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MepiAnygn

OL ¢utoPevBikol opyaviopol, Slaitepa ta pakpodukn kat Ta Oaldoola ¢utd, eival
BepeAlwdoug onuaociog ya tnv nmapaktia {wvn. MNapéxouv Kuplwg Tpodn Kal mpootacia ot
TIOAAOUG OpyavIoROUG TTIOU cuvdEovtal Pe Ta putoPfevOikd owoouotipata. H mapouaoia kal n
KATavourn Toug efaptdtol amd TO UTOOTPpWHA Kol T Slobeouotnta Twyv anapaitntwyv
Bpemntikwy, tn Beppokpaocia, tn dlamepatoTNTA TOU GWTOG KAl AAAWVY BLOTIKWY TTOPAYOVIWY,
evw ennpealovrtol OAo Kal EPLOCOTEPO amod avOpwroyevig MESELC. Ta pakpodukn, Wdlaitepa
ta kelp forests kat ta BaAdoolwa ¢utd, onwe ta BaAddoowa ABadla tou eido¢ Posidonia
oceanica, mapEXouv Kataduylo Kal Tpodry o€ AANOUC OpyavIopoUG MpoodEpovtag TOAAEG
OLKOCUOTNULKEG UTNPECLEG oToV AvBpwmo. To Baldocolo putoBEvOog ameleital oe MAYKOGULO
eMinedo, evw oL LETOPOAEG KaL OL ETMUMTTWOELG OTO TAPAKTLO OLKOOUOTNHA SV €xouv peAetnBel
0pKeTA. H mapoloa MTUXLOKN Epyacia, AmOoKOmeL oTnV Meplypadr TG mapouoas KATAoTACNG
Tou ¢utoBEvBouc otn Meodyelo, 0 GUOXETION UE TNV Avodo tn¢ BaAdoolog Bepuokpaciag.
Mpayuatomowndnke availuon Oedopévwy emidavelakng Oeppokpaoiag yla tn XPOvooelpd
1948-2023 kal €aywyn tTNG EMOXIKNEG Slakupavong, Tng KAlLatoloyiag, Tng péong etrotag SST
KOL TWV LOTOYPOAUUATWY TNG Meploxns MeAETng (Awyaio MNéEAayog). H BaAdoola emipavelakn
Bepuokpaoia (SST) xapaktneilleTal amo P auENTIKA TACT, CUVOSEVOUEVN OO UETABOAEG OTNV
KALLOTOAOY (O KL OTN CUXVOTNTO OKPALWV TIHWV. MEYLOTEG Kol EAAXLOTEG TIUEG TNG SST MIBavwg
VO CUVOEOVTAL PE TNV TAPOUGCLa aKpalwy KApIKwY GOLVOUEVWV yLa TNV TiEpLlox HEAETNG. Kata
™ Sldpkela Twv teAevutalwv dekaeTiwy Tapatnpeital Bépuavon Twv empavelokwy VLEATWY,
dlaitepa amo to 1990 kat petd. Me Baon TNV KALLATOAOyia TNG TEPLOXNG UEAETNG, ONUAVTLKA
avénon tng Bepuokpaciog mapatnpnOnKe Katd Toug pUNveg louALo Kal AUYouoTo, EEMEPVWVTAC
™ Sadopad tou 1°C katd tn Stdpkela TwV TeAeutaiwv 25 twv. H emoxikn Stakupovon tng
neplodou 1998-2023, xopaktnpiletal omo Lo AuvénTikn TAon, LOlaitepa ylo TOUG MINVEG
QOePpoudplo, ZemteuPplo kat NogpPplo, pe peyotn Stadopd toug 0.95°C. H auvénon tng
Baldoolag Bepuokpaciag aivetal va ennpedlel AUECA TNV AVATTOPAYWYLKH KOVOTNTA TOU
dutofévBoug, evw éupeca woeholvtal ta €0BoAKA €idn. Me v avénon tng Baidoolag
Bepuokpaciag avéavetal n TpwTOTNTA TOU HUTOREVOOUC KOl O OUVOUAOUO HE AAAEC TILEDELC
HELWVETAL N kavotnTa emiPBiwong tou. O KATAKEPUATIOUOC ToU duTOBEVOIKWY evdlaltnUATWY
ue uPnAn Bomotklotnta dev xet katavonBel oe peydo Babuod, evw XpeldleTal MEPLOCOTEPN
EVNUEPWON, EPEUVA KOL ETMOPKAG XpnHatodotnon.

Né€elg kKAewdLa: dutoBevbog, ABadla mooedwviag, Atyaio, KAHATIK aAlayn, emipavelokn
Bepuokpaoia



Abstract

Phytobenthic communities, particularly macroalgae and seagrasses, are fundamental for the
coastal zone, mainly by providing food and shelter to associated species. Their presence and
distribution, naturally depends on substrate and nutrient availability, temperature, light
penetration, and various biotic factors, and are being increasingly affected by various human
pressures. Macroalgae, particularly and seagrasses such as Posidonia oceanica, provide shelter
and feeding grounds for many marine organisms, as also multiple ecosystem services to human
communities. Marine phytobenthos is threatened worldwide, and there is limited knowledge
about their response and consequent impacts on coastal ecosystems. This master thesis aims to
describe the present status of phytobenthos within global warming in the Mediterranean and
especially the Eastern part. Sea surface temperature data for the period 1948-2023 were
analyzed to extract seasonal variability, climatology, mean SST (annually), and histogram
characteristics of the study area (Aegean Sea). Analysis of sea surface temperature (SST) data
from 1983 to 2023 reveals an increasing trend in annual mean SST, along with changes in
climatology and the frequency of high temperatures, with both maximum and minimum SST
values closely linked to extreme weather events. The data from 1948 to 2023 indicate long-
term warming, with a clear upward shift in temperatures over recent decades, particularly from
the late 1990s and afterwards. Climatology analysis highlights a consistent increase in SST
during the summer months, especially in July and August, with a rise of at least 1°C in the past
25 years. Seasonal variability from 1998 to 2023 further demonstrates an accelerating increase
in SST, particularly in February, September, and November, with temperature differences
reaching up to 0.95°C. Climate warming directly impacts recruitment and indirectly promotes
antagonistic species, jeopardizing the long-term survival of phytobenthic communities.
Temperature rise seems to increase the overall stress and therefore the vulnerability of these
communities, especially when other stress factors act synergistically. As a conclusion, the
decline of marine habitat-forming species still remains poorly understood, and largely hindered
by limited awareness, research and funding.

Key Words: phytobenthic communities; Posidonia oceanica; canopy forming species; Aegean;
climate warming; sea surface temperature.



Euxaplotieg

Oa nbeha va ekPpdow TIG €UXAPLOTIEG HOU WG TPOG Tov Kadnynt Ap. Awovion Paitco -
E€apyomoudo, t0c0o yla tnv Kabodrynon, 600 Kal yla TNV TMOAU KaArf ouvepyaoia Katd T
Slapkela NG eKmoOvVNoNG tTNG SUTAWMOTIKAG HOU epyaociag. Xwplc tn oupBoAn kat tnv
UTIOOTNPLEN TOU 1N EKMOVNON TNG OUYKEKPLUEVNG epyoaoiag Ba nAtav aduvato va
Tipaypatonolnbel kot Viwbw TPayHaTIKA EUYVWLOV YLa TNV CUVEPYOOLA LaG.

H ouvepyaoia petali tou A.M.M.Z. Qkeavoypadiag kat Ataxeipiong OaAddaooiou NepPaiiovtog
kal tou EA.KE.O.E, evioxUBnke mepaltépw HE TO TAPA TOAU KOAO KAlHQ Kal TNV AUEON
ovtamnokplon o€ omowodnmote {Ntnua amd ™ Ap. Mapia ZaAwpidn KoL tnv €uxopLoTw
BaButata yla tnv oAUt BorBsla TnG.

Euxaplotw emiong tn Ap. ABnva Owovopou — ARIMN yla T OCUPUETOXN TNG KAl TNV
€YKAPSLOTNTA TNG WG TIPOC TNV EKIOVNON TNEG SUTAWUATIKIG LOU EPYAOLOG.

TéAhog, Ba nBsAa va mw £€va HEYAAO €UXOPLOTW OTOUG KOVILVOUC HOU avOpwroug Tou HE
umootnplEav Ko’ 6An tn SLAPKELD TWV HLETATITUXLOKWY LOU OTIOUSWV.
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1. Introduction

1.1 Coastal zone and macroalgae

Ecosystem is a term describing the total number of organisms that are organized biologically,
the interactions among organisms, and the interactions of the organisms and the abiotic
environment, resulting in a certain trophic structure and material cycles. Comparing terrestrial
and marine ecosystems shows that marine ecosystems are characterized by higher functional
diversity due to unique functional patterns. Phyletic diversity in marine ecosystems is higher
than in terrestrial ecosystems, answering the question “why more complex functional diversity
can be observed in marine ecosystems” (Langar et al., 2014). Seaweeds are substantial for the
coastal zone, considering their structural and functional role, ranging from turfs to kelp forests
worldwide. Especially in Europe, seaweed assemblages are among the most diverse
ecosystems, supporting over 1500 species (nearly 500 genera). Several studies based on
biodiversity and ecosystem functional patterns underline the positive effects of seaweeds on
the coastal zone. These benefits include photosynthetic rate, biomass accumulation, nutrient
uptake, invasion resistance, and stability, especially when multiple ecosystem functions are
considered together (Mineur et al., 2015). Primary production constitutes a crucial parameter
for coastal ecosystems and the survival of marine organisms and therefore the whole food
chain. Primary production is comprised of planktonic unicellular algae, benthic unicellular algae,
and benthic multicellular algae, also referred to as phytoplankton, microphytobenthos, and
microphytobenthos, respectively. Microphytobenthos and macrophytobenthos are estimated
to possess about 10% of the total marine primary production for the world ocean, while on the
continental shelf alone, benthic and planktonic algae are about equivalent (Charpy-Roubaud &
Sournia, 1990). Macroalgae are estimated to cover about 3.4 million km? and are able to
support a net primary production of 1.5 Pg C yr~! globally, dominating the coastal zone as
primary producers (Krause-Jensen et al., 2018).

1.1.1 Seagrass vs Macroalgae similarities and differences

Seagrass and macroalgae are among the most productive of the earth’s ecosystems and can be
found all over the world’s ocean coastal zone (excluding Antarctica in the case of seagrasses),
supporting a variety of resident and transient species that can be harvested and also support
fisheries. Both seagrass and macroalgae are benthic photosynthetic organisms and are often
grouped together, providing many similar ecosystem services, such as food and shelter for
fauna, changes in the biotic and abiotic environment, water oxygenation, recycling of nutrients,
trapping and stabilizing sediments, and finally providing nursery ground to many marine
organisms (particularly fish). The main differences between macroalgae and seagrass are i) the
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absence of vascular tissues while nutrients are diffused through the cell surface for uptake and
transport, ii) the lack of underground tissues, iii) in general their wall cells have a fibrillar
skeletal framework and extensive polysaccharide matrix and lack lignin, iv) they are
characterized by complex and diverse life cycles and reproduction, v) they have five different
chlorophyll pigments and a variety of other accessory pigments availing a wide range of
wavelengths, resulting in the advantage of growing to light environments with as little as 0.12%
of incident light and vi) they are more nutritious and energetically favorable for consumption by
herbivores due to lower C:N ratio and lack of lignocellulose tissue (Macreadie et al., 2017).

1.1.2 Depth and macroalgae

Marine macroalgae can take advantage of a wide range of wavelengths, allowing them to
survive up to a maximum depth of 200 m, while they can be categorized into three zones based
on depth and surface light (SI). The first distinct zone is composed mainly of leathery algae with
a depth limit at about 0.5 % SI, followed by an intermediate zone of foliose and delicate algae
with depth limits at 0.1 % Sl and a lower zone of encrusted algae extended down to 0.01 % SI.
The decrease in thallus specific carbon when the depth increases is often notable, resulting in a
thin thallus that is essential for the growth and survival of marine macroalgae at great depths
(Markager & Sand-Jensen, 1992). The mesophotic zone extends from 30 to 150 m beneath the
surface, where sunlight gradually fades until its absence. Mesophotic macroalgae assemblages
is estimated to be over 100 species per site, while most algae species with similar
morphological characteristics are grouped together (when molecular techniques are not
applied), leading to an underestimation of true diversity. In contrast to the intertidal and
shallow subtidal zones, marine macroalgae haven’t been described in detail for the mesophotic
zone, mainly due to the advanced technical requirements needed in order to access these
depths. Mesophotic environments are considered to be less impacted by industrial and urban
development and may represent the last remaining partially preserved continental shelf
habitats, where species observed in shallow waters may also be present. The main threats that
lead to degradation of the mesophotic zone assemblages in the case of macroalgae are abiotic
(tropical cyclones, sedimentation, global warming, and ocean acidification) and anthropogenic
factors (mining, fishing, oil and gas activities, invasive species, and eutrophication) (Spalding et
al., 2019).

1.1.3 Temperature and macroalgae

Temperature is one of the most important factors affecting the biogeographical distribution of
macroalgae, while direct impacts of ambient temperature on macroalgae composition
disturbances are rarely reported. Physiological changes (such as carbon assimilation) and
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nutrient uptake rate alteration are documented, while seasonal, spatial, and genetic variability,
along with associated responses, have been established for the majority of algae groups. Higher
water temperatures can decrease levels of phenolics, and temperature stress can indirectly
increase other stress and antioxidant response mechanisms associated with salinity and
irradiance, often leading to increased production of stress metabolites (Stengel et al., 2011).
Temperature variation can strongly affect the survival, recruitment, growth, and reproduction
of seaweeds, such as marine heatwaves, which negatively affect intertidal macroalgae (growth,
nutrient uptake, and photosynthetic performance). Atmospheric heatwaves can also decrease
photosynthetic activity, resulting in oxidative stress when direct exposure to intense sunlight
leads to increased air temperature, affecting the physiological performance of macroalgae.
Both marine and atmospheric heatwaves are the most important drivers in the global
distribution of canopy-forming macroalgae, considering temperature, resulting in species
decline and range shifts expanding to the structural and functional characteristics of these
communities and to the entire ecosystem (Romdn et al., 2020).

1.1.4 Threats to macroalgae

Changes in the environment, such as reductions in water quality (depth and photic zone
implications), often lead to the loss of macroalgal habitats, and ramifications may occur in other
aspects of biodiversity in associated communities. Habitat alienation, which occurs from the
development of the coastline (construction of ports, marinas, groynes, and housing
developments), may pose threats to macroalgal habitats and biodiversity. Pollution can also
result in major changes to water quality by adding nutrients and other chemicals (including
industrial developments and their effluents), especially when wastewater treatment is absent.
Water quality variables affecting macroalgal habitats are i) nutrients (results in eutrophication
increasing frequency, duration, and extent of phytoplankton and macroalgae blooms, low
oxygen concentrations, shifts in species compositions, loss of diversity, and an increase in fish
diseases and water flow), ii) light penetration (is often reduced), iii) siltation (affecting
abundance and % cover of macroalgae), iv) toxic chemicals, and v) introduction of alien species.
Nevertheless, human activities on the coast alter little direct evidence on macroalgae diversity,
but further (long-term and multidisciplinary) effort is needed in order to estimate the influence
of anthropogenic activities on the whole community (Walker & Kendrick, 1998).

1.2 Macroalgae evolution

Marine benthic macroalgae are chronologically estimated since the Proterozoic (2500 to 853
Ma), while for the Precambrian period, the available data, both in morphological and
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evolutionary terms, are incomplete. In order to categorize macroalgae into morphological and
evolutionary patterns, the available data can be analyzed using non-parametric
multidimensional scaling (NMDS) and functional form group (FFG) approaches. The research of
Bykova et al. (2020) shows a progressive increase in thallus size, morphospace range, and
aspects of ecological complexity such as canopy heights, surface area/volume ratios, and
functional-form groups through time. Despite the gradual increase of evolutionary
characteristics through time, a maximization of morphological diversity and size is altered in the
Neoproterozoic (Tonian and Ediacaran periods, respectively) and Ordovician. On the other
hand, in the terminal Ediacaran Stage (~550-539 Ma) during the Kotlinian crisis, macroalgae
were declined, notably interconnecting both Ediacaran-type macro-organisms.

1.3 Macroalgae types

Macroalgae species can be classified into three types named green, red, and brown algae and
can be distinguished based on their structural characteristics (sexual reproduction), type of
photosynthetic pigments, and food products they store. Green algae are estimated to include
7000 and 1800 unicellular and multicellular marine species respectively, while they are
characterized by a simple thallus form in contrast to brown and red algae. Despite the low
species number, they are very common in some sea environments (mostly on rocky coasts), and
their structural form varies from a single giant cell (Caulerpa) to numerous segments with
deposits of calcium carbonate. Brown algae are vital in temperate and polar rocky coasts in
terms of primary production and are the largest and most complex macroalgae type. The
records of species are estimated to be over 1800 marine species, with kelps being the most
complex and largest of brown algae, reaching up to 100 m in length while they provide food
and shelter for many other organisms and show very high primary production. Finally, red algae
are essentially marine (only 6000 live in fresh water or soil), and their number of marine species
surpasses green and brown algae combined. They are characterized by simple structural form
and, in some cases, heterotrophic behavior (absence of chlorophyll), while they parasitize their
hosts. In general, most red algae are filamentous, but thickness, width, and arrangement vary a
great deal, and they are able to tolerate a wide range of temperature, salinity, and light. Some
species can deposit carbonate calcium within their cell walls, and their calcified thallus can be
found in i) thin disks growing over other macroalgae, ii) branches with many joints, and iii)
smooth or rough encrusting growths on rocks (Castro & Huber, 2012). A very important type of
macroalgae is seaweed forests, which can be spotted in the infralittoral and circalittoral zones
of temperate and cold seas. They are considered to be ecosystem engineers, and they generally
belong to Phaeophyceae, especially Fucales (Cystophora, Cystoseira, Sargassum) and
Laminariales (Agarum, Laminaria, Macrocystis, Saccharina). Within seaweed forests, sessile and
mobile animals (Metazoa) are abundant in terms of species richness, and the number of
individuals increases the functional role of these ecosystems, but they are not considered to be
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ecosystem engineers. Canopy-forming species vary into a wide range of ages, from short-lived
species (up to 6 years) to long-lived ones such as Cystoseira spp., which can exceed 50 years
and probably much more. These ecosystems are mainly dependent on i) available light, ii)
temperature, iii) water movement, iv) nutrients, v) herbivore pressure, and vi) overall
ecosystem functioning (distinguished into crustose coralline and sponges, turf macroalgae, low
stands of erect macroalgae, canopy-forming seaweed forests, and canopy-forming animal
forests). Despite the importance of macroalgae communities (e.g., seaweed forests and algal
turfs), they are only considered second-rate communities or degraded stages of the iconic ones
(bioconstructions by blade-forming corallines) and animal forests of gorgonians, erect sponges
(coralligenous ecosystems), and hexacorallians (coral reefs) (Charles F. Boudouresque et al.,
2016).

1.4 Importance of macroalgae

The number of macroalgae species is estimated to be over 7,000, and 700, 265, and 500 genera
of red, brown, and green algae, respectively, noting, however, the dynamic and controversial
taxonomy, particularly when molecular data analysis is applied. Macroalgae are very important
in coastal habitats, creating a potential habitat and foraging area for the total of the faunal
community, such as fish, octopuses, squids, snails, oysters, sponges, shrimps, urchins,
anemones, worms, polychaetas, crabs, and clams. In addition, macroalgae are characterized by
great palatability, nutrition values, and ease of digestion by grazers in comparison to seagrass
(e.g., Posidonia). Macroalgae beds act like a nursery ground for juveniles of many marine
fisheries, and large macroalgae (e.g., kelps) provide substratum for direct spawning, alter local
hydrodynamic conditions, promote planktonic larval settlement, and reduce predation pressure
(Macreadie et al., 2017). Seasonal variability is affecting macroalgae, and when under pressure,
it may result in habitat loss, where species richness and density of fish seem to decline across
seasons in contrast to marine habitats where the density of canopy-forming macroalgae
(holdfast and coverage) is high. The latter leads to the fact that high structural complexity can
preserve key ecological processes across seasons, leading to advanced conservation attention
within spatial management frameworks (Wilson et al., 2014). In some ecosystems, such as coral
reefs, benthic macroalgae assemblages are dynamically determined by the association of algae
production (some macroalgae species can take advantage of high nutrient availability, often
driven by anthropogenic factors) and grazing pressure. The latter results in an increase in the
abundance of macroalgae in coral reefs, affecting benthic communities (Schaffelke et al., 2005).
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1.4.1 Ecology and biodiversity

The three protistan groups of macroalgae, Rhodophyta, Chlorophyta, and Phaeophyceae, are
estimated to have 17,000 species (7,000, 2,000, and 8,000, respectively, for every group), and
marine algae registered to algabase.org is 2,013 globally (seagrasses are included). Kelp forests
can assist species of macrofauna, and the study of Wfodarska-Kowalczuk et al. (2009) in the
Arctic Ocean results that Bryozoa, Polychaeta, and Hydrozoa consist of the highest numbers of
species (70, 52, and 37, respectively) of a total of 208 species for over 403 samples. The number
of species ranged from 1 to 47, with a mean sample species richness of 11.5 species per sample
+/- 8.8 SD, while most species associated with kelps were concentrated on holdfasts (all
holdfasts were colonized with fauna in contrast to blades and stipes, with 54% and 9% of them
being colonized by animals) and a total number of 200 species. The data about kelp forests and
those of other latitudes cannot be compared easily, mainly due to reduced sampling efforts and
the different methodologies applied. Likewise, most studies are restricted to less than 150
samples, and colonial taxa (Bryozoa, Hydrozoa) are neglected, despite the fact that they
comprise about half of all macrofaunal species in the latter study.

1.4.2 Economical and industrial benefits

Macroalgae, besides their ecological importance, provide goods and services for humans, such
as harvesting for consumption, fertilizers, animal feed activities, pet foods, and cosmetics, such
as in the case of Canada, where artisanal and commercial harvesting occurs in all five Atlantic
provinces (Khan et al., 2018). The interest in exploiting macroalgae as biofuels is rising due to
fast-growing rates and carbohydrate-rich biomass over other biofuel feedstocks. The main
advantages are the reduced land dependence and freshwater requirements in order to assist
sustainable, eco-friendly, and carbon-neutral energy alternatives. Bioethanol consists of a
biofuel, and green algae is considered to be an alternative in order to achieve energy
sustainability, and green macroalgae has been found to exhibit growth during all seasons and
the highest total carbohydrate (Ramachandra & Hebbale, 2020). Micro and macroalgae are
under investigation for numerous applications, mainly for commercial food, agriculture and
horticulture, pharmaceuticals, cosmetics, and bioenergy use. The increasing interest in
macroalgae species, which can benefit the industrial and economic aspects, occurs due to the
high diversity between and within taxa and the chemical composition of natural algae
populations, introducing many potential uses. The chemical composition of macroalgae species
is furthermore influenced by spatial and temporal changes of the environment, including light,
temperature, nutrients, and salinity, as well as biotic interactions. Commercially employed
algae molecules are not yet fully described, despite the fact that they have been known since
1950. Cystoseira species are in the center of attention among macroalgae species, which are
difficult to categorize by their morphological characteristics, and it is found that some species
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contain a wider range of pigments than previously thought (Schmid et al., 2017; Stengel et al.,
2011).

1.4.3 Macroalgae as bioindicators

Good ecological status of the water body is vital for the ecosystems, while the preservation of
the functional and structural characteristics of the associated biological communities (e.g.,
macroalgae) is considered as a bioindicator in order to assess ecological status. Global climate
change and anthropogenic pressures can affect the water quality status, and the need to
observe, preserve, and recover the disturbed ecosystems into pristine environments is a key
issue. Through the last decades, public policies (Habitats Directive 92/43/EEC) and international
agreements aiming to protect biodiversity have been adopted. Seaweeds, or macroalgae, were
primarily recognized as a biological quality element for the classification of coastal waters, and
afterwards the Water Framework Directive (WFD 2000/60/E.C.) was included by using different
indices, such as CFR in Spain, MarMAT in Portugal, and HPI in Germany (Ar Gall et al., 2016).
The EC Water Framework Directive (WFD) is fundamental in order to assess ecological quality
classification of the rocky seashores, taking advantage of the abundance and species
composition of intertidal macroalgae communities. The restrictions detected refer to i) the
differences observed when examining the sensitivity of macroalgae in different locations and ii)
the absence of ecological quality assessments between very large changes in abundance of
common species. Advanced expertise to identify macroalgae species is critical, and in order to
achieve maximum effectiveness, a similar sampling methodology must be carried out, ensuring
a uniform level of thoroughness (Wells et al., 2007).

1.4.4 Macroalgae and blue carbon

In coastal ecosystems, blue carbon can be stored in both plants and sediments, mainly by
mangroves, salt marshes, and seagrasses (seagrass meadows can store in the soil over 95% of
the carbon). Macroalgae may also be an important source of allochthonous carbon through
exportation to the open ocean and open sea, so their contribution should be considered in Blue
Carbon assessments. Calculations of the macroalgal carbon exportation to the ocean require a
well-determined ratio between carbon and DNA per taxon, which are unknown for the majority
of macroalgae (Ortega et al., 2019). Macroalgae (almost all haptophytic) global net primary
production (NPP) is estimated between 80 and 210 Tmol C yr~!, and the global carbon
sequestration range is 0.8 and 22 Tmol C yr~1 ,(including local sediments plus export), while
calcified macroalgae are unlikely to be involved in net CO2 sequestration (11 Tmol C yr~1
,which are overestimated by calcified macroalgae) (Raven, 2018). Nevertheless, blue carbon
referencing to macroalgae is recently considered in blue carbon literature and requires specific
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management to deliver its potential as a C donor. Noticeable is the fact that searching the term
blue carbon and macroalgae on 8 February 2018 (Web of Science) retrieved 16 publications,
and an increase of 18-fold citations (between 2011 and 2017) grew from 5 to 92 citations,
resulting in incremental interest in macroalgae as potential blue carbon resources (Krause-
Jensen et al., 2018).

1.5 Key role of Posidonia oceanica meadows

Posidonia oceanica is an endemic species to the Mediterranean Sea and is considered to be a
high-importance habitat by forming dense and extensive green meadows. They provide several
ecological functions and services and harbor highly diverse communities. Nutrient-pour waters,
transparency, and sediments with reduced organic matter are essential for the survival of P.
oceanica (Diaz-Almela & Duarte, 2008). Marine environmental management and protection in
the Mediterranean Sea of P. oceanica is a major issue due to the fundamental characteristics
for the quality of the coastal environment. Socio-economic benefits are provided, especially to
artisanal fishing and tourism development, reinforcing the need to protect and manage these
habitats (Boudouresque et al., 2012).

1.5.1 Ecological role

P. oceanica, which is endemic in the Mediterranean Sea, is a key species in coastal waters and is
ideal in order to assess the ecological status of the coastal waters. It is the most abundant
seagrass in the Mediterranean Sea, forming extensive meadows from the surface down to 40 m
depth; therefore, they conclude a major ecological role (Montefalcone, 2009). They tend to
increase the abundance for many associated biota (macroinvertebrates, fish, amphipods, and
polychaetes), especially at the ‘edge’ of this habitat type, while living and dead matte have
positive effects on different species. Sarpa salpa, Paracentrotus lividus, and Pinna nobilis are
highly affected in a positive way by living matte, and to the edge, while on naturally occurring
dead matte, the abundance of the amphipods Leptocheirus guttatus Grube and Maera
grossimana Montagu and the polychaeta Nereis rava Ehlers shows an increasing trend (Abadie
et al., 2018). In fact, herbivores don’t consume directly the primary production of the P.
oceanica meadows, but dead roots, rhizomes, leaves, and drifts of epibionts result in i)
sequestration within the matte, ii) consumption by detritus-feeders within the meadows, and
iii) exportation towards other marine ecosystems, where it constitutes a source for food webs
(Charles F. Boudouresque et al., 2016).
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1.5.2 Blue carbon

P. oceanica appears to be the most efficient seagrass in carbon fixation and storage. The
average annual carbon fixation of the blades, sheaths, and rhizomes is estimated at 1024, 220,
and 58 t C.ha l.yr~! respectively (total fixation rate of 1302 t C.ha"l.yr~1), while the
sequestration rate is 278 t C.ha‘l.yr‘l. A major advantage of the P. oceanica is its capacity to
store carbon from annual carbon sequestration for centuries to millennia, which can be
compared to several terrestrial ecosystems (Pergent-Martini et al., 2021). Organic carbon
trapped in the matte may reach up to 711 Mg C ha™!, with a mean matte thickness of 210 cm.
Mean fixation is estimated to 1.62 Mg C ha™! yr~1. with a sequestration rate of 27 to 30%
taking place for at least 1580 years, which is confirmed by radiocarbon analysis. Total stock of
organic carbon, considering a mean matte thickness of 210 cm and coverage of 1 to 1.5 million

hectares, might be as much as 711 to 1067 million Mg C (Monnier et al., 2021).

1.5.3 Geological and hydrodynamic interactions

P. oceanica, except for the high ecological benefits, is able to affect geomorphological
processes in shallow waters, mitigating flood and erosion risks. Wave energy attenuation can
reduce water flows, leading to an increase in sediment deposition and accumulation, positively
affecting beach stability (Ruju et al., 2018). Dead leaves in autumn form wedge, and layered
structures ranging from a few centimeters to several meters in thickness (banquettes) and may
reduce the impact from waves. Nevertheless, the protection from seagrass banquettes at semi-
closed sandy beaches should be reconsidered because during the winter season they used to be
removed, and when storms arrive, the organic barrier is almost absent (Gdmez-Pujol et al.,
2013). Hydrodynamic forces of waves and bottom currents are reduced between 10% and 75%
under the leaves and by 20% a few centimeters over the meadows, while similar effects have
also been reported for other marine coastal habitats (kelp forests, tidal marshes, and coral
reefs) (Vacchi et al., 2017).

1.5.4 Economic benefits and ecosystem services

Economic valuation associated with the human well-being of P. oceanica meadows can be
estimated by locating their presence in coastal development and assessment of the provided
ecosystem services. The ecosystem services may count up to 25, and the economic value of
goods and benefits is estimated between 25.3 million and 45.9 million €/year. Furthermore,
lack of available data leads to undervaluation, and as a final result, coastal development policies
and protection of these habitats are crucial (Campagne et al., 2014). The most important
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ecosystem services are related to i) primary production, ii) sediment retention and
hydrodynamic attenuation, iii) increased biodiversity, iv) recreational and touristic activities,
and v) carbon sequestration. In fact, the most common keywords between “P. oceanica” and
“ecosystem services” are “biodiversity,” “environmental monitoring,” and “conservation,” but
further efforts are necessary to evaluate the values of ecosystem services (Capasso et al.,
2024).

2. The Mediterranean and Aegean Sea

2.1 Mediterranean biodiversity and habitats of macroalgae

The Mediterranean covers an area of 2,969,000 km?, and the maximum depth is 5,267 m
(average depth 1,460 m), and it is the biggest enclosed sea in the world (Figure 1). It is estimated
that over 17,000 species are identified in the Mediterranean Sea, while seaweeds and
seagrasses cover 22% of benthic macroscopic (macrophytobenthic species, including 854
species of chlorophyta, rhodophyta, and magnoliophyte taxonomic groups) primary producers
and invertebrates. The rate of species description is not expected to increase significantly, but
the fact that a large number of macroalgae are poorly known, morphological studies, and
molecular tools are essential to describe the taxonomy of several genera (Ectocarpus,
Cystoseira, Acrochaetium, Polysiphonia, and Ulva, among others) (Coll et al, 2010).
Temperature is a very important factor affecting macroalgae, and the maximum temperature of
the eastern Mediterranean may reach up to 32 °C (Israeli shelf) during the summer months,
compared to the western Mediterranean, which has a maximum temperature of 22.3 °C
(northwest African region from Gibraltar south to 20 °N latitude). This temperature alteration
results in a solid thermic barrier that isolates the species pool of the Mediterranean from the
geographically adjacent West African tropical species pool (Albano et al., 2021). In the
Mediterranean Sea, Cystoseira species are crucial, resulting in highly diverse communities
supporting many associated species and creating a complex spatial structure. Despite the
benefits provided by Cystoseira species, their presence has recently been described (even in the
most studied sites, such as MPAs), and deep-water communities are highly endangered or face
total extinction, basically due to catastrophic events (such as storms), anthropogenic
disturbances (fishing nets, anchoring, and diving), and invasive species, resulting in up to 80%
adult mortality of Cystoseira canopy-forming algae (Langar et al., 2014).
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Figure 1. Biogeographic regions and oceanographic features of the Mediterranean Sea. A) Main
biogeographic regions, basins, and administrative divisions of the Mediterranean Sea, B) Annual mean
sea surface temperatures (°C), C) Annual mean relative primary production, and D) Maximum average
depth (Coll et al., 2010).

2.1.1 Cystoseira and water quality status

The Mediterranean Sea and macroalgae communities in the upper sublittoral zone are affected
in a great deal, especially in the areas with high nutrient loads, such as sewage outfalls,
resulting in changes to species composition and structure in these habitats. In general, a
gradient is observed where nitrophilous species dominate the area close to sewage outfalls
(Ulva spp.), followed by Corallina-dominated communities at intermediate levels of nutrient
enrichment, and finally Cystoseira-dominated communities, where a decrease in nutrient
enrichment occurs. In general, Cystoseira species thrive in anthropogenically undisturbed areas,
but some species (e.g., C. mediterranean and C. elongata) can tolerate a certain degree of
pollution. Nevertheless, different impacts may be observed by industrial effluents or run-off
waters of agricultural areas on macroalgae communities, which can assist in the assessment of
the water quality status (Arévalo et al., 2007; Orfanidis et al. 2003; 2011).

2.1.2 Most important species and habitats

Macroalgae forests are worldwide threatened, and the Mediterranean is not an exception, such
as habitat-forming species (Cystoseira forests), which have been declining over the last decades
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in the Mediterranean (Tamburello et al., 2019). In general, Mediterranean shorelines are
characterized by the presence of turf algae, but Cystoseira species can dominate the littoral and
lower sublittoral zones, while obtaining accurate and detailed records of seaweed species is
challenging, and many distribution records may be inaccurate (Mineur et al., 2015). Cystoseira
species are the most important of the canopy-forming algae in the Mediterranean, but species
classification is varying a lot, especially when advanced techniques are applied. Cystoseira
forests (e.g., C. crinita and C. balearica) provide nursery ground for juveniles such as Symphodus
spp., supporting 9 to 12 times more juveniles when compared to habitats with less complexity.
Nevertheless, more research is needed to estimate the effects of Cystoseira canopy-forming
algae on the entire food web (e.g., fish assemblage) and the ecological and economical benefits
provided by these habitats (Cheminée et al., 2013).

2.1.3 Threatened species

In the Mediterranean Sea, most species of Fucales are threatened or endangered, while
regression of Carpodesmia crinita, Treptacantha elegans, T. sauvageanuana, and T. barbata f.
aurantia has been observed, and two taxa are facing local extinction (Cystoseira foeniculacea,
Treptacantha barbata f. barbata) (Mariani et al., 2019). The IUCN is a list that classifies species
into 10 categories depending on the degree of threat, including 16 species of macroalgae (other
than Cystoseira taxa, where 31 species are registered except C. compressa), and approximately
1200 to 1300 macroalgae species are estimated to be present in the Mediterranean. Despite
the fact that macroalgae are threatened worldwide within the IUCN Red List, along with the
European Union (EU) Habitats Directive and international conventions, they are largely ignoring
marine species. Additionally, the list of threatened macroalgae contains species that are far
from extinction (Cystoseira amentacea) or species that could take advantage of human impacts
and global warming (Caulerpa prolifera) and, on the other hand, ignores species facing
extinction (e.g., Sargassum acinarium and S. hornschuchii) (Verlaque et al., 2019).

2.1.4 Alien species

Alien species constitute another important threat to native macroalgae, as they reduce the
number of macroalgae species, which results in lower diversity and furthermore affects the
populations of sea urchins, fish, amphipods, and polychaetes. In the Mediterranean Sea,
Caulerpa taxifolia was first observed in 1984 and outcompetes native macroalgae through i)
high growth rate, ii) total substrate occupation, iii) improved light access, iv) increased
sedimentation rates, and v) synthesis of secondary metabolites, while a strong decrease of eco-
diversity (and perhaps bio-diversity) will occur if expansion continues at present rates
(Boudouresque et al., 1995). The total number of species described as alien species in the
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Mediterranean is estimated to be 986 (775, 249, 190, and 308, for eastern, central, Adriatic,
and western Mediterranean, respectively, until 2012), while macrophytic alien species are
increasing by 2-3 species every year (Figure 2. Cumulative number of NIS of the main taxa by
MSFD subregion (Zenetos et al., 2012).
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Figure 2. Cumulative number of NIS of the main taxa by MSFD subregion (Zenetos et al., 2012).

Macrophytic alien species (128 taxa in the Mediterranean) may have negative effects on
ecosystem structure and function, with characteristic examples being the species Strypopodium
schimperi, Caulerpa taxifolia, and C. racemosa. The introduction of alien species is a result of
corridors (54%), shipping (44.9%), aquaculture (12%), aquarium trade (2%), and others (0.4%),
but focusing on macroalgae, the vector of introduction is aquaculture and trade (import of
shellfish products) (Figure 3) (Zenetos et al., 2012).

Mediterranean Sea
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Figure 3. Pathways of Mediterranean alien species (Zenetos et al., 2012)
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2.2 East Mediterranean macroalgae habitats

2.2.1 East Mediterranean status

The Mediterranean Sea differentiates on a large scale when compared from West to East in a
lot of aspects, such as temperature and species composition (Albano et al., 2021). The
Mediterranean Sea in general is considered to be one of the most oligotrophic regions of the
world, particularly the Eastern Basin, both in terms of primary productivity and chlorophyll a
concentrations. Differentiations are observed in the hydrographic characteristics of the Eastern
Mediterranean, such as the lonian, Aegean, and Cretan Seas (Psarra et al., 2000). In the Eastern
Mediterranean, there is a gradient of benthic community complexity from turfs or barrens to
canopy-forming macroalgae communities of the genus Cystoseira sensu lato (which accounts
for most of the biomass and production of the shallow rocky reef assemblages with high
biodiversity). Increased biomass and high biodiversity of invertebrates are observed in relation
to high algae biomass, and a decrease in Cystoseira coverage occurs either by sea urchins A.
lixula and P. lividus (Giakoumi et al., 2012) or other overpopulated herbivores (Tsiamis et al.,
2013; Salomidi et al., 2016). In the Eastern Mediterranean, the macroalgae species can be
divided into three major categories: chlorophyta (Ulva sp. and Cladophora pellucida),
rhodophyta (Nemalion helminthoides, Galaxaura rugosa, and Gracilaria sp.), and ochrophyta
(brown algae) (Padina pavonica and Sargassum vulgare). Macroalgae are crucial to preserving
the normal functions of marine coastal ecosystems, but there is also a contribution as
biorefineries of raw materials. It is estimated that Ulva sp. has the highest economic potential
in comparison to all photosynthetic organisms (ranging from $1733 kg~! to $3140 kg 1),
despite the fact that Ulva sp. is considered to compete with native macroalgae species (Robin et
al., 2017).

2.2.1 East Mediterranean seaweed diversity

In the entire Eastern Mediterranean Sea, a total of 1200 seaweed species is estimated, and 300
species are recognized in Israel, which is very high considering the small maritime area.
Nevertheless, 16% of marine flora characterized as invasive or exotic species to the Israeli
shores originated from the Indo-Pacific and migrated through the Suez Canal (115 seaweed
species in the Levant basin since 1890) (/srael et al., 2020). In Cyprus, there is limited research
interest in seaweeds, and the marine environment is considered highly oligotrophic. In the
upper subtidal zone, 51 taxa have been recorded in Vasiliko Bay (South Cyprus), and the species
Cladophora nigrescens and Laurencia caduciramulosa are the most recent records as non-

14


https://doi.org/10.1098/rspb.2020.2469
https://doi.org/10.1016/S0079-6611(00)00018-5
https://doi.org/10.1016/j.ecss.2011.06.004
https://doi.org/10.1016/j.algal.2017.10.005
https://doi.org/10.1016/j.algal.2017.10.005
https://doi.org/10.1515/bot-2019-0048

native species. Cystoseira species (such as Cystoseira barbulata) are abundant on shorelines
with limited human activity, forming dense forests, and a decline is observed around bathing
waters, while in heavy industrial areas they are almost absent (Kletou et al., 2018). Alien species
are recently targeted by phycologists and marine biologists, especially those that exhibit
invasive behavior (Caulerpa racemosa var. cylindraceae) and can affect the sea bottom and
indigenous vegetation. Since 1970, an increase of alien marine macroalgae has been observed,
introduced by shipping, aquaculture, aquaria, and via the Suez Canal (Lessepsian immigrants),
which are spreading westwards and northwards associated with global warming. Hypnea
anastomosans was initially considered a Red Sea immigrant and a Lessepsian invasive species,
while the discovery of Hypnea valentiae at Rhodes Island confirms its introduction in the
Eastern Mediterranean Sea. The latter introduction indicates that the marine alien flora is still
spreading in the Eastern Mediterranean, and further molecular analyses may assist the
taxonomical linkage between native and non-indigenous species (identifying the origination of
alien species) (Tsiamis & Verlaque, 2011). In the Eastern Mediterranean, a classification of the
ecological status is a main goal based on the Water Framework Directive, and it is estimated
that 6 sampling sites are characterized as “good,” 15 as “fair,” and 2 as “bad” water quality
(based on demersal fish fauna) (Langar et al., 2014).
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2.3 Aegean Sea

2.3.1 Aegean Sea macroalgae assemblages

The Aegean Sea is located in the Eastern Mediterranean and covers an area of about 215,000
km? and the maximum depth is 2,639 m to the west of Karpathos, while the coastline length is
13,676 m the largest in the Mediterranean basin (Figure 4).
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Figure 4. Map of the Aegean Sea and MPAs (Sini et al., 2017)

The Aegean Sea represents a stronghold for marine biodiversity, but marine habitats and
species lack spatial information, and further research is needed in order to elucidate the
distribution patterns and conservation status of several ecological features, especially in deep
areas (depth > 40 m). The existing protection measures are unable to safeguard biodiversity,
and only 2.3% are conservatively manageable (41 ecological features are also represented in
these areas), while the high complexity of geomorphological and transitional characteristics of
the Aegean is hampering the efforts of systematic conservation (Sini et al., 2017). Marine
macroalgae species of the Aegean Sea have shown an increasing interest during the last
decades, especially in the North Aegean, Saronikos Gulf, and Dodecanese complex, scaling up
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the species richness of macroalgae while new species are registered, such as Mesophyllum
macedonis. In general, the overall macroalgae diversity of the upper sublittoral zone is similar
between Aegean islands, and total species number and coverage per sampling unit are typical
when compared to other Greek coasts (Tsiamis et al., 2013). Brown algae are considered key
species of macroalgae communities hosting high biodiversity of marine life, and large brown
algae of the genera Cystoseira and Sargassum show a decreasing trend (especially Cystoseira
species) in the Saronikos and Korinthiakos Gulfs. Cystoseira species (non-plastic) are dominating
the oligotrophic and highly transparent pristine rocky coasts through efficient use of stored
nutrients to support growth during periods of nutrient shortage, while Cystoseira compressa
and C. barbata (plastic species) are distributed from pristine to moderately degraded coastal
waters of shallow waters (Orfanidis et al., 2011). Cystoseira spinosa and C. compressa show a
unique composition locally, reflecting differences in the trophic status, while there is no specific
pattern of epiphytic algae distribution on hosts. Epiphytic algae on Cystoseira species can
negatively affect their survivorship mainly due to reduction of photosynthetic tissues and high
epiphytic densities (Belegratis et al., 1999). Despite the decline of Cystoseira spp., rare and
poorly known deep-water species of the genus Sargassum have been detected (growing on
small stones and pebbles at about 40-50 m depth) and identified to be close to Sargassum
acinarium.

2.3.2 New macroalgae species in Aegean

Macroalgae species in the Aegean have been studied since 1775, and they are considered to be
a very interesting field due to the geographical position, vast coastline, and great depths. The
knowledge of seaweed species is mainly registered in the form of checklists, excluding
morphological descriptions, resulting in taxonomic confusion, and the Aegean is considered to
be the poorest in terms of macroalgae diversity when compared to the eastern Mediterranean
basin. However, studies in the Aegean about macroalgae species are limited, underestimating
the number of species, and large areas are still unexplored. At least 30 alien species have been
registered since 2010, while 10 macroalgae taxa are reported that are new or rare to the
Aegean Sea. The new macroalgae species that have been reported to the Aegean indicate that
eastern Mediterranean macroalgae flora is also underestimated, especially at deep-water
habitats (Tsiamis et al., 2010). New species registrations are added to the Aegean Sea, such as
Cystoseira foeniculaceae f. schiffneri and Cystoseira funkii, and both of them are described for
the first time in the Eastern Mediterranean Sea. Both taxa are considered to include rare
species that are under protection by the Barcelona Convention, while they have been found
within three Natura 2000 marine sites of community importance, strengthening the need for
establishing and reinforcing site-specific management measures in order to protect the
endemic and little-known taxa of the Mediterranean Sea (Tsiamis et al., 2016). In Greece, at
least 35 non-native species have been registered, while an increasing trend of new algae
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introductions and further expansion has been observed. In the Aegean Sea specifically, the red
algae Botryocladia madagascariensis and Neosiphonia harveyi have been reported recently for
the first time (2015), while Asparagopsis taxiformis is expanding towards the North Aegean. In
April 2013, the brown algae Scytosiphon cf. dotyi was found in Crete (located in the South
Aegean Sea) for the first time, and new regional records of marine alien macroalgae species
(Asparagopsis taxiformis, Botryocladia madagascariensis, Codium fragile, Hypnea spinella,
Neosiphonia harveyi, and Strypodium schimperi) have been found (Tsiamis & Panayotidis,
2015). Additionally, the red algae Cryptonemia tuniformis has been found, which is very rare
and has been reported only once before (Tsiamis et al., 2012).

2.3.3 Posidonia oceanica meadows

The first surface area coverage of P. oceanica was attempted in 2001 within the context of the
Habitat Directive (92/43/EEC), and despite an increase in scientific efforts over the last decades,
the knowledge about P. oceanica meadows remains unclear. Growth patterns of P. oceanica
meadows are differentiated at local and sub-ecoregional scales, and in terms of morphological
and demographic descriptors, the North and South Aegean are characterized by significant
differences. Light limitation is considered to be the main driver affecting distribution,
demography, and biometric characteristics of the North Aegean coastal zone (Gerakaris et al.,
2021). P. oceanica meadows is estimated to extend by approximately 70% of the Greek
coastline, covering 2749.07 km?. Meadows highest coverage (996 km2) is observed in the
North Aegean Sea, while seagrass coverage of the South Aegean is estimated at 850 km?.
Nevertheless, an underestimation of total coverage due to low spatial resolution should be
highlighted, especially when satellite data are not followed by acoustic remote sensing
techniques and in situ methodologies (Panayotidis et al., 2022). Estimation of seagrass coverage
for the Greek coastline through satellite multispectral images is 2510.1 km? between 0 and 40
m depth (Traganos et al., 2018); therefore 238,97 km? less when compared to combined
methodologies with satellite data. Regardless of the underestimation of seagrass coverage by
satellite images, it comprises a very useful survey field for large-scale ecological and
conservation studies considering the spatial distribution of seagrass meadows (Topouzelis et al.,
2018). Satellite image spatial processing is applicable for P. oceanica meadows, such as
maritime spatial planning within the directive 2014/89/EE. In Greece, between 2014 and 2020,
the project INTERREG V-A, with the support of Greece and Cyprus national authorities,
quantified P. oceanica meadows spatial distribution (https://ypen.gov.gr/chorikos-
schediasmos/thal-chor2/). Free access to P. oceanica in Greece is available (https://thalchor-
2.ypen.gov.gr/) for 62 Natura 200 locations with total coverage of 2619 km? and total accuracy
of 76.3%.
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2.4 The case of Saronikos Gulf

The Saronikos Gulf is located between Attica and Argolis and covers an area of about 83km?
and a maximum depth of 416m, located westwards of Methana volcano, but it is considered to
be one of the most polluted areas in the Eastern Mediterranean, mainly due to urban pollution
through the last decades of the 20t century. Saronikos Gulf communicates with the Aegean Sea
through an eastern channel (12m depth) and a western channel (8m depth), while the Western
and Eastern basins of Saronikos Gulf (inner and outer Saronikos, respectively) are separated,
considering an imaginary line between the islands Aigina and Salamina (Figure 5). In 1987,
sampling efforts took place in order to monitor the biological and physicochemical parameters,
followed by a monitoring pollution project (MED-POL project) through seasonal cruises until
1998, sponsored by UNEP. The first studies of phytobenthic communities were carried out at
the beginning of the 20t century, and the most recent studies (1983, 1987) increased the

knowledge of the composition and abundance of hard bottom communities related to urban
and industrial pollution of Athens (Siokou-Frangou, 1999).
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Figure 5. Inner and outer Saronikos gulf (sampling sites for macroalgae) (Tsiamis et al., 2013).

In 1990, the Sewage Primary Treatment Plant was established, and research about macroalgae
species took place, assessing the ecological status at Saronikos Gulf. Through 13 years of
monitoring (1998-2011), a total of 213 taxa were identified and classified into Chlorophyceae,
Phaeophyceae, and Rhodophyceae, including 47, 36, and 130 taxa, respectively. During 2001
and 2005, the number of species increased by 2 times, and an increasing trend at lower rates
continued until 2008. Thereafter, the number of macroalgae species decreased by 5% and total
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coverage by 40% between 2010 and 2011. Large brown macroalgae, and especially Cystoseira
spp., during 1998 and 2011 showed a decreasing trend of total coverage from 100% to 40% on
the outer Saronikos Gulf sampling sites, while on the inner Saronikos Gulf total coverage and
abundance were insignificant. Nevertheless, the nutrient loads decreased after the Treatment
Plant resulting in a decrease of nitrophilous macroalgae species (such as Ulva spp., Cladophora
spp., and Enteromorpha spp.) and their total coverage. Besides the eutrophic conditions and
their impacts on macroalgae, other factors seem to affect macroalgae assemblages in the
Saronikos Gulf, such as habitat destruction and sea urchin overgrazing (Balanika et al., 2011).

2.4.1 Saronikos alien species

Saronikos Gulf is considered to be a hub for introduced species, and a total of 89 alien species
(15% of them are phytobenthic) have been reported, while more than 70% were established
successfully or became invasive (55 and 8 species, respectively) (Figure 6).
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Figure 6. a) Contribution of major taxonomic/eco-functional groups to the diversity of marine NIS of the
Saronikos Gulf, b) establishment success Zenetos et al., 2020.
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After 2000, an increasing trend of alien species has been reported, mainly due to new scientific
efforts in the area, and 13 phytobenthic macroalgae species were registered. The green algae
Caulerpa cylindraceae, Codium fragile, and the brown algae Stypopodium schimperi exhibit
invasive behavior. The species C. fragile and C. shimperi show a more limited distribution, but
they can monopolize the sea bottom (a characteristic example of Salamina Island), and
Caulerpa cylindraceae is extensively found along Saronikos Gulf coasts. Most recently, the
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species Halophila decipiens was registered for the first time in the Saronikos Gulf and the whole
Mediterranean Sea. The primary introduction of alien species in the Saronikos Gulf occurs
mainly due to international shipping and aquaculture, while recreational vessels can spread the
already introduced species (Zenetos et al., 2020). Besides the fact that Saronikos Gulf is
considered to be a hotspot of alien species, the spatial distribution patterns are still incomplete,
such as in the case of Caulerpa C. racemosa (=cylindracea). The latter species invaded and
expanded into the entire Mediterranean Sea during the last 30 years, and a higher probability
of occurrence is observed at shallow areas <4 m deep and at depths between 15 and 30 m. The
density of C. cylindracea is higher at rocky bottoms (compared to P. oceanica beds or on
sandy/muddy bottoms) and also in the southeastern part of the Gulf, which is the initial
establishment area, indicating that time favors the steady expansion and further dominance
over native species (Katsanevakis et al., 2010).

2.4.2 Biological quality elements through WFD

Macroalgae (along with macroinvertebrates and phytoplankton) can be used as biological
guality elements to assess water quality status through the application of some indexes, such as
the Ecological Evaluation Index (EEI). EEI is based on the classification of macroalgae species
through their morphological and functional characteristics, and in general, disturbed marine
environments are dominated by species with high growth rates and reproduction in contrast to
undisturbed areas, where species with low growth rates and reproductive potential are
abundant. The ecological status based on EEl is classified as high, good, moderate, poor, and
bad, ranging between 2 and 10, based on the percentage of the mean macroalgae abundance-
coverage of the represented taxa. In the Saronikos Gulf, sample efforts took place at 14 stations
in order to assess the ecological quality status of the water body based on zoobenthos,
phytoplankton, and macroalgae. Ecological quality status of macroalgae species took place in 6
stations, ranging from poor (4 stations) to moderate (2 stations) status, while a gradient from
poor to moderate status occurs away from Psittalia (outfall). Overall, the Ecological Quality
Status is estimated from moderate to good status except for 1 sampling station (closest to the
Psittalia outfall), which was found to be in poor status (AMBI and BENTIX indexes) (Table 1,
Figure 7) (Simboura et al., 2005).
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Table 1. Comparison between the BENTIX and the AMBI index in Saronikos gulf benthic data Stations

(Simboura et al., 2005).
Stations BENTIX EcoQ-BENTIX AMBI BI EcoQ-AMBI
S3 3.36 M 26 2 G
S7 2.20 p 53 5 p
S397 2.74 M 3.1 2 G
S8 2.71 M 34 3 M
S46Z 3.04 M 29 2 G
S13 3.25 M 24 2 G
826 295 M 33 2 G
S26A 3.25 M 25 2 G
S26B 4.37 G 1.4 2 G
S11 3.70 G 2.5 2 G
ST1A 3.87 G 1.9 2 G
S16 3.49 G 2 2 G
S16A 3.48 G 1.9 2 G
S16B 4.21 G 1.8 2 G
EcoQ: Ecological Quality Status. Station rows with controversial results are shaded.
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Phosphates classification (Simboura et al., 2005).
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2.4.3 Re-oligotrophication of Saronikos Gulf

Saronikos Gulf after the wastewater treatment plant in Psittalia switched from eutrophic to
oligotrophic status in a very short period where nutrient and organic loads declined, resulting in
a rapid re-oligotrophication. Since 2004, both total nitrogen and phosphorus levels decreased
by 75% and 25%, respectively (Figure 8), while total nitrophilous green algae coverage reduced
by 100% to 23% until 2009 (cold season) (Figure 9).
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Figure 8. Annual values of Surface soluble reactive phosphorus (SRP) and surface Dissolved Inorganic
Nitrogen (DIN), for Saronikos Gulf (Inner and Outer) (Tsiamis et al., 2013).
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Figure 9. Annual nitrophilous green algae coverage for the Inner Saronikos gulf for the cold (March) and
warm (September) seasons (Tsiamis et al., 2013).
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The lower total abundance of nitrophilous green algae gradually decreased, resulting in areas
with more diverse communities and an increase in species richness since opportunistic and
ephemeral species inhabited the new available space. It is noteworthy that Cystoseira and
Sargassum spp. were expected to increase in terms of abundance but instead declined. This
decline in the inner Saronikos Gulf may be a result of the absence of parental Cystoseira
species, or the water quality threshold did not reach the required status to support these
sensitive species. On the other hand, the outer Saronikos Gulf had never been affected by high
nutrient and organic loads, and as a result, other causes are responsible for the decline of
Cystoseira forests, such as coastal interferences (construction of sailing and maritime sport
facilities (2004 Olympic Games), recreational buildings, and installations), an increase in heavy
metals and persistent organic compound concentrations, and overgrazing (by overpopulated
sea urchins and herbivorous fish species) (Tsiamis et al., 2013).

2.4.4 Environmental status

Environmental status of the Saronikos Gulf is based on the Water Framework Directive and
Marine Strategy Framework Directive (WFD and MSFD, respectively) according to European
legislation, including the criteria and standards on Good Environmental Status (physical damage
and condition of the benthic community of Sea Floor Integrity). In order to describe the
condition of benthic communities, the following indicators were applied: i) the presence of
sensitive and tolerant species; ii) species diversity and richness and the proportion of
opportunistic to sensitive species; iii) the proportion of biomass or the number of individuals
above a specified length/size; and iv) parameters describing the size spectrum of benthic
communities. After the wastewater Treatment Plant, an upgrade of benthic communities was
observed (BENTIX and diversity indices mostly), especially in the areas adjacent to the outfall
zones and after the advanced secondary biological treatment plant in 2004. Moderate and
good ecological and environmental status gradually improved as distance increased from
WWTP outfalls. Elefsis Bay is characterized by more complex patterns and low environmental
conditions of benthic communities due to shallow depth, local pressures, and enclosed
physiography (Simboura et al., 2014). Most recently in the Saronikos Gulf, an integrated
assessment of the status of marine waters was applied using the holistic Nested Environmental
Status Assessment Tool (NEAT), using 9 biological and chemical ecosystem components, 24
indicators, and 8 descriptors of MSFD. Benthic vegetation, along with benthic fauna, sediment,
mammals, and alien species, were found to be the most impacted components, and the overall
quality status of Saronikos was classified into good status. Elefsis Bay and Psittalia Outfall are
classified as having poor and moderate environmental status, respectively, and as a conclusion,
the application of the NEAT tool may be very useful in order to assess the environmental status
on spatial and temporal scales and integrate data from different sources under MSFD (Pavlidou
et al., 2019).
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3. Materials and methods

Temperature is considered a high-importance factor for seagrass and macroalgal assemblages,
affecting their geographic distribution and functional patterns. Over the last decades, sea
surface temperature data has been available from satellites, providing long-term temperature
observations. Sea surface temperature data were downloaded from the Physical Science
Laboratory (https://psl.noaa.gov/cgi-bin/data/timeseries/timeseriesl.pl) for the closest
latitudes (39.0N to 35.2N) and longitudes (22.5E to 24.4E) of the study area (figure 10).
Chronologically, the SST monthly mean values time series were downloaded from 1948 until
2023. The time series were separated into 3 different groups: 1948-1972, 1973-1997, and 1998-
2023, in order to identify the alternations of the sea surface temperature dataset. Afterwards,
every 25-year period was analyzed to extract seasonal variability, climatology, mean SST
(annually), and histogram characteristics of the study area. Winter and summer seasons refer to
the months January, February, and March, and July, August, and September, respectively. This
region was chosen because Saronikos Gulf (which has been studied extensively) is included
within the study area, and the limitation of spatial resolution availability for the dataset
(calculating closest latitudes and longitudes to the given study area).

39.0072°, 24.4029°

i‘l ......................... It] ........................ 4:
35.2063°, 22.5025°

Figure 10. Coordinates for the closest latitudes (39,0 N to 35,2 N) and longitudes (22,5 E to 24,4 E) of the
study area (https://soto.podaac.earthdatacloud.nasa.gov).
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4. Results

SST monthly mean temperature ranges from 10.7 to 26.9°C in February 2003 and in August
2010, respectively, for the time series 1948-2023. The annual mean SST lowest temperature is
observed in 1976 at 17.4°C and the highest in 2018 at 19.3°C. The coldest months for the time
series are January, February, and March, and the warmest months are July and August. The
mean SST temperature for the latter months is 12.71, 12.47, 13.21, 24.91, and 25.30°C,
respectively. A total of 912 observations are counted, and 185 (20%) of them are between 13
and 14°C.

4.1 Climatology

Climatology is considered to be a great field of research to determine weather patterns and
temperatures over time, while the average period is at least 30 years long. The available SST
data for the period 1948-2023 indicate that at the most recent time series (1998-2023), there is
an increasing trend for the months June to December in comparison to the other two time
series (1948-1972 and 1973-1997). It is worth noting that there is an increase of at least 1 °C for
the months of July and August for the last 25 years (figure 11).

Climatology over a 25 year period
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Figure 11. Climatology from 1948-2023 divided into 3 different periods 1948-2972, 1973-1997, 1998-
2023.
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4.2 Annual mean SST and anomalies

Annual mean SST and anomalies for the period 1948-2023 indicate an increasing trend after the
year 1998 (figure 12). The highest temperature occurred in 2018 with a mean of 19.26°C and is
the highest for the whole time series. Since 1998, considering anomalies, it turns out that all
annual mean SST are positive, except 2006. In contrast, from 1964 to 1997, all the anomaly
values were negative except 1994.
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Figure 12. The upper panel, figure a and b show the annual mean SST and the anomalies respectively
from 1948 — 2023.
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4.3 SST seasonal variability

The seasonal variability for the last 25 years is characterized by an increasing trend of the SST,
divided into two periods: 1998-2009 and 2010-2023. The latter period has a higher monthly
SST, and only in June is it negligible, while the highest differences occurred for the months
February, September, and November (0.95, 0.79, and 0.68°C, respectively) (figure 13).
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Figure 13. Monthly mean SST for the periods 1998-2009 and 2010-2023 are represented with green and
red line. On the right side the difference of the mean values for every month corresponds with the gray
bars on the figure.

4.4 Summer and Winter seasons SST

During the summer season (July, August, and September), an increasing trend of the mean SST
is obvious, and 2 peaks in the dataset occur for the years 2012 and 2021 at 25.90°C. The winter
season (January, February, and March) is characterized by more stability, although after 2010
there is a rise in mean SST temperature. The highest SST was 13.96°C and 14.80°C for the years
2014 and 2016, respectively. In 2022, the SST dropped down 11.52°C, and it is the lowest value
since 1948.
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Figure 14. Annually mean SST for the summer season is shown on panel a) and the winter season on
panel b). Summer season is for the months July, August and September and winter season for the
months January, February and March.
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4.5 SST histograms

Monthly mean SST for the dataset was separated chronologically into 3 histogram graphs in
order to identify the frequency of the observations. Each histogram is grouped into 9 SST
ranges for every 2°C, while the most important findings are about [11, 13] and [25, 27]°C. The
edging ranges of the latest period, 1998-2023, show the lowest and highest frequencies with 22
and 43 entries (figure 15, a). In contrast, the mean SST values frequencies for the first and
second periods (1948-1972, 1973-1997) were 57 and 46, and 22 and 26, for the minimum and
maximum ranges, respectively (figurel5, a and b).

Sea Surface Temperature

Sea Surface Temperature X b)
Histogram 1973 - 1997

a) Histogram 1948 - 1972

60

Frequensy
5 8 & 8 ¢
Frequensy

B
g

o

[12,13] (13,15] (15, 17] (17, 18] (18, 20] (20,22] (22, 23] (23,25] (25,27] [11,13] (13, 14] (14, 16] (16, 18] (18, 20] (20, 21] (21, 23] 2

Sea surface temperature °C Sea surface temperature °C

Sea Surface Temperature
Histogram 1998 - 2023

Frequensy

.

[11, 13] (13, 14] {14, 16] (16, 18] (18, 20] (20,22] (22, 23] (23,25] (25, 27]

Sea surface temperature °C

Figure 15. Monthly mean SST values correspond to the periods 1948-1972 (panel a), 1973-1997 (panel
b) and 1998-2023 (panel c).
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5. Discussion and conclusions

Pristine rocky habitats in the Mediterranean are characterized by structural and biological
complexity, supporting the highest mean species richness and abundance of juvenile fish due to
different macroalgal assemblages. Cystoseira forests are considered to be habitats of high
importance, providing nursery ground for juvenile fish (Symphodus spp., Labrus spp., and
Serranus spp.), while C. julis and T. pavo are more abundant at the edge of these forests.
Nevertheless, the nursery ground provided by shallow rocky habitats is a result of macroalgae
assemblages that are connected to each other (throughout separated patches), providing a
complex mosaic that is more efficient when examined holistically (Cheminée et al., 2021).
Cystoseira forests show an increase in abundance of associated fauna of the families Labridae
and Serannidae (necto-benthic fish) and Blenniidae, Cliniidae, Gobiidae, Trypterigiidae, and
Scorpaeniidae (crypto-benthic fish), but no total biomass differences are alerted when
compared to barren areas. In contrast, the taxa Diplodus spp. and Thalassoma pavo are
estimated to be more abundant in barrens than Cystoseira forests (Thiriet et al., 2016). Canopy-
forming algae are declining on a global scale, and sea urchin grazing is considered to be the
main driver, while the complexity of these habitats and the mechanisms aren’t fully
understood. Human impacts are considered to be a very important factor affecting canopy-
forming macroalgae species, resulting in the fact that sea urchin grazing alone can’t provide
sufficient conservation plan management in order to manage and preserve subtidal canopies
(Bulleri et _al., 2018). Long-term studies indicate that urbanization can lead to a general
environmental deterioration affecting macroalgae, such as the case of Ancona, where 25-30
species have disappeared between the years 1940-1960, and in addition, 9 invasive species
have been introduced by maritime traffic (Fabbrizzi et al., 2020). The decline of seaweed, and
especially canopy-forming species, by anthropogenic disturbances, even after mitigation (such
as sewage treatment management), in most cases cannot recover, and typical species of
pristine environments (Cystoseira spp. mainly) are not abundant, but instead an increase of
stress-tolerant species (e.g., Corallina elongate), occurs (Pinedo et al., 2013). Pressures by
human activities that can erode marine biodiversity of macroalgae assemblages include i)
overexploitation of large predators or ecosystem engineers, ii) nonindigenous species moving
across biogeographic barriers, iii) chemical pollution, and iv) coastal development, while natural
variability in synergy with human pressures can lead to different trends of decline in alpha and
beta diversity (Piazzi & Ceccherelli, 2020). Despite the importance of macroalgae assemblages,
these habitats haven’t yet been described in detail, especially deep-water habitats where
species composition and abundance of the identified morphological groups differ from shallow
habitats, and additionally, a greater number of species occurs (Balata & Piazzi, 2008). Deep-
water macroalgal species (especially Cystoseira spp.) and their dispersal abilities and population
dynamics haven’t been studied on a great scale, while their slow population dynamics and the
limited population connectivity are the main causes of decline, along with anthropogenic
pressures (Capdevila et al., 2018). In the Mediterranean, the knowledge of Cystoseira species
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distribution is available for about 14% of the coastline, and large gaps of data emerge in the
eastern and southern parts. Furthermore, predictions about the distribution of Cystoseira
species show high accuracy, affected mainly by geomorphological conditions and secondarily by
anthropogenic variables (pollution and urbanization) (Fabbrizzi et al., 2020). Macroalgae
assemblages and their importance in coastal rocky areas should be examined diligently, and
more research must be carried out in order to protect, conserve, and manage coastal areas as
an integrative ecosystem (Sini et al., 2017). Minding that anthropogenic pressures can affect
macroalgal assemblages, marine protected areas (MPAs) and no-take zones are demarcated as
protective measures, but good knowledge of natural community dynamics is necessary in order
to assess the drivers leading to a decline of macroalgal assemblages. The composition and total
coverage of macroalgae in protected areas do not differ when compared with areas outside the
protected zone, but some species, such as the canopy-forming macroalgae Treptacantha
elegans, show a positive effect by applying protection measures (Medrano et al., 2020). Climate
change can affect macroalgae assemblages, and the main factors include i) temperature, ii)
nutrient supply (Muguerza et al., 2022), iii) ocean acidification (72% reduction in calcareous
species and community structure shifts) (Porzio et al., 2011), and iv) sea level (Macreadie et al.,
2017). Extreme weather conditions can affect macroalgae assemblages, and climatic change is
expected to increase the severity and frequency of heat waves and sea temperature extremes
(extreme weather events affecting macroalgae). Sea level rise in association with increased
storminess (resulting in increased waves) can affect macroalgae assemblages mainly due to i)
high concentration of nutrients and import of freshwater, ii) dislodge of canopy-forming algae,
and iii) sedimentation (Macreadie et al., 2017). Increasing temperature, which is the main
driver of climate change, is also favoring alien species expansion all over the world ocean and in
the Mediterranean Sea, suggesting that an ecosystem management approach should contain
climate change and biological invasions (Corrales et al., 2018; Raitsos et al., 2010). Managing
the water environment has been lately described as of high importance, and in Europe the EU
Water Framework Directive took place in order to establish a holistic and integrated approach
(https://environment.ec.europa.eu/). Achieving good ecological status is the main goal of WFD,
and macroalgae can be very useful as bioindicators in order to describe the coastal zone
ecological status, while different indexes have been applied, such as the Ecological Evaluation
Index (Orfanidis et al., 2011). Furthermore, the Marine Strategy Framework Directive and Good
Environmental Status (GES) is based on 11 qualitative descriptors related to biological diversity,
non-indigenous species, commercially exploited fish, and food webs, among others
(https://eba.eu.com/environmental/msfd-and-wfd/), and when focusing on coastal habitats,
macroalgae should be considered of high importance. In addition, the high structural
complexity of macroalgae assemblages is leading to the opinion that these habitats should be
observed in a holistic view in order to protect and sufficiently manage these ecosystems and,
furthermore, to benefit human activities related to macroalgae directly (e.g., scuba diving,
harvest) or indirectly (e.g., supporting fishing stock). On a global scale, the Aichi Target 11 of the
Convention on Biological Diversity dictates that 10% of the sea should be protected by 2020,
while only 20% worldwide is meeting the target.
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The Aegean Sea is considered to be a stronghold of marine biodiversity of the Mediterranean
but still lacks spatial information, both in marine habitats and species (especially deep water),
while large areas are understudied. Existing conservation of the Aegean and the measures
applied are considered to be insufficient to safeguard biodiversity, while only 2.3% correspond
to designated areas for conservation (Sini et al., 2017). Saronikos Gulf has been studied
extensively, and more recent results indicate that macroalgae assemblages have increased in
terms of biodiversity (species richness and total coverage values), but canopy-forming algae
decline was addressed despite the better water quality after Sewage Primary Treatment in
2004. The re-oligotrophication of Saronikos and the decline of canopy-forming algae may be a
result of i) absence of parental Cystoseira population, ii) lower water quality required and iii)
overgrazing by overpopulated marine herbivores (Tsiamis et al., 2013). It is worth noting that
on a global scale, when eutrophicated areas shift to an oligotrophic state, perennial macroalgae
cannot recover, and the overall status shifts are mainly unknown (Le Fur et al., 2019; Pinedo et
al., 2013). Considering that urbanization is the main driver leading to canopy-forming species
decline, it is secondarily supported that non-indigenous species are also of high importance
(mostly through marine trafficking) (Rindi et al., 2020), and the Saronikos Gulf is also considered
to be an alien species hotspot (Zenetos et al., 2020). Nevertheless, when focusing on
macroalgae forests, the drivers leading to a decline or even absolute absence remain unknown,
and natural recovery is rarely documented (Cebrian et al., 2021). The Saronikos Gulf has lately
been examined in a holistic approach, and the most impacted ecological components are i)
organic sedimentation, ii) benthic fauna and vegetation, iii) mammals, and iv) alien species,
while the whole Saronikos Gulf basin is categorized into GOOD status (Pavlidou et al., 2019).
Future anthropogenic threats to macroalgae assemblages of the Saronikos Gulf may oppose the
increase of tourism (in Attica, 5.5 million tourists in 2018, up from 2.6 million in 2012
(https://www.greeceinvestorguide.com/regions/attica/)) and infrastructure investments (such
as The Ellinikon, with a threshold of 1 million tourists to be hospitalized annually
(https://theellinikon.com.gr/en/invest/)) during their construction and afterwards. Global
warming and extreme weather conditions can affect macroalgae, mainly due to the expansion
of alien species and the competition with native species.

The sea surface temperature of the study area shows an increasing trend during the last 25
years (1998-2023). Extreme weather conditions may affect SST in various ways, while notable
weather and climate events in Greece (2022) (HNMS, 2022) are associated with alternations to
temperature (figure 14b). In 2022, heavy snowfall occurred by “Elpis” on January 22 to 25
(Aegean, Evia, and Attica region) and also on March 9 to 16 by “Filippos” (Attica and Viotia
region). As a result of these extreme weather conditions, March 2022 was the 3™ coldest March
since 1960, and considering the analysis of the SST dataset in this thesis, the winter season of
the year 2022 was the coldest with a mean temperature of 11.52°C (figure 14b). The highest
mean annual SST (19.26°C) of the study area for the dataset occurred in 2018, and a marine
temperature extreme event (marine heat wave) with high activity was observed in the eastern
Mediterranean Sea (Simon et al., 2022). Warming and extreme heatwaves have increased since
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the 1990s in the Mediterranean Sea, leading to the “tropicalization” of the fauna and flora,
mainly by the spread of tropical non-indigenous species (Balzan et al., 2022). Marine heatwaves
impacts on marine biodiversity are highlighted globally, and the Mediterranean Sea is not an
exception, while monitoring and forecasting efforts are necessary to understand these events
(Darmaraki et al., 2024). Nevertheless, P. oceanica meadows can tolerate temperature
increases within their thermal limits (up to 28-30°C), but metabolic and physiological
dysfunction is observed in the seeds after a temperature threshold of 26-28°C (Rinaldi et al.,
2023). Despite the high tolerance of P. oceanica meadows to temperature increase, when
natural or cultural eutrophication events are combined, present and future persistence is
affected, particularly under eutrophic conditions (Pazzaglia et al., 2020). Some canopy-forming
species (e.g., Gongolaria barbata) show high adaptability to future climate conditions related to
marine heat waves (Fabbrizzi et al., 2023), and, on the other hand, the persistence and integrity
of macroalgae forests (such as kelp forests) are threatened by ocean warming (Smale, 2020). In
the Mediterranean Sea, macroalgal forests formed by Cystoseira sensu lato are affected by
thermal anomalies and ocean warming at their reproductive phenology, germling growth, and
viability, leading to increased mortality in the recruitment stages, rendering them vulnerable to
further stresses (Falace et al., 2021). Ocean warming impacts on phytobenthic communities
indicate that recruitment stages are affected the most, and long-term threats to the survival of
these high-importance phytobenthic habitats are expected. Furthermore, ocean warming
increases the stress of phytobenthos, and when other factors act synergistically, high-
importance habitats (e.g., P. oceanica meadows and macroalgae forests) are highly threatened.
The overall alterations to marine diversity and human benefits by the loss of coastal
phytobenthic ecosystems are still under question, but the fact that nowadays they are
considered to be valuable and the need to protect, conserve, and preserve these ecosystems is
highlighted.

Ocean warming is the most severe threat among global climate change factors for the
phytobenthic communities and is the most important range-limiting factor. Ongoing climatic
changes are expected to alter physiological responses and the survivability of early life changes
(both seeds and spores) of macroalgae and seagrasses. Additionally, symbiotic relations
between microbiome communities and their hosts and biochemical changes in macrophytes
are affected, which can have severe impacts on trophic levels feeding on seagrass-derived
organic matter (e.g., reduced carbon fixation leading to reduced energy transfer and severe
reduction of essential fatty acid production) (Duarte et al., 2018). For the study area, analysis of
sea surface temperature (SST) data from 1983 to 2023 reveals an increasing trend in annual
mean SST, along with changes in climatology and the frequency of high temperatures. Both
maximum and minimum SST values are closely linked to extreme weather events. The data
from 1948 to 2023 indicate long-term warming, with a clear upward shift in temperatures over
recent decades, particularly from the late 1990s and afterwards. Climatology analysis highlights
a consistent increase in SST during the summer months, especially in July and August, with a
rise of at least 1°C in the past 25 years. Seasonal variability from 1998 to 2023 demonstrates an
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accelerating increase in SST, particularly in February, September, and November, with
temperature differences reaching up to 0.95°C (Figurel3). The highest monthly mean SST for
the latter period is 26.29°C in August, followed by July at 25.74°C. Marine macroalgal forests,
mainly formed by Cystoseira sensu lato species, are affected in both the pre- and post-zygotic
phases by thermal anomalies. The period of sexual maturity is June and July, while in the study
area, July is the month with the highest mean SST. Thermal anomalies result in low culture
efficiency, lower fertilization of eggs, and slower embryo growth, leading to lower percent
cover of seedlings on the tiles and lower survival rate (Cimini et al., 2024). If ocean warming
continues, the optimal temperature for the growth of P. oceanica, Cystoseira compressa,
Padina pavonica, Caulerpa prolifera, and Halimeda tuna will be affected negatively. P. oceanica
has an upper lethal limit of 28.9°C and is the most vulnerable among the other macrophytic
organisms (Savva et al., 2018). In the study area, the highest mean monthly SST almost reaches
27°C (e.g., 26.93°C in August 2010, 26.92°C in August 2021, and 26.69°C in July 2021), and
therefore the early life stages are already negatively affected. Further temperature increase will
challenge the survival of P. oceanica, especially when other pressures are combined, such as
direct erosion by anchoring and fishing, water and sediment eutrophication, coastline
transformation effects, and expansion of alien species. Climate change will affect macrophytic
communities in the next decades, and long-term monitoring and a holistic approach are
necessary to identify the alterations and impacts to macrophytic assemblages.
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