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General introduction

Marine macroalgae are plant-like organisms that mainly live attached to hard substrata in coastal areas in the
different latitudes and along the different bathymetric levels of the euphotic layer. Macroalgae differ from plants
because they have not organs such as roots, stem or leaves, instead they are formed by a thallus, which
completely developed acquires a characteristic morphology such as: leaf-shape, round-shape or filamentous
shape, which help to identify each species. However, colour is the main feature that may be detected, so
macroalgae are classified in three big groups depending on their pigments content. Chlorophyll a is responsible
of the photosynthesis process; therefore, it is present in all species, being present in higher quantity in the green
algae classified as Chlorophyta. Red algae form the Rhodophyta, thanks to the additional abundant pigment
phycobilin. In the case of brown algae, which belong to Heterokontophyta (Phaeophyta), the most abundant

pigments in addition to chlorophyll are carotenes and xanthophylls.

Along history, macroalgae have been used for many different purposes, in particular in the Eastern Countries
(Japan, China, Korea) forming part of their culture, although, the earliest archaeological evidences suggest that
in Monte Verde (Southern Chile) macroalgae was harvested and used for food and medicinal purposes around
20,000 years ago (Dillehay et al., 2008). Further archaeological findings have also demonstrated the human
and macroalgae interactions around the Neolithic period (Ainis et al., 2014; Erlandson et al., 2015).
Nevertheless, the first written records are from 1700 years ago, where Chinese people used the blad of red
algae (Bangiales order) as food and for pharmaceutical purposes (Yang et al., 2017).

In Europe, Greeks used macroalgae as medicine and Romans used macroalgae (Columella and Paldeus), as
fertilizers (Henderson, 2004; Fleurence and Levine, 2016). From pre-Christian times, in the Mediterranean,
some red algae were used as source for dyeing agents and as a medicine to treat parasitic worms (Stein &
Borden, 1984). In the Northern Europe, early farmers in Ireland and Iceland harvested Palmaria (red algae) for

human consumption (Guiry and Blunden, 1991).

The uses of macroalgae have changed along time, In fact, while in earlier times, the most common purposes
were for domestic use as food and feed, later industrial uses emerged (Delaney et al., 2016). Now, the most
common uses of macroalgae include food for human consumption, cosmetics, fertilizers, and extraction of
industrial gums and chemicals (Pereira, 2011; Anis and Hasan, 2017). Global demand for macroalgae has been
growing together with increase in usage beyond former traditional applications (Hafting et al., 2015). In 2014,
the largest macroalgal producers by far were China and Indonesia with 85.7% of the world production (>23
million tonnes; FAO, 2014, 2016). The top seven most cultivated macroalgae taxa, three red algae, were used
mainly for hydrocolloid extraction (Euchema spp, Kappaphycus alvarezii and Gracilaria spp.). Instead, one red
algae (Pyropia spp.) and three brown algae (Saccharina japonica; Undaria pinnatifida and Sargassum
fusiforme) were the most important for human consumption (FAO, 2014, 2016).

In addition, macroalage have the potential to be used as a source of long- and short-chain chemicals with
medicinal and industrial uses (Guiry, 2018). Consequently, there is an increasing evidence of the concept about

the consumption of algal food/feed products may have health and nutritional benefits (Plaza et al., 2008).



As far as brown algae, around 2000 species, mostly marine, have been identified, which vary in form and size
from small filamentous epiphytes (Ectocarpus) to complex giant thallus can reach tens of meters in length
(Laminariales). Thirty five percent of brown algae (Fucales and Laminariales; Guiry and Guiry, 2018) contribute
to the structure of the coastal landscapes playing a very important role as ecosystem engineers, providing an
important value as natural capital. Kelps and fucoids are complex canopy-forming brown algae that form reliable
marine forests, due to their three-dimensional morphology, provide habitat for many other associated species
(algae, invertebrates and fish), affecting the structure, biodiversity and functioning of their habitats (Thompson
et al., 1996; Chemello and Milazzo, 2002; Christie et al., 2007; Airoldi et al., 2015). Around the world, kelp forest
(i.e. Macrocystis, Lessonia and Laminaria) constitute some of the most important habitats, distributed worldwide
throughout temperate and polar coastal oceans (Steneck et al., 2002; Villegas et al., 2008). In the Mediterranean
Sea, Laminaria, Sacchoriza, Phyllariopsis and Sargassum genus, also play a role as foundation species in
some specific locations but the canopy-forming brown algae of the Cystoseira genus are the most important
being amongst the largest and longest-living in this zone (Rodriguez-Prieto et al., 2013). The Mediterranean
Sea is a hot spot of this genus, where several of its species are endemic.

Besides the evident ecological interest, brown algae are a potential natural source of valuable compounds
providing, among others, antimicrobial, antiviral, anti-inflammatory and antioxidant properties (Berteau et al.,
2003; Li et al., 2008; Jiao et al., 2011; Milledge et al., 2016). Especially, antioxidant properties have been
reported being higher in brown algae than in red and green algae, in relation to their phenolic content (Balboa
et al., 2013). In particular, the species-specific biological activities of the Cystoseira genus has been also widely
studied: Cystoseira myrica (Indian coast; Mandal et al., 2007), Cystoseira compressa, Cystoseira crinita and
Cystoseira sedoides (Tunisian coast; Mhadhebi et al., 2012), Cystoseira humilis (Moroccan Atlantic coast;
Belattmania et al., 2016) or Cystoseira tamariscifolia (Brittany coast; Zubia et al., 2009). As well as for
Sargassum species: Sargassum horridium (Baja California, Mexico; Tenorio-Rodriguez et al., 2017),

Sargassum muticum (British coast; Milledge et al., 2016) and Sargassum vulgare (Brazil; Dore et al., 2013).

Large canopy-forming brown algae are exposed to multiple disturbances that have caused a decline in their
abundance in many coastal areas of the world (Steneck et al., 2002; Airoldi et al., 2008; Coleman et al., 2008;
Connell et al.,, 2008; Mineur et al., 2015). The main pressures affecting these valuable ecosystems are
sedimentation (Perkol-Finkel & Airoldi, 2010), low water quality (Sales et al., 2011), anthropization (Mangialajo
et al., 2008; Sales & Ballesteros, 2010) overgrazing by herbivores (Verges et al., 2014) and harvesting (Zhao
et al., 2008).

In order to prevent further deterioration of the environment and to protect the natural heritage, the European
Union has adopted a wide legislative framework that directly or indirectly protects the coastal environment, its
associated biodiversity and other natural resources. Since 1973, the European Commission has developed
seven environmental action programmes (EAP) with the aim to introduce common environmental policies
addressing different objectives and key actions to be taken into account by each Member States. Under the first
EA programmes, Ramsar, Bonn, Bern and Barcelona Conventions were adopted, which were addressed to
provide protection and conservation to marine habitats and species. Afterwards, the EU Habitats Directive and

the Natura 2000 network complemented conservation efforts of the previous legislation.



Regarding brown algae, most of Cystoseira species are strictly protected by the Bern and Barcelona
Convention. Additionally, the Cystoseira/Sargassum beds with a mixture of other red algae (Gelidiales,
Ceramiales), brown algae (Dictyotales) and green algae (Siphonales, Siphonacladales) are listed as protected

habitat in the Annex | of the Habitats Directive (code 1170 “reefs”).

In the late 90s, the 51" EAP aimed to sustainable development, which differed from previous programmes, setting
longer term objectives and focusing on a more global approach. For instance, the Ambient Air Quality Directive
(96/62), the IPPC Directive (1996/61) or the Water Framework Directive (WFD; 2000/60) are examples of the
integration of previous legislations in a holistic approach.

In particular, the WFD aimed to maintaining and improving the aquatic environments (inland surface waters,
transitional waters, coastal waters and groundwater) and committed the Member States to reach and maintain
the “good” Ecological Status (ES) within 2015. As far as the coastal water bodies, the WFD proposed the use
of the following four quality biological elements (BQE): benthic invertebrates, phytoplankton, macroalgae and
marine angiosperms, to estimate their ecological status. In this framework, the CARLIT index (Ballesteros et al.
2007) was created to assess the coastal water quality in the Mediterranean Sea using macroalgae as a BQE.
The CARLIT Index is based on the cartography of the commonest littoral and upper-sublittoral macroalgal
communities along rocky shores. Macroalgae are sessile organisms, therefore they integrate the effects of long-
term exposure to different anthropogenic pressures resulting in decrease or even disappearance of the most
sensitive species and their replacement by highly resistant, nitrophilic and/or opportunistic species (i.e.
Borowitza, 1972; Diez et al., 1999). For that reason, the CARLIT methodology classifies the macroalgal
communities in different sensitivity levels, where the highest sensitivity values refer to the canopy-forming brown

species of Cystoseira.

In the same line, the 6th EAP promotes full integration of environmental protection requirements into all
Community policies and actions and provides the environmental component of the Community's strategy for
sustainable development. Regarding the marine environment, the Marine Strategy Framework Directive
(MSFD) was adopted in 2008 in order to achieve Good Environmental Status (GES) by 2020 for the European
marine waters, integrating elements such as, e.g., noise, litter or aspects of biodiversity, which were not
assessed before by WFD. Moreover, MSFD is the first EU legislative instrument related to the protection of
marine biodiversity, as it contains the explicit regulatory objective "biodiversity is maintained by 2020", as the
keystone for achieving the GES that is supported by the Biodiversity strategy 2020.

Both legislations (MSFD and Biodiversity strategy 2020) aim to maintain biodiversity and ecosystem services
of the marine environment by protection and conservation and through restoration actions in appropriate cases.
Today and accordingly with the commented above, marine environment restoration gains strength as new action
in the environmental policies to enhance biodiversity and ecosystem functioning. As examples, the Marine
Ecosystem Restoration in Changing European Seas (MERCES) and the Promoting biodiversity enhancement
by Restoration Of Cystoseira POPulations (ROC-POP-LIFE) are European projects that have been launched
focusing on the restoration of the different degraded marine habitats such as: shallow soft bottom habitats (e.g.

seagrasses), coastal shallow hard bottom habitats (e.g. canopy-forming brown algae) and deep-sea habitats.



The last EAP have as the first priority objective to protect, conserve and enhance the Union’s natural capital.
Natural capital can be understood as all natural resources, or, the stock of material and information that exists
in a given moment originated from natural environments, such as solar energy, soils, trees, minerals, fossil
fuels, ecosystems and atmosphere (Costanza et al., 1997; Daly and Farley, 2004). Ecosystem goods and
services (simplified as ecosystem services sensu Costanza et al., 1997) represent the benefits that human
populations derive, directly or indirectly, from ecosystem functions. According to the Common International
Classification of Ecosystem Services (CICES) ecosystem services are classified as following: production
services (food, water, timber, and fiber); regulation services (affecting climate, floods, disease, wastes, and
water quality) and cultural services (providing recreational, aesthetic, and spiritual benefits).

In the last decade, a growing interest in the quantification of the economic value of ecosystems has been
observed, to raise awareness of the public towards the preservation of biodiversity, and support the policy
makers in the process of creating new legal instruments (Braler et al., 2006; Beaumont et al., 2008).
Consequently, different marine ecosystems have been widely evaluated economically: the coral reefs, the
wetlands, the mangroves, the seagrasses (Groot et al., 2010; TEEB, 2010) and the coastal zone habitats (Zuo
et al., 2004; Vassallo et al. 2007, 2013; Tilley & Brown, 2006; Paoli et al., 2008).
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Thesis objectives and structure

The present PhD Thesis is addressed to study the interactions between human activities and coastal
ecosystem, using as case study, the intertidal Cystoseira populations present along the Ligurian coast in the
North-Western Mediterranean, taking into account the status of the Cystoseira habitat, its protection and
restoration, the bioactive properties of these algae (Cystoseira and Sargassum) as potential natural sources,
directly ad indirectly providing benefits to human well-being. Finally, the relevant importance of the natural
capital provided by the Cystoseira habitat has been accounted in terms of ecosystems functions and services

(e.g. water quality regulation, commercial species provisioning, ecotourism).
In order to tackle the points mentioned above, the thesis has been structured in the following four chapters:

Chapter 1 is focused on i) assessing the Environmental Status of the Ligurian coastal water bodies over a
decade, according to the CARLIT Index. In order to establish a good long-term monitoring programme to be
carried out by environmental regional agencies, ii) assessing the effects of intra-seasonal variability within the
period of implementation (spring) and sampling operator effect of the CARLIT Index in order to comply with the
requirements of marine environment directives, correctly classifying water bodies ES with an appropriate level
of confidence.

Given the relevance of the structuring Cystoseira species, as the most sensible species by CARLIT Index, the
abundances and distribution of Cystoseira amentacea and Cystoseira compressa communities have been
studied. iii) The implementation of this Index, over a decade, allowed to observe changes on macroalgal
communities of the coastal environment studied providing a benchmark, useful to detect changes along time
on these Cystoseira populations with the aim of to conserve, manage or, potentially, restore. iv) In addition,
herbaria records of Cystoseira species from the late 19th century in the Ligurian coast have contributed to the
study of their presence and distribution until today, allowing to assess the loss of the most valuable intertidal
species caused by anthropogenic pressures and to provide the potential areas to protect, conserve and/or
restore.

Regarding restoration, in Chapter 2 a protocol of a laboratory cultivation for Cystoseira amentacea was defined.
Light intensity, temperature of sea water and appropriate substrates allowing the best attachment of Cystoseira
amentacea zygotes were identified as optimal culture conditions. This protocol establishes the first step
necessary to set up a restoration activity of Cystoseira amentacea. This species is particularly relevant for the
Ligurian region because it is abundant along most of the rocky coast with the exception of the coast along the
Marine Protected Area of Cinque Terre, providing clues to develop restoration actions, on basis of the
information obtained in the previous study regarding the historical distribution of Cystoseira amentacea along

the Ligurian coast.

Chapter 3 addresses the potential antioxidant and antimicrobial capacities of six Fucales species (belonging to

Cystoseira and Sargassum genera) from the Mediterranean Sea and the Atlantic Ocean. For antioxidant

13



screening, the total phenolic content (TPC), the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging
activity, the Oxygen Radical Absorbent Capacity (ORAC) and the Ferric reducing antioxidant power (FRAP)
were assessed for each species.

The antimicrobial activity was measured by following the growth of the fungus Candida albicans, the gram-
positive bacteria Staphylococcus aureus and the gram-negative bacterium Pseudomonas aeruginosa. The

natural antioxidant and antimicrobial potential of the brown algae were successfully studied and evaluated.

Finally, in Chapter 4, the effect of Cystoseira canopy-forming species on the midlittoral habitat value in the
Ligurian coast was assessed through the emergy analysis. Emergy analysis allowed obtaining the functions
and services and the natural capital of the middlittoral habitat present above the Cystoseira canopies. The
variability of the natural capital of the midlittoral habitat, expressed in monetary terms, was influenced by the
relative presence and the continuous or discontinuous features of the belt dominated by the two dominant
species, Cystoseira amentacea and Cystoseira compressa fringe, which affected the structure of the of the

midlittoral habitat in terms of infauna and macroalgal composition.
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Chapter 1

Ecological status improvement over a decade along the Ligurian coast

according to a macroalgae based index (CARLIT)

Authors: Gina De La Fuente, Mariachiara Chiantore, Federico Gaino, Valentina Asnaghi

Accepted in: Plos One

Abstract

According to the Water Framework Directive, within 2015 European Union countries must reach and maintain
the “good” Ecological Status (ES), quantified through indices based on key biological elements as indicators.
Along the Ligurian shallow rocky coasts (NW lItaly), a macroalgae based index (CARtography of LITtoral and
upper-sublittoral benthic communities, CARLIT), calibrated according to national characteristics and
management needs, has been applied by the Regional Environmental Agency over the last ten years. In 2015,
the “good” ES was achieved in all Ligurian water bodies except one, located in the Eastern Ligurian coastline,
characterized by the present lack of the most sensitive species, Cystoseira amentacea var. stricta. A general
ES improvement has been observed along the Ligurian coastline, also in comparison with other quality indices
(macroinvertebrates and fecal bacteria), and in particular in the Genoa water body, as proved by a relevant
increase of C. amentacea abundance, probably as a consequence of enhancement in wastewater treatments.
In the present study, the reliability of the observed improvement of the ES over a decade has been assessed,

teasing apart intra-seasonal and operator-related variability.
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1. Introduction
The Water Framework Directive (WFD, 2000/60/EC) adopted by the European Community in 2000 with the

goal of maintaining and improving the quality of aquatic environments, in its first management cycle, requires
that member states achieve and maintain a “good” Ecological Status (ES) of all water bodies by 2015,
postponed to 2021 and 2027 for the second and third management cycles. The ES has to be quantified applying
indices based on appropriate key biological elements as indicators. A ratio between observed values and
reference ones (EQR, Ecological Quality Ratio) of the indicator allows to rank water bodies according to different
ES classes: bad, poor, moderate, good and high.

The CARLIT Index, CARtography of LITtoral and upper-sublittoral benthic communities (Ballesteros et al.,
2007), assesses coastal water quality in the Mediterranean Sea using intertidal macroalgal assemblages as
key biological elements: the EQR is calculated dividing the Ecological Quality Value, attributed following the
dominant macroalgal community, by the reference value, according to the geomorphological relevant situation
(Ballesteros et al., 2007). The selection of a proper reference site is fundamental for the CARLIT Index
calculation (Mangialajo et al., 2007). This index is widely used in the EU Mediterranean countries: Spain
(Catalan coast, Ballesteros et al.,, 2007; Alboran Sea, Bermejo et al., 2013); France (Southern coast and
Corsica, Blanfuné et al., 2017); Italy (Rende et al., 2011; Ligurian Sea, Mangialajo et al., 2007; Asnaghi et al.,
2009; Gulf of Naples, Buia et al., 2007; Northwestern Adriatic Sea, Sfriso & Facca, 2011; Sardinia, Ferrigno et
al., 2014; Tyrrhenian islands, Lasinio et al., 2017); Croatia (Northeastern Adriatic Sea, Nikoli¢ et al., 2013);
Malta (Blanfuné et al., 2011) and in two non-EU country, Albania (Blanfuné et al., 2016) and Tunisia (Omrane
et al., 2010).

The rationale of CARLIT Index is the different sensitivity to environmental stresses displayed by macroalgal
assemblages along rocky shores (Litter & Murray, 1975; Panayotidis et al., 1999; Orfanidis et al., 2001; Krause-
Jensen et al., 2007; Pinedo et al., 2007; Ling & Fong, 2008; Diez et al., 2009; Akcali & Kucuksezgin, 2011;
Chakraborty et al., 2014). The lowest levels of sensitivity correspond to the opportunistic species (mainly Ulvales
order: Diez et al., 1999; Airoldi & Bulleri, 2011), the intermediate values correspond to the stress-tolerant
species (mainly Corallinales order: Arevalo et al., 2007; Mangialajo et al., 2008a) and the highest sensitivity
levels refer to the species belonging to the Cystoseira genus (Fucales order) (Salas et al., 2006; Arevalo et al.,
2007; Juanes et al., 2008). Cystoseira species display a large size and complex structure with an arborescent
thallus: where well-developed, these species can form forests, which play an important role as ecosystem
engineers, supporting a highly structured and diversified macroalgal assemblage and providing shelter (refuge)
and food for marine invertebrates and for juvenile fish (Bulleri et al., 2002; Cheminée et al., 2013).

At present, the CARLIT Index is regularly implemented in Italy, where it has been calibrated according to
national characteristics, as reported in the ISPRA (Italian National Institute for Environment Protection and

Research) methodological report (Mangialajo et al., 2008; http://www.isprambiente.gov.it/it/archivio/notizie-e-

novita-normative/notizie-ispra/anno-2009/pubblicazione-amb-mar). The first implementation of CARLIT Index

was performed in Liguria, in 2005-2007 (Mangialajo et al., 2007; Asnaghi et al., 2009): in the following years,
CARLIT monitoring has been carried out by the Regional Environmental Agency (ARPAL) as part of the
institutional monitoring programme (Environmental and Sea Defense Ministry — Monitoring Programme, ex L.
979/82). According to ISPRA methodological report, the CARLIT Index can be calculated uninterruptedly along

the entire rocky coast or, following a hierarchical design, encompassing large and representative stretches of
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coast for each water body, as reported by Asnaghi et al. (2009). In the Ligurian Sea, the CARLIT Index is
calculated by ARPAL following a hierarchical design, encompassing 3 sites of at least 20 sectors (50 m) for
each water body (24). Each WB is visited once every three years.

The use of the CARLIT Index as a monitoring tool for the Regional Agencies has several advantages, because
of non-destructive sampling, reduced costs and easy-to-acquire taxonomic expertise (Ballesteros et al., 2007).
Yet, the methodology has the disadvantage that needs to be implemented in a specific and limited time-frame,
due to the strongly seasonal development of macroalgal assemblages. In fact, the CARLIT monitoring must be
performed in late spring (April - June), when macroalgae reach their growth peak. Since the application of the
CARLIT Index along the entire regional coast may be quite long due to unstable sea conditions in spring time,
the seasonality of macroalgal growth may be considered a potential bias in the comparison of sites sampled at
different times within the spring season. Particularly, Cystoseira spp. (the most sensitive species), show strong
variability in their thalli length, that can potentially confound the attribution of the correct community category,
affecting the CARLIT Index calculation. Additionally, a long term implementation of the index necessarily implies
collection of data by different operators, that could represent an additional source of uncertainty, particularly in
the attribution of intermediate categories.

The present research focuses on the assessment of the reliability of CARLIT Index results for the Ligurian
coastline over a decade, teasing apart the effects of intra-seasonal variability within the period of implementation
(spring) and sampling operator effect, in order to verify if the correct attribution of the ES class may be affected

by such potential sources of variability.

2. Material and Methods

2.1 Study site

The Ligurian region is located in the NW of Italy (from 4° 58' W to 2° 22' W and from 43° 45' N to 44° 40' N) and
encompasses more than 300 km of coast. The main superficial current along the Ligurian coast is formed by
the convergence of the Tyrrhenian current and the West-Coast Corsica current, moving along the shore from
East to West. Three of the largest Italian harbors are located in the region: Savona Vado (SV), Genova (GE)
and La Spezia (SP), which carry out commercial, industrial and recreational activities. These harbors are located
in the three Ligurian largest urbanized areas, particularly Genoa, with approximately 700.000 inhabitants. The
Ligurian coast represents the ideal site for this validation study, because it has been the pilot area for the
definition of the Italian CARLIT methodology and, being the first place where this index was applied, provides

the longest temporal dataset.

2.2 Sampling strategies
In the present study, two sampling approaches were implemented in order to assess i) the ecological status of
Ligurian region water bodies over a decade, considering operator-associated variability and ii) the potential

intra-seasonal variability of the Index.
2.2.1 Ecological status over a decade

Since 2006, 24 water bodies (WB, as defined by the Ligurian Region Environmental Agency ARPAL; Fig. 1) are

sampled along the Ligurian rocky coast.
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To the aim of this study, samplings performed during spring season, applying the CARLIT methodology
(Ballesteros et al., 2007), from 2006 to 2015 in seven WBs were considered: Capo Mortola (Mo), Laigueglia-
Albenga (Ga), Genova-Camogli (Ge), Portofino (PF), Punta Mesco (PM), Cinque Terre (CT) and Portovenere
(PV). These WBs have been selected in order to be representative of the entire Ligurian coastline. Each WB
was divided into three areas: West, Central and East, and each area was composed by 20-30 sectors (50
meters each), depending on the length of the rocky shore in each WB.

The rocky coast was covered with a small boat and the dominant macroalgal community and geomorphological

features of each sector were recorded on a cartographic support using the Quantum Geographical Information
System (QGIS).

Fig 1. Geographical distribution of the different sites along the Ligurian coast (NW Med). The CARLIT Index was calculated
in the WBs highlighted in pale blue: 1- Capo Mortola (Mo); 2- Laigueglia-Albenga (Ga); 3- Genova-Camogli (Ge); 4- Portofino
(PF); 5- Punta Mesco (PM); 6- Cinque Terre (CT); 7- Portovenere (PV); the intra-seasonal variability study has been
performed in Sites marked with circles: V- Vesima; Q- Quarto dei Mille; PC- Punta Chiappa; M- Manarola. IM (Imperia), SV
(Savona), GE (Genova) and SP (La Spezia) are the four Ligurian provinces. Main harbors and La Spezia mussel mariculture

are reported with symbols.

2.2.2 Intra-seasonal variability

The intra-seasonal study was carried out in order to verify if the morphological features and percent cover of
Cystoseira species, the most sensitive ones in the CARLIT assessment, affect the attribution of the correct
community category, and thus the assessment of the correct ES, within the time-frame of index implementation.
Samplings was performed during spring 2015 at four out of the seven sites: Vesima (V), Quarto dei Mille (Q),
Punta Chiappa (PC) and Manarola (M).
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Table 1. Summarized description and sensitivity of the main community categories as reported in the methodological

contribution published by ISPRA (modified from Mangialajo et al. 2008b).

Category Description SL

Trottoir? Large organogenic build-ups of Lithophyllum byssoides, Lithophyllum 20

trochanter, Dendropoma®

Cystoseira brachycarpa / crinita | elegans ~ Community dominated by Cystoseira brachycarpa / crinita | elegans 20

Cystoseira sheltered Community dominated by Cystoseira foeniculacea | barbata | humilis | 20
spinosa

Cystoseira amentacea | mediterranea 5 Continuous belt of Cystoseira amentacea | mediterranea 20

Cystoseira amentacea | mediterranea 4 Almost continuous belt of Cystoseira amentacea | mediterranea 19

Cystoseira amentacea | mediterranea 3 Abundant patches of dense stands of Cystoseira amentacea / 15
mediterranea

Cystoseira amentacea | mediterranea 2 Abundant scattered plants of Cystoseira amentacea | mediterranea 12

Cystoseira compressa Community dominated by Cystoseira compressa 12

Cystoseira amentacea | mediterranea 1 Rare scattered plants of Cystoseira amentacea | mediterranea 10

Dictyotales / Stypocaulaceae Community dominated by Padina / Dictyota / Dictyopteris | Taonia / 10
Stypocaulon

Corallina Community dominated by Corallina spp. (including Ellisolandia elongata) 8

Encrusting corallinales Community dominated by Lithophyllum incrustans, Neogoniolithon 6

brassica-florida and other encrusting corallines

Mussels Community dominated by Mytilus galloprovincialis 6
Pterocladiella / Ulva / Schizymenia Community dominated by Pterocladiella / Ulva / Schizymenia 6
Green algae Community dominated by Ulva and / or Cladophora 3
Blue greens Community dominated by Cyanobacteria and Derbesia tenuissima 1
Posidonia reef Barrier and fringing reefs of Posidonia oceanica 20
Cymodocea nodosa Superficial Cymodocea nodosa meadows 20
Zostera noltii Superficial Zostera noltii meadows 20

agxcept for the category Trottoir, which is generally found in the mediolittoral zone, all the other categories only have be taken
into account when present in the infralittoral fringe zone.

bDendropoma forms organogenic build-ups typical of Sicily and other South Italian regions.

¢In the case of rare scattered plants of Cystoseira amentacea / mediterranea, the dominant community also has to be noted

down. (Sensitivity level - SL: average value).

The sites were chosen for different reasons: 1- they display different ES scores, 2- are spread along the coast
in order to encompass, as much as possible, the extension (and associated potential variability) of the Ligurian
rocky coast, 3- are different in terms of urbanization impact (Vesima and Quarto dei Mille are differently affected

by the Genoa urban center; Punta Chiappa and Manarola are located inside Marine Protected Areas).
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Sampling was performed monthly from March to June, in order to encompass the period of maximum macroalgal
development. At each site, three 50 meters long sectors (a stretch of coast of 150 m) were sampled according
to the CARLIT methodology, identifying the appropriate community category in each one (Table 1; according to
Mangialajo et al., 2008). According Ballesteros et al. (2007), the EQR for each site was obtained as the ratio
between the value corresponding to the community category and the reference value characteristic for the

corresponding geomorphological relevant situation (Table 2).

Table 2. Ecological quality values (EQI) for the six geomorphological

relevant situations (GRS) in reference conditions.

GRS(i) Coastal morphology N/A EQi
1 Decimetric blocks Natural 12.2
2 Low coast Natural 16.6
3 High coast Natural 15.3
4 Decimetric blocks Artificial 121
5 Low coast Artificial 11.9
6 High coast Artificial 8.0

2.3 Data analysis

2.3.1 CARLIT Index calculation

The CARLIT Index was calculated obtaining the ecological quality ratio (EQRS) values using the CARLIT
package (Pecorino et al., 2015) with the free software R (R Development Core Team 2014, Version 3.1.0),
which provides averaged values for each water body. The CARLIT package requires three datasets. The first
one (containing actual data collected in the field) includes data columns in the following order: Site, Morphology
(Decimetric blocks, Low coast, High coast), NatArt (natural or artificial substrate), Length (sector length) and
Community (Categories of macroalgal communities). The second one is the Sensitive Level (SL) dataset,
reporting the sensitivity of each macroalgal community category, as reported in the methodological contribution
published by ISPRA (see Table 1). The third one is the reference dataset, reporting reference values for each
geomorphological relevant situation (according Ballesteros et al., 2007). The benefit provided by the CARLIT
package in R is that the two latter datasets may be easily adapted to the characteristics of each region/basin,
according to the occurrence and the abundance of the commonest upper-infralittoral macroalgal communities
or to regional/national management requirements.

The EQR values range from 0 to 1 and, according to the WFD, water bodies have been classified into five
ecological status (ES) classes. The rating scale of EQR values was defined by Ballesteros et al. (2007): 0-0.25
(bad), >0.25-0.40 (poor), > 0.40—-0.60 (moderate), >0.60-0.75 (good) and >0.75-1 (high).

2.3.2 Ecological status over a decade

Longitudinal data, such as repeated measurements across time (correlation structure), are better analyzed as
a linear mixed effects model allowing to include random effects and use time as a continuous variable. For this
reason, we choose the linear mixed model approach to study the variability in the EQRs calculated by the

CARLIT Index due to different factors, as detailed below.
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A dataset reporting EQR values obtained in each WB during four different years between 2006 and 2015 was
created, also including information about the operator who performed the sampling (surveyor), who could be an
important source of variability, particularly in the attribution of intermediate categories (e.g. Cystoseira
amentacea 3 and 4, see Table 1). In the mixed model, EQR values are used as a response variable and Years,
WB and Surveyor as predictors. WBs, by definition, should differ in terms of their ES, but they are included as
factors in the model because of their relevance as variance components. A random slope and intercept model
was fitted in R with Ime4 package (Bates et al.,, 2005) by REML. The model allows to partition variability
associated to the different factors, according to the following R code:

Imer (EQR ~ (1| Surveyor)+(1|WB)+(1]|Year)+(0+WB]|Year), data = Carlit, REML=T)

The total variance (o?t) and variance components associated with each factor (c%c) were estimated and then
the percentage of variance explained by each factor (Psamp) was calculated, following Clarke et al. (2006):
Psamp = 10062/ 621

where,

21 = 6%vear + G2wB+ GZSurveyor + GZWBleear + o2

(o}
The model was validated by plotting the residuals against the fitted EQR values. No data transformation was
required. The model was chosen after validation by AIC (Akaike Information Criteria).

In order to visualize interannual changes in the dominance of the different CARLIT communities within each

water body, radar charts have been produced.

2.3.3 Intra-seasonal variability
In order to evaluate variability within the spring season, EQR values from March to June 2015 were calculated

in the four selected sites and, consequently, the corresponding ES values were obtained and plotted in a barplot.

3. Results

3.1 Ecological status along ten years

The ES of the Ligurian rocky shores shows overall quite positive results (Fig.2): 6 out of the 7 WBs are classified
as “good” or “high” in 2015. In particular, over the investigated time-frame, a shift from “moderate” to “good” and
from “good” to “high” has been observed for two water bodies (respectively Cinque Terre, CT, and Genova-
Camogli, Ge).

The two lowest ecological status classes, “bad” and “poor”, have never been recorded along the Ligurian coast
in the framework of the present study. The highest EQR scores were recorded in Portofino (PF), Capo Mortola
(Mo) and Laigueglia-Albenga (Ga), slightly changing along the considered years, but remaining within the “high”
ecological status class. On the contrary, Portovenere (PV) presented the lowest EQR scores and the ecological
status was always maintained as “moderate” over the considered time-frame. In Punta Mesco (PM), the EQR
scores fell in the “good” ecological status class, with the exception of 2009, when the ecological status
decreased from “good” to “moderate”. Instead, in Cinque Terre (CT) the ecological status improved from
‘moderate” (2006-2009) to “good” (2012-2015). The most relevant change occurred in Genova-Camogli (Ge),
where in 2006 a “good” EQR score was obtained, although close to the upper-limit of “moderate”: in the following

years, since 2009, a constant increase in EQR scores was observed, showing values within the “high” class.
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Linear mixed effects model results (Table 3) show that the highest percentage of variance (47%) was explained
by WB, as expected (see Materials and methods section, paragraph 2.3.2). Factors Year and Surveyor, instead,
did not show any associated variability (0%). Among WBs, Genova-Camogli explained the highest percentage
of the inter-annual variability of the EQR values (20%). The low residual variability (7%) provides evidences that

almost all variance is explained by the model.
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Fig 2. Ecological status (ES) in different years over 10 years in seven water bodies of the Ligurian coast: Capo Mortola
(Mo); Laigueglia-Albenga (Ga); Genova-Camogli (Ge); Portofino (PF); Punta Mesco (PM); Cinque Terre (CT); Portovenere
(PV).
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Table 3. Results of linear mixed effects model fit by restricted maximum likelihood (REML). Untransformed EQR

scores analyzed as a function of four random effects. WB- Water Body; Psamp- the proportion of total variance

explained by each factor.

Groups Levels Type Std.dev. Variance Psamp (%)
WB 7 Crossed 0.17800 0.031683 a7
Year 4 Crossed 0.00000 0.000000
Surveyor 2 Crossed 0.00000 0.000000
Year:

Capo Mortola 0.04112 0.001691 2
Laigueglia-Albenga 0.05730 0.003284 5
Genova-Camogli 0.11552 0.013276 20

Portofino 0.03608 0.001302 2
Punta Mesco 0.05869 0.003444 5
Cinque Terre 0.06932 0.004810 7
Portovenere 0.05869 0.003429 5
Residual 0.06637 0.004404 7
Mo Ga Ge PF
CA3 CA3 CA3 CA3
CA2 CA4 CA2 CA4 CA2 CA4
CA2 CA4
CA1 CA5 cC CA5 CA1 CA5
CA1 CA5
Cor CA1+Cor Cor CA1 Cor CA1+Cor Cor
PM cT PV
CC+Cor CC+Cor CC+Cor
CcC Ulva cC Mgal cC Mgal .
O
Cor Cor+ Cor Cor+Mgal Cor Cor+Mgal

Fig 3. Radar charts reporting interannual changes in dominance of the different CARLIT community categories (CA1-2-3-

4-5: Cystoseira amentacea 1-2-3-4-5; CC: Cystoseira compressa; Cor: Corallina spp.; Mgal: Mytilus galloprovincialis; Ulva:
Ulva spp.) in 2006 (Y06), 2009 (Y09), 2012 (Y12), 2015 (Y15) within each water body (Mo: Capo Mortola; Ga: Laigueglia-

Albenga; Ge: Genova-Camogli; PF: Portofino; PM: Punta Mesco; CT: Cinque Terre; PV: Portovenere).

Interannual changes in dominance of the different CARLIT community categories (defined in Table 1) are

reported in Fig 3. In Capo Mortola the coast was commonly dominated by Cystoseira amentacea,

homogenously distributed in the different categories, from scattered plants to continuous belts (CA1- CA5). In

2015 a decrease of C. amentacea dense stands (CA3), non continuous (CA4) or continuous belts (CA5) was
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observed, in favor of Corallina spp. (Cor). In Gallinara and Portofino a similar community dominance was
observed, but higher percentages of stretches of coast covered by continuous belt of C. amentacea (CA5) were
observed in 2015 (and also 2012 for Gallinara), with a concurrent increase in dominance of Corallina spp.,
associated to scattered C. amentacea thalli (CA1+Cor). In the Genova-Camogli water body, in 2006 and 2009
the community was generally dominated by Corallina spp., Cystoseira compressa (CC) and scattered C.
amentacea thalli (CA1-2) and progressively shifted towards stretches of coast dominated by C. amentacea
dense stands or belts (CA3-4-5) in 2012 and 2015, mirrored by a substantial increase in the CARLIT Index (Fig
2). Inthe easternmost side of the Ligurian coast, the only Cystoseira species present is C. compressa, dominant
along most of the coast in Punta Mesco and Cinque Terre in 2006. This community (CC) shifted to a mixed one
with Corallina spp. in the last years (CC+Cor). A concurrent decrease of Ulva sp. dominance in Punta Mesco
and of M. galloprovincialis (Mgal)in Cinque Terre was observed. In Portovenere a constant massive presence
of M. galloprovincialis was observed, with a relevant decrease in 2012 and a shift to a co-dominated community

with Corallina spp. (Cor+Mgal) in 2015.

3.2 Intra-seasonal variability
The EQR scores obtained in each site from March to June, shown in the bar plots (Fig 4), fell in the same
ecological status class in the different months within each site, with the exception of Quarto dei Mille. In this

site, the values showed a different ecological status in March (“good”) with respect to April, May and June
(“highﬂ)-
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Fig 4. Ecological status of the four selected sites along the Ligurian coast, for each

month during the spring season 2015, for the intra-seasonal variability assessment.
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4. Discussion
As required by the Water Framework Directive (WFD, 2000/60/EC), all the Ligurian water bodies (with only one

exception) reached the “good” ES by 2015. In addition to the achievement of the WFD’s goal, an encouraging
general improvement of the ES along the Ligurian coastline has been observed in the considered decade (Fig.
2 and Fig. 3).

A general improvement of the ecological quality, based on CARLIT index, can be also observed at a larger
scale in the North-Western Mediterranean basin according to a recent study by Blanfuné et al. (2017), who
additionally underline the importance of considering a combination of different indices, as required by the WFD,
in order to account for the ecological quality of a water body as a whole, the status of the ecosystems and
natural and human-induced pressures.

The general increase in ES observed in time in the study area is actually mirrored by an improvement of coastal
water quality, as proved also by other indices based on different key biological elements (e.g. AMBI Index on
macroinvertebrates, Fig. 1S Supplementary Material) and bathing water quality (i.e. quantification of
Enterococcus spp. and Escherichia coli, Fig. 2S and 3S Supplementary Material).

During the first CARLIT assessment performed along the Ligurian coast, scores below the “good-moderate”
threshold were recorded in the Genoa urban area and in the sites at the easternmost side of the region
(Mangialajo et al. 2007; Asnaghi et al. 2009), probably because of the low abundances or lack of the most
sensitive macroalga considered by the Index, Cystoseira amentacea (Table 1).

In the present study we highlighted a particularly remarkable trend in Genova-Camogli WB (Ge), where the ES
recorded in 2006 was close to the lowermost limit of the “good” class (EQR=0.61), while in 2015 it was classified
in the uppermost boundary of the “high” class (EQR=0.88). Since no relevant artificial modification in coastal
morphology (e.g. ports, breakwater, etc) and human pressure occurred in the area (both reported by Torras et
al.,, 2015 as possible sources of change in ES), the improvement in ES should be ascribed to an actual
amelioration in water quality, mirrored by an increase of the abundance of macroalgae sensitive species. At the
beginning of the study the communities were generally dominated by intermediate sensitive species (i.e.
Corallina spp., Cystoseira compressa) and scattered C. amentacea thalli, progressively shifting during the
considered decade towards dense stands or belts of C. amentacea (Fig. 3). This amelioration could be related
to the water treatment enhancement occurred in the last years (i.e. intervention on drainage pipe following two
relevant flood events occurred in the area in 2011 and 2014 and improvement of sewage treatment plant in the
last years performed by the competent company IRETI S.p.A.).

C. amentacea is still completely missing in the easternmost side of the Ligurian coastline starting from Punta
Manara, around 20 km North-West from Cinque Terre (authors personal observation). This species has been
recorded until the end of the 19" century (authors personal observation through herbaria records, Fig. 4S
Supplementary Material) and its disappearance in the area can be explained by the habitat fragmentation due
to coastal developments and the high sediment loads caused by intense excavating activities for extracting
construction material (mostly for building railway and highway in the area) that occurred in the first half of the
20" century. Even if such disturbing activities have largely been reduced in the last decades, with significant
changes in the riverine basin and sediment load to the sea, and a Marine Protected Area has been established,
this sensitive species is still completely absent along these stretches of coast, probably as a consequence of
its low dispersal capacity (< 1m, Johnson and Brawley, 1998; Gaylord et al., 2002; Susini, 2006; Mangialajo et
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al., 2012) that hampers the natural recovery of this species, additionally affected by other local factors such as
mussel farming (competition for space with the settled mussel juveniles).

Despite C. amentacea absence, ES values belonging to the “good” class have been recorded also in this area,
because of the increased percentage in the last years of stretches of coast dominated by species with
intermediate sensitivity levels (i.e. C. compressa, and Corallina spp.), alongside with a decreasing trend of low
value species (Ulva spp. in Punta Mesco and Mytilus galloprovincialis in Cinque Terre), with the exception of
Portovenere which still remains in the “moderate” ES class, not fulfilling WFD’s requirements. Low ES values
may be ascribed to the proximity to a mussel mariculture and present activities carried out in the Port of La
Spezia, such as shipbuilding, shipping, yachting and tourism, whose wastes are accumulated and driven along
shore by the superficial current of the Gulf of La Spezia and the main current of the Ligurian Sea (Gasparini et
al., 2009). A similar effect of the port area and current regime on ES values is observed on the Wester side of

Genoa Port (Vesima, “moderate” class Fig. 4).

Though the present study, the reliability of the observed general improvement of the ES over a decade along
Ligurian coasts has been addressed, teasing apart potential sources of variability associated to CARLIT index
implementation.

Several factors are considered as sources of error in the different quality indices, which use marine macrophytes
as Biological Quality Elements (Asnaghi et al., 2009; Bennet et al., 2011; Mascaro et al., 2013; Torras et al.,
2015; Cavallo et al., 2016; Blanfuné et al., 2017): spatial variability (e.g. sites, depth), temporal variability, inter-
annual variability and human associated error.

The spatial variability, due to high horizontal and depth-related heterogeneity, may be erroneously incremented
by incomplete or confused sampling designs and, for this reason, in several cases, such variability has been
identified as one of the most important causes of misclassification of ES. This possible confounding element
leads to the strong recommendation to carry out monitoring at large spatial scales (Cavallo et al., 2016).
Specifically, the CARLIT Index in the Ligurian Sea has been implemented following a hierarchical design,
encompassing three different large (more than 1000 m) and representative stretches of coast in each water
body, as performed in the ARPAL implementation of the index, following ISPRA methodological report
indications (Mangialajo et al., 2008). This assures that the among water bodies variability observed and reported
in the present study is reliable, unaffected by spatial variability and strictly related to actual ES differences.
The temporal variability, in terms of natural inter-annual variability, has been addressed in several previous
studies using different indices, which reported that it may be considered very low, ranging between 0% and
15% (Mascard et al., 2013). Specifically, for the CARLIT Index, two studies already supported low inter-annual
variability. Asnaghi et al. (2009) did not find inter-annual differences comparing ES measured along the Ligurian
rocky coast in two consecutive years, and Blanfuné et al. (2017) obtained similar results along French coasts,
performing an assessment on two different periods (encompassing three years each) on a longer time scale.
The outcomes of these studies support the effectiveness of performing CARLIT monitoring at a lower temporal
resolution, e.g. once every three years for the whole water body (as implemented by the Ligurian Environmental
Agency). On a longer time-frame, data collected every three years, instead, show trends that may be related to

actual change in ES of individual water bodies (Fig. 2 and 3).
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In the present study, temporal variability has been addressed also in terms of intra-seasonal variability. Although
the recommended period to perform the CARLIT Index assessment in the NW Mediterranean is spring (April —
June; Ballesteros et al., 2007), peculiar seasonal environmental conditions that trigger macroalgal development,
such as light intensity and temperature, change along the season and trend may be inter-annually different,
affecting the growth of macroalgal species, potentially affecting the ES attribution. Additionally, unfavourable
meteo-marine conditions may force to delay samplings along the season, although within the defined spring
time-frame. Over such time-frames, the abundances and the morphology of the macroalgal species of the rocky
shores, particularly for the canopy forming Cystoseira spp., could vary largely, possibly causing a
misclassification of the dominant macroalgal assemblages, affecting the EQR calculation.

In the present study, no variability in the classification into ES classes during the whole April-June time-frame
emerged for all the investigated water bodies, supporting the appropriateness of the whole recommended time-
frame for the implementation of the CARLIT Index (Fig. 4), since intra-seasonal variability does not hamper the
attribution of a consistent community category.

In a long term comparison perspective, an additional factor to be taken into account is the possible bias related
to the operator (surveyor) subjectivity in assessing community category. Such effect was tested in the present
study, for the first time for the CARLIT Index, showing that operator-associated variability did not affect the
uncertainty of the EQR calculation and consequently the classification of water bodies into the different
ecological status classes along years. The same result has been obtained also for other macrophyte-based
quality indices (Bennet et al., 2011; Mascar¢ et al., 2013).

Given all the above, the variations observed in the study area in time, showing a general increase in ES, may

be considered as robust trends of the coastal water quality improvement of the Ligurian region.

5. Conclusions

The reliability of quality indices is essential to comply with the requirements of marine environment directives,
in order to correctly classify water bodies ES with an appropriate level of confidence. Hence, teasing apart any
natural annual variability, spatial variability or human related one due to the operator is fundamental in order to
establish a good long-term monitoring programme to be carried out by environmental regional agencies.

The present study allowed to elucidate different aspects linked to the variability of the CARLIT Index, in order
to validate procedures carried out by monitoring agencies, and provided an overview of the ecological status of
the Ligurian coasts. Our main findings are: i) an increase of Cystoseira spp. detected along the Ligurian coast
in the last decade, in particular along Genova-Camogli stretch of coast, probably linked to a higher attention in
waste-water treatment; ii) an improvement of the ES of almost all of the WB studied (six out of seven) in the
Ligurian coast; iii) only one WB, Portovenere (PV), did not yet fulfill the WFD requirements for 2015, being
classified as “moderate”, most likely because of present and past heavy anthropogenic impacts and limited
dispersal of the most sensitive species, preventing self-recruitment; iv) the lack of intra-seasonal and operator
effects in the estimation of the ES, supporting the reliability of the CARLIT Index implementation carried out by
the Ligurian Environmental Agency.

These results support the reliability of monitoring procedures carried out though the CARLIT Index and highlight
the need and the effectiveness of reduction measures for anthropogenic impacts in order to achieve the ES

required by European directives. The understanding of mechanisms that affect Cystoseira spp. distribution is a
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relevant issue in the light of monitoring and assessing potential changes in the Ecological Status assessment
of Mediterranean rocky shores. Moreover, the implementation of CARLIT will provide a benchmark for
Cystoseira species distribution and abundance. Its application along years will build a long-term dataset
collected using a standardized methodology, which will be useful to assess the progression or regression of
Cystoseira species with the aim of conservation (Nikoli¢ et al., 2013), management and eventually restoration.

Supporting information

S1 Figure. AMBI index values for the investigated Sites in 2009 and 2015 (data available on ARPAL

website: www.ambienteinliguria.it).
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S2 Figure. Abundances of Enterococcus spp. (mean value + standard error) for the investigated Sites
in 2009 and 2015 (data available on ARPAL website: www.ambienteinliguria.it).
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S3 Figure. Abundances of Escherichia coli (mean value + standard error) for the investigated Sites in
2009 and 2015 (data available on ARPAL website: www.ambienteinliguria.it).
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S4 Figure. Occurrence of Cystoseira amentacea along the Ligurian coast from herbaria

records at the end of 19" century (A) and nowadays (B).
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Abstract

Cystoseira forests are experiencing a significant decline due to multiple impacts, affecting the ecosystem
services they provide. Although the implementation of conservation efforts, there is an urgent need to develop
best practices and large-scale restoration strategies. Until now, only limited trials with juvenile or adult
transplants have been conducted. The outplanting consisting in producing new recruits from fertile material in
hatcheries represents a sustainable option for restoring without depleting natural populations.

In order to implement restoration actions, we developed an ex-situ protocol for C. amentacea var. stricta
cultivation, aimed to reduce the time for laboratory culture, avoiding prolonged maintenance and minimizing
costs. Specifically, we tested the effects of temperature, light and substratum on settlement and growth of early-
life stages using a factorial experiment. Temperature (24 and 20°C) and photoperiod (15L:9D) were selected to
reflect conditions experienced in the field during the reproductive period. Light intensities (250 and 125 umol
photons m~2s™1) were selected to mimic the condition experienced in the absence of canopy (i.e. barren - higher
light intensity) or in the understory (lower light intensity) during gamete release. The substrata tested were flat
polished pebbles and rough clay tiles. Gametes release and the successive embryo and germlings survival and
development were followed for two weeks. Regardless culture conditions, rougher tiles showed higher zygote
settlement, although the substrata did not affect the successive development. Zygote mortality after one week
was 50% on average. At the end of the second week the embryonic survival was higher under lower light and

temperature conditions, determining also the growth of larger embryos.
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Introduction

The genus Cystoseira C. Agardh, brown algae belonging to the order Fucales, is distributed along the
Mediterranean and Atlantic coasts from the surface to the lower sublittoral zone. This genus is ecologically
relevant as an “ecosystem engineer” (Jones et al., 1994), with a key functional role in controlling habitat spatial
heterogeneity, productivity, and nutrient cycling in temperate rocky reefs. In particular, Cystoseira forests
provide refuge and food for many invertebrates and fishes and modulate the structure of the associated benthic
community (Mineur et al., 2015).

At present, some Cystoseira populations (depending on species and location) are experiencing a decline/loss
throughout the Mediterranean (Boudouresque, 2004; Thibaut et al., 2005, 2014; Micheli et al., 2013; Blanfune
et al., 2016), largely due to multiple human impacts such as urbanization, overfishing and climate change.
Consequently, many systems have shifted from complex and productive assemblages to simpler, less
productive habitats such as barrens, turf-forming algae and other ephemeral opportunistic seaweeds, impacting
the ecosystem services provided (Munda, 1993; Sala et al., 1998; Boudouresque, 2004; Falace et al., 2010;
Fraschetti et al., 2011; Giakoumi et al., 2012; Marzinelli et al., 2014; Templado et al., 2014). Cystoseira spp.
are listed as species of community interest according to the Habitat Directive (92/43/EEC), protected in Annex
| of the Bern Convention and by the Barcelona Convention, considered vulnerable by several international
organizations (IUCN, RAC/SPA, and MedPan). These species are environmental quality indicators according
to the Water Framework Directive (2000/60/EC) and are used as benthic quality elements (BQESs) for index
calculation in Mediterranean coastal waters (i.e., EEI- Orfanidis et al., 2003 and CARLIT- Ballesteros et al.,
2007, Mangialajo et al., 2007).

The threat of losing Cystoseira is magnified by its low dispersal capacity due to rapid egg fertilization and zygote
sinking (Guern, 1962; Clayton, 1990; Johnson & Brawley, 1998; Gaylord et al., 2002), which hampers natural
recovery in the absence of adults.

Despite the implementation of significant conservation efforts, most degraded systems have not recovered,
emphasizing the urgency to develop an active intervention to restore endangered habitats (Marzinelli et al.,
2014). Interest in habitat restoration is increasing according to the Biodiversity Strategy to 2020 (Target 2;
European Commission, 2011), which recommends the reintroduction of relevant species into areas where their
historical presence has been recorded and the factors that led to their loss have been removed.

Small scale Cystoseira transplants have been attempted utilizing several techniques on short temporal scales
(Falace & Bressan, 2006; Falace et al., 2006; Susini et al., 2007; Sales et al., 2011). The most frequently tested
method is the transplantation of juveniles or adult thalli with fertile receptacles: the only major challenge of this
approach is the appropriate fixing of individuals or installation in the target area.

Outplanting, which consists of producing recruits from fertile material in hatcheries to be placed in the sea, has
been explored to a lesser degree for the genus Cystoseira (Falace et al., 2006; Susini et al., 2007; Sales et al.,
2011; Verdura et al., 2015). In contrast, many studies have been performed using other large fucoid seaweeds
(Vasquez & Tala, 1995; Stekoll & Deysher, 1996; Dudgeon & Petraitis, 2005; Hwang et al., 2006; Hays, 2007;
Lamote & Johnson, 2008; Pang et al., 2009; Yatsuya, 2010; Yu et al., 2012), focusing in particular on the long-
term maintenance of seedlings in culture (Zhao et al., 2008; Sun et al., 2009; Yu et al., 2012; Yan & Zhang,
2014; Yoon et al., 2014; Kerrison & Le, 2016; Liu et al., 2016).

37



Considering the high potential of Cystoseira to generate gametes and zygotes under optimal conditions, the
cultivation of germlings starting from fertile receptacles represents a sustainable option for restoring endangered
species without depleting natural populations. From this perspective, the development of effective cultivation
protocols, tailored to the eco-physiological needs of different species, is a compulsory milestone.

Usually, the need for large amounts of germlings for outplanting represents a bottleneck in the design of large-
scale restoration actions. Therefore, it is particularly challenging to plan an efficient, effortless and cost-effective
seedling production system that fits the breeding needs of a specific species.

The aim of this study was to develop an in-laboratory protocol for Cystoseira amentacea var. stricta
Montagne, a caespitose intertidal Mediterranean sensitive species, whose reduction/loss has primarily been
recorded in several locations in the NW Mediterranean (Mangialajo et al., 2007; Thibaut et al., 2014).

The protocol aimed to maximize zygote settlement, minimize embryo development time and generate a dense
coverage of healthy germlings for outplanting. With these objectives, we tested the effects of easily adjustable
variables (temperature, light and substratum) on the settlement and growth of early-life stages to develop best

practices for the restoration of this sensitive species.

Materials and methods

In June 2016, during the reproductive period of C. amentacea var. stricta, healthy apices ca. 3 cm in length
holding mature receptacles were collected from a donor population at Bogliasco, Genoa (NW Italy) (Fig 1). This
site is considered moderately urbanized, where C. amentacea var. stricta forms a continuous belt in the intertidal
zone. In particular, the site is characterized by a tide in the range of 30 cm (the barometric tide may dominate
the water level) and an average spring temperature of 20°C. The local macroalgal community in Bogliasco is
dominated by C. amentacea var. stricta, followed by Cystoseira compressa and articulate corallinales.

After sampling, apices wrapped with seawater-wetted towels were delivered within 24h under dark, cold and
humid conditions to the laboratory in Trieste (NE Italy) (Fig 1) for culture in controlled rooms.

The temperature and photoperiod were selected to reflect typical seasonal conditions at the sampling site during
the reproductive phase of C. amentacea var. stricta (from late spring to summer). The photoperiod was setto a
15:9 hlight : dark cycle. Light intensities were chosen to mimic two possible scenarios occurring in nature during
the gamete release, fertilization and early-life growth stages of Cystoseira: in the absence of canopy, as on
barren ground (higher light intensity) or in the understory (lower light intensity). Light was provided by LED
lamps (AM366 Sicce USA Inc., Knoxville, USA), and irradiance was measured with a LI-COR LI-190/R
Photometer (LICOR-Biosciences, Lincoln, NE, USA). Light irradiance (L) was set at 250 umol photons m=2s1
(L*) or at 125 pmol photons m=2s71 (L°), while temperature(T) was set at 24°C (T*) or at 20°C (T-). The medium
used in the experiments was Stosch's enriched seawater (VSE) (von Stosch, 1963; as modified by Guiry and
Cunningham, 1984). The seawater was filtered and autoclaved prior to VSE addition. Aquaria were filled with 4
L of culture medium, renewed every 4 days to minimize any possible effects of nutrient limitation and
continuously aerated by air pumps. Two substrata with differing natures and roughness were tested: flat
polished pebbles (Pe) and rough clay tiles (Ti).

A factorial laboratory experiment was performed combining irradiance, temperature and substratum. Four
combinations of culturing conditions consisting of two crossed levels for each environmental condition (L*T*,

L*T-, L'T*, L'T) and two substrata (Pe and Ti) were tested in a two-way crossed design.
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Fertile apices were gently cleaned with a brush and rinsed with sterile seawater to remove adherent biofouling
and surface detritus. Then, they were placed in individual aquaria: 3 apices with mature receptacles on each
substratum in separate aquaria per condition (in triplicate).

Three additional replicates were placed on glass slides under each condition to observe zygote development
with an inverted microscope (Leica, DM IL LED) and obtain photographs with a Canon Powershot G9, avoiding

stress on the treatment replicates.

N
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Fig 1. Map showing the geographical location of the collection site (A) and the laboratory site (B), North Italy.

Data analysis

Egg release and settlement

After 2h, gametes were released on all substrata and under all conditions. Next, the receptacles were removed,
and their fresh weight (FW) was measured. Due to the high density of eggs released on each substratum and
to reduce manipulation stress as much as possible, counts were performed by processing photographic data.
Eggs were counted in 5 randomly selected 1x1 cm quadrants for each substratum in photos obtained from a
Leica MZ6stereo microscope with a Nikon Coolpix 4500 camera.

The number of eggs per unit of receptacle FW was analyzed as a response variable to compare settlement on
different substrata under different conditions. Two-way crossed ANOVA was performed using both factors and
their interaction as fixed factors. The data were transformed by the square root to satisfy normality and

homoscedasticity assumptions.

Embryo development

At the end of the first week (wl), replicate embryos in all four growth stages were visible on glass slides and
were counted: I-embryos with 4 primary rhizoids, ll-embryos with 8 rhizoids, lll-embryos with short apical hair/s,
and IV-embryos with long apical hair/s (Fig 2). To analyze the differences among conditions, a PERMANOVA
analysis was applied using the percentage of individuals at each stage as a response variable and conditions

as factors. Pairwise comparisons were performed on significant terms.
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Fig 2. Early stages of C. amentacea var. stricta at week1: I-embryos with 4 primary rhizoids, Il-embryos with 8

rhizoids, lll-embryos with short apical hair/s, and 1V-embryos with long apical hair/s.

Embryo survival

After 24h (T0O), zygote numbers were counted on each substratum (5 1x1 cm quadrants) by processing
photographic data. Counts were then repeated at w1l and w2 to calculate the germling survival rate.

We applied an ANCOVA analysis for both wl and w2 with unequal slopes for survival rate as a response
variable and density (i.e., number of fertilized eggs) as a covariate. Substrata, conditions and their interaction
were used as fixed factors. Assumptions were validated after applying the arcsine square root transformation

(suitable for proportional data). Post hoc SNK tests were performed on significant interaction terms.

Subsequent germling growth

At w2, three subsequent developmental stages were identifiable: I-round-shaped, llI-elongated, and Ill-
elongated with branch (Fig 3).

The area of ten randomly chosen individuals per shape was measured in each replicate substratum and used
as a response variable. The area was quantified by processing photographic data using ImageJ software
(Schneider et al., 2012). Conditions and substrata were used as crossed fixed factors in a PERMANOVA

analysis. Pairwise comparisons were performed on significant terms.

I IX 11X

Fig 3. C. amentacea var. stricta germling stages at week2: I-

round-shaped, Il-elongated, and IlI- elongated with branch.

40



3. Results

Morphogenesis

C. amentacea var. stricta is a monoic species, with female and male gametes produced in the same conceptacle
(Figure 4A). In our trials, gamete release started soon after the receptacles were placed in the aquaria. The
mean diameter of the eggs was 122+3um (n=20). Fertilization occurred externally, and the development of a
fecundation membrane around the zygote facilitated its adhesion to a substratum (Figure 4B). The zygote
cytoplasm, which was initially homogeneous, became metabolically differentiated (polarization) with the
establishment of a vertical growth axis (connecting the rhizoid and thallus pole). Twelve hours after fertilization
(AF), the first division perpendicular to the growth axis was observed, leading to the formation of two equally
sized cells (Figure 4C). The second division, which was parallel to the first, occurred in the lower cell 20-22 h
AF (Figure 4D), while the third division, perpendicular to the first, appeared in the upper cell (Figure 4D). Within
32-34h AF, many divisions occurred without an increase in embryo volume.

Within the first week, the rhizoids developed as follows: the rhizoid mother cell, using perpendicular divisions,
gave rise to four cells that differentiated into four primary rhizoids (Figure 4E and Fig 2) that grew further, forming
long filaments (ca. 150-200 ym long). After detachment of the fecundation membrane, the length of the embryo
increased through subsequent cell divisions, and secondary rhizoids were formed (Figure 4F). Thus, the embryo
assumed an erect position, and an invagination with hyaline hairs appeared in the apical region (Figure 4H,4G).
At w1 AF, the more developed embryos were 353126 um long and 259437 ym wide (n=20). At w2 AF, germlings
with numerous rhizoids grew further [466+26 pm long and 275128 uym wide (n=20)] Small lateral branches with
some cryptostomata began to appear (Fig 3). At w3 AF, numerous cryptostomata were observed (Figure 4l),
and iridescence, which is typical of adult plants, was visible on the thallus surface (Fig. 5). At this time point, the
germlings were 1386+130 pm long and 466161 um wide (n=20).

A few tiles were transported back to the donor population (Bogliasco - Genoa). Juveniles were 4737+543 ym

long and 811+92 wide after 1 month in the field. They grew up to 9 cm in 9 months (April 2017).

Figure 4. Early development of Cystoseira amentacea var. stricta

A. Detail of a conceptacle with an oogonium and antheridia

(arrowhead).

B. Zygote with a central large nucleus.

C. First zygote division (arrow).

D. Second zygote division (l1), parallel to the first (1); third (111) and
fourth divisions (1V), perpendicular to the first one.

E. Embryo with rhizoidal buds (arrow).

F. Embryo with secondary rhizoids. Note the detachment of the
fecundation membrane (arrow) during embryo elongation.

G. Hyaline hairs growing from the invagination in the apical
region of the embryo.

H. Embryo with long apical hairs and numerous rhizoids (arrow).

I. Germling with cryptostomata (arrows). Bar=200 pym.
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Egg release and settlement

The number of settled eggs was higher on Ti (avg +/- er stand) than on Pe (avg +/- er stand), highlighting a

significant effect of substratum roughness (p<0.0001; Table 1 Supp Mat). Conversely, no significant differences

were detected between conditions or within the interaction term.

Early embryo development

The percentage of individuals in each of the four stages observed for the glass slide replicates (Fig 2) was

calculated. An MDS ordination plot (Fig 5) showed three different groups: L*T-, L*T* and one group comprising

L-conditions (L'T- and L'T*). PERMANOVA analysis confirmed significant differences among these groups

(p<0.001; Table 2 Suppl Mat.).

Furthermore, a bar plot (Fig. 6) revealed a higher percentage of embryos in stage 1V (embryos with long

apical hair/s) under L-conditions.

Table 2. Suppl Mat. One-way PERMANOVA performed at week1 based on the
percent composition of three embryonic developmental stages under the

different conditions. In bold significant effects.

df SS MS F R2 P
Condition 3 2.80 0.93 34.23 0.65 0.0012
Residual 56 1.52 0.03 0.35
Total 59 4.32 1.00

aPairwise comparisons among Conditions: L*T-#L*T*# LT =L T*

o
o N LT+
® L+T-
m LT+

L-T-

Number of eggs per gram

Fig 5. MDS ordination plot of the percent composition of embryonic developmental stages

at week1 under the different conditions.
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Fig 6. Bar plot of the percent composition of embryonic developmental stages

at week1 under the different conditions.

Embryo survival

The results of an ANCOVA analysis indicated strong significant differences among conditions and small
differences between the two substrata at wl (p<0.0001 and p<0.03, respectively; Table 3 Suppl Mat).

At w2 the interaction term (condition X substratum) was significant (p<0.001; Table 4 Suppl Mat): on both
substrata, extreme conditions did not differ (L*T*=L"T-) but differed significantly from the other two conditions
(L*T-; L'TY). On Ti, L*T- and L'T* did not significantly differ, although they differed on Pe. Additionally, ANCOVA
indicated that L*T- was significantly different between substrata, while survival was slightly higher on Pe.

As shown in boxplots (Fig 7), the survival rate at w1l was higher under extreme conditions (L*T*; L'T") compared
to the other two conditions (L*T-; L'T*). The survival rate from wl to w2 showed a conspicuous decrease
(between 50 and 95%) for the L*T*, L*T- and L"T* conditions, while the survival rate under L-T-remained more

stable with a mortality below 30%.
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Fig 7. Boxplot of the survival rates at weekl (A) and week2 (B) among conditions and substrata.

Subsequent germling growth

PERMANOVA analysis performed on the germling area at different stages (Fig 3) at w2 showed significant

differences among conditions (p = 0.001), with L'T-condition different from all the others (Table 5 Suppl. Mat.;

Fig 8).
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Fig 8. Boxplots of the area of the different stages (A: stage I; B: stage Il; C: stage lll) at week 2 among

conditions for both substrata.
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Discussion

Given the worldwide concern regarding the loss of key habitat-forming organisms, such as the large brown
macroalgae of the order Fucales, and the downstream cascade effects of the services such organisms provide,
there is an urgent need to develop best practices and restoration strategies. Studies that provide sound
information on how best to undertake habitat restoration are crucial for managing coastal ecosystems.
Outplanting appears to be an ecologically sustainable approach that consists of two main steps: culturing
germlings in the laboratory and transferring them into the field (Dudgein & Petraitis, 2005; Hays, 2007; Yu et
al.,, 2012; Yoon et al., 2014). For Cystoseira, outplanting appears a feasible management option, providing a
large number of healthy specimens for re-introduction to the environment without impacting natural populations
(Falace et al., 2006; Sales et al., 2015; Verdura et al., 2015).

Herein, we focused on the first step in the outplanting process: developing an effective protocol to cultivate the
early stages of C. amentacea var. stricta.

This approach is challenging because most eco-physiological studies of Cystoseira, both in the field and in the
laboratory, have focused on the adult stages. Nevertheless, the single/few-celled stages are characterized by
simplicity and sensitivity, and any environmental variable will exert greater effects on germling mortality and
growth rate (Yakovleva et al., 1998; Wiencke et al., 2000) compared to adults. Thus, the needs of these
ontogenetic stages must be understood because findings obtained from the macrothallus stages cannot be
extrapolated to the microscopic stages (Altamirano et al., 2009). In this regard, the development of species-
specific best practices for the cultivation of germlings is necessary to implement a successful restoration
strategy at a large scale.

First, we tested whether it was possible to collect samples far away from the breeding facility (ca. 600 km)
without damaging the reproductive materials, excluding possible negative effects related to the distance of the
target site from the hatchery. Transporting under dark and cold conditions allowed immediate gamete release
bypassing this specific step (thermal and light shock) in the laboratory. Indeed, receptacles that were placed in
aquaria soon after their arrival in the laboratory immediately released gametes.

Nutrient limitation affects many processes, such as photosynthetic capacity (Pérez-Lloréns et al., 1996), protein
content (Vergara et al., 1995; Martinez & Rico, 2002), photoprotection mechanisms (Korbee-Peinado et al.,
2004; Korbee et al., 2005; Huovinen et al., 2006), behavior and settlement of eggs, embryonic development
and growth rate (Chapman et al., 1978; Amsler & Neushul, 1990; Reed et al., 1999; Kinlan et al., 2003; Flavin
etal., 2013; Morelisen et al., 2013). Therefore, the culture medium was enriched to allow the germlings to invest
their photosynthetic energy in growth processes (Celis-Pla et al., 2014a, 2014b). Better growth of C. amentacea
var. stricta germlings with nutrient enrichment was also observed by (Susini, 2006). Together with culture
conditions, the choice of substrata must also favor the adhesion of gametes and zygotes and their successive
development. Regardless of the culture conditions, rougher tiles showed higher zygote settlement than
smoother pebbles, although the substrata did not affect successive germling growth or survival under any of
the tested conditions.

Embryonic mortality after wl was elevated under all conditions (50% on average), as expected given the
Cystoseira very high stochastic gamete and zygote mortality in the natural environment.

At the end of wl, embryonic survival was positively affected by two of the tested conditions: L*T* and L'T-. In

the longer term (at w2), survival was still higher under the L-T- condition but significantly decreased under L*T*
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treatment. The other two combined conditions demonstrated the lowest embryonic survival throughout the entire
experiment. Low light and low temperature conditions also favor higher embryonic survival rate in Sargassum
vachellianum Greville, 1848 cultivations (Yan & Zhang, 2014).

Lower light intensity also reduced the time required for embryo development, allowing a greater number of
individuals to reach developmental stage IV (larger embryos) within wl, regardless of temperature. After w2 at
low irradiance, lower temperature also strongly determined the growth of larger embryos.

Our findings corroborate that environmental conditions (specifically light and temperature) may interact and
exert synergistic or antagonistic effects on the physiological responses in unpredictable ways, differently
according to developmental stage. The distribution of C. amentacea var. stricta is restricted to the upper littoral
zone, and therefore, this species is naturally exposed to high irradiance levels that potentially exceed its light
energy requirements, as reported for other species that live close to the water surface (Delgado et al., 1995;
Hader & Figueroa, 1997; Hanelt & Figueroa, 2012; Celis-Pla et al., 2014a). Generally, sun-adapted species
(sensu Ramus, 1981) develop efficient photoprotection mechanisms to tolerate light stress in addition to
dynamic photoinhibition (Mattoo et al., 1984; Ohad et al., 1984; Guenther & Melis, 1990; Critchley & Russel,
1994; Hader & Figueroa, 1997; Figueroa & Gomez, 2001; Franklin et al., 2003; Abdala-Diaz et al., 2006; Wilheim
& Selmar, 2011; Hanelt & Figueroa, 2012; Celis-Pla et al., 2015). Our study highlighted the light-shade
adaptation of C. amentacea var. stricta germlings, which showed enhanced growth at lower irradiance (125
pmol photons m=2 s™1). Other Cystoseira species have been cultivated under different conditions, primarily
depending on laboratory facilities: C. susanensis (16+1°C | 40 ymol photons m=2 s71; (Alongi et al., 1999) and
C. barbata (16-17°C | 120 ymol photons m~2 s71; Falace et al., 2006). Susini (2006) described the morphological
development of C. amentacea var. stricta embryos cultivated at 18+1°C and an average light intensity of 70
pmol photons m=2s~1 but did not report quantitative data.

Studies examining adult thalli of Cystoseira have demonstrated the absence of photosynthetic inhibition, even
with very high irradiance (Cudret & Jupin, 1985). In Cystoseira barbata (Stackhouse) C. Agardh f. aurantia
(Kuetzing) Giaccone, photoinhibition occurs only at irradiances higher than 1500 pmol photons m=—2s71
(Baghdadli et al., 1990), while photosynthesis in C. mediterranea is not saturated at an irradiance of 1600 pmol
photons m~2s7! (Delgado et al., 1995). Notably, the light requirements of adults should not be extrapolated to
the microscopic stages because the presence of non-photosynthetic tissues in complex thalli increases the
need for light energy (Hanelt & Figueroa, 2012). Moreover, in nature, the irradiance reaching the embryos is
restricted by adult fronds (Van Tamelen et al., 1997; Dudgeon & Petraitis, 2005; Zhao et al., 2008). Cystoseira
zygotes and germlings settle under adult plants, where they find a good protective screen against high irradiance
and other stress. In nature, such community self-protection is particularly important during spring-summer, when
C. amentacea var. stricta produces new recruits in the study area. Conversely, the lower irradiance
requirements of germlings permit high-density cultures because self-shading is not a restricting factor.

At higher temperatures (24°C), the proliferation of biofouling was enhanced, particularly at lower light intensity,
progressively affecting the development of C. amentacea var. stricta embryos.

Based on these results, we determined the best hatchery conditions to accelerate the development of high

numbers of healthy, larger embryos.
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Further studies are required to improve the second step in the outplanting process in order to increase the
number of juveniles that are able to reach the adult stage once reintroduced into the field. Grazing pressure,

timing and density dependent effects need to be taken into account to achieve the best restoration performance.

Supporting information

Table 1 Suppl Mat. Two-way crossed ANOVA performed on the number of eggs per gram. In
bold significant effects.

df SS MS F P
Substratum (S) 1 3020.75 3020.75 33.31 2.87e-05
Condition (C) 3 334.16 111.39 1.23 0.33
S:C 3 511.07 170.36 1.88 0.17
Residual 16 1451.29 90.71

Table 2 Suppl Mat. One-way PERMANOVA performed at week1 based on the
percent composition of three embryonic developmental stages under the
different conditions. In bold significant effects.

df SS MS F R? P
Condition 3 2.80 0.93 34.23 0.65 0.0012
Residual 56 1.52 0.03 0.35
Total 59 4.32 1.00

aPairwise comparisons among Conditions: L*T-# L*T*# LT =L T*

Table 3 Suppl Mat. ANCOVA performed at weekl using survival, substratum and condition as

factors and density as a covariate. In bold significant effects.

Week 1 df SS MS F P
Density 1 1702.2 1702.17 29.62 3.18e"7
Substratum (S) 1 274.9 274.91 4.78 0.03
Condition (C) 3 8404.3 2801.43 48.74 2.2¢e16a
S:C 3 367.0 122.34 2.13 0.10
Residuals 111 6379.9 57.48

aSNK test among Conditions: L*T*# LT#L*T-#LT
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Table 4. Suppl Mat. ANCOVA performed at week2 using survival as response variable,

Substratum and Condition as factors and density as covariate. In bold significant effects.

Week 2 df SS MS F P
Density 1 2321.5 2321.5 48.11 2.83e10
Substratum (S) 1 192.7 192.7 3.99 0.05
Condition (C) 3 17125.8 5708.6 118.29 2.2e16
S:C 3 898.5 299.5 6.21 0.0006%
Residuals 111 5356.8 48.3

aSNK test among Substrata within Condition: Cond. L*T-, T# S; all other Cond. T=S
bSNK test among Conditions within Substratum: Sub. S, (L*T*=LT") # L*T-#L°T*; Sub.T, (L*T*
=L T)# (LT =LTY

Table 5. Suppl. Mat. Two-way PERMANOVA performed on the germling area at different stages at

week?2. Condition and Substratum are crossed fixed factors. In bold significant effects.

df SS MS F R? P
Substratum (S) 1 0.01 0.002 0.51 0.01 0.47
Condition (C) 3 0.16 0.05 12.30 0.71 0.0012
S:C 2 0.01 0.004 0.98 0.04 0.40
Residual 13 0.06 0.004 0.25
Total 19 0.22 1.00

aPairwise comparisons among Conditions: L'T- # L*T*=L"T*=L*T
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Abstract

In recent years, research on the bioactive properties of macroalgae has increased, due to the great interest in

exploring new products that can contribute to improve human health and well-being. In the present study, the
antioxidant and antimicrobial potential of six different brown algae of the Fucales order was evaluated. Five
species belonging to the Cystoseira genus and Sargassum vulgare were collected along the Mediterranean and
Atlantic coasts. The antioxidant capacity was measured by the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging activity, the Oxygen Radical Absorbent Capacity (ORAC) and the Ferric reducing antioxidant power
(FRAP), and related to the total phenolic content (TPC) quantified on each Fucales species. The antimicrobial
activity was evaluated measuring the growth inhibition of Staphylococcus aureus, Pseudomonas aeruginosa
and Candida albicans. The highest antioxidant capacity was obtained for Cystoseira tamariscifolia alongside to
its high value of TPC. This species also reported the highest antimicrobial capacity, but only on Staphylococcus
aureus. Overall, the highest bioactivities were reported for Cystoseira tamariscifolia, Cystoseira usneoides and
Cystoseira amentacea. Thus, Cystoseira species can be considered a good potential source of bioactive

compounds, especially, antioxidants.
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1. Introduction

The economic, cultural and scientific development of our society has given rise to important changes in our food
habits and life-style. Diets in developed countries are highly caloric, rich in saturated fats and sugars, while the
consumption of complex carbohydrates and dietetic fiber is low. This fact, together with a decrease in physical
activity, has given rise to an increase of obesity problems, and along with it, a raise in the incidence of heart
diseases, diabetes and hypertension in the population (WHO, 2017). Therefore, the interest, among consumers
and food industry, on products that can promote health and well-being has increased appreciably during the
last decades and these products are called functional food (Sloan, 1999; Menrad, 2003; Plaza et al., 2008; Siro
et al., 2008).

Marine macroalgae are a rich source of minerals, fibers and vitamins, while being low in calories and fat and,
they have been used during centuries as food and feed, particularly in Southern-east Asian countries, where
the interaction human-macroalgae has a long tradition. Besides nutritional and domestic uses, different
macroalgal applications started to appear in more recent years in the industry field, e.g. gels, fertilizers, (Delaney
et al., 2016) and, more recently in the biotechnology field as source of natural bioactive compounds (Holdt and
Kraan, 2011). Studies on antimicrobial (Pinteus et al., 2015), antitumoral (Alves et al., 2016), anti-inflammatory
(Smit, 2004; da Matta et al., 2011) and antioxidant activities (Hefferman et al., 2015; Pinteus et al., 2017) provide
examples of the bioactive properties of red, green and brown macroalgae. For these reasons, macroalgae can
be considered one of the potential future “functional food” (Plaza et al., 2008; Mohamed et al., 2012).

The antimicrobial resistance among key microbial pathogen is increasing at a great rate worldwide,
consequently, the research on new antimicrobial agents has become one of the greatest challenges facing
humanity. Today, the Gram-positive bacteria Staphylococcus aureus and Enterococci, the Gram-negative
bacteria Escherichia coli and the fungus species of Candida genus are among the most resistant microbes.
Several studies on the antimicrobial capacity of macroalgae to these and other microbial species have been
performed (Val et al., 2001, Etahiri et al., 2003; Genovese et al., 2009; Taskin et al., 2010; Pinteus et al., 2015;
Belattmania et al., 2016).

As far as antioxidant properties, a large search for antioxidants from natural sources has increased because of
the huge interest among consumers and food industry for natural products that can promote human health and
well-being (Sloan, 1999; Lobo et al., 2010). In fact, artificial antioxidants as butylated hydroxytoluene (BHT) and
butylated hydroxyanisole (BHA) have been widely used in food, cosmetics, and therapeutic industries.
Nowadays, the use of synthetic food additives is under strict legislation because of the toxic effects observed
on different species (Branen, 1975; Kahl, 1984; Bjelakovic et al., 2004; Stanner et al., 2004).

In particular, the highest antioxidant capacity is reported for brown algae, probably in relation to the higher
content in phenolic compounds of these species (Al-Amoudi et al., 2009; Costa et al., 2010; Cox, Abu-Ghannam,
& Gupta, 2010; Kang et al., 2004, Kindleysides, Quek, & Miller, 2012; Pinteus et al., 2017).

The present work aims to study the antioxidant and antimicrobial activities of six brown algae belonging to
Cystoseira and Sargassum genus (Fucales), collected in the Mediterranean and Atlantic coasts, in order to
assess their bioactive potential as natural marine sources.

The antioxidant screening was addressed to measure the total phenolic content (TPC), the 2,2-diphenyl-1-

picrylhydrazyl (DPPH) radical scavenging activity, the Oxygen Radical Absorbent Capacity (ORAC) and the
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Ferric reducing antioxidant power (FRAP). The antimicrobial screening was performed measuring the growth

inhibition of the following species: Staphylococcus aureus, Pseudomonas aeruginosa and Candida albicans.

2. Material and Methods

2.1 Chemicals and reagents

Dymetil sulphoxide (DMSO), Folin-Ciocalteu reagent, gallic acid; 2,2- diphenyl-1-picrylhydrazyl (DPPH), 2,2'-
Azobis(2-amidinopropane) dihydrochloride (AAPH), fluorescin (FL), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
carboxylic acid (trolox), ferric tripyridyl triazine (TPTZ), ferric chloride (FeCls) and ferrous sulfate (FeSQO4) were
purchased from Sigma-Aldrich (Madrid, Spain). Methanol and dichlorometane were purchased from Fisher

Chemical.

2.2 Collection and extraction of algae samples

Six brown algae species, belonging the order Fucales, were gathered in summer along the intertidal zone of
Italy (Genoa; 44°22'31.46"N - 9°4'35.14"E) and Portugal (Peniche; 39°22'1.60"N - 9°22'25.98"W) as shown in
Figure 1. Cystoseira amentacea var. stricta, Cystoseria compressa were collected in Genoa and Cystoseria

tamariscifolia, Cystoseira usenoides, Cystoseira baccata in Peniche. Sargassum vulgare was collected in both

sites.

Figure 1. Map of the sampling sites. A- Atlantic site, Peniche, Portugal; B- Mediterranean site, Genoa, Italy. 1- C.
tamariscifolia, C. baccata and C. usneoides; 2- S. vulgare; 3- C. amentacea and C. compressa.

In the laboratory, the samples were cleaned accurately to remove detritus and epiphytes and then frozen at -

80 °C. In order to obtain a powder, the samples were lyophilized and ground. Each sample was extracted in
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1:40 (w/v) biomass/solvent ratio with methanol and dichloromethane (50:50 - v/v) at constant stirring during
12h. The solvents were evaporated in a rotary evaporator (Laborota 4000, Heidolph, Schwabach, Germany)

at 40 °C and the extracts were solubilized in DMSO and stored at -20 °C until further use.

2.3 Quantification of total phenolic contents (TPC)

The TPC of sample extracts were determined using Folin-Ciocalteu method adapted to microscale (Singleton
& Rossi, 1965). Briefly, 2 ul of sample were added to 158 pl of distilled water, 10 pl of Folin-Ciocalteu reagent
and 30 ul of 20% sodium carbonate. After one hour of reaction in the dark, the absorbance was measured at
755 nm (Synergy H1 Multi-Mode Microplate Reader, BioTek® Instruments, Winooski, VT, USA) and used to

calculate the phenolic content using gallic acid as the standard.

2.4 DPPH radical scavenging activity

The DPPH free radical scavenging method was performed according to Brand-Williams, Cuvelier, and Berset
(1995) adapted to microscale with slight modifications. DPPH radical was dissolved in ethanol (0.1 mM). Various
concentrations of 2 uL of sample solution were added to 198 pL of the DPPH radical solution. The mixture was
vortexed for 1 min and allowed to stand at room temperature in the dark for 30 min, at which time the decrease
in absorbance at 517 nm was measured (Synergy H1 Multi-Mode Microplate Reader, BioTek® Instruments).
The radical solution was freshly prepared each day. The ability to scavenge the DPPH radical was calculated

using the follow equation:

A_sample—A_sampleblank

Scavenging effect (%) = [1 — ( )] x 100

A_control
where,

A_control is the absorbance of the control (DPPH solution with DMSO)
A_sample is the absorbance of the test sample (DPPH solution plus test sample)

A_sampleblank is the absorbance of the sample in ethanol (sample without DPPH solution)

The results were expressed as antioxidant activity (%) relative to a control containing DMSO and as half

maximal inhibitory concentration (ICso) expressed in pg/mL.

2.5 Oxygen radical absorbent capacity (ORAC)

The ORAC assay was performed as described by Davalos, Gémez-Cordoveés, and Bartolomé (2004) as follows:
The reaction was carried out in 75 mM phosphate buffer (pH 7.4), and the final reaction mixture was 200 pl.
Sample (20 pl and fluorescein (120 pl; 70 nM, final concentration) were placed in the well of the microplate. The
mixture was pre-incubated for 15 min at 37°C. AAPH solution (60 ul; 12 mM, final concentration) was added
rapidly using a multichannel pipet. The microplate was immediately placed in the reader and the fluorescence
recorded every minute for 240 min. The microplate was automatically shaken prior each reading. A blank using

phosphate buffer instead of the fluorescein and eight calibration solutions using Trolox (1-8 pM, final
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concentration) as antioxidant were also carried out in each assay. All the reaction mixtures were prepared in
duplicate, and at least three independent assays were performed for each sample.

Antioxidant curves (fluorescence versus time) were first normalized to the curve of the blank corresponding to
the same assay by multiplying original data by the factor fluorescencepiankt=o/fluorescencesampiet=o. From the

normalized curves, the area under the fluorescence decay curve (AUC) was calculated as:

i—80

AUC =1+ Zfi/fo
i=1

where f0 is the initial fluorescence reading at 0 min and fi is the fluorescence reading at time i. The net AUC
corresponding to a sample was calculated by subtracting the AUC corresponding to the blank. Regression
equations between net AUC and antioxidant concentration were calculated for all the samples. ORAC values
were expressed as Trolox equivalents by using the standard curve calculated for each assay. Final results were

in umol of Trolox equivalents (TE)/g of extract.

2.6 Ferric reducing antioxidant power (FRAP)

The ability to reduce ferric ions was measured using the modified method described by Benzie and Strain
(1999). The FRAP reagent was freshly prepared from 300 mM acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-
s-triazine (TPTZ) made up in 20 mM FeCls. The mixture was incubated at 37 °C. Briefly, 2 pl of sample were
added to 198 pl of FRAP reagent. After 4 min of reaction in the dark, the absorbances were read using a
microplate reader at 593 nm. The FRAP value was calculated and expressed as uMl of FeSO4 equivalents/g

extract based on a calibration curve constructed using FeSO4 as standard.

2.7 Antimicrobial activity

The antimicrobial activity was tested measuring the capacity to inhibit the Gram+ bacteria Staphylococcus
aureus (ATCC 25923), the Gram- bacteria Pseudomonas aeruginosa (ATCC 27853) and the fungus Candida
albicans (ATCC 10231) growth. Bacteria were cultured in Luria broth (LB) medium, and C. albicans in yeast
extract peptone dextrose (YPD) medium. Tests were performed in 96-well plates at 37 °C. The growth was
guantified by OD measurement at 600 nm after 6 h growth (exponential phase growth). The results of the
antimicrobial activity were expressed as ICso, defined as the concentration causing 50% reduction of
microorganism growth.

2.8 Data analysis

The ICso concentration was calculated from nonlinear regression analysis using the GraphPad Prism software
with the equation: Y = 100/ [1 + 10(X- LogiC50)],

In order to assess differences of antioxidant activity among species, a PERMANOVA was performed using the
values obtained from the different tests as response variables and the species as factor. Then, a pairwise

PERMANOVA was performed, using the “RVAideMemoire” package. Additionally, a Principal Components
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Analysis (PCA) was performed in order to visualize the relation between the antioxidant capacity and the total

phenolic content, as well as to point out the differences among the Fucales species on their antioxidant capacity.

3. Results and discussion

3.1 Antioxidant capacity

The total phenolic content of the methanol and dichloromethane (50:50 - v/v) extract of six Fucales species,
evaluated by Folin-Ciocalteu method is shown in Table 1. In this study, Cystoseira baccata, Cystoseria
usneoides and Cystoseira amentacea obtained higher values (45-65 mg GAE / g extract) and, the highest value
was obtained for Cystoseira tamariscifolia (~120 mg GAE / g extract). The lowest values were obtained for
Cystoseira compressa (<30 mg GAE / g extract) and, particularly, for Sargassum vulgare (<7 mg GAE / g

extract).

Table 1. Total phenolic content (TPC, mg GAE / g extract) of organic
extracts of the different Fucales species. Values are mean of three
independent experiments + standard error of the mean (SEM).

Species mg GAE / g extract SEM
Cystoseira amentacea 45.95 5.88
Cystoseira baccata 52.27 4.63
Cystoseira compressa 27.84 2.87
Cystoseria tamariscifolia 121.52 27.43
Cystoseira usneoides 62.07 5.10
Sargassum vulgare (Mediterranean) 6.60 0.65
Sargassum vulgare (Atlantic) 5.48 0.99

The total phenolic content has been widely related with the antioxidant capacity. This correlation particularly
stands for brown algae, where a higher antioxidant capacity is generally reported compared to green and red
algae (Balboa et al., 2013), because brown algae are able to produce particular phenolic compounds, the
phlorotannins that confer this property. These compounds are involved in chemical defenses against herbivores,
provide structural functions in cell walls and are involved in growth and reproduction processes (Kubanek e al.,
2004).

In the present study, the PCA (Figure 2) supports the correlation among TPC and the antioxidant activities
(DPPH, ORAC and FRAP). The variability across the 18 extracts of Fucales species is accounted mainly by
PC1 (87.7%), which is highly correlated with FRAP, separating C. tamariscifolia of the other species.
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Figure 2. Principal components analysis of total phenolic content (TPC) and antioxidant activities (DPPH, ORAC and FRAP)

of organic extracts (methanol:dichloromethane; 50:50 - v/v) of the six Fucales species from Mediterranean and Atlantic
coasts.

On the other hand, the PERMANOVA results and the post-hoc analyses showed significant differences among
all species (p-value< 0.01), except C. amentacea, C. baccata and C. usneoides, which were not significantly
different from each other. The highest antioxidant capacity for C. tamariscifolia, which obtained the highest
values in each antioxidant test performed, specifically in the FRAP test (1760 mg FeE / g extract, Table 4) is
observed in the PCA. The group 2 with similar results among the species in the different antioxidant tests is
also evident. Instead, C. compressa and S. vulgare obtained lower values (Tables 2-4), which were positioned

at the opposite site (at right of the PC1) of the antioxidant capacity tests and the total phenolic content.

Table 2. The ICso of 2,2- diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity expressed as pg per

millimeter (ug/ml). Values are expressed as means with 95% confidence intervals.

Species ICso (ng/ml) 95% confidence interval (ug/ml)
Cystoseira amentacea 87.29 73.81-103.20

Cystoseira compressa 142.5 122.20 - 166.20

Sargassum vulgare (Mediterranean) 695.5 548.30 - 882.30

Cystoseira tamariscifolia 27.02 22.33-32.69

Cystoseira baccata 60.64 53.19 - 69.14

Cystoseira usneoides 108.2 85.84 - 136.40

Sargassum vulgare (Atlantic) 619.3 519.80 - 737.70
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Table 3. The values of the oxygen radical absorbance capacity (ORAC) are
expressed as pmol of Trolox equivalents per gram of extract (umol TE / g extract).

Values are mean of three independent experiments + standard error of the mean

(SEM).
Species umol TE / g extract SEM
Cystoseira amentacea 149.55 12.11
Cystoseira baccata 94.67 6.30
Cystoseira compressa 58.40 12.09
Cystoseira tamariscifolia 138.92 4.40
Cystoseira usneoides 148.24 10.77
Sargassum vulgare (Mediterranean) 25.45 1.87
Sargassum vulgare (Atlantic) 30.44 0.67

Table 4. The values of the ferric reducing antioxidant power (FRAP) are expressed as
micromolar of FeSO4 equivalents per gram of extract (UM FeE / g extract). Values are
mean of three independent experiments + standard error of the mean (SEM).

Species UM FeE / g extract SEM
Cystoseira amentacea 353.82 47.97
Cystoseira baccata 463.92 35.97
Cystoseira compressa 76.37 5.55
Cystoseira tamariscifolia 1761.19 19.89
Cystoseira usneoides 692.56 58.24
Sargassum vulgare (Mediterranean) 17.36 3.34
Sargassum vulgare (Atlantic) 86.99 20.06

The total phenolic content obtained for C. compressa differs from other studies (48.3 mg GAE / g extract;
Chkhikvishvili & Ramazanov, 2000; ~61 mg GAE / g extract, Maldhebi et al., 2013). The low antioxidant capacity
of S. vulgare observed in the present study is not in accordance with other studies performed on Sargassum
species (Lim et al., 2002; Yangthong et al., 2009; Pinteus et al., 2017). Additionally, different results for
Sargassum vulgare was obtained in Plaza et al., 2010, where the values obtained were much higher than our
results, ranging from 26.9 to 70.9 mg GAE / g extract (SW-100 °C; SW-200 °C).

Other Sargassum species have shown very varied values of total phenolic content: Sargassum furcatum and
Sargassum desfrontrainessi (29.7 and 16.8 mg GAE / g extract; Chkhikvishvili & Ramazanov, 2000);
Sargassum horridium (~0.1 mg GAE / g extract; Tenorio-Rodriguez et al., 2017); Sargassum muticum (~10 mg
GAE / g extract, Plaza et al., 2010; ~38 mg GAE / g extract, Lee and Kim, 2015; 24-71 mg GAE / g extract;
Pinteus et al., 2017).

Regarding Cystoseira tamariscifolia, in other studies were reported similar results, as in the work of Zubia et al.,
2009 to the brown algae species from Brittany coast, where Cystoseira tamariscifolia extract obtained also the
highest value (109 mg GAE / g extract), and in Vizetto-Duarte et al., 2016 (~165 mg GAE / g DW). Contrary, in

Pinteus et al., 2017, although the Fucales species obtained the highest values of phenolic content, Cystoseira
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tamariscifolia obtained a lower value than in this study (~57 mg GAE / g extract), instead, Cystoseira usneoides
obtained a similar value (~86 mg GAE / g extract).

Overall, the highest antioxidant capacity performing TPC, ORAC and mainly DPPH is reported for Fucales
genera, particularly in Cystoseira and Fucus (Zubia et al., 2009; Andrade et al., 2013; Vizetto-Duarte et al.,
2016; Pinteus et al., 2017; Tenorio-Rodriguez et al., 2017). In the studies on polar extracts of Cystoseira species
high values of phenolic content were reported but, as find for Sargassum species, with a noticeable variability
among them: Cystoseira sedoides (50.3 mg GAE / g extract; Mhadhebi et al., 2013), Cystoseira crinita (56.5
mg GAE / g extract; Mhadhebi et al., 2013), Cystoseira abies-marina (6.81 and 48.09 mg GAE / g extract; Plaza
et al., 2010) or Cystoseira hakodatensis (31.3 mg GAE / g extract).

Interestingly, the lowest antioxidant capacity was observed in the more resilient species, C. compressa and S.
vulgare, while the highest antioxidant activity was observed for the threatened and protected species, such as
C. tamariscifolia and C. amentacea. This fact may be due to the amount of phenolic content that is produced
by these species in response to different stress conditions (Amsler and Fairhead, 2006; Stiger-Pouvreau et al.,
2014): a lower production of these secondary metabolites is performed in those species which are more tolerant
to moderately polluted habitats. Recent studies (Mannino et al., 2014, 2017) have elucidated variation of the
TPC from temperate brown algae (Fucales and Dictyotales) due to different factors such as morphology,
exposition, solar radiation and bathymetric level that can explain the disparity in antioxidant activity results
among the studies. Additionally, season of collection and preparation of the extract are other important factors
affecting the results of the different antioxidant tests (Tenorio-Rodriguez et al., 2017).

3.2 Antimicrobial activity

Antimicrobial activity of the extracts of six Fucales species was tested against Staphylococcus aureus,
Pseudomonas aeruginosa and Candida albicans growth. The Figure 3 shows antimicrobial capacity only in S.
aureus, where the macroalgae extracts caused more than 50% growth inhibition at the maximum concentration
tested (Img / ml). In fact, several studies reveal the Gram+, as S. aureus, are more sensitive to macroalgal
extracts than the more resistant Gram- bacteria, especially, P. aeruginosa (Pesando and Caram, 1984;
Mhadhebi et al., 2011; Alghazeer et al., 2013; Pinteus et al., 2015). The higher resistance in Gram- bacteria is
related to a complex envelope with an outer and an inner membrane delimiting a periplasmic space, forming
various protein channels involved in the transport, uptake or efflux, of a large variety of compounds, therefore
representing a barrier to the penetration of antibiotic (Pages et al., 2008; Nikaido, 2009).
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Figure 3. Antimicrobial activity of the extracts tested against Staphylococcus aureus, Pseudomonas
aeruginosa and Candida albicans growth (1 mg/ml). Values in each column are the mean of two or three
independent experiments + standard error of the mean (SEM). Values below the red line indicate the
capacity of the macroalage extracts to cause more than 50% growth inhibition.

In the present study, a higher capacity to inhibit S. aureus was observed for C. tamariscifolia, with an ICso of
267.9 ug/mL, while a lower capacity was observed on C. amentacea and C. usneoides with similar values (ICso

~400-425 pg/ml. The dose response analysis on C. baccata extracts revealed an ICsp >1000 pg/mL (Table 5).

Table 5. ICsp values of the growth inhibition of Staphylococcus aureus expressed as pg per millimeter
(ng/ml). Values are expressed as means with 95% confidence intervals. The results are the mean of

two or three independent experiments.

Species ICso (ng/ml) 95% confidence interval (ug/ml)
Cystoseira tamariscifolia 267.9 212.3-338.2
Cystoseira usneoides 396.7 288.2 - 546.1
Cystoseira amentacea 426.9 344.2 -529.4
Cystoseira baccata >1000

For P. aeruginosa and C. albicans all macroalgal extracts presented an ICso >1000 pg/mL. The absence of
antimicrobial activity for Cystoseira compressa and Sargassum vulgare are in agreement with other previous
studies (Ibtissam et al., 2009; Mhadhebi et al., 2011). On the contrary, in Etahiri et al. (2003) Sargassum vulgare
displayed high antibacterial activity against S. aureus, whose growth was also inhibited in presence of Cystoseira
tamariscifolia and Cystoseira humilis. In addition to these latter species, also C. mediterranea and C. usneoides
show a high antibacterial activity for Gram+ bacteria (S. aureus) but also for Gram- bacteria (Ibtissam et al.,
2009). In the present study, we observed high antibacterial activity for Gram+ bacteria, but no activity against

Gram- bacteria (P. aeruginosa) for all Cystoseira extracts.
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Figure 4. Staphylococcus aureus growth (6 hours) in the presence of different concentrations of polar
extracts (10-1,000 pg/ml). The results are the mean of two or three independent experiments. + standard
error of the mean (SEM).

As far as antifungal activity against Candida species, in the present study, no activity was recorded for any of
the investigated species, contrarily to the findings in C. sedoides and C. crinita (Mhadhebi et al., 2011).

Conclusions

The higher antioxidant activity of brown algae compared to green and red algae is clearly confirmed by the
consistent results reported in literature. Instead the antibacterial activity is still controversial, reporting highest
antibacterial activity in brown algae (Etahiri et al., 2003; Rizve and Shameel, 2004; Mhadhebi et al., 2011;
Alghazeer et al., 2013) or in red algae (Mahasneh et al., 1995; Val et al., 2001; Kaaria et al., 2015; Pinteus et
al., 2015), alternatively.

In this work, the antioxidant and antibacterial activities were highlighted for the polar extracts of several
Cystoseira species. The highest bioactivities were obtained for Cystoseira tamariscifolia followed by Cystoseira
usneoides and Cystoseira amentacea. Conversely, the Sargassum vulgare displayed limited antioxidant activity
and no antimicrobial one. Therefore, Cystoseira species can be considered as good potential source of bioactive
properties and a promising source of health products.
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Abstract

Along Mediterranean shallow rocky reefs, brown macroalgae belonging to the Cystoseira genus (e.g.
Cystoseira amentacea and C. compressa) are ecosystem engineer, locally creating a continuous fringe in the
midlittoral zone, supporting high biodiversity and productivity and providing relevant ecosystem services. A
growing interest in the quantification of the economic value of ecosystems arose in the last decades aiming at
raising awareness of the general public and supporting policy-makers in the process of creating new legal
instruments towards the preservation of biodiversity. In this framework, a methodology for ecological and
monetary evaluation of natural capital, based on biophysical accounting and on emergy theory is applied to
the upper midlittoral habitat influenced by the continuous and non-continuous Cystoseira fringe. The proposed
approach is a quantitative measure able to analyse the overall functioning of the system and its efficiency in
exploiting available resources. The mean economic value of the midlittoral habitat assessed through the
present study is 1.04 em€/m2, consistent with the average values calculated for other benthic habitats. Higher
values and larger variability were observed in presence of continuous Cystoseira compressa fringe, which is
present in sites with different levels of pollution. Instead, in presence of a continuous Cystoseira amentacea
fringe, a noticeable sensitivity species, lower variability was recorded showing a deterministic homogeneity
effect on the above midlittoral habitat. From this study, emergy analysis is confirmed to represent an effective
and operative tool to provide a synthetic monetary assessment of ecosystem services making a complex

information easily accessible to different stakeholders, from general public to territorial managers.
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1. Introduction

Reefs are rocky marine habitats or biological concretions that rise from the seabed. Reefs may support a
zonation of benthic communities of algae and animal species as well as concretions (corallogenic or not). They
are generally subtidal but may extend as an unbroken transition into the intertidal zone, where they are
exposed to the air at low tide. Reefs are very variable in form and in the communities that they support, which
are characterised by communities of attached algae and invertebrates, usually associated with a range of
mobile animals, including invertebrates and fish. The different tipologies of reef, which are characterised by a
specific benthic community, are protected under the EU Habitats Directive (Council Directive 92/43/EEC),
within the Natura 2000 ecological network of protected areas. In the Mediterranean Sea Cystoseira/Sargassum
beds are the most relevant species within this habitat, supporting a mixture of other red algae (e.g. Gelidiales,
Ceramiales), brown algae (e.g. Dictyotales) and green algae (e.g. Siphonales, Siphonacladales). Additionally,
this habitat is characterised by the presence of biogenic reef forming animals, such as polychaetes (e.g.
Sabellaria alveolata) and bivalve molluscs, and non-reef forming animals, as barnacles, hydroids, bryozoans,
ascidians, sponges, gorgonians and polychaetes as well as diverse mobile species of crustaceans and fish.
Benthic organisms (macrophytes and macrofauna) have been identified as ecological quality status indicators
for this habitat in the Water Framework Directive (WFD 2000/60/EC) of the European Community, according
to their different sensitivity levels to environmental stress (Borja et al., 2000; Krause-Jensen et al., 2005;
Pinedo et al., 2007; Romero et al., 2007; Orfanidis et al., 2011; Diez et al., 2012).

Rocky midlittoral, i.e. the zone between the high and low tides along coast and the interface between terrestrial
and marine realms, is the most impacted by anthropization, in terms of coastal artificialization, human collection
and trampling, floating pollutants, particularly affecting the first few meters and compromising superficial
benthic communities (Arnoux and Bellan-Santini, 1972; Belsher and Boudouresque, 1974; Verlaque and Tine,
1979; Soltan et al., 2001), with consequent habitat impoverishment.

The midlittoral zone displays macroalgal assemblages mainly characterised by algal turfs (composed of a
matrix of small macroalgae mainly belonging to the order of Corallinales, Ceramiales and other green and red
filamentous algae). In the uppermost zone (supralittoral) the fleshy red algae, Rissoella verruculosa and
Nemalion helminthoides, encrusting brown and red algae, colonial cyanobacteria and lichens (Verrucaria spp.)
are present. Sessile animals thriving in the midlittoral zone are mostly mussels (in the lower midlittoral), limpets,

topshells, littorinids and barnacles (in the upper midlittoral).

Along shallow rocky reefs, canopy-forming brown macroalgae belonging to the Cystoseira genus are listed
among the most sensitive species for the ecological quality assessment (Ballesteros et al., 2007; Pinedo et
al., 2007). Cystoseira spp. display a large size and complex structure with an arborescent thallus: where well-
developed, these species can form forests, which play an important role as ecosystem engineers, supporting
a highly structured tri-dimensional and diversified macroalgal assemblage with high biodiversity and
productivity and providing shelter (refuge) and food for marine invertebrates and for juvenile fish (Bulleri et al.,
2002; Cheminée et al., 2013). Cystoseira amentacea var. stricta and Cystoseria compressa typically thrive in
the lower level of the midlittoral zone, being C. amentacea one of the most sensitivity species classified as
protected (Habitat Directive (92/43/EEC); Bern and Barcelona Convention) and C. compressa the most
resilient species of this genus.

The so-called Cystoseira fringe (specially C. amentacea), when present in a continuous belt in the lower

midlittoral zone, displays relevant ecosystem functioning that can affect the above habitat. Notwithstanding the
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relatively small size of the Cystoseira species compared to large oceanic brown algae, given the narrow
amplitude of the tide in the Mediterranean Sea, ranging in a decimetre scale (30-90 cm; NOAA, 2015), these
species can play a similar role as kelps or fucoids, such as sheltering and water oxygenation (Schdmit et al.,
2011; Smale et al., 2013).

A general regression of Cystoseira species is reported along the Mediterranean coasts, due to different factors:
sedimentation (Perkol-Finkel and Airoldi, 2010), low water quality (Sales et al., 2011; Zavodnik et al., 2002)
and coastal artificialization (Sales and Ballesteros, 2010; Thibaut et al., 2005). It is already well known that the
regression of Cystoseira species, and more generally of canopy-forming species (Dayton, 1975; Dayton, 1985;
Chapman, 1990; Benedetti-Cecchi et al., 2001, Smale and Wernberg, 2013), reduces the three-dimensionality,
the biodiversity and the functioning of their habitat, affecting the structure of the understorey assemblages and
the flattening in vertical distribution of habitats (Bulleri et al., 2002). Differently, the effect of the canopy on the
functioning of the above located “upper midlittoral assemblages” has so far been poorly investigated.
Additionally, little studies have been performed on the vagile species community composition associated to
algal assemblages, both within the Cystoseira fringe and in the above midlittoral zone (Thrush et al., 2011).
Previous studies have demonstrated that algal assemblages can have strong effects on the distribution of
macrofaunal organisms that live in the turf matrix (Abbiati et al., 1987; 1991; Giangrande, 1988; Sarda, 1991;
Kelaher et al., 2001). In fact, algal turfs and canopies can provide protection from dislocation due to waves,
provide shade and restrict the variability in humidity and temperature on the shore (Kelaher et al. 2001, Bulleri
and Benedetti-Cecchi, 2008), filter swimming larvae or drifting adults, provide a refuge from predation by large
mobile predators. These habitat-mediated effects imply that changes in algal habitat structure should influence
the diversity of niches available to rocky shore infauna.

The focus of this study is to quantify the effect of the Cystoseira fringe on the upper midlittoral ecosystem in
the Mediterranean Sea.

At this purpose the value of the natural capital stocked in habitats located in the midlittoral zone and above a
continuous and discontinuous Cystoseira belt has been calculated.

The natural capital of the midlittoral habitat was estimated for both the autotroph (macroalgae) and heterotroph
(sessile and vagile macroinvertebrates) components of the community through the application of emergy
analysis.

Emergy approach is able to attribute a system value to a habitat through a biophysical accounting procedure.
In particular, the value corresponds to the amount of resources used to create and maintain the habitat.
Emergy accounting is then a quantitative method able to assess the work of biosphere in terms of direct and
indirect solar energy converging to support the production of goods and services (Odum, 1996). According to
this method, the more work of the biosphere is embodied in generating the exploited natural resources, the
greater is their value. Emergy units can be converted into currency equivalents through a conversion factor
named “Emergy to money ratio” (EMR) to better convey results to administrative stakeholders and general
public.

Recently this approach has been applied to natural capital evaluation (Brown and Ulgiati, 1999; Campbell and
Brown, 2012; Campbell and Tilley, 2014; Franzese et al., 2015; Franzese et al., 2017; Picone et al., 2017; Lu
et al., 2007; Pulselli et al., 2011; Vassallo et al., 2013; Vassallo et al. 2017; Paoli et al., 2018).

A growing interest in the quantification of the monetary value of ecosystems arose in the last decades aiming

at raising awareness of the general public towards the preservation of biodiversity and at supporting the policy
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makers in the process of creating new legal instruments (Beaumont et al., 2008; Braier et al., 2006; Brown et
al., 2001; Costanza et al., 1997; Odum, 2000). Efforts were addressed not only to the monetisation of
ecosystems but also to understand the link between ecosystems and human well-being.

Costanza and Daly (1992) introduced the concept of natural capital, combined with human capital and
manufactured capital. Natural capital includes land, air, water, sea and ecosystems themselves; human
capital comprises all individuals’ capacities for work, while manufactured capital encompasses all material
goods generated through economic activity and technological change. Interactions between the three capital
types generate well-being and a tight link exists between ecosystem services provision and natural capital:
only if natural capital is preserved the supply of services in the future and at the actual level can be
guaranteed (De Groot et al., 2012). From natural capital, ecosystem functions arise: these latter represent
the potential to generate services that arise from natural capital stocks; functions originate directly from the
ecological structures and processes of ecosystems and their mutual interactions (De Groot et al., 2010). If
functions depend on natural capital, ecosystem services (ES) arise from functions. ES represent the useful
things that ecosystems directly and indirectly generate for the mankind. The main difference between
functions and services resides in the fact that, while the value and the perception of services by humans
change according to cultural, social and economic features, functions exist and bring their potential
independently from humans (De Groot et al., 2010). Since ES generate well-being it is important to know and
to evaluate each step or component of this so-called “pathway from nature to well-being” (De Groot et al.,
2010; Paoli et al., 2017).

Emergy, in this context, i) being an input-state-output method (Pulselli et al., 2011) with a system approach
can help understanding relationships leading from natural capital to well-being ii) is able to attribute a value,
also expressed in monetary equivalents, to natural capital, allowing to easily monitor changes in studied

communities.

2. Materials and Methods

2.1 Sites and sampling

Survey covered 10 sites located along the eastern Ligurian Riviera, Italy, extending over ~80 km of coastline
(Figure 1). Sampling was conducted in July 2008. Each site consisted of a 150 m transect located in the rocky
midlittoral zone (immediately above the mean low water level). All sites were chosen consistently in terms of
slope and aspect to open water.

The start point of each transect was located in an unbiased, haphazard fashion and samples were collected
at this point and every 10 m (measured with a tape measure), resulting in a sample size of 15 sampling points
for each site. Each sampling point was also logged with a GPS (accuracy <10 m, RMS Garmin eTrex H).

At each sampling point, we visually censused a 20 x 20 cm quadrat to identify the large organisms
(invertebrates and seaweeds) that define the algal turf habitat and assess quadrat species density (number of
species per quadrat). To provide percent cover estimates, the quadrat was divided into 25 equal squares, each
representing 4% of coverage. Each taxon observed was given an abundance rank (1 to 4) within each square
(14 of the square = 1%) and the total percent substrate cover was obtained by adding up scores for all squares
where the taxon was present. Organisms filling less than 1/4 of a square (<1%) were given a percent cover
value of 0.5 (following Dethier et al. 1993). Visible, solitary organisms were also counted in each quadrat.

At each sampling point we also collected two cores, by pushing a stainless steel corer (5 cm internal diameter)

firmly into the turf and encrusting fauna: the top of the core was then plugged while a flexible metal blade was
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slid against the rock to free the encrusting turf and organisms contained within the corer. At each sampling
point, one of the cores was used to sample the turf infauna: the sample was placed into a plastic jar, preserved
with 70% isopropyl alcohol and stained with Rose Bengal. Specimens were then sorted and enumerated at
the lowest taxonomic resolution possible. The second core sample was collected for the analysis of turf organic
matter and sediment content. This core was stored in a plastic bag, kept cool and in the dark until frozen on
return to the laboratory. Samples for turf total organic and sediment content were defrosted and air dried. Then
algae and large organisms with calcified shells (e.g. mussels and barnacles) were removed from the sample.
Samples were then dried at 60°C for 48 h, weighed, then combusted at 400°C for 6 h, and reweighed to

measure total organic and inorganic sediment content respectively.
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Figure 1. Sampling Sites along the eastern Ligurian Riviera, Italy.

2.2 Emergy analysis: theory and principles

Emergy analysis is a thermodynamic based methodology introduced during the ’80s by Howard Odum. It is an
approach of quantitative analysis that standardizes the values of non-monied and monied resources, services
and commodities in a single common unit (Brown and Herenden, 1996). This makes emergy a very versatile
technique that can be applied to whatever natural or human system or to a mix of the two.

Emergy theory is defined by two key concepts: solar emergy itself and solar transformity. Solar emergy is
identified by the quantity of solar energy required, directly or not, to provide a given flow or storage of energy
or matter (Odum, 1996). Emergy is expressed in solar emergy Joule (seJ) and is usually calculated on an
annual scale. Transformity measures the input of emergy per unit output and is calculated as the ratio of the
emergy necessary to produce a flow or a storage to the actual energy of that flow or storage (Ulgiati and Brown,
2002). The transformity is expressed in solar emergy Joule per Joule of output flow (sej-J1). For certain
products or flows, easily quantifiable in units of mass or money, a conversion value expressed in sej-g-* or

sej-€1 can be used (Paoli et al., 2008 a,b). These coefficients are respectively named specific emergy and
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emergy per unit money; transformity, specific emergy and emergy per unit money can be gathered under the
locution Unit Emergy Value (UEV hereinafter, Paoli et al., 2013).

The first step of the methodology consists in the drawing of a system diagram where the system is represented
as a box, containing the components and surrounded by all the inputs on left and upper boundaries. The
outputs are located outside the right boundary while the heat losses are represented below. From the diagram
an emergy table is built where in the first column all input to the ecosystem are listed, the second column has
the corresponding unit of measure, the third contains UEVs and the fourth the emergy values obtained from
the multiplication of input flows and UEV.

The sum of emergy values provides an estimate of total resources amount required by the ecosystem that can
be considered a proxy of natural capital value as cost invested by nature.

When an emergy amount is ascribed to the natural capital the latter step consists in the calculation of the
corresponding monetary value. In order to express the solar emergy as units of money, the standard practice
(Odum, 1996) is to divide the solar emergy (sej) by the mean solar emergy-to-currency ratio (sej/€ in our
case) of the economy that encompasses the flow of solar emergy (Campbell and Tilley, 2014). This ratio is
named Emergy Money Ratio (EMR hereinafter) and it is calculated as ratio between the emergy flow used by
a nation and its Gross Domestic Product. The ratio represents the emergy buying power of money in a
system since it values how much emergy corresponds, on average, to one unit of money produced by the
considered national economy (Odum, 1996; Campbell and Lu, 2009). As a consequence, given an emergy
amount expressed in sej, it can be translated in whatever currency simply by dividing this amount by the
chosen EMR. Here the 9.60E+11 sej/€ ratio is employed (Pereira et al., 2013). Monetary equivalents of
biophysical values, such as the natural capital value of the midlittoral zone, are expressed in emergy-euros
(em€). Currently, emergy scientists are debating about the conversion of the emergy value in monetary units
(Campbell and Tilley, 2014). In emergy evaluations the monetary equivalents of solar emergy joules
amounts are used mainly with communication purposes: the translation from emergy units to money units
does not change the biophysical feature of the accounting method but, instead, it represents a tool to include
nature’s value in socio-economic and policy contexts (Franzese et al., 2017; Vassallo et al., 2017; Paoli et
al., 2018).

2.2 Natural capital value assessment
Emergy has been recently employed for the study of ecosystems (Brown and Ulgiati, 1999; Odum and Odum,
2000; Pulselli et al., 2011; Franseze et al., 2015). Practical applications are mainly addressed to the study of
terrestrial forests (Campbell and Tilley, 2014; Turcato et al., 2015), or marine systems, in particular Marine
Protected Areas (MPAs; Vassallo et al., 2013, Vassallo et al., 2017: Franzese et al., 2017; Picone et al., 2017;
Paoli et al., 2018).
The applied methodology is based on the scheme proposed by Vassallo et al. (2017) and then is based on
three main steps:
1. Trophodynamic assessment: an estimate of the primary productivity exploited to generate and to

maintain the benthic biodiversity of the study area
2. Supporting units’ calculation: estimation of the space and time required to yields primary productivity

calculated in the previous phase.
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3. Ecologic and monetary equivalents valuation: an estimate, through Emergy, of the biophysical value

ascribable to the productivity calculated in the trophodynamic assessment, then translated in monetary

units,

Here below each phase is described in more detail:

2.2.1 Tropho-dynamic assessment

The main trophic and taxonomic groups composing the ecosystem were identified and described in

Operational Taxonomic Units (OTUs) for both macroalgae and infauna. Then a database of the biomass per

unit area associated with each trophic group was created.

As far as macroalgae are concerned, coverage values (from the visual quadrats) were converted into biomass

using conversions factors (WCF) from Ballesteros (1985), except for the Cystoseira species, where conversion

factors were calculated ad hoc on harvested samples (Table 1).

Dry weights of the considered algal species have been transformed in carbon weights (g/m?) by means of the

conversion factors (CCF) from Brey (2016). The sum of the carbon weights of the different species composes

the total carbon weight of the primary producers OTUs.

Table 1. Macroalgal species and used conversion factors: from coverage values to biomass dry weight (WCF)
and from dry weight to carbon content (CCF)

Acronym Species/OTUs WCF CCF
CYS-CA Cystoseira amentacea var. stricta 0.900 0.35
CYS-CC Cystoseira compressa 0.900 0.35
ACA-C Articulated calcareous Corallina spp. 0.030 0.15
ACA-J Articulated calcareous Jania 0.020 0.27
CCA Corallinales Crustose 0.175 0.27
NCA NON-Corallinales Crustose 0.020 0.27
CFA Corticated Foliose 0.050 0.29
CFA-C Corticated Foliose-Calcified 0.050 0.29
FA Filamentous 0.003 0.28
CM Corticated 0.010 0.29

The midlittoral benthic fauna was grouped according to their systematics (phyla: Mollusca, Crustacea,

Annelida, Echinodermata) and their feeding behaviour (grazers, deposit feeders, suspensions feeders and

predators), for a total of eleven different OTUs (Table 2).

Table 2. OTUs of turf infauna benthic invertebrates.

Feeding behaviour|Systematic category [OTU

category

GRAZERS Mollusca Mollusca gra
Crustacea Crustacea gra

DEPOSIT FEEDERS Annelida Annelida_dep
Crustacea Crustacea_dep
Echinodermata Echinod_dep
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SUSPENSIONS FEEDERS |Mollusca Mollusca_susp
Annelida Annelida_susp
Crustacea Crustacea_susp

PREDATORS Annelida Annelida_pred
Crustacea Crustacea_pred
Pycnogonid Pycnogonid_pred

The abundance values of each OTU from the individual samples were converted into biomass using individual

weight conversion factors from Goren (1980) and Brey (1990) (Paoli et al., 2016; Paoli et al., 2018).

The individual weights ascribed to each considered species are reported in Table 3, classified according to the

corresponding OTU.

Table 3. Species of turf fauna considered and individual weights

OoTu

Species

Individual weight (gC)

Mollusca_susp

Mytilus galloprovincialis

3.02E-03

Mollusca_susp Mytilaster minimus 3.02E-03
Mollusca_susp Musculus costulatus 6.61E-04
Mollusca_susp Hyatella arctica 3.02E-03
Mollusca_gra Patellidae indet. 2.33E-02
Mollusca_gra Acanthochitona 2.11E-02
fascicularis
Echinod_dep Amphipholis squamata 3.53E-02
Annelida_pred Nereididae indet. 4.31E-04
Annelida_pred Nereis jacksoni 5.48E-04
Annelida_pred Perinereis cultrifera 4.31E-04
Annelida_pred Nereis perivisceralis 5.48E-04
Annelida_pred Platynereis dumerilii 1.97E-04
Annelida_pred Syllidae indet. 6.71E-05
Annelida_pred Syllis gracilis 8.08E-05
Annelida_pred Syllis prolifera 8.08E-05
Annelida_pred Exogoninae indet. 6.71E-05
Annelida_dep Tubificidae indet. 4.65E-04
Annelida_dep Polyophthalmus pictus 7.71E-04
Annelida_susp Sabellidae indet. 2.80E-03
Annelida_susp Serpulidae indet. 4.66E-05
Crustacea_pred Caprella hirsuta 1.22E-04
Crustacea_gra Ampithoe spuria 1.59E-04
Crustacea_gra Elasmopus pocillimanus 1.12E-04
Crustacea_gra Jassa marmorata 1.22E-04
Crustacea_gra Hyale grimaldi 1.22E-04
Crustacea_pred Stenothoe tergestina 1.20E-04
Crustacea_pred Podocerus variegatus 1.22E-04
Crustacea_susp Tanais dulongii 1.89E-04
Crustacea_gra Sphaeromidae sp. 8.30E-03
Crustacea_pred Gnathiidae sp. 8.30E-03
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Crustacea_dep Anthuridae sp. 8.30E-03
Crustacea_susp Balanomorpha spp. 2.22E-03
Pycnogonid_dep Anoplodactylus petiolatus | 9.29E-05
Pycnogonid_dep Rhynchothorax voxorinus | 9.29E-05
Crustacea_pred Eriphia verrucosa 3.43E-03
Crustacea_pred Decapoda indet. 3.43E-03

The assessment of the biomass stocked in the trophic groups is the basic information for the calculation of the
primary productivity required, in space and time, to generate the natural capital stocked within the habitat.
The total productivity associated to the natural capital stock of the ecosystem (B or primary biomass) was
obtained as sum of autotrophic primary biomass (Ba) and heterotrophic one (Be). Ba is given by the sum of the
different primary producers’ biomasses.

Be is a function of each heterotrophic OTU biomass and its trophic level. Pauly and Christensen (1995)
proposed a calculation for the evaluation of the primary productivity supporting fisheries based on the
assumption that in nature a fixed rate of energy (trophic efficiency rate) is transferred from a trophic level to
the following. According to Christensen and Pauly (1993), the transfer efficiency between trophic levels is
assumed equal to 15% in coastal systems. The supporting primary productivity for heterotrophic biomass (Be)
stock is then calculated as:

Be=Y" , heterotrophic OTU; biomass * 7(Tli~1 equation 1

where TLiis the trophic level of each heterotrophic OTU (Lindeman, 1942)

The biomasses and the obtained productivities were expressed in carbon grams per squared meters. The
corresponding quantity of nitrogen and phosphorus fixed were calculated by adopting the classical mass ratio
of C:N:P=41:7:1 (Redfield et al., 1963). The trophic levels were assessed by means of the simulations of the
trophic web through Matlab ® software (Paoli et al., 2016).

2.2.3 Supporting units’ calculation for natural capital

Once primary productivity B was calculated, the number of years during which this productivity has been
generated has to be accounted (supporting time hereinafter). This calculation is required in order to apply the
emergy procedure, based on the estimate of annual natural fluxes allowing the transformation of nutrients into
organic matter.

Supporting time was calculated as ratio between required primary production and an average productivity rate.
Here two rates were considered: for the biomass of macrophytes a specific productivity rate equal to 375 g/m?
has been adopted (Charpy-Roubaud and Sournia, 1990), while for the productivity that supported the storage
of heterotrophic biomass a rate of 650 g/m?, considering macroalgae, seagrass, microphytobentonic and
phytoplanktonic average productivity, has been taken into account. Supporting time multiplied by the
considered surface (in our case a squared meter) provided the so called “supporting surface” (Table S1).
Supporting surface gave an estimate of the total area required to potentially generate, in a single year, the

primary productivity that allowed the storage of present natural capital through time.
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2.3 Ecological valuation and estimate of monetary equivalents

Emergy associated to each sampling site was assessed starting from data of nutrients and natural fluxes
calculated following the described approach.

From B calculation, inputs to emergy table, listed in Table 4, were obtained. Inputs are represented by the
guantity of nutrients used to generate the required primary productivity and the amounts of natural resources

necessary to convey and then transform them in organic matter.

Table 4. Emergy table formulas for the midlittoral habitat above the Cystoseira fringe; coefficients used in

formulas are detailed in Supplementary materials (Table S1).

Items Formula UM References
Carbon B (see paragraph 2.2.1) g This work
Nitrogen Carbon/41*7 g This work
Phosphorus Carbon/41 g This work
Sun Annual solar radiation per unit area*Supporting |J Odum, 1996

surface*(1-albedo)
Rain Annual rainfall* Gibbs free energy* Water J Odum, 1996

density* supporting surface

Wind Air density*drag coeff.*(geostrophic wind J Campbell et al., 2005
velocity)3*supporting surface*seconds per year

Currents 4*water mass*velocity?*supporting surface J Campbell et al., 2005

Geothermal Geothermal flux*supporting surface J Odum, 2000; Cataldi et al.,

heat 1995

Tides 4*tides per year*(height)?*density*supporting  |J Odum, 1996
surface*gravity

The content of carbon, nitrogen and phosphorus of each site were translated in emergy terms by means of
appropriate UEVs (Table 5) together with natural fluxes impacting on each station/site (namely sun, rain,

geothermal heat, current, tides) for the supporting time are accounted. The UEVs used in this study were

updated to the 1.52E+25 sej yr‘1 biosphere emergy baseline calculated by Brown and Ulgiati (2010).

The sum of inputs’ emergy values provided an estimate of the resources’ amount required by the site and
represents the biophysical assessment of the cost made by nature to generate all the resources exploited
(Vassallo et al., 2017). The emergy values of different inputs were summed according to emergy algebra rules.
As a consequence, items can be classified as: i) "splits” that are flows of the same kind, with different emergy
but the same UEV (for example, a water stream that divides into two); ii) co-products that are outflows of a
different kind and different UEV (for example, flows of wool and mutton produced by the sheep agricultural
system are co-products). Co-products have different UEVs because they emerge from different stages in the
series of transformations during the same process. According to algebra rules, only the maximum among co-
products was chosen and included in the sum to avoid double counting. In particular, the nutrients were
considered as a different set of co-products and then compared with sun, rain, wind and current (representing

another co-product set), being these two groups generated on a different spatial and temporal scale. Tides
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and geothermal heat were considered as splits according to previous researches and being generated by

different processes at global scale (Brown et al. 1991; Campbell et al., 2004).

Table 5. UEVs used in the present study

ITEM UEV Reference
(seJ/unit)

C 1.02E+08 Campbell et al., 2014

N 7.40E+09 Odum, 1996

P 2.86E+10 Odum, 1996

Sun 1.00E+00 By definition

Rain 2.93E+04 Odum, 1996

Wind 2.41E+03 Odum, 1996

Geothermal heat 2.00E+04 Brown and Ulgiati,
2010

Tides 7.20E+04 Brown and Ulgiati,
2010

Currents 3.80E+04 Odum, 1996

The sum of 1) the greatest among nutrients emergy contributions, 2) the maximum among natural inputs and
geothermal heat, 3) currents and 4) tides composed then the total emergy requirement for the midlittoral habitat
in each site.

Once this emergy amount was calculated the corresponding economic value was obtained applying EMR.
Here the 9.06 E11 sej/€ EMR was employed (Pereira et al. 2013).

The potential role of the different Cystoseira species and of their continuous or discontinuous fringe on the
economic value of the above midlittoral community was evaluated by assessing, for each sampling point, the
main condition: presence of a continuous belt of C. amentacea, presence of a discontinuous belt of C.
amentacea, presence of a continuous belt of C. compressa, presence of a discontinuous belt of C. compressa.

Data were then plotted and differences tested by ANOVA using Matlab ® software.

3. Results

3.1. System diagram

Figure 2 shows the system diagram of the midlittoral habitat above the Cystoseira fringe. The diagram
summarizes the general functioning of the system and how Cystoseira influences it. Inputs are depicted on the
left side of the diagram. Main box indicates habitat boundaries, including the habitat itself and the generated

functions box. Ecosystem services are listed as outputs to humans on the right side of the diagram.
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Figure 2. Emergy diagram of the midlittoral habitat above the Cystoseira fringe.

3.2 Biomass assessment

Figure 3 shows the proportional density of each OTU in the different sampling sites. Overall, the OTUs
Mollusca_Susp, Crustacea_Graz and Crustacea_Dep have the highest values of density. In the Framura Site we

observed the greatest density, which is due mainly by two OTUs: Mollusca_Susp, Crustacea_Graz, and,
particularly the Mollusca_Susp presents the highest values of density.
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Figure 3. Proportional density of each infauna OTU for the different sites.

Values of biomass for the 10 sites, converted from density values of the 15 sampling points per site, are

reported in Table 6. Autotrophic and heterotrophic components contribute almost equally to total biomass in

half of the sites, while the heterotrophic component results significantly larger (over the 60%) than the

autotrophic one only in a single site (Framura). In all the remaining sites, the heterotrophs’ contribution is lower

than 35%.
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Table 6. Biomass in carbon grams in the considered sites

Biomasses Pontetto |PC West PC East Portofino Framura Bonassola Levanto Monterosso | Montenero | Monesteroli
(gC/m?)

Autotrophs 1.17E+02 |5.93E+01| 6.79E+01 3.78E+01 9.71E+01 6.78E+01 8.09E+01 4.89E+01 6.72E+01 6.39E+01
Mollusca susp. 1.94E+01 |4.66E+01| 1.07E+01 2.29E+01 1.31E+02 1.90E+01 3.02E+01 2.66E+01 3.22E+01 5.93E+01
Mollusca graz. 3.58E+00 |2.15E+00| 2.15E+00 5.88E+00 5.73E+00 1.70E+01 2.86E+00 9.38E+00 5.73E+00 5.73E+00
Echinodermata det. | 0.00E+00 |1.20E+00| 1.20E+00 0.00E+00 4.79E+00 3.59E+00 0.00E+00 0.00E+00 3.59E+00 1.20E+00
Annelida susp. 1.91E-01 |4.56E+00| 5.71E-01 4.48E+00 9.49E-02 0.00E+00 1.34E+00 1.43E+00 5.71E-01 3.14E+00
Annelida det. 4.86E-01 |4.46E-01| 7.36E-01 6.22E-01 3.43E-01 3.39E-01 1.90E-01 6.75E-01 3.22E-01 3.05E-01
Annelida pred. 9.65E-01 |2.77E+00| 1.32E+00 2.11E+00 1.09E+00 2.25E+00 1.38E+00 2.40E+00 2.27E+00 2.16E+00
Crustacea susp. 3.93E+00 |[3.68E+00| 3.88E+00 5.01E+00 3.51E+00 4.46E+00 2.69E+00 2.99E+00 4.39E+00 3.22E+00
Crustacea det. 9.13E-01 |8.22E-01| 7.26E-01 1.43E+00 1.24E+00 6.29E-01 2.34E-01 4.73E-01 3.66E-01 3.33E-01
Crustacea graz. 2.35E+00 |1.68E+00| 7.94E-01 2.18E+00 7.62E+00 3.16E+00 1.77E+00 1.55E+00 5.79E-01 1.87E+00
Crustacea pred. 2.82E-01 |5.82E-01| 7.96E-01 1.28E+00 1.16E-01 1.26E+00 9.62E-01 3.35E+00 7.96E-01 6.80E-01
Chelicherata pred. 6.31E-03 |4.10E-02 | 6.31E-03 8.52E-02 9.15E-02 3.15E-03 9.46E-03 5.05E-02 1.26E-02 1.58E-02
Heterotrophs 3.21E+01 |6.46E+01| 2.29E+01 4.60E+01 1.56E+02 5.17E+01 4.16E+01 4.89E+01 5.08E+01 7.79E+01
Total 1.49E+02 |1.24E+02| 9.08E+01 8.38E+01 2.53E+02 1.20E+02 1.23E+02 9.78E+01 1.18E+02 1.42E+02
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3.3 Natural capital evaluation

Primary biomass (B) that supported in space and time the stored biomass was calculated together with

supporting units for each site (Figure 4).
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Figure 4: Primary biomass B of the midlittoral habitat above the Cystoseira fringe in the considered sites

Emergy tables were obtained from B and supporting units’ values (Table 7).

Supporting units (years)

The average emergy value of Cystoseira intertidal habitat is 1.00E+12 seJ/m?, corresponding to 1.04 eM€/m?,

with a minimum value of 0.53 eM€/m?2 and a maximum one of 2.21 eM€/m2. Coefficient of variation (=0.43) is

rather high, because of the large variability among the considered sites. The emergy value is mainly due to

the heterotrophic component, which contributes with a percentage from 68 to 91% of the total emergy amount.
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Table 7. Emergy values of different inputs in the different sites of the midlittoral habitat above the Cystoseira fringe, total values in emergy terms and monetary
equivalents are reported.

Emergy values|Pontetto |PC West |PC East Portofino |Framura |Bonassola |Levanto Monterosso |Montenero |Monesteroli
(sed)

a|Carbon 4.23E+10 |6.63E+10 |3.07E+10 |5.11E+10 |1.27E+11 |5.68E+10 |4.60E+10 |5.94E+10 5.29E+10 |7.17E+10
b |Nitrogen 5.22E+11 |8.19E+11 |3.80E+11 |6.32E+11 |1.56E+12 |7.02E+11 |5.69E+11 |7.34E+11 |6.53E+11 |8.86E+11
¢ |Phosphorous 2.89E+11 |4.53E+11 |2.10E+11 |3.49E+11 |8.65E+11 |3.88E+11 |[3.14E+11 |4.06E+11 3.61E+11 |4.90E+11
d|Sun 3.47E+09 |4.80E+09 |2.43E+09 |3.66E+09 |8.98E+09 |4.15E+09 |3.55E+09 |4.21E+09 3.85E+09 |5.09E+09

e|Rain (chemical 9.40E+10 |1.30E+11 |6.60E+10 |9.94E+10 |2.46E+11 |1.14E+11 |9.59E+10 |1.16E+11 |1.07E+11 |1.41E+11

potential)

f (Wind 7.47E+10 |1.03E+11 |5.24E+10 |7.89E+10 |1.96E+11 |9.05E+10 |7.62E+10 |9.22E+10 |8.46E+10 |1.12E+11

g |Currents 6.12E+08 |8.48E+08 |4.29E+08 |6.46E+08 |1.60E+09 |7.41E+08 |6.24E+08 |7.56E+08 |6.93E+08 |9.17E+08

h Geothermal heat |8.71E+10 |1.21E+11 |6.11E+10 |9.21E+10 [2.99E+11 |1.38E+11 |1.16E+11 |1.41E+11 9.87E+10 |1.31E+11

i |Tides 4.72E+09 [6.54E+09 |3.31E+09 |4.99E+09 |1.24E+10 |5.72E+09 |4.81E+09 |5.83E+09 |5.35E+09 |7.07E+09

Total=max(a,b,c)+|7.08E+11 |1.08E+12 |5.10E+11 |8.28E+11 |2.12E+12 |9.59E+11 |7.86E+11 |9.97E+11 8.64E+11 |1.16E+12
max(d,e,f,g)+h+i

Monetary 7.38E-01 |1.12E+00 |5.31E-01 |8.63E-01 |2.21E+00 |9.99E-01 |8.19E-01 |1.04E+00 |9.00E-01 |1.21E+00
equivalents
(eM€)= total/EMR

Heterotrophic 68.41% 89.50% 74.58% 91.29% 90.84% 85.85% 79.39% 90.18% 85.15% 89.53%
component
percentage
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The large variability of the natural capital for the individual site was investigated taking into account the type

and condition of the underlying Cystoseira fringe. Data were grouped across sites according to the four classes

(continuous and discontinuous fringe of C. amentacea or C. compressa,; Figure 5).
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Figure 5: Variability of natural capital value according to species type and condition of the underlying

Cystoseira belt

In order to understand if the natural capital value is influenced by the condition of the underlying Cystoseira

belt, a one-way ANOVA test was performed: results are shown in Table 8 and prove the four groups to be

significantly different.

Table 8. One-way ANOVA results regarding effects of type/condition of the Cystoseria fringe on the natural

capital

Source SS df MS F Prob>F
Cystoseira | 11.33 3 3.77672 | 8.22 | 4.6890e-05
fringe

Residual | 60.16 131 0.45925

Total 71.49 134

Results from multiple comparison performed on pair of groups’ means identified significative differences

between C. amentacea and C. compressa continuous fringes (p-value < 0.001) and between continuous and

discontinuous fringes of C. compressa (p-value=0.023).

89



4. Discussion

There is a strong scientific consensus that coastal marine ecosystems, along with the goods and services they
provide, are threatened by anthropogenic global climate change (Hays et al., 2005; Hsieh et al., 2005; Harley
et al., 2006; Helmuth et al., 2006; Parmesan, 2006; Harvey, 2007). In particular, midlittoral ecosystems are
seriously threatened by the increasing anthropogenic pressure on coastal areas, due to high population
densities and rapid economic development (Sekovski et al., 2012; Guarnieri et al., 2016). Additionally, they
are particularly sensitive to the potential effects of changing climate, because of they are exposed to a wide
range of environmental conditions at the extreme edge of both marine and terrestrial environment (Harley et
al., 2006; Helmuth et al., 2006; Blanchette et al., 2008). Midlittoral habitats are highly dynamic environments
that provide a range of ecosystem functions supporting high biological productivity (McLusky et al., 1992;
Ysebaert et al., 2003; Vassallo et al., 2012), contributing to flood defence (Dixon et al., 1998) and providing
important habitats for marine and terrestrial organisms (Elliott et al., 2007; Nagelkerken et al., 2008; Ramos et
al.,2012; Yates et al., 2014; Atkinson et al., 2004; Mander et al., 2007; Rog et al., 2017).

In the Mediterranean, the midlittoral zone is widely spread by species of the Cystoseira genus that often
dominating complex and diverse benthic assemblages (Giaccone et al., 1994; Ballesteros, 1998; Hereu et al.,
2008), playing an important role as habitat-forming species in the ecosystem functioning and structure. For
these reasons, it is overwhelming important to provide metrics to assess the health status of these
environments in order to set up effective management measures.

This study provides an emergy assessment of the value of the natural capital of the midlittoral habitat
associated with the underlying Cystoseira fringe.

In the proposed emergy diagram (Figure 2) the main ecosystem functions of midlittoral habitat associated with
the underlying Cystoseira fringe were identified (i.e., refuge, biogeochemical cycles maintenance, food
provisioning, water oxygenation and protection from physical agents), from which arise related ecosystem
services of this habitat: water quality regulation, commercial species provisioning and ecotourism.

The provision of these functions and services at the present level relies on the maintenance of the natural

capital intact, and therefore the value of the midlittoral habitat natural capital was assessed.

Obtained values of the natural capital can be compared with those recently calculated with the same approach
by Franzese et al. (2017), Picone et al. (2017) and Paoli et al. (2018) (Table 9) in some Italian marine protected
areas (MPAS).

The value of the midlittoral habitat natural capital, on average equal to 1.04 em€/m2, is consistent with the
average values calculated for the benthic habitats of the MPAs varying from 0.29 to 2.81. A certain variability
can be observed among the MPAs’ habitats, nonetheless the natural capital of the midlittoral habitat seems to
be significantly lower than those recorded for photophilic and sciaphilic hard bottoms, especially in the
comparison with data obtained in the same geographical area (Paoli et al., 2018).

Yet, values from previous studies presented in Table 9 were all obtained on infralittoral habitats and within
MPA areas, where the habitats value benefits of a protection regime partially or totally limiting the stress
imposed by human activities on benthic communities.

Conversely, the upper midlittoral habitat is subjected to a huge variability of environmental conditions (e.qg.
wetting degree, intensity of wave action, temperature, salinity, light). This variability can affect fundamental
biotic and abiotic processes such as recruitment, predation and competition, availability of resources, trophic

relations and it is mirrored by strong differences in macro-benthic communities found in the habitat (Terlizzi et
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al., 2002). The trophic network is furthermore limited in both complexity and biomass storage by physical

condition. The value of the habitat can then be strongly variable and significantly reduced according to the

difficult existing conditions and the ability of organisms to cope with them.

Table 9: habitats’ natural capital values from previous researches

Paoli et al. Paoli et al. Franzese et al. Picone et al.
(2018) (2018) (2017) (2018)
Northen ltaly Northen ltaly Central Italy Southern Italy
Western Eastern
Liguria Liguria
mé€/m?2
Photophilo | Photophi
us algae lic hard 6.02 5.74 0.77 2.56
bottom
Sciaphilous | Sciaphili
infralittoral | ¢ hard 5.73 411
algae bottom
Sciaphilous
infralittoral i 5.03 2.97 248
algae
Ssora"'geno 15.00 10.92
Cymodoce | Posidoni 299 )
a nodosa a
Cymodoce | oceanica
a nodosa seagrass
on bed 2.69 )
matte
P.
oceanica 2.40 1.68
gead matte 0.62 2.45
oceanica
and dead 3.64 3.62
matte
P.
) 7.22 6.35
oceanica
P.
oceanica 6.42 6.73
on rocks
Coastal Soft
detritic bottom 3.14 1.46
Muddy
detritic i 0.83
Muds 0.26 0.35 0.11 1.03
Sands 0.64 0.44
Stones and 1.10 0.73
pebbles
Average 0.68 2.81 0.29 2.16
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Concerning the Cystoseira fringe underlying the upper midlittoral habitat, highest and most variable values
were observed in presence of C. compressa continuous fringe. Here the average emergy value of the natural
capital is 1.29E+12 seJ/m? corresponding to 1.34 eM€/m2. Moreover C. compressa continuous fringe displays
the overall highest value (3.64 eM€/m2). Where the fringe is not continuous (partially replaced by turf
assemblages), the above midlittoral community shows very similar average values (0.91 eM€/m?2 for C.
compressa discontinuous and 0.86 eM€/m?2for C. amentacea discontinuous).

In the C. amentacea continuous fringe condition, the average value is lower than the unit (0.63 eM€/m?3).
Nonetheless, in presence of a C. amentacea continuous fringe, the natural capital values show the lowest
scatter (C. amentacea continuous: st. dev. = 0.35; C. compressa continuous: st. dev. = 0.88; C. amentacea
discontinuous: st. dev. = 0.55; C. compressa discontinuous: st. dev. = 0.48), suggesting its role in habitat
stabilization.

Since the important role of C. amentacea in shallow ecosystems is widely recognised, being a key species in
maintaining habitat complexity and species diversity in its understorey community compared to C. compressa
(Mangialajo et al., 2008), which has shorter branches and less tridimensional structure, it can be surprising to
find a low value of the midlittoral community above a continuous fringe of C. amentacea. A possible
interpretation of this finding may be that midlittoral organisms tend to concentrate in the understorey of this
species rather than above because of its higher engineering function, and consequently the economic value
obtained for the above community in presence of C. amentacea fringe is lower. As far as the lower variability
in the economic value recorded for C. amentacea compared to C. compressa may instead be explained by the
higher resilience of the latter, which can thrive in both moderate polluted and unpolluted zones, therefore in a

larger range of environmental conditions.

5. Conclusions

The natural capital value can represent a valid baseline to monitor if the conditions of the considered
environment change along time as a consequence of existing or new pressures. The economic value,
expressed in currency units, can be conveyed not only to scientists but also to managers and general public.
The findings obtained in this work, referred to the upper midlittoral zone, encourage further studies in order to
evaluate the overall natural capital of the midlittoral zone in the Mediterranean Sea. For this reason, it is
necessary to encompass also the Cystoseira habitat, evaluating the ecosystem functioning and services that
it provides as foundation species. The estimation of the natural value of the Cystoseira habitat will allow to
raise awareness of the public towards the preservation of this habitat-forming species in order to protect
biodiversity, support the policy makers in the process of creating new legal and management instruments in
terms of protection, conservation and restoration actions if required, as strongly supported by European

funding programmes (e.g. LIFE Programme).
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Supplementary materials

Table S1 Values employed for the inputs’ calculation formulas.

Pontetto | PC_West | PC_east  Portofino Framura | Bonassola ' Levanto | Monterosso Montenero Monesteroli U.M. | Reference
Annual solar radiation per unit | 4.86E+09 4.85E+09 4.80E+09 4.87E+09  4.77E+09 4.76E+09 Jim? | http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php
area
Albedo on the sea 7.00 % Payne, 1972
Annual rainfall 8.46E-01 m http://www.istat.it/it/archivio/5679
Gibbs free energy 4.94E+00 J/g Odum, 1996
Water density 1.00E+06 g/m?
Air density 1.30E+00 kg/m3
Drag coefficient 3.00E-03 La Rosa et al., 2008
Geostrophic coefficient 1.67E+00 La Rosa et al., 2008
Wind velocity 4.13 m/s | http://atlanteeolico.rse-web.it/
Seconds per year 3.15E+07 sec
Current velocity 2.50E-01 m/s | Doglioli et al., 2004
Photic zone height 3.50E+01 m
Sea water density 1.03E+03 Kg/m?®
Geothermal heat flux 1.89E+06 Jim2 | http://geothopica.igg.cnr.it/
Tides’ height 2.48E-01 m
Tides per year 7.30E+02 num
Gravity 9.80E+00 m/s?

References to Table S1:

La Rosa, A.D., Siracusa, G., Cavallaro, R., 2008. Emergy evaluation of Sicilian red orange production. A comparison between organic and conventional farming.
Journal of Cleaner Production, 16, 1907-1914.
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General conclusions

In the present PhD thesis, interactions between coastal environments and human well-being have been
addressed in order to tackle the objectives required by the recent marine policies.

Overall, the findings reported in the Chapter 1, through the implementation of the CARLIT Index, show that the
Ligurian rocky coast meets requirements of the Water Framework Directive (WFD), which aimed to reach the
“good” Ecological Status (ES) of the EU’s coastal water bodies within 2015. In the Ligurian region, the CARLIT
Index monitoring, performed over a decade, has also allowed to i) elucidate the ES improvement in some water
bodies that have even reached the maximum ES (“high”), ii) identify the relevant improvement of waste
treatment performed in the zone, iii) compare the results with other indicators (AMBI, bathing quality water), and
iv) observe the increase in abundance of the founding species Cystoseira amentacea.

All of these results are also consistent with the Marine Strategy Framework Directive (MSFD) that aims to
achieve Good Environmental Status (GES) of the EU's marine waters by 2020, protecting more effectively the
marine environment relating their resources with economic and social activities. Eleven qualitative descriptors
have been listed in the MSFD in order to determine GES of the marine waters and five of them (1, 4, 5, 8, and
10) can be linked to the main findings obtained in Chapter 1. Among these five, three (5, 8, 10) are related to
marine pollution in terms of eutrophication, concentration of contaminants (e.g. pesticides, anti-foulants, heavy
metals) and marine litter resulting from different sources (e.g. untreated municipal sewerage, fishing industry,
shipping), which are in part directly related to WFD. Instead, the 1 and 4 descriptors address to the maintenance
of biodiversity, ensuring the long-term quality and occurrence of the habitats and abundance of species of
marine ecosystems. The application of the CARLIT Index assesses indirectly the abundances of the protected
Cystoseira species and habitat (1170, “reef”), which is in accordance with these latter descriptors of the MSFD.
In the line of encompassing different aspects that affect the protection and maintenance of the biodiversity of
marine ecosystems and, therefore, to the economic and social activities of the human population, other

descriptors, as for instance Descriptor 2 (non-indigenous species), can be taken into account in further studies.

Besides protection and conservation, restoration actions on marine habitats are also encouraged by the MSFD
and by the Biodiversity Strategy to 2020. In the Mediterranean, several studies have reported about the past
and the present distribution and abundance of different canopy-forming species belonging to the Cystoseria
genus (Sales et al., 2010; Thibaut et al., 2014), detecting regression or loss of some of them caused by different
factors (Thibaut et al., 2005; Perkol-Finkel & Airoldi, 2010; Sales & Ballesteros, 2010).

In Chapter 1, the presence and absence of intertidal Cystoseira species along the Ligurian coast (S4 Figure)
show the loss of several species since 19th century. The species that are still present are C. compressa and C.
amentacea, although the lack of this latter one is recorded in Cinque Terre MPA (Marine Protected Area). The
causes that could have affected the disappearance of this species in the past (habitat fragmentation and high
sediment loads caused by coastal developments occurred in the area in the first half of the 20t century),
discussed in the first chapter, are no longer present and the adequate protection, given by the MPA itself, is
assured. In the other hand, large abundances of C. amentacea are steadily present in Portofino MPA. For that

reasons, the Ligurian Region is an ideal study case for a restoration action of C. amentacea, since its coast can
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provide both donor and receiving sites. In addition, the implementation of restoration actions, coupled with
ecosystem-based management in Marine Protected Areas (MPASs), is considered a successful strategy to
preserve of Cystoseira stands in the Mediterranean Sea (Mangialajo et al., 2012; Gianni et al., 2013).

These observations are taken into account under the Promoting biodiversity enhancement by Restoration Of
Cystoseira POPulations project (ROC-POP-LIFE), since one of its goals is to enhance marine biodiversity of
the Ligurian rocky shores, by restoring C. amentacea in Cinque Terre MPA. Consequently, in Chapter 2, a
protocol of Cystoseira amentacea culture in lab conditions is described to be applied, as first step, in outplanting
activities, in order to produce, efficiently, a high number of healthy and large embryos. The second step is the
transfer of embryos/juveniles into the field on appropriate substrates, which presents various difficulties caused
by different environmental factors that may not ensure the survival of embryos/juveniles transferred up to the
fertile adult stage. In addition, in the Fucales species, the patterns of algal stand structure are largely determined
in the microscopic early life stages, which is when the highest mortality occurs (Schiel and Foster, 2006). For
this reasons, the study of the factors affecting early stages transferred (e.g. attachment, site selection, timing
and grazing) is essential, in order to achieve a good restoration performance.

The attachment of the substrates on which embryos are settled onto the rocky shores can be realized either
through epoxy resin or drilling. The latter one can be a good choice that allows a strong attachment of the
substrates, but also any easy removal, if necessary, without permanent remains in the environment.

In the intertidal zone, where direct exposure to light irradiance and associated temperature stress can affect the
healthy embryos transferred, attaching the substrates in zones with presence of a canopy or an algal turf can
be a good decision (Harris et al., 1984; McConnico and Foster, 2005), because of the protection action that
they can play on embryos. In addition, during summer season, also the nutrient competition becomes a relevant
factor that affect the early life stages, because fast growth at high temperatures requires higher nutrient
demands (Steen and Scrosati, 2004). Another threat is grazing, especially, acting on the highly vulnerable early
life stages (Bertness et al., 2002), which are prey to a wide range of herbivores (e.g. small crustaceans, snails,
sea urchins) that can increase their activity during hot seasons when macroalgal biomass is increased. A delay
in development can occur in the early stages of Fucales species when seasonal conditions are unfavorable
(DeWreede, 1986, Worm et al., 1999), ensuring their survival while waiting for better conditions in order to
increase their growth. For this reason, one option is to transfer early stages into the rocky shores at the very
beginning of spring or even in cold season (autumn/winter), in order to decrease early stages mortality rate

caused by the above mentioned factors.

In Europe, along both Atlantic and Mediterranean coasts, there is a growing demand of marine resources in the
biotech sector, for different applications as nutraceutical, pharmaceutical, medicine or additive food. For
instance, Cystoseira barbata and Cystoseira crinita are used as food additives in medical treatment of
oncological patients in Ukraine and Bulgaria countries, and the brown algae Dictyota spiralis and Halopteris
scoparia are used in pharmaceutical applications (Pereira, 2016). In green algae, some species have been
reported as a potential source for medical use, for example Bryopsis plumosa (favors cardiovascular and
nervous activity, Milchakova, 2011) or Ulva intestinalis, which, besides being widely used as food, is also used
in different medical treatments as aphthae, back pain or goiter (Oh, 1990). Regarding red ones, Gracilaria,

Bangia and Porphyra genera are some examples, particularly the latter one, which is worldwide well-known as
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alga Nori used as food, being one of the most important commercial macroalgal species. Interestingly, its
antioxidant capacity has also demonstrated (Souza et al., 2007; Zubia et al., 2009). Other examples of red
species, Asparagopsis armata and Sphaeroccocus coronopifolius, show high potential as antimicrobial activity
(Pinteus et al., 2015).

Clearly, green, red and brown macroalgae are marine resources with many potential uses for human health and
well-being. Further studies on the characterization of the compounds responsible of each bioactivity in the
different species are essential to encourage positioning of the European industries on macroalgal market in
terms of functional food and natural compounds, as well as, to promote an increase of the macroalgal farming
in Europe.

Results reported in Chapter 3 reinforce the potential bioactive properties of Fucales species, in particular, the
antioxidant activity in Cystoseira genus, which is related with their phenolic content. Polyphenols in brown algae
are mostly phlorotannins, which have been recognized as the most significant group of biologically active
substances determining the pharmacological value of algae (Kim and Himaya, 2011). Phlorotannins have been
identified from several brown algal families such as Alariaceae, Fucaceae and Sargassaceae (Wang et al.,
2009; Holdt and Kraan, 2011), therefore, also in the species belonging Cystoseira genus (Montero et al., 2014).
The antioxidant activity of polyphenols extracted from brown algae has been widely demonstrated by in vitro
assays (Shibata et al., 2008; Wijesekara et al., 2010; Balboa et al., 2013). However, due to the complex
chemical structure of these bioactive polyphenols in brown algae and the multiple roles of phlorotannins, it is

still necessary to identify which types of phlorotannins are responsible for the different potential bioactivities.

Finally, in Chapter 4, the results show the influence of canopy-forming Cystoseira on the associated middlitoral
community. The economic values estimated, through emergy analysis, for middlitoral fringe associated to
Cystoseira amentacea continuous belt obtained lower values than those associated with C. compressa or non-
continuous belt. Despite of that, the variability of the values was lower, showing a homogeneous deterministic
effect on the infauna and macroalgae associated to the C. amentacea continuous belt. These findings stimulate
further research about assessing the natural capital of the valuable habitats provided by Cystoseria species. To
estimate the economic value of Cystoseira habitat, it is necessary biomass data of the given canopy, and of its
understory, in order to evaluate the ecosystem functioning and services that it provides. Given the ecological
relevance of the canopy-forming Cystoseira, the sampling methodology to collect this data could compromise
its preservation. This data could be also obtained from the many studies carried out on Cystoseira population
in the Mediterranean Sea, therefore, their availability by the authors is highly encouraged.

On the same line, the economic evaluation of the protection against restoration costs in marine and coastal
environments is very important to decision-makers, planners, and researchers. The decision about to protect or
restore these habitats could depend on the relative costs of the two options, taking into account the efficiency
and feasibility of restoration actions (Suding 2011, La Peyre et al. 2014). Nevertheless, optimal conservation
results require both protection and restoration (Possingham et al. 2015) depending on their relative costs, the
rate at which habitat is being lost, and the time required between restoring habitat and the recovery of its
ecosystem services. Monitoring activities to identify the most cost-efficient restoration techniques and avoid

project failure are particularly needed (Bayraktarov et al., 2016).
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For these reasons, the Cystoseira restoration in Cinque Terre MPA, under the ROC-POP-LIFE project, will be
a good opportunity to assess relative costs, paying attention the objective of the marine directives that aim to

provide benefits to environment, human health and economy.
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