to sites with unidirectional gene flow. 
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Modeling  

Linear regressions were used to explain pairwise genetic distances between populations 

estimated as FST / (1- FST) (Rousset & Raymond 1997). In order to test the regression models, 

all the pairwise probabilities were transformed with the natural logarithm to account for the 

wide variability and the skewness toward zero values. Correlation was tested using the shortest 

marine distance, distance along the shore, habitat continuity (km of rocky shore/km of shore), 

average probability obtained from the LNS model and the index of directionality as predictors.  

The slope of linear regression between genetic differentiation and logarithm of geographic 

distance was used to derive the distance at which a limit of FST = 0.2 was reached. We assessed 

the potential of multiple regressions models from a combination of predictors to improve the 

data fitting when these met assumptions for multiple regression. Akaike information criteria 

(AIC) and Bayesian information criterion (BIC) were adopted to assess the model efficiency in 

predicting the data in the model selection phase. We generated a confidence set of models to 

help formal inference using model likelihood and Akaike weight (Johnson & Omland 2004).  

 

 

Results 

No significant linkage between loci was detected after Bonferroni correction. Most loci showed 

high polymorphism, ranging from 12 (Ct2.10 and Ct4.4.) to 36 (Ct4.2) total alleles, with the 

exception of locus Ct2.3 with only three alleles. No multilocus genotype clones were found. 

Significant deviation from HWE was observed at most of the loci and populations (Table 1). 

Null alleles were detected at three loci (Ct2.10, Ct4.2 and Ct4.3), but these were not consistent 

across populations. Even after repeated extractions some populations showed lower 

amplifications rates at these loci (especially Capo Gallo and Altavilla), possibly inflating null 

allele detection. Global FST estimated with the ENA method for null allele correction (0.292) 

showed little difference from uncorrected FST (0.308). The highest allelic richness, standardized 

by sampling to the maximum common population size (N=25) was observed in Capo Gallo 

(4.76) and the lowest in the eastern populations of Otranto and Torre Uluzzo with 2.75 and 2.29 

respectively (Table 1).      
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Genetic differentiation  

Genetic divergence was significant between all populations (P = 0.001), including at 100 m 

distances (P = 0.012). The smallest but significant FST value was found between Capo Gallo 

sites A and B (FST = 0.017) while the highest genetic distance was detected between Mazara 

and Torre Uluzzo populations, the western most and one of the eastern most populations, 

respectively, with an FST of 0.510 (S2, supporting information).  

Only few individuals could be attributed to another population based on their genotype as first 

generation migrants based on an assignment test with a frequencies-based method (Paetkau et 

al. 1995) implemented by GENECLASS2 (Piry et al. 2004) (S3, supporting information). 

These were mainly between sites A, B and C inside Capo Gallo population, with an evident 

predominant direction from the exposed side (A) towards the inside of the bay (C).  

Cluster analysis showed that the optimal number of clusters identified by lower BIC is 10, 

which corresponds to the actual number of populations (including Capo Gallo as 

subpopulations). The strongest decrease in BIC was found at the first three clusters. Two of 

them correspond, as expected, to the cluster of populations around Palermo and the cluster of 

eastern populations (Otranto and Torre Uluzzo), as locations inside these clusters were 

geographically closer. However, the third cluster included the populations of southern Sicily 

and the mainland population of Crotone, which are hundreds of kilometers apart and separated 

by the Strait of Sicily (S4, supporting information). Yet, these locations were predicted to be 

connected by oceanographic currents, and particle dispersal simulation confirmed this 

observation (Fig. 2).  

The analysis of molecular variance attributed 64% of the genetic variance to the intra-

population level. The remaining 36% was attributed to inter-populations variance: 20% was 

assigned to the distance among clusters and 16% among populations. F-statistic among clusters 

resulted to be similar to the F-statistics among population within clusters (0.201 and 0.195 

respectively).  

Fine scale autocorrelation 

We discarded one of the molecular markers (Ct2.10) for this analysis because the locus showed 

a low rate of amplification in some transects. Spatial autocorrelation analysis across sites 

showed an overall decline in r with distance. At small spatial scales (within the 10 meters 

distance) significant positive r values were observed in the first meter distance and an x-

intercept at about 3.3 meters (Fig. 3a). Patterns of decline in r values were consistent across 

transects A, B and C, and we found no significant differences associated to distance classes (T2 
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and omega heterogeneity tests: P<0.01). Higher scales analysis, considering pairwise distances 

between elements of transects showed that kinship decreased faster within the smaller classes 

up to 10 meters while slowly decreasing and oscillating inside the null hypothesis CI for higher 

distances, and declining again reaching significantly negative values at about 200 meters (Fig. 

3). We replicated the spatial autocorrelation analysis in Sant’Elia, where the coordinates of each 

of the 35 specimens were recorded. The maximum distance among sample pairs was only 34 

m, however similar patterns of decrease in kinship coefficients could be found (S5, supporting 

information). 

 

Modeling 

A total of 125 favorable habitat patches were found based on satellite image of rocky shores. 

After gridding, this resulted in a habitat continuity index expressed as rate of rocky shore by 

coastline distance, varying from 0.38 (discontinuous patches, separated by unsuitable habitats) 

to 1 for the contiguous suitable rocky coastlines. The lowest values were recorded between the 

eastern populations of Crotone and Torre Uluzzo, as most of the coast of the Gulf of Taranto 

and the Calabria Ionian shore is sandy and unsuitable for the species.       

The LNS using HYCOM data tracked the geographic position of 134,640 particles released 

from 1,496 cells with favorable habitats (1,481,040 particles for the 11-year period) (Figure 2). 

Most connectivity events occurred in the first days of simulation, as the average time of 

effective connectivity events was ca. 2 days (1.97 day ± 1.77). Despite the maximum allowed 

pelagic duration of 30 days, used in this study, the longer connectivity event was accomplished 

in only 17.83 days. This period of ca. 18 days is well within the time when fucoid reproductive 

material are viable while unattached (at least for 24 days, Monteiro et al. 2016). After this 

maximal connectivity event observed, particles were pushed offshore or transported to regions 

outside the scope of our study. 

The resulting trajectories yielded two asymmetric matrices: a direct connectivity matrix 

averaged for the 11-year period and a stepping-stone matrix. Direct connectivity resulted in few 

valid pairwise probabilities, as most of the populations were not oceanographically connected 

by our simulated floating rafts. In contrast, stepping stone probabilities were always resolved 

in at least one direction between paired sites. Probabilities ranged widely, from maximum 

values (averaged between sites) of 0.997 for the very close populations of Sant’Elia and 

Altavilla to a minimum of 5.46E-15 between Altavilla and Torre Uluzzo.  
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All the predictors tested were significant, but there were important differences in the ability to 

explain the data (Table 2). Linearized FST levels were highly correlated to geographical 

distance, both expressed as shortest marine distance (Adjusted R2 = 0.59) and as coastline 

distance (Adjusted R2 = 0.68). Including only the 12 site pairs which presented direct 

connectivity, without taking into account the stepping stone option, still lead to a positive 

correlation between genetic distance and coastal distance (R2 = 0.55, p<0.01) as well as between 

genetic distance and the combination of coastal distance and average direct probability (R2 = 

0.70, p<0.01). The single term model of coastline distance was not significantly different (delta 

AIC = 0.99) from the stepping stone model of average probability of connectivity. Both were 

highly correlated to estimated genetic distance (Adjusted R2 = 0.68 and 0.67 respectively), and 

both performed better than the shortest marine distance to explain our data (model likelihood 

Lmarine = 0.02). However, the model based on average probability from stepping-stone 

oceanographic transport did not appear to produce a better fit than a combination of habitat 

continuity and coastal distance. These two variables explained 73% of the variation in genetic 

differentiation, and were a better predictor model according to Akaike criteria, but the 

difference to the stepping stone model was not significant according to model likelihood (AIC 

= -21.57; of Ltwo-term = 0.88) and was just as good as best single terms models with a more 

conservative diagnostic (BIC = -14.40 and -14.33 respectively).  

The directionality index was not a very good predictor of genetic differentiation (R2 =0.27; P (F 

test) = 0.0015), but significantly increased the fitting of the observations when added to other 

models. Our best-fit model (Fig. 4) was obtained adding the information of directionality to the 

two term model (R2=0.78; AIC = -28.80), significantly interacting with coastline distance (P (t 

test) < 0.05) and rocky shore percentage (P (t test) = 0.001). 

 

Discussion  

Populations of C. amentacea were strongly differentiated and connected by very low migration 

rates, leading to significant genetic distance even at small spatial scales. The capacity to predict 

genetic differentiation was improved when dispersal probability across available rocky habitat 

was estimated by simulating stepping stone directional transport mediated by ocean currents.  

Genetic differentiation between populations 

Populations of C. amentacea had strong differentiation at all geographical scales, from a few 

meters to hundreds of kilometers. Genetic differentiation was comparable to populations of 
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other brown algae (Durrant et al. 2014), such as the fucoids Fucus vesiculosus (Tatarenkov et 

al. 2007; Assis et al. 2014), Pelvetia canaliculata (Neiva et al. 2014) or Bifurcaria bifurcata 

(Neiva et al.  2015). Similar differentiation had been estimated for the same species using 

random amplified polymorphic DNA (RAPD) markers at similar spatial scales (Susini et al. 

2007a). As expected from intertidal algae with such a low-dispersal life history, the sampled 

populations were almost completely  genetically isolated.  

Geographically closer populations were not always the most connected. The sites along the 

southernmost coastlines of the mainland (Crotone) and Sicily island (Porto Palo and Mazara) 

were more connected than expected, while sites south and north of Sicily were highly 

differentiated from each other. This supports the hypothesis that the Ionian Stream in the Sicily 

channel represents a dispersal barrier between these populations, limiting rafting drift around 

the Sicily Island. This hydrographic feature and the difference in water density between the 

water masses of the Western and Eastern Mediterranean across the Sicily Strait had been 

already reported as a main driver of genetic differentiation in various species (Zardoya et al. 

2004; Debes et al. 2008; Serra et al. 2010; Villamor et al. 2014), which could contribute to 

maintain the divergence established by past vicariant events (Arnaud-Haond et al. 2007).  

The eastern populations of mainland southern Italy, Otranto and Torre Uluzzo, were very 

isolated. LNS simulation showed that the marine currents in this area tend to push onshore the 

drifting particles and allow only occasional rafts to move offshore towards other suitable sites.  

Genetic structure within populations 

The genetic variance attributed to intra-population differences was high and consistent with a 

previous study using RAPD markers (Susini et al. 2007a). Our spatial autocorrelation analyses 

showed that individuals start to diverge within distances of a few meters, and significant genetic 

differences can be found among sites only 100 m apart along a continuous rocky fringe. This is 

consistent with the observation that recruitment of C. amentacea from settling embryos occurs 

predominantly within 20-40 cm from a natural population (Mangialajo et al. 2012), while large 

distance dispersal may only take place by rafting (Thibaut et al. 2014), and with the high intra-

population genetic variance here found. We hypothesize that the observed kinship similarity 

pattern may be explained by different dispersal processes acting on the species at different 

geographical scales. On one side, fucoid algae release their gametes under calm water 

conditions (Pearson & Serrão 2006) that minimize gamete dilution, suggesting that mating 

occurs by selfing or between neighboring individuals that are expected to be more related on 

average. Our results support this hypothesis because nearly all populations had significant 
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heterozygote deficits. Plus the negatively buoyant propagules tend to fall close to the parent 

algae, leading to clustering of related individuals and strong correlation of kinship with 

distance. On the other side, in the genus Cystoseira the female gametes remain attached to the 

parental algae even after fertilization and germination, for a few days (e.g., Engelen et al. 2008), 

therefore the water motion conditions may change to higher exposure between the timing of 

gamete release/mating and the timing of settlement a few days later. Since C. amentacea is 

most common along exposed coastlines, it is conceivable that occasionally such propagules can 

be transported further apart and mixed in the water column. Furthermore, when water 

movement increases enough, dislocated fertile algae, although not buoyant, could be 

transported hundreds of meters away or even further if associated to other floating rafts (Thiel 

& Gutow 2005), in agreement with the observed colonization of artificial structures at over 3 

km from natural populations (Thibaut et al. 2014). The latter process would act along the whole 

geographical scale while the former would cover distances up to a few tens of meters. Our 

autocorrelation analysis could only be partially replicated and caution should be taken before 

generalizing the results to other geographical areas with different oceanographic conditions. 

Replicating this analysis across sites would allow to understand if similar general processes and 

patterns can be found, and support that is to be linked to the reproductive life history of the 

species.  

Stepping-stone directional oceanographic transport 

Gene flow was strongly related to marine currents even though connectivity between sites was 

often only possible by means of stepping stone dispersal because direct oceanographic transport 

was never achieved. The oceanographic transport model revealed that, where direct 

connectivity of particles was possible, transport by currents explained the observed genetic 

differentiation better than coastal distance alone even in species with propagules that sink and 

attach immediately below the parents. Furthermore, the inclusion of a directionality index based 

on the stepping stone simulation produced the best-fit model explaining genetic differentiation 

of our populations. This provides strong support for a key role of rafting in population 

connectivity of low dispersive marine taxa, allowing them to be strongly influenced by 

oceanographic transport as observed in species with planktonic life stages that persist in the 

water column for long (e.g., Klein et al. 2016), or short (e.g., Alberto et al. 2011) periods.  

Population genetic structure results from past historical events and present reproductive and 

migratory patterns. Our results suggest that at the multiple spatial scales analysed in this study, 

the present population pattern is determined and maintained by present low gamete dispersal 
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within population and by raft drifting between populations rather than colonization history. 

Although all populations were highly differentiated, rare successful migration events might be 

sufficient to preserve the natural levels of connectivity, as reported for giant kelp based on 

present oceanographic patterns simulated over 11 years (Alberto et al. 2011).  

Stepping-stone dispersal explained observed connectivity better than habitat continuity. 

However, habitat continuity can well describe observed genetic differentiation over an extended 

spatial scale, comprising discontinuities (Alberto et al. 2011), even better when combined with 

other predictors. The addition of a directionality index predictor is an innovative approach that 

produced the best-fit model, accounting for the evident asymmetry in currents flow, and 

therefore indicating a coupled asymmetric genetic flow among populations. 

Future directions and implications 

Our results showed a dependency of dispersal on ocean currents, supporting the raft association 

hypothesis, but some genetic patterns still remain unexplained by the simulation. The drifting 

of reproductively mature algae has been suggested as one of the main mechanisms for dispersal 

over long distances, for species sharing similar life history traits and reproductive strategies as 

C. amentacea (Coleman & Brawley 2005). However, C. amentacea lacks flotation vesicles, 

and rafts tend to sink rapidly. Our simulation model was based on the hypothesis that 

reproductive fragments can float for longer distances when associated to other species rafting 

with floating vesicles, namely Sargassum spp. and Cystoseira compressa (Esper) Gerloff & 

Nizamuddin, often closely coexisting in the same areas (direct observation). However, rafts 

might not be able to cover the distance between populations separated by long continuous sandy 

shores (e.g. between Otranto and Crotone) where observed levels of genetic differentiation were 

explained by a combination of habitat discontinuity and geographic distance. This is an aspect 

where more work is clearly needed. Experimental approaches to test raft duration and viability 

in different associations could help clarifying the issue and possibly increase model accuracy. 

Even more important, the model was based on inferred habitat presence, but mapping of the 

actual distribution of C.amentacea would be essential for better extrapolation as well as a 

priority for conservation.  

Our results have important implication for two of the main conservation and management 

strategies suggested for canopy-forming algae: the use of marine protected areas (MPAs) and 

restoration practices. The establishment of MPAs potentially favors the recovery of macroalgae 

forests by increasing predation pressure on grazers (Babcock et al. 2010) or by eliminating 

sources of anthropogenic disturbance (Thibaut et al. 2016). Networks of MPAs should also 

66



allow maintaining connectivity among fragmented populations and increase resilience to future 

environmental changes (Frankham et al. 2002; Coleman et al. 2011). However, little is known 

about the real connectivity of Mediterranean MPAs (Marti-Puig et al. 2013). Urbanization and 

other anthropic pressures on the seaside are locally depleting many populations of canopy 

forming seaweeds (Benedetti-Cecchi et al 2001, Mangialajo et al 2008, Perkol-Finkel & Airoldi 

2010; Thibaut et al. 2015, Strain et al 2015), while currently offering limited possibilities for 

expansion (Ferrario et al 2016). Lack of connectivity among MPAs and habitat degradation 

along the coast may decrease the genetic variability and hamper the resilience and adaptation 

of these endangered habitat-forming species, possibly limiting the expected ecological and 

socio-economic benefits of protection. Restoration of Cystoseira forests on both natural and 

artificial substrata is an alternative management strategy to counteract the local decline of these 

species (Falace et al. 2006; Susini et al. 2007b; Perkol-Finkel et al 2012; Gianni et al. 2013). 

However, precaution should be taken when designing restoration interventions for C. 

amentacea as the connectivity between populations on short temporal scales can only be 

guaranteed at very small distances. The loss of the species from large, fragmented areas would 

be hardly reversible even by restoration, as limited dispersal would not allow recolonization in 

short time scales. This implies that restoration can still be effective to foster recovery if some 

natural populations are present in the area, and if adequate habitat patches can serve as stepping 

stones for migrants. This knowledge can help select priority areas for conservation and 

restoration, as well as incentive a better planning, design and management of marine urbanized 

areas to mitigate habitat degradation and provide potentially suitable stepping stones (e.g. 

green-blue infrastructure) for threatened native populations (Perkol-Finkel et al 2012).       

In conclusion, this study is pioneer in combining local scale genetic analysis and oceanographic 

modeling to understand mechanisms of dispersal and to give insight into species life history 

traits for Mediterranean canopies of brown algae. Explicit modeling of stepping stone dynamics 

and inclusion of habitat continuity allowed explaining most of the genetic variability in the 

region, suggesting that integrating the life history processes and directional information can 

help to better describe and predict population patterns and evolution. This is crucial to 

understand the potential for adaptation and restoration under scenarios of increasing 

anthropogenic and climatic stressors and habitat modifications.  
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Data Accessibility: 

Microsatellite scorings, information on populations’ sites and all the data used in the analysis 

can be found in the Dryad repository with entry doi:10.5061/dryad.dk563. 
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Figures and Tables 

 

 

Figure. 1 - Map of the study area with the location of the eight sampled Cystoseira amentacea 
populations. Darker coastline represents areas with rocky shore. Transects A, B and C within Capo 
Gallo are also shown with respective distances and samples sizes. 
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Figure. 2 - Example snapshots of particle dispersal simulations. Shown after 1, 8, 14, 30, 44 and 67 
days of simulation of particles originating from eight populations over one season. Each colour 
represents a particle released from one sampling site floating for 30 days and advected by oceanic 
velocity fields derived from HYCOM. Arrows at day 1 are proportional to the estimated probabilities 
of direct connectivity among populations based on the particle simulation 
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Figure 3 - Correlograms showing mean kinship coefficient (diamonds) as a function of geographical 
distance classes within transect (combined correlogram of the three transects) (a) and across all 
transects along the whole area (b) at Capo Gallo. Classes were chosen in order to keep similar 
number of observations/class. Dotted lines represent 95% confidence interval around the null 
hypothesis of relatedness by chance. In (b) the dotted line shows a fitted 6th order polynomial line 
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Figure 4 - Best fit regression model (using coastal distance, habitat continuity and directionality 
index) to predict genetic differentiation among 8 C. amentacea populations in southern Italy (see 
Table 2). 
 

 

Table 1 Summary population genetics statistics for each sampling site. 

POPULATION N HE HO 
ALLELIC 

RICHNESS 
FIS 

 

CAPOGALLO A 30 0.60 0.53 4.29 0.121 
 

CAPOGALLO B 30 0.65 0.53 4.76 0.190 * 

CAPOGALLO C 30 0.56 0.50 4.51 0.109 * 

CROTONE 31 0.54 0.37 3.92 0.317 * 

OTRANTO 31 0.36 0.28 2.75 0.230 * 

ALTAVILLA 33 0.52 0.37 2.97 0.296 * 

PORTOPALO 34 0.62 0.53 4.26 0.148 * 

MAZARA 29 0.47 0.36 3.42 0.219 * 

SANTELIA 35 0.55 0.48 3.8 0.134 * 

TORRE 
ULUZZO 

25 0.26 0.26 2.29 0.011 
 

N, number of sampled individuals; He, expected heterozygosity; Ho, observed heterozygosity; Allelic 

richness after 999 bootstrapping; FIS, inbreeding coefficient. Asterisks indicate significant probability 

for FIS>0. 
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Table 2  Summary of model testing 

Predictor variable 
Adjusted r2/ 
Adjusted r2 

after ENA 
correction 

P values AIC/BIC Model likelihood 

Coastline distance  0.68/0.60 *** -18.63/ -14.33 0.017 

Marine distance 0.59/0.54 *** -11.22/-6.92 0.0004 

Habitat continuity 0.57/0.54 *** -9.57/ -5.27 0.0002 

Directionality index 0.27/0.24 ** 6.98/ 11.28 4.616e-08 

Average probability 0.67/0.58 *** -17.65/ -13.35 0.010 

Coastline distance +  
habitat continuity 

0.73/0.67 ** 
Coast:rock* 

-21.57/-14.40 0.073 

 
Coastline distance + 
habitat continuity + 
Directionality index 

0.78/0.73 
*** 

Coast:rock** 
Coast:index * 

-26.80/ -16.76 Wbest = 0.91 

The adjusted coefficients of determination (r2) before and after ENA correction for null alleles are 

reported. Significance of regression is also indicated (*=0.05; **=0.01; ***= 0.001). AIC and BIC= 

Akaike and Bayesian model selection criteria  Model likelihood (L) and Akaike weight (Wbest) are also 

shown  (following Johnson and Omland 2004). 
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Supporting information  

 

 CGA CGB CGC AL SE CR PP MA TU OT 

CGA 0.000 0.012 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

CGB 0.017 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

CGC 0.095 0.054 0.000 0.001 0.001 0.001 0.001 0.001 0.001 0.001 

AL 0.196 0.186 0.250 0.000 0.001 0.001 0.001 0.001 0.001 0.001 

SE 0.249 0.200 0.240 0.235 0.000 0.001 0.001 0.001 0.001 0.001 

CR 0.289 0.262 0.269 0.310 0.303 0.000 0.001 0.001 0.001 0.001 

PP 0.245 0.199 0.204 0.292 0.271 0.228 0.000 0.001 0.001 0.001 

MA 0.352 0.301 0.313 0.351 0.353 0.289 0.252 0.000 0.001 0.001 

TU 0.467 0.438 0.493 0.487 0.492 0.416 0.437 0.510 0.000 0.001 

OT 0.444 0.408 0.447 0.462 0.416 0.364 0.395 0.449 0.142 0.000 
 

S1 - Triangular matrix of genetic differentiation. Fst Values below diagonal. Probability, P(rand >= 

data) based on 999 permutations is shown above diagonal. CGA: Capo Gallo A; CGB: Capo Gallo B; 

CGC: Capo Gallo C; AL: Altavilla (Palermo); SE: Sant’Elia; CR: Crotone; PP: Portopalo; MA: Mazara 

(Sciacca); TU: Torre Uluzzo (Nardò); OT: Otranto.    
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S2 - DAPC plot. Color and cluster are relative to each population 

 

 

S3 - Number of first generation migrant for each population pairs estimated according to Paetkau at 

al. (1995) criterion in Geneclass2. CGA: Capo Gallo A; CGB: Capo Gallo B; CGC: Capo Gallo C; AL: Altavilla 

(Palermo); SE: Sant’Elia; CR: Crotone; PP: Portopalo; MA: Mazara (Sciacca); TU: Torre Uluzzo (Nardò); 

OT: Otranto.   

 

From/To CGA CGAB CGB CGBC CGC CR OT AL PP MA SE TU 
CGA 0 1 8 1 1 0 0 0 0 0 0 0 
CGAB 5 0 7 2 3 0 0 0 0 0 1 0 
CGB 1 2 0 4 3 0 0 0 0 0 1 0 
CGBC 1 0 2 0 5 0 0 0 0 0 0 0 
CGC 0 0 0 6 0 0 0 0 0 0 0 0 
CR 0 0 0 0 0 0 0 0 0 0 0 0 
OT 0 0 0 0 0 0 0 0 0 0 0 6 
AL 0 0 0 0 0 0 1 0 0 0 0 0 
PP 0 0 0 0 0 0 0 0 0 0 0 0 
MA 0 0 0 0 0 0 0 0 4 0 0 0 
SE 0 0 0 0 0 0 0 1 0 0 0 0 
TU 0 0 0 0 0 0 7 0 0 0 0 0 
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S4 - Autocorrelation analysis with samples from Sant’Elia population 

 

 

 

S5 - Historical records of C. amentacea from the literature. Green dots represents recent records while 

violet were documented between the 1962 and the 1975. Shades is proportional to the age of the 

record with darker violet showing older records. 
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S6 Linear regression between genetic differentiation and logarithm of geographic distance.    
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Abstract 
 

The complexity of bacterial communities associated with seaweeds contributes to the development and 

functioning of healthy and resilient bacteria-seaweed holobiont. Alteration of the bacterial community 

can concur with other detrimental effects of natural or anthropogenic stressors on canopy algae, 

facilitating the colonization by pathogens and epiphytes or causing the loss of some key function for the 

holobiont. We analysed the specificity and geographical variability of the microbial community 

associated with vulnerable populations of habitat-forming littoral species of fucoid algae 

belonging to the genus Cystoseira and Sargassum., We also explored the presence of a possible 

core of shared bacteria for the most widespread species C. compressa, and its potential 

functional role by predicting metagenome functional content from marker gene using a 

bioinformatics approach. Results showed large spatial differences in the composition and 

structure of the microbial communities, but with consistent differences among species at 

regional scales. The community structures of these species-specific bacterial communities are 

locally shaped by geographical and environmental local conditions. Additionally, the bacterial 

community of C. compressa followed a geographical isolation-by-distance pattern, clearly 

distinguishable among basins and possibly driven by the population genetic structure of the 

host. However, across its distribution C. compressa has a small set of shared bacteria forming 

the core community of its holobiont system. This core comprised bacteria with different 

functional roles, including important defenses from xenobiotics pollutants, probably 

contributing to the capability of the holobiont system to withstand increasing environmental 

stressors. 

 

 

Introduction  

Canopy forming seaweeds are a key habitat forming group, providing three-dimensional 

complexity and increasing productivity and biodiversity of coastal ecosystems (Bulleri et al. 

2002; Steneck et al. 2002). However, many of these seaweed species experience (strong) local 

86



decline and contraction of distribution ranges (Airoldi & Beck 2007; Smale & Wernberg 2013; 

Assis et al. 2014) often associated with an increase of low-complexity species (Airoldi & Beck 

2007; Strain et al. 2014). Local stressors, such as eutrophication, might play an important role 

in driving this shift (Benedetti-Cecchi et al. 2001; Bulleri et al. 2016). Furthermore, the 

synergistic interaction of local and global drivers have the potential to greatly increase the 

pressure on these important habitat formers with cascading effects on coastal ecosystems 

(Strain et al. 2015). 

A consistent body of literature recognizes that seaweed-associated bacteria mediate the 

complex interaction with the surrounding environment (Goecke et al. 2010; Wahl et al. 2012). 

That bacteriome can contribute to different important functions of the algal host, such as 

morphological development, growth and nutrient acquisition, spore release and settlement, and 

protection from fouling (Aires et al. 2013; Egan et al. 2012). Furthermore, the bacterial 

communities associated to macroalgae are often highly species-specific (Lachnit et al. 2009; 

Hollants et al. 2013, Aires et al., 2015), strongly differing from communities in the surrounding 

seawater and substrate (Tujula et al. 2010; Burke et al. 2011b; Mancuso et al. 2016). For this 

reason, it has been suggested that the complex algae-microbiome can be considered a holobiont, 

where the hosts and all their specific associated microbiota behave as a singular organism 

(Barott et al. 2011; Egan et al. 2012, Wahl et al. 2012, Zilber-Rosenberg & Rosenberg 2008). 

Alteration of the associated microbial community may come along with the detrimental effects 

of natural and anthropogenic stressors observed in canopy algae, facilitating the colonization 

by pathogens and epiphytes (Mancuso et al 2016) or causing the loss of some key function for 

the holobiont (Wahl et al. 2012). The study of associated bacterial communities can have a 

central role in understanding the future of canopy algae, and their capability to cope with 

increasing environmental stressors. However, its exploration with molecular techniques is just 

beginning to be applied to the understanding of diversity and specificity of macroalgal-bacterial 

relationships (Hollants et al. 2013).  

The composition and abundance of operational taxonomic units (OTUs) in the bacteriome can 

vary across algal species and populations as well as across different algal tissues, time and space 

(Tujula et al. 2010). Environmental conditions could also play an important role in rearranging 

the structure for specifically adapted microbial communities (Busch et al. 2015; Aires et al. 

2016). Due to this high level of variability and the numerous contributing factors, it has been 

challenging to understand if bacterial community associations are specific of individuals, 

species or higher taxonomic levels (Hester et al. 2015). An additional degree of complexity is 

given by the functional redundancy of bacterial species. As different bacteria can provide 
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identical functions in the holobiont, changes in functional identity rather than taxonomic 

identity could be most relevant in affecting the responses of the holobiont system  (Burke et al. 

2011a). According to the niche hypothesis, the ecological role of each element of the associated 

microbiome allow to occupy a specific niche in the bacteriome defined by a set of micro-

environmental condition and resources on the algal surface (Burke et al. 2011a; Eigemann et 

al. 2013). Better adapted bacteria species will eventually outcompete less adapted ones and tend 

towards a dynamic equilibrium of the ecological relationship which persists until environmental 

conditions do not change. The dynamic of the microbial community should therefore follow a 

universal pattern as, under the same conditions, the relationship among bacterial species will 

tend to develop and maintain similar bacterial composition (Bashan et al. 2016).  

In this study we explore the specificity and spatial variability of the bacterial community 

associated with canopy forming seaweeds from the genus Cystoseira, also comparing it with 

the microbial composition of other co-occurring macroalgal species forming a phylogenetic and 

distributional gradient. Although the temporal variability of the bacterial community associated 

to Cystoseira compressa has been studied recently (Mancuso et al. 2016), nothing is known 

about its spatial variability nor the degree of similarity with other related species. Here we ask 

whether bacterial community composition diverges at different locations and if it can be related 

to the underlining genetic differentiation of the host macroalgal species. Additionally, we 

describe the core community of shared bacterial species that characterize the Cystoseira 

holobiont and try to identify the possible associated functions. Understanding if and how these 

communities vary along the spatial scale and which are the drivers of these variations is critical 

for such key habitat-forming species as could help in the future to forecast and manage impacts 

and loss of these canopy forming algae.  

 

Materials and Methods 

Study area and sampling design 

Samples were collected in six locations, two locations in southern Portugal (Olhos de Água and 

Praia do Castelo), two in the Adriatic Sea (Mattinata and Vasto) and two along the coast of 

Sicily in the central Mediterranean Sea (Portopalo and Sant’Elia) (Fig. 1). Biotic and abiotic 

characteristics vary greatly among the locations. The Mediterranean sites have a smaller tidal 

range (average tidal amplitude ≈ 30 cm) but a wider temperature range (8°C – 30°C) compared 

to the Atlantic sites (average tidal amplitude ≈ 210 cm; temperature range 16°C – 22°C) (data 

from “Istituto Superiore per la Protezione e Ricerca Ambientale,” ISPRA, www.mareografico.it 
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and “Instituto Hidrográfico”, http://www.hidrografico.pt, 2000– 2013 period). Patches of 

mussels (Mytilus galloprovincialis) and ephemeral algae (Ulva spp.) dominate rocky shores at 

the Adriatic locations and the presence of C. compressa is limited to isolated individuals or 

small patches, while in Sicily and Algarve sublittoral fringes are characterized mainly by dense 

stands of brown seaweeds.  

Bacterial communities were sampled from whole thalli of C. compressa, C. tamariscifolia, C. 

amentacea and Sargassum vulgare between August and early September. Three replicate 

samples of C. compressa were collected at every location from epiphyte-free thalli. Three 

replicates of C. amentacea and C. tamariscifolia were sampled only at one location (Sant’Elia 

and Praia do Castelo respectively) while Sargassum vulgare was sampled in both Portuguese 

locations where it was found. In samples from Italy, sterile cotton swabs were used to rub the 

surface and immediately placed in sterile 1.5 ml tubes and frozen. Whole tissue was collected 

in Atlantic samples and preserved in a stabilization buffer (Xpedition Lysis/Stabilization 

solution, Zymo Research) in the field. In Olhos de Água we found sediment at the bottom of 

the same rockpool of the macroalgae and sampled three replicates (preserved in buffer). Three 

water samples were collected at each location with the exception of Praia do Castelo.. Water 

was collected in 500 ml bottles and first filtered with 3.0 µm pore size cellulose acetate filters 

(Millipore), to remove suspended particles and eukaryotes, and then with 0.2 µm pore size 

cellulose nitrate filters (Sartorius) to retain the bacteria. Tubes were transported cool and 

preserved at -80°C until extraction.  

Bacterial DNA extraction was performed using PowerSoil® DNA Isolation Kit (MoBio 

Laboratories). The total 16S rRNA region was amplified using the universal primers 27F and 

1492r (Lane, 1991) with the following changes to the original protocol: after an initial 

denaturation at 95°C for 2 min, conditions were as follows: 35 cycles of denaturation at 95°C 

for 20 s, annealing at 55°C for 20 s, and extension at 72°C for 90 s. The final extension was at 

72°C for 3 min. The 25 µl reaction mixture contained 250 µM dNTPs, 0.6 µM of each primer, 

1 × 2 PCR buffer mix, 2 µl of template DNA (with a final concentration of about 10 ng µl−1) 

and 0.3 µl of Taq polymerase. Extracted DNA was outsourced to MrDNA (Molecular Research 

LP - Texas) for Illumina Miseq sequencing after nested amplification of the total 16S rRNA  

PCR products with modified primers 799F (5’-AACMGGATTAGATACCCKG-3’) and 1193r 

(5’-ACGTCATCCCCACCTTCC- 3’) for region V5, V6 and V7 of the 16S rRNA gene, 

avoiding most plastid contamination (Bodenhausen et al. 2013). A proof-reading Taq 

polymerase and reduced nested PCR cycles (10) were used to avoid introduction of 

amplification errors. 
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Bacterial community analysis 

16S amplicon sequences were processed through the recently developed MICCA pipeline 

version 1.6.0 (Albanese et al. 2015) which rely on OTUCLUST, a de novo OTUs clustering 

algorithm providing a more realistic estimate of the sample complexity. Sequences were quality 

filtered allowing a maximum expected error rate of 0.5% and truncated at a length of 300 bp. 

Operational taxonomic units (OTUs) were assigned with a greedy clustering method using a 

sequence identity threshold of 97%. Chimeric sequences were filtered out with the embedded 

UCHIME algorithm. Taxonomy was assigned in QIIME v.1.8.0 (Caporaso et al. 2010) to 

representative sequences up to genus level using RDP classifier version 2.11 (Wang et al. 2007) 

against the Greengenes 16S rRNA gene dataset (release 13_8). Sequences identified as 

mitochondria or chloroplasts were removed for subsequent analysis. In order to display the bar 

plot of relative abundance by taxonomic classification, only OTUs comprising the 90% of the 

community were retained. Analyses were performed in R software 3.2.4 (R Core Team, 2016) 

using the “phyloseq” R-package (McMurdie & Holmes 2013). 

Alpha diversity was estimated as OTU richness after rarefaction at lowest sequencing depth 

while Chao1 and Shannon index were estimated before rarefaction. Differences were 

statistically tested with permutational ANOVA (PERMANOVA+, Anderson et al., 2008) for 

PRIMER v.6 (Clarke and Gorley, 2006). Differences were tested between habitat type (2 levels: 

Seawater and Algae, fixed) across the regions (Re: 3 levels, fixed) and controlling for the 

location factor nested within regions (Si (Re): 6 levels, random). Differences among alpha 

diversity values of sediment and other habitat types (seawater and macroalgae) were tested with 

Student’s t test within Olhos de Água. Differences in alpha diversity measures among species 

were tested by PERMANOVA based on Euclidean distance matrix at each site.  Modified 

Levene’s test for homogeneity of variance was calculated (Anderson 2006), as PERMANOVA 

is not reliable in unbalanced design with heterogeneous dispersions (Anderson & Walsh 2013). 

Where unique permutation number were low (<100), significance values (alpha = 0.05) were 

estimated with Monte Carlo permutations.  

For Beta diversity analysis, a Bray-Curtis distance matrix was computed from square-root 

transformed OTU abundances and visualized with principal coordinate analysis (PCoA). The 

significance of observed distances was tested with PERMANOVA based on Bray-Curtis 

dissimilarity matrix and 9999 permutations. OTUs contributing the most to the differentiation 

among samples were obtained by SIMPER analysis in PRIMER v.6 (Clarke and Gorley, 2006) 

using a cut off of 50%. To test for specificity of bacterial associations, we used linear regression 

with geographical distance to explain pairwise Bray-Curtis dissimilarity between C. compressa 
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associated bacterial communities at different regions. Additionally, we tested whether the 

genetic structure of the sampled populations increased the amount of variability explained. 

Populations were genotyped using 10 specific microsatellite markers previously developed 

(Chapter 1). Spatial/genetic correlation was compared with the correlation of pair-wise 

distances among communities associated with different macroalgal species and the host 

phylogenetic distance. Shortest distance among populations was estimated in R (R Core Team 

2014) with packages raster, gdistance and rgdal. Microsatellite amplified fragment were 

measured on an ABI PRISM 3130 DNA analyzer (Applied Biosystems) with the LIZ 500 

(GeneScan) standard. Alleles were scored using the free software STRand (Toonen & Hughes 

2001) and further binned into size classes with the msatAllele R package (Alberto 2013). 

Pairwise population distances were estimanted in GENALEX (Peakall & Smouse 2006). 

Phylogenetic distance was based on NCBI deposited partial sequences of psbA gene and 

estimated in R with “phangorn” and “ape” packages under a Jukes-Cantor evolution model.  

The core OTUs of Cystoseira compressa were defined as those present in at least two replicates 

at each location and shared across all sampled sites. In this way we tried to account for 

individual variability of replicates to obtain a OTU selection that represents the macroalgal 

population at each location. Bacterial OTUs were obtained in QIIME with the 

compute_core_microbiome.py command. Microbial core was than obtained and graphically 

displayed by merging those in JVENN online software (Berdou et al. 2014).    

Prediction of the potential function of associated bacterial communities was performed with 

PICRUSt (Langille et al. 2013). OTU selection was computed using the closed-reference OTU 

picking strategy, against Greengenes (version 2013/05) at 97% identity. The number of 

sequences was normalized by the 16S copy number of each OTU. Resulting functional 

predictions were analyzed with STAMP (Parks et al. 2014), using up to KO (KEGG orthology) 

tier 3 for all genes. Only tier 1 functions of “organismal systems” and “human disease” were 

filtered out as less relevant to environmental samples while “metabolism,” “genetic information 

processing,” “environmental information processing,” and “cellular processes” were analyzed 

further. 

 

Results  

A total of 3,888,223 paired-end raw reads were obtained from the Miseq sequencing. After 

trimming, quality filtering and singletons and chimera removal 62% of the sequences remained 
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(2,407,178) with an average of 53,492 reads per sample (min = 32,802; max = 85,525; SD = 

11,957). OTUs classification identified 4064 unique taxonomic units with an average of 1117 

OTUs per sample. After rarefaction at the lowest sampling depth total richness decreased to 

4020 unique OTUs (Table 1). About 10% of the sequences matched identified OTUs in the 

Greengenes database at the genus level. Classification success increased sharply at higher 

taxonomic levels, with 70% and 87% already at the Order and Class levels respectively (Fig. 

S1).  

Alpha diversity measures 

Diversity of associated bacterial communities differed among habitats and between the region 

of origin (p = 0.05 and p(MC)=0.008 respectively, Table S1). Seawater accounted for the lowest 

OTUs richness (mean number of OTUs = 819) and Shannon diversity index but showed 

variability across location (min =447, max =1189) (Fig. 2, Fig. S2), with the minimum richness 

found in the Adriatic Sea. The highest OTU richness was found in the few sediment samples 

available (mean= 1471): within Olhos de Água higher than seawater (t = 8.2279, p (MC) = 

0.0008), and macroalgae (C. compressa: t = 6.4432, p (MC) = 0.003; S. vulgare: t = 2.7053, p 

(MC) = 0.05).  Cystoseira compressa showed 1.4 times higher Shannon indexes compared to 

seawater (p = 0.03), while it did not differ in OTU richness or Chao1 index. The Shannon 

diversity of C. compressa was lower in the Atlantic region (3.89) compared to both Adriatic 

(4.69) and central Mediterranean (4.37) ones (p(MC) = 0.009). Bacteriomes did not differ 

among species in terms of alpha diversity within locations where comparison was possible.    

Habitat related diversity 

Principal coordinate analysis showed highly similar seawater samples across the locations 

compared to a wider variability of epiphytic microbial assemblages (Fig. 3). Habitat type factor 

was substantial in determining the OTU assemblages. Seawater bacterial community structure 

(Pseudo F2,5 = 14.661, p = 0.0003) and composition (Pseudo F2,5 = 4.0412, p = 0.0001) differed 

strongly from macroalgae in every location and pairwise tests at Olhos de Água showed 

significant divergence also among sediment, water and algae (Table S2). Those differences 

were reflected also at higher taxonomical classification (Fig. 4, Table S5-S6). At Phylum level 

seawater showed higher abundance of Proteobacteria while Planctomycetes representatives 

were almost absent. The former comprised on average 53% of the relative abundance in 

seawater samples compared to 26% in macroalgal samples. Proteobacteria and Bacterioidetes, 

accounted together for 85% of the total bacterial abundance in seawater. Other Phyla less 

represented in those samples were Actinobacteria (3.5%), SAR406 (0.6%) and Fusobacteria 

(0.2%). In both macroalgae and sediment samples, the three most abundant Phyla were 
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Proteobacteria, Bacterioidetes and Planctomycetes in similar proportions (26.2%, 27.8 and 

28.3% respectively in algae samples). Sediment samples showed higher abundances of 

Firmicutes (0.4%), Acidobacteria (0.15%) and Fusobacteria (1%) while Chloroflexi (0.14%) 

and Thermi (1.8%) were unique for seaweed samples. The latter, however, was present in much 

higher proportions in Cystoseira amentacea samples (17% on average).      

 At family level, phylogenetic characterization identified 69 families which, together with the 

OTUs that could not be classified at this level, comprised 90 % of the diversity in the dataset 

(Fig. 4B). Pirellulaceae (27.9%), Saprospiraceae (11.7%), Flavobacteriaceae (11.6%), 

Rhodobacteraceae (5.5%), Hyphomonadaceae (3.9%) were the most abundant taxa, with an 

average of 18.7% of unclassified families. The main representatives taxa in sediment were 

Pirellulaceae (27.6%), Flavobacteriaceae(17.1%) and Hyphomonadaceae (4.4%), while 

seawater bacterial communities were mainly characterized by members of the families 

Flavobacteriaceae (26.3%) with a larger component of unclassified groups (44.1%), mostly 

represented by a unique OTU of Alphaproteobacteria. 

Macroalgal bacterial community structure  

Structure of macroalgal associated bacterial communities differed among species. The bacterial 

community associated to C. compressa differed from all the other species at each respective 

region (C. amentacea: Pseudo F = 3.8144, p (MC) = 0.01; C. tamariscifolia: Pseudo F = 2.6502, 

p (MC) = 0.05; S. vulgare: Pseudo F = 2.6674, p = 0.01), however S. vulgare community 

structure was not different from C. tamariscifolia (p (MC) = 0.12). SIMPER analysis underlined 

main OTUs contribution to dissimilarity (Table S3). Cystoseira amentacea was characterized 

by much higher abundance of a single member of Trueperaceae family (order: Deinococcales) 

compared to the other species and contributing at 2.7% of dissimilarity with C. compressa at 

the same location. It showed also the highest relative abundances of genus Leucothrix 

(Thiotrichaceae, Proteobacteria) and lower occurrence of Actinobacteria compared to local 

Cystoseira compressa. Sargassum vulgare showed the highest abundances of 

Hyphomonadaceae (9.7% of relative abundance) and of Flavobacteriaceae family 

representatives (19.2%) compared the others species and with levels more similar to what 

observed in sediment, particularly of the genus Olleya, Winogradskyella, Aquimarina and 

Nonlabens (found only associated to S. vulgare). Cystoseira tamariscifolia was characterized, 

among others, by highest abundance of Planctomycetaceae, Lewinella (Saprospiraceae), 

Maribacter (Flavobacteriaceae) and lowest Phyllobacteriaceae compared to the other species 

at Praia do Castelo. 
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Diversity along geographic distribution   

Within Cystoseira compressa, we found significant differentiation among locations within 

regions (pseudo F5 = 3.9288, p =0,0001). Locations within region level were not significantly 

different with the exception of Adriatic sites (p(MC) = 0.0182).  Bacterial community 

associated to Cystoseira samples collected at the location Mattinata showed, in fact, some 

peculiarities which contributed to differentiate it from the others samples (Fig. S3). Specifically, 

OTUs belonging to the family of Rhodobacteraceae were overly represented at Mattinata 

compared to all the other C. compressa bacterial communities (13.7% against 2.8% of relative 

abundance, p =0.033). Loktanella and Ruegeria were some of the most represented genera of 

the family (2.5% and 0.5% respectively). Various sulfate-reducing bacteria groups 

(Desulfovibrio, Desulfobacter, Desulfococcus, Desulfonema) were also exclusively or more 

represented in Mattinata samples compared to any other location.  

The bacterial community associated with C. compressa showed some differences in structure 

also among the Atlantic, central Mediterranean and Adriatic regions (Table S2). Atlantic 

samples showed higher relative abundance of Planctomycetes, accounting for the 43% of all 

the Phlya, while in both Adriatic and central Mediterranean samples Bacteroidetes was the most 

represented Phyla (36% and 43% respectively). Bacteria belonging to the Phylum 

Actinobacteria were more abundant in samples of C. compressa from the central Mediterranean 

region (14%) compared to both Adriatic (7%) and Atlantic (1%) ones.   

We found a clear linear pattern of isolation-by-distance, with pairwise Bray-Curtis distance 

variation along the geographical distance (Fig 4, Table S4) (adjusted R2 = 0.45, p < 0.001). 

Closer populations showed higher degree of similarity among the associated bacterial structures 

(Fig. 5c). The genetic distance among populations also resulted to be positively correlated with 

the distance among bacteriome structures (adjusted R2 = 0.17, p < 0.001). However, the addition 

of genetic distance did not improve the model of isolation-by-distance (Table S4). 

The correlation with phylogenetic distance among species did not show any significant relation. 

Even though bacterial communities were significantly different among the macroalgal species, 

we did not find a clear pattern of co-evolutionary variation in bacterial structure with the 

underling host phylogeny (Fig. 5b). More related species did not show significantly lower Bray-

Curtis distance in their bacterial community structure. A subtler pattern could be however 

masked by the high degree of inter-sample variability found.       
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C. compressa core bacterial community 

Across the distribution of C. compressa, in total 413 OTUs were identified as part of the core 

microbiome (Fig.6) from a set of 952 different OTUs on average, shared by at least two 

replicates per location and representing 14% of the OTUs found in all C. compressa samples. 

The core community included members of the phyla Bacteroidetes¸ Proteobacteria, 

Planctomycetes, Actinobacteria, Thermi, Chloroflexi, Fusobacteria, Verrucomicrobia and 

WPS-2. The most represented taxa of the microbial core represented the Bacteroidetes phylum 

(33.8%), with representatives mainly of the classes Flavobacteriia (11.6%) and Saprospirae 

(22.2%) (Table S7). The single most represented class were the Planctomycetia, with a relative 

abundance of 32.5%.  The most represented OTUs originated from the Pirellulaceae, 

accounting alone for 13.9% of the total abundance and a Bacteoriodetes of the order 

Saprospirales (6.8%). OTUs exclusive for the Adriatic region belonged mainly to the orders 

Pirellulales, Flavobacteriales and Saprospirales, with the most represented unique OTU 

belonging to order Marinicellales. The Central Mediterranean region showed unique OTUs 

particularly abundant for the candidate Order Saprospirales and CV90 (28% and 27% 

respectively). The Atlantic region was instead characterized mainly by OTUs belonging to the 

order Alteromonadales (Table S8).        

 

Predicted functions 

PICRUSt functional assignments allocated most of the genes to metabolic pathways (55%) 

among tier 1 of the KO categories (Table S9). Other highly represented categories were 

“environmental information processing” and “genetic information processing” with 15% and 

19% of the assigned genes respectively. The mean nearest sequence taxon index (NSTI) of the 

samples was 0.15 ± 0.05, a value lower than observed in reference sediment (Langille et al. 

2013) and indicating PICRUSt inferences were likely to be accurate. At the lowest KO category 

level, PCA among samples showed again a clear and significant (p = 0.0001) differentiation of 

seawater from other samples based on predicted functional groups (Fig. S4). Algae and 

sediment compared to seawater had higher tier 1 “environmental information processing” but 

lower frequency of “metabolism” and “genetic information processing” related functions (p < 

0.0001). More in detail, at level 2 of KO, macroalgae showed higher proportion of sequences 

allocated to cell motility, signaling related genes, transcription, transport and xenobiotics 

biodegradation when compared to seawater (p<0.0001). Sediment bacterial community showed 

to be functionally more similar to macroalgae community than seawater. Sediment showed 

95



however lower level of xenobiotic biodegradation (p=0.04) but higher proportion of translation 

(p <0.001). 

Predicted functionality of macroalgal associated bacterial communities showed host species-

specific differences, however the overall functional profile among species based on Bray-Curtis 

dissimilarity was not significantly different (table S10). Only S. vulgare showed a significantly 

different functional profile from C. compressa (p = 0.02) and C. tamariscifolia (p = 0.05). C. 

amentacea showed lower proportion of sequences related to carbohydrate metabolism (p 

<0.001), membrane transport and metabolism of secondary products as polyketides and 

xenobiotics (p<0.05). It also showed higher proportion of predicted functions associated to 

motility (p=0.01) compared to C. compressa at the same location. Degradation of xenobiotic 

functions was more expressed in Sargassum vulgare compared to both C. tamariscifolia and C. 

compressa, especially those related to P450 protein and biodegradation of benzoates (p<0.001). 

Only small functional differences were found between C. tamariscifolia and C. compressa; 

mainly in the oxidative phosphorylation and methane metabolism pathways, which were more 

present in the former species (p<0.001).  

The functions inferred to be associated to the bacterial communitiy derived from C. compressa 

samples were different among the geographical regions (Pseudo-F = 9.691, p(MC) = 0.02). 

Atlantic region showed higher proportion of genes related to bacterial movement and 

chemotaxis (p < 0.001) while carbohydrates metabolism functions were lower compared to the 

other regions. Adriatic and central Mediterranean region where functionally more closely 

related, showing only the group of “unknown function” significantly higher in Adriatic region 

(p < 0.001).      

Functional assignment of the core bacterial community associated with Cystoseira compressa 

revealed consistent abundance of functions related to bacterial motility and chemotaxis, as the 

methyl-accepting chemotaxis protein (K03406). The PICRUSt analysis found, among others, 

high proportion of transcription factors and transcription related proteins, such as the ECF 

sigma factor (K03088), and signal transducers as the membrane histidine kinase sensor 

(K00936). Finally, to be noted, also the presence of functions related to xenobiotics 

biodegradation, to degradation of aminobenzoate/benzoate, chloroalkane or polycyclic 

aromatic hydrocarbon, as well as to sulfur metabolism, as the arylsulfatase (K01130) or the 

iduronate 2-sulfatase (K01136).  
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Discussion  

This is the first study to address the specificity and spatial variability of bacterial community 

associated with the ecologically important ecosystem-structuring macroalgae of the genus 

Cystoseira. We evaluated the differences among bacterial community structure living in 

association with Cystoseira compressa and cohabiting intertidal macroalgae. Differences were 

linked to the spatial distribution, with the dissimilarity of bacterial associated community 

correlated with geographical distance among host specimens. We also found that species 

identity represents an important factor in shaping bacterial associations: species-specific 

bacterial community was consistent at regional scale but community structure was modulated 

by geographical and environmental local conditions. However, no co-evolutionary pattern 

between the bacterial community and the macroalgal hosts was detected. Finally, in this study, 

a set of shared bacteria forming the core community of C. compressa was identified, 

characterized by key functions for the macroalgal holobiont. 

Specificity of bacterial association 

We observed a clear differentiation of bacterial assemblages on macroalgae compared to those 

in seawater. The community structure on each of the tested substrates was considerably 

different, suggesting that selective processes from the pool of available bacteria in the water 

column is indeed taking place. This selection process in macroalgae has been previously 

identified for several species, including brown seaweed, where biofilm communities always 

resulted markedly distinct from surrounding seawater (Staufenberger et al. 2008; Lachnit et al. 

2009; Burke et al. 2011b). Differences in terms of richness were not so strong, in contrast to 

what is observed in a previous study on Cystoseira (Mancuso et al. 2016), where seawater 

community richness was consistently lower. However, similarly, the richness and diversity in 

Cystoseira was significantly larger than that of seawater at the same location (Vasto) where a 

comparable study took place (Mancuso et al. 2016). That underlines the comparability between 

the two studies and the importance of including a spatial component to enable broader 

generalizations of results. All the habitats tested in the present study were able to modulate the 

recruitment of the bacterial assemblage from the surrounding environment. A first selection of 

bacterial OTUs could be simply due to the presence of a solid substrate, facilitating the taxa 

better adapted to a biofilm environment rather than planktonic life. However, sediments hosted 

a richer and distinct community from the algal biofilms, suggesting that other levels of selective 

pressures are acting on the microbial community of seaweeds. A conspicuous amount of 

literature depicts the complex chemical bidirectional interaction among the two components of 

the holobiont as possibly able to specifically shape the microbial layer composition and 
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abundances (Goecke et al. 2010 for a review). This relation could be so specific to identify 

unique communities for each macroalgal species (Staufenberger et al. 2008), however the 

degree of stability of this association is not clear (Hester et al. 2015) as some species have been 

found to harbor different communities across space and time (Tujula et al. 2010; Aires et al. 

2016; Mancuso et al. 2016). In this study, host species identity and geographical distribution 

both contributed to shaping diversity and structure of the associated microbial community. 

Despite the strong inter and intra-species structuring of bacterial diversity, a high degree of 

spatial variability was also evident. Nevertheless, the microbiome composition of Cystoseira 

compressa from different locations inside the same geographical region was more related than 

interspecific associated communities inhabiting the same area. It suggests that host identity has 

a primary role in selecting the associated community as suggested by Hollants et al. 2013 for 

bacterial endosymbionts. Sporadic symbionts could guide this latter differentiation and be a 

product of availability of bacteria within the guild and responses to habitat pressures (algal and 

environmental) (Hester et al. 2015; Aires et al. 2016). Even if our results underline the 

specificity of the holobiontic association, we did not find evidence that this association is 

following a common evolutionary path between the host and its bacteriomes. It has been 

previously demonstrated in mammals that closely related species tend to share a more similar 

microbial community compared to less related ones (Ley et al. 2008). However, this co-

evolution was limited to gut-community in mammal species with diverging diets and gut 

morphologies, which create specific differences among the enclosed habitats. Macroalgae, 

instead, share a common open habitat, where free exchange with the mutual environmental 

guild is allowed. This means a high variability in community structure, which could mask that 

effect, if there is any. 

Our results showed a clear correlation of bacteriome structure and spatial distance. Neighbor 

individuals were hosting more similar bacterial communities. This result could be linked to the 

influence of different environmental guilds of the holobiont. However, environmental samples 

did not follow the same pattern of isolation by distance nor the abundances of common OTUs 

between seawater and macroalgae relatedness (Figure S6). The alternative explanation would 

be that genotypic divergence of the host is driving the differentiation of associated bacteriomes. 

Genetic differentiation of algae populations was indeed correlated with the microbial 

communities. However, we could not analyze the actual single genotypes corresponding to the 

Cystoseira specimens hosting the microbes. Therefore, generalizing the population genetic 

results to the single individual differences is not the best analysis to test this hypothesis.   
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Functional profiling and core community 

Despite variability across the samples, the epiphytic community included a sub-population of 

bacteria that were consistently associated with Cystoseira compressa. Only a relatively small 

fraction of the original 2950 unique OTUs were present across the entire distribution of C. 

compressa from Atlantic southern Portugal to the Adriatic. The resulting core community 

showed a high proportion of Planctomycetes, consistent with microbial communities associated 

to Laminaria (Bengtsson et al. 2012). Conversely, Plancotmycetes were much less represented 

in the single previous study on C. compressa at Vasto (Mancuso et al. 2016). Some bacterial 

genera commonly found across brown, green and red macroalgae (Hollants et al. 2013) were 

present, such as Alteromonas and Pseudoalteromonas. However, we also found Tenacibaculum 

which is reported here for the first time to be in stable association with a brown seaweed. 

Interestingly, we found just one unique representative for Thermi, Fusobacteria and WPS-2 

phyla in the core community. The member of Fusobacter was identified as belonging to genus 

Propionigenium, a bacteria group that are able to grow by decarboxylation of succinate to 

propionate and have been attribute the ability to debrominate di- and tribromophenols in marine 

infauna (Watson et al. 2000). Bromophenols have been found in brown algae and associated 

mainly to chemical defense mechanism (Liu et al. 2011). 

In the context of functional redundancy, functional profiles of the microbial communities could 

be a better descriptor of species-specific relation among algal and microbial components (Burke 

et al. 2011a). Some of the KEGG pathways that were consistently more represented in the 

macroalgae compared to environmental samples also characterized the core community of C. 

compressa. The core microbial community could be related to various potential functions that 

can be important in driving the composition and structure of the microbial layer and the 

chemical interactions with the host. For instance, the genes associated to motility and 

chemotaxis are essential for the colonization and aggregation of the symbiotic bacteria, guiding 

the detection and movement toward the host surface and the formation of the microbial biofilm 

(Burke et al. 2011a). The high fraction of environmental signal transducers and transcriptional 

regulators, instead, could be indicative of the need to respond to modifications of the host 

environment (Burke et al. 2011a). Sigma factor has been also associated to changes in the 

transcriptional responses induced by bacterial wall interface interactions (Bashyam & Hasnain 

2004). The analysis results also underlined the potential role that microbial core community 

can have in degradation of pollutants. The presence of sulfatases play important roles in the 

cycling of sulfur in the environment and their increase can be also related to increase in the 

supply of organic nutrients (Olapade et al. 2006) or the degradation of sulfated polysaccharides 
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of algal exudates (Goecke et al. 2010). In addition, functions related to degradation of 

hydrocarbons and other xenobiotic substances have been observed. Many of these pollutants 

remain floating at the surface and therefore intertidal macroalgae such as Cystoseira compressa 

are particularly exposed to those substances. The ectomicrobiome is exposed to the pollutants 

which get trapped in the polysaccharide mucus at the algal surface and selection for bacteria 

that are resistant or use these compounds takes place (Busch et al. 2015). Mutualistic 

association with bacteria able to degrade it might help to reduce the impact of this substances 

on one side (Semenova et al. 2009) and provide energy source for the bacteria on the other 

(Leahy & Colwell 1990).  

All replicates from Mattinata showed increased level of Rhodobacteraceae, which was 

previously associated with aging of Cystoseira canopy (Mancuso et al. 2016). Furthermore, the 

augmented presence of sulfate-reducing bacteria that we observed can be related to increase in 

the supply of organic nutrients (Olapade et al. 2006). Considering that samples were all 

collected in approximately the same period, it is unlikely that quiescence per se is the main 

cause of the observed shift. Instead, we hypothesize that premature decaying of the health status 

of the fronds, induced by environmental pressures as nutrient enrichment, reflects in an 

alteration of the community structure. The holobiont under stress condition might reduce the 

active selection of mutualistic bacteria, by for example reducing the amount of energy dedicated 

to secondary metabolites production in exudates (e.g. furanones), and be more subject to 

colonization by pathogens. At the same time, bacteria better adapted to altered environmental 

conditions could find a competitive advantage over the “healthy” community. Testing this 

hypothesis was outside the scope of this work and could not be adequately verified. Nonetheless 

understanding this aspect further should be of main concern as this microbial community shift 

can be an early warning sign of longer term degradation of the algal community. On the other 

side, functional characterization of the microbial community based on the PICRUSt annotations 

did not find differences based on location, including the location Mattinata, which did not 

diverge significantly from the Adriatic cluster. Additionally, our results did not show significant 

differences among the functional profiles of the host species of the genus Cystoseira, but only 

among species of different genera (Table S10). This could either suggest that a certain amount 

of functional redundancy is maintained across the locations and among the host species (Burke 

et al. 2011a; Staley et al. 2014), or a limitation of the inferences obtained by the procedure for 

populations clustering (Nagpal et al. 2016). With the values obtained of NSTI scores and 

considering that derivation of true functional diversity is limited by the genomes available in 

sequence databases, we cannot exclude a priori this latter hypothesis (Langille et al. 2013; 
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Sharpton 2014). However, potential functional profiles inferred by PICRUSt still allowed to 

obtain a significant differentiation among habitat and regions, suggesting a likely overall good 

performance of the functional reconstruction. Moreover, functional description of core 

community associated to C. compressa revealed the presence of sound functions for the 

microbial biofilm formation and activity. 

Conclusions 

In conclusion, our results confirmed that species-specific seaweed associated bacterial 

communities can be identified and are intra-regionally consistent, yet they present inter-

regional differentiation. The structure of bacterial communities associated with Cystoseira 

followed a geographical isolation-by-distance pattern, clearly distinguishable among basins 

(Atlantic, Mediterranean and Adriatic) and possibly driven by population genetic structure of 

the host. Nevertheless, we could not identify a correlation of phylogeny with bacteriome 

similarities, suggesting that microbial components and their host do not follow a shared 

evolutionary pathway. 

Differences in bacterial community structures are reflected in the variation of functional 

assignments across microhabitats. However, our study suggested that functional redundancy is 

mostly conserved when comparing community functions among host species and, with some 

regional adjustments, spatial distance. This might indicate functional redundancy and 

convergence toward a shared core of bacteria genes associated to the Cystoseira group.         

 The identified C. compressa core microbial community could be described across all regions 

and its bacterial identity and functions can clearly contribute to the structure and stability of the 

holobiont, which is particularly important in a system that is constantly exposed to a changing 

environment and potentially invasive organisms. Future studies should focus on experimental 

manipulation of the environmental conditions to test the stability of the microbial-algal 

association and, associated to metatranscriptomics studies, the eventual shifts in the functioning 

and fitness of the Cystoseira holobiont.  
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Figures and Tables  

  

 

Figure 1 - Map showing the sampling locations and geographical regions (red boxes). Habitat where the 

microbial community was sampled at each location is also indicated (circles = macroalgae and triangles = 

environmental samples).     
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Figure 2 - Rarefaction curves showing the number of OTUs as a function of sequencing depth for each sample. 
Colours are according to media with: Ca = Cystoseira amentacea; Cc = Cystoseira compressa; Ct = Cystoseira 
tamariscifolia; Sed = sediment; Sv = Sargassum vulgare; SW = seawater. Dotted line represent the rarefaction 
depth used.  
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Figure 3 - Principle component analysis (PCOA) of square root transformed OTUs abundances data of 
bacterial communities associated to seaweeds, seawater and sediments (shape) and locations (colors) 
distributed from the Atlantic coast of Portugal (Olhos de Água and Praia do Castelo), central Mediterranean 
(Portopalo and Sant’Elia) and Adriatic sea (Mattinata and Vasto). CA= Cystoseira amentacea, CC = Cystoseira 
compressa, CT = Cystoseira tamariscifolia, Sed = sediment, SV= Sargassum vulgare, SW = seawater 
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Figure 4 - Relative abundances of taxa at Phylum level (a) and Family (b) for each replicate of species and 
location combination. CA= Cystoseira amentacea, CC = Cystoseira compressa, CT = Cystoseira tamariscifolia, 
Sed = sediment, SV= Sargassum vulgare, SW = seawater 

a) 

b) 
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Figure 5 - A) Boxplots showing Bray-Curtis pairwise distances between different locatios grouped by region 

for the same species (in red) and whithin region among different species (in blue). Species paris are from left 

to right in increasing order of phylogenetic distance while locations comparison are in increasing order of 

geographic distance. Between location comparision labels indicate the region pairs. Within locations labels 

indicate the two species contrasted. Boxplots show median (horizontal line), first and third quartile (box 

frame) and 95% confidence interval of median (vertical line). B) linear regressions of pair-wise Bray-Curtis 

dissimilarity with species pairs phylogenetic distance and C) with the natural logarithm of shortest 

geographical distance among samples pairs. Shaded area around the regression line show 95% confidence 

intervals.     

 

A) 
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Figure 6 - Bar charts representation of the core microbial community of Cystoseira compressa at Order level (common 

OTUs shared by 2/3 of the replicates within each location). Bar charts showing the relative abundance of different Order 

of the exclusve OTUs of each geographic region are also presented.  At the bottom right cornern is shown the number 

of OTUs at each region and the number of OTUs shared by 1, 2 or 3 regions.  
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Table 1 - Number of OTUs and sequences of each replicate after quality control and removal of chimeras, 

chloroplast and singletons. 

Species Location Region 
Number 
of OTUs 

Number 
of 

Sequences 

Number of 
OTUs after 
rarefaction 

% of 
unique 
OTUs 

C.compressa Mattinata Adriatic 1234 38956 1184 2.70% 

C.compressa Mattinata Adriatic 1339 48809 1179 1.95% 

C.compressa Mattinata Adriatic 1221 51563 1086 1.75% 

C.compressa Vasto Adriatic 1019 59943 828 0.48% 

C.compressa Vasto Adriatic 1106 50804 995 0.30% 

C.compressa Vasto Adriatic 986 48678 849 0.24% 

Seawater Mattinata Adriatic 648 59802 477 0.00% 

Seawater Mattinata Adriatic 660 69580 438 0.68% 

Seawater Mattinata Adriatic 615 49044 494 0.40% 

Seawater Vasto Adriatic 879 54716 688 1.02% 

Seawater Vasto Adriatic 920 52283 716 0.56% 

Seawater Vasto Adriatic 917 60069 669 0.60% 

C.compressa OlhosAgua Atlantic 1094 52339 934 0.32% 

C.compressa OlhosAgua Atlantic 948 81174 671 0.60% 

C.compressa OlhosAgua Atlantic 1006 59375 792 0.25% 

C.compressa PraiaCastelo Atlantic 738 85524 518 0.00% 

C.compressa PraiaCastelo Atlantic 1619 36164 1561 0.45% 

C.compressa PraiaCastelo Atlantic 851 78625 632 0.16% 

C.tamariscifolia PraiaCastelo Atlantic 1425 41295 1309 0.46% 

C.tamariscifolia PraiaCastelo Atlantic 1434 43695 1295 0.23% 

C.tamariscifolia PraiaCastelo Atlantic 1480 42970 1351 1.04% 

S.vulgare OlhosAgua Atlantic 1077 43523 973 0.00% 

S.vulgare OlhosAgua Atlantic 1148 32790 1143 0.00% 

S.vulgare OlhosAgua Atlantic 1450 42322 1341 0.52% 

S.vulgare PraiaCastelo Atlantic 1303 52287 1117 0.36% 

S.vulgare PraiaCastelo Atlantic 1231 59098 1036 0.29% 

S.vulgare PraiaCastelo Atlantic 968 54691 821 0.12% 

Seawater OlhosAgua Atlantic 789 32955 687 0.00% 

Seawater OlhosAgua Atlantic 776 32880 674 0.00% 

Seawater OlhosAgua Atlantic 810 32897 607 0.00% 

Sediment OlhosAgua Atlantic 1754 44640 1596 1.44% 

Sediment OlhosAgua Atlantic 1588 41352 1501 5.60% 

Sediment OlhosAgua Atlantic 1576 64258 1338 3.36% 

C.amentacea SantElia C.Mediterranean 781 76197 562 0.71% 

C.amentacea SantElia C.Mediterranean 896 53159 762 0.39% 

C.amentacea SantElia C.Mediterranean 1061 60590 859 0.35% 

C.compressa PortoPalo C.Mediterranean 952 64582 753 0.13% 

C.compressa PortoPalo C.Mediterranean 963 52433 832 0.60% 

C.compressa PortoPalo C.Mediterranean 1073 57672 884 0.23% 

C.compressa SantElia C.Mediterranean 885 55504 748 0.53% 

C.compressa SantElia C.Mediterranean 1002 37937 950 0.32% 

C.compressa SantElia C.Mediterranean 1172 63789 929 0.11% 

Seawater PortoPalo C.Mediterranean 1289 55815 996 1.41% 

Seawater PortoPalo C.Mediterranean 1271 45038 1085 1.38% 

Seawater PortoPalo C.Mediterranean 1353 44466 1161 1.46% 

Seawater SantElia C.Mediterranean 1165 51561 921 0.65% 

Seawater SantElia C.Mediterranean 988 49622 791 0.51% 

Seawater SantElia C.Mediterranean 1150 38176 1060 0.75% 

 

OTUs number before and after rarefaction at minimum sample size is shown as well as the % of exclusive 

OTUs of each replicate.  
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Supplementary material 

 

Figure S1 – Relative proportion of classified OTUs according to each taxonomic level.  

 

 

Figure S2 – Observed OTUs richness, Chao1 and Shannon Indexes of diversity for each region (Ard = Adriatic; Atl = 

Atlantic; Cmed = Central Mediterranean) and species combination. Observed richness is based on rarefied otu table 

while biodiversity indexes are estimated on the original not rarefied table. Ca = Cystoseira amentacea; Cc = Cystoseira 

compressa; Ct = Cystoseira tamariscifolia; Sed = sediment; Sv = Sargassum vulgare; SW = seawater 

112



 

a)

  

b)

  

c)

  

113



 

d)

  

e)

  

f)

  

114



 

g)

  

h)

  

i)

  

115



 

Figure S3 – Box plots showing relative proportion of sequences across locations of the main taxa of interest 

overrepresented in samples of C. compressa from Mattinata location. a) Desulfuromonadaceae b) Desulfovibrionacae; 

c) Rhodobacteraceae; d) Desulfobacteraceae; e) Desulfobulbaceae; f) Desulfococcus; g) Loktanella; h) Clostridium; i) 

Ruegeria; l) Robiginitalea. Boxplots shows median, the 25th and 75th percentile and the 95 percent confidence interval.  

 

 

 

 

 

 

Figure S4 - PCA of PICRUSt functional assignment at the lowest KO category. CA = C. amentacea; CC = C. compressa; CT 

= C. tamariscifolia; SV = S. vulgare; SW = seawater; Sed = sediment. 
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Figure S5 - Maximum-likelyhood phylogenetic tree based on the psbA DNA sequences data. Bootstrap support values 
are showed on the branches edges. S. elegans is also shown as reference with complete Sargassaceae tree in Draisma 
et al. 2010. 

 

 

 

 

Figure S6 -  Scatterplot between C. compressa and seawater relative abundance of each shared OTUs for every location. 
ma = Mattinata; va = Vasto; pp= Portopalo; se= Sant'Elia; oa = Olhos de Agua 
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CONCLUSIONS AND FINAL REMARKS  
 

The major problems behind the topics of this thesis were the multiple anthropogenic pressures 

and climate instabilities that are causing canopy-forming seaweeds to decline (Steneck et al. 

2002; Airoldi & Beck 2007; Gianni et al. 2013; Strain et al. 2014; Airoldi et al. 2015), raising 

serious concerns as they provide significant ecosystem services (Worm et al. 2006; Tinch & 

Mathieu 2009; Cheminée et al. 2013; Mineur et al. 2015). In this context, this thesis increased 

the understanding of the genetic background and the dynamics of marine canopies under global 

change, which is crucial knowledge to identify possible management scenarios limiting the loss 

and preserving these important habitats. This thesis focused on species of the genus Cystoseira 

that are some of the main canopy algae in the Mediterranean and adjacent Atlantic ocean, and 

was conceptually divided into three parts: 1) describe what is the genetic diversity and 

connectivity of those species across their distribution range; 2) understand how climate change 

will alter their distributional ranges and the consequences for each species gene pool, and 3) 

explore the association with bacterial communities (in a holobiont perspective) and their 

potential role in seaweed resilience and adaptation to changing environmental conditions.  

This study represents an important step forward in understanding the genetic variability of 

Cystoseira species along their distributional ranges, as almost no previous genetic studies exist 

on these species (but see Susini et al. 2007b; Robvieux et al. 2012, 2013). The use of 

microsatellite markers allowed characterizing the genetic variability of each population and the 

connectivity among them. Information on the molecular ecology  of these species also showed 

evidence of a potential loss of genetic diversity and decrease of populations’ resilience in 

response to climate change. According to their climatic niche, we predicted extensive 

modifications of suitable habitat range for the three species of Cystoseira in the next future. 

Even the best-case scenario of a reduced greenhouse gasses (GHG) concentration predicts a 

remarkable decrease in habitat availability. The range shift will likely cause the loss of valuable 

genetic clusters, as dispersal and colonization in these species will hardly be able to cope with 

such fast and extensive climatic alteration. In the Mediterranean Sea, consequences of 

distributional changes would be particularly dramatic as they are not compensated by equally 

important expansion of species ranges and due to the absence of others structural species able 

to occupy the same ecological niche and functional role (see chapter 2). The models predicted 

that C. amentacea might be particularly exposed to extinction risk, with possible ecological 

consequences cascading on the coastal ecosystems. Furthermore, this species showed extremely 

low connectivity among populations and their connectivity level showed to be intrinsically 
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related to the fragmentation of the natural habitat (see chapter 3). The predicted increase in 

modifications and fragmentation of rocky shores can potentially further increase isolation, 

reducing the connectivity and increasing the risk of losing evolutionary potential or facing 

genetic drift due to demographic reduction of populations.  

This is also the first study addressing the specificity and spatial distribution of bacterial 

communities associated with different Cystoseira species. In the context of the hologenome 

theory (Zilber-Rosenberg and Rosenberg 2008), macroalgae and associated bacterial 

communities are connected by bidirectional chemical interactions and perturbation of this 

dynamic equilibrium can lead to changes in the fitness of the host. I found that significant 

differences can be linked to the spatial distribution of the collected samples, but that differences 

among species are often representing an equally great distinction factor. Species-specific 

bacterial community showed to be consistent at regional scale yet, its composition is modulated 

by geographical and environmental local conditions. However, a set of shared bacteria, forming 

the core community of C. compressa, was identified and assigned to potential key functions for 

the holobiont system. This characterization of the distribution and specificity of bacterial 

communities associated with Cystoseira could help identifying those factors that might enhance 

the resilience of these species to climatic changes and other stressors in the future.  

The integration of these results will provide innovative insights and the right tools to help 

designing management projects for these structural species. In any sound species management 

plan, the restoration of good environmental quality should always be the first step. This is 

particularly important considering that experimental studies have shown that the reduction of 

local stressors can enhance the resilience of canopy-algae to global stressors such as climate 

change (Mancuso 2016; Strain et al. 2015). 

One of the possible management strategies is the establishment of Marine protected areas 

(MPAs). MPAs have a strong potential for conservation and restoration of marine forests: both 

as a source of propagules and as priority sites for restoration activities. The establishment of 

MPAs potentially favors the recovery of macroalgae forests by increasing predation pressure 

on grazers (Babcock et al. 2010) or by eliminating sources of anthropogenic disturbance 

(Thibaut et al. 2016). Networks of MPAs should be designed to maintain or restore the 

connectivity among fragmented populations, therefore increasing resilience to future 

environmental disturbances (Frankham et al. 2002; Coleman et al. 2011). Thus, even if not 

providing direct protection from large-scale modifications, MPAs can improve local conditions 

and increase the ecosystems ability to buffer global impacts. Because some species have limited 

dispersal potential (as I have shown in the third chapter of this thesis), a network of MPAs 
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should be specifically designed to restore and preserve critical dispersal pathways. Lack of 

connectivity among MPAs and habitat degradation along the coast may decrease the genetic 

variability and hamper the resilience and adaptation of these endangered habitat-forming 

species, possibly limiting the expected ecological and socio-economic benefits of protection.  

Restoration of Cystoseira forests on both natural and artificial substrata is an alternative 

management strategy to counteract the local decline of these species (Falace et al. 2006; Susini 

et al. 2007a; Perkol-Finkel et al. 2012; Gianni et al. 2013). Again, such restoration interventions 

should be designed taking into account the connectivity between populations on short temporal 

scales, as for species such as C. amentacea this could be limited at very small distances. The 

loss of species from large, fragmented areas would be hardly reversible even by restoration, as 

limited dispersal would not allow recolonization in short time scales. This implies that 

restoration can still be effective to foster recovery if some natural populations are present in the 

area, and if adequate habitat patches can serve as stepping stones for migrants.  

Based on the results obtained in this thesis, I suggest that the species target for reforestation 

should reflect the conservation priority (Figure 1). If the priority is to preserve the ecosystem 

functioning, then most of the times it could be more effective to choose a species that is able to 

guarantee the highest probability of long-term persistence and positive effects on the 

surrounding environment. Regrettably, restoration projects to restore natural environmental 

conditions are associated with high costs and uncertainties related to its success (Bayraktarov 

et al. 2016). Another possible application of my results is in eco-engineering of waterfronts and 

urbanized environments. There is growing interest in marine eco-engineering that combines the 

natural environment with infrastructures for the benefits of both nature and society (green-blue 

infrastructures). Because of their important ecosystem services canopy algae are some of the 

potential targets of such actions to elevate the ecological value of constructions/urbanization 

(e.g, Perkol-Finkel et al. 2012) and ecological knowledge can ensure eco-engineering 

objectives to be met. The choice of the species target and of the positioning to obtain the best 

possible outcome over a long period could be guided by the molecular, dispersal and predicted 

climatic suitability knowledge acquired here. In addition, extending our understanding of 

dynamics of microbial associated community could allow monitoring the progress of canopy 

algae and detecting early warning signals of stress. In conclusion, the results of this thesis can 

help in future selection of priority areas for conservation and restoration. It can also representan 

incentive to better planning, design and management of marine urbanized areas to mitigate 

habitat degradation and provide potentially suitable stepping stones (e.g. green-blue 

infrastructure) for threatened native populations.  
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Figure 1 – Example of a reasoned choice flow chart for reforestation actions based on conservation 

priorities 
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