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Abstract: Posidonia oceanica (L.) Delile, the Mediterranean's
endemic seagrass, is one of the most ancient and ecologically
irreplaceable organisms on Earth. A survivor of geological
upheavals, mass extinctions and millennia of environmental
changes. This review synthesizes current knowledge of its
evolutionary origins, unique biological characteristics, and the
multiple pressures now threatening its persistence. Drawing on
recent literature spanning genomics, ecophysiology, climate science
and conservation biology, we examine the dual reproductive
strategy that has sustained clonal meadows, and the mounting
evidence of simultaneous direct and indirect anthropogenic impacts
across the Mediterranean basin. The challenge is to survive at
compounding climate drivers as thermal stress, ocean acidification,
stratification, and sea level rise. Despite a 34% regression of
meadow extent in the last 50 years, the species retains adaptive
potential through epigenetic stress memory, phenotypic plasticity,
and stress-induced mass flowering. The convergence of climate
change with coastal development, pollution, invasive species and
overexploitation, however, is occurring at a pace that far exceeds
the species' capacity for recovery. Effective conservation requires
urgent, coordinated action across the 21 Mediterranean nations,
before the trajectory becomes irreversible.

Keywords: Posidonia oceanica; Mediterranean Sea; climate
change; seagrass conservation; marine heatwaves; ocean warming;
seagrass restoration; anthropogenic pressure.
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1.
The Ancient
Survivor

Thalassotaenia notophyllum sp. nov., fossil

In the summer of 2025, an article was published about fossils discovered in the lower
part of an exposed coastal cliff, in a location called Isla Escondida, in remote Patagonia
(Panti et al., 2025). Under various sedimentary deposits, a layer of tuff dated 20.5 £ 0.46
Ma, lies about 17 meters above a vegetation horizon where traces of seagrasses, with
clearly recognizable epibionts, have been found, dating back to the beginning of the
Miocene. Interesting data emerged from the analyses carried out. A new morphospecies
Thalassotaenia notophyllum sp. nov. has been identified thanks to the beautifully
preserved ribbon-like leaves with parallel veins, preserved epibionts on the leaves such
as diatoms, bryozoans, coralline algae, polychaetas, and even the plagiotropic rhizomes
with roots. Researchers recognized characters phylogenetically close to the genus
Thalassia (Hydrocharitaceae), and they can better understand the southernmost
environment where seagrass fossils have been found.

What fossils can reveal to us is always important, but when they show plant organisms it
is, if possible, even more precious. Plants, especially those devoid or almost devoid of
lignin, like seagrasses, are by their very nature destined to rapid decomposition and it is
rare to find complete fossils of the various parts essential to the identification of the
plant.

Thalassotaenia notophyllum sp. nov. is not a species of phanerogam closely related to
Posidonia oceanica, although both belong to the Order Alismatales, the group that
diverged from other monocotyledons in distant eras and underwent the evolutionary
transition that brought some lineages back to the sea, becoming plants capable of
modifying physiological functions and structures to adapt to the sea and to the context of
that epoch.

Aquatic angiosperms are not frequent: flowering plant evolution involved more than 200
independent transitions from terrestrial ancestors to aquatic environments (Cook, 1999),
a figure that more recent phylogenetic analyses suggest may be considerably higher
(Tippery, 2026). Today aquatic angiosperms represent only about 2% of flowering plant
species. The vast majority (recent estimates suggest 33 families and thousands of
species) inhabit freshwater environments while seagrasses, a polyphyletic group,
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comprise only about 60 fully marine species, encompassed in 4, to 6 families depending
on the taxonomic treatment adopted: Zosteraceae, Hydrocharitaceae, Posidoniaceae,
Cymodoceaceae and Ruppiaceae (Kuo & Hartog, 2006; Les & Tippery, 2013; Waycott et
al., 20006).

The current overall geographical distribution of the various families includes the
temperate coastal zones of the North Atlantic, the North Pacific, the Southern Oceans;
the tropical areas of the Atlantic and the Indo-Pacific; and the Mediterranean (Short et
al., 2007).

Genetic links have been studied to try to understand the connections and the distances
between land plants, freshwater plants, seawater plants and have revealed a remarkable
pattern: the transition from land to sea happened at least three separate evolutionary
times (Les et al., 1997; Ma et al., 2024). Molecular phylogenetic research gave a clear
indication of the three independent origins of the seagrasses, with three different
lineages:

1. The Hydrocharitaceae, including Thalassia — to which the Patagonian fossil is
related;

2. The Zosteraceae-Potamogetonaceae clade;

3. The Cymodoceaceae complex which includes Posidoniaceae, Cymodoceaceae,
and Ruppiaceae.

Certainly, seagrasses living completely submerged have accomplished one of evolution’s
most extreme challenges, because every lineage, evolved from freshwater or salt-tolerant
ancestors, had to undergo the same suite of necessary adaptations scheme, to deal with
increasing salinity, reduced light, underwater pollinations and resistance to the
mechanical forces of waves and currents. It’s quite easy to understand how rare and
difficult it may have been to realize this evolutionary transition to survive marine
conditions, especially considering how essential it was that all these skills act
simultaneously.

To better understand the extent of this step, it is useful to remember the strategies that
made it possible. Recently, it has been ascertained that a possible key to understanding
the extent of the mutation is a consequence of a triplication of the entire genome, which
took place about 86 million years ago, which established genetic redundancy allowing
some gene copies to maintain essential functions while other genetic copies could
modify the capabilities by acquiring or losing some functions. This macromutational
event can be the facilitating element of a simultaneous evolution of very complex
adaptations (Ma et al., 2024).

What has been gained from this evolution? Here are just some of the most notable
examples. The aerenchyma, a specialized spongy tissue, with large air cavities (lacunae),
which runs the entire length of the plant, from the leaf to the rhizome, from the rhizome
to the root, and which performs multiple tasks simultaneously: it provides buoyancy,
structural support and flexibility which, at the same time, allows the transport of oxygen
to the roots, often growing in anoxic sediments (Kuo & Hartog, 2006).

Among the most crucial assets, it was indispensable to improve and refine the efficiency
of proton pumps (Salt-tolerant H*-ATPases) to generate electrochemical gradients
between cell membranes, and Na*/H* antiporters, NHX family proteins, membrane
transporters that actively move sodium from the cytoplasm while maintaining the

necessary low Na*/K" ratio for enzymatic functions (Touchette, 2007).
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Cell walls were redesigned, adding to polysaccharides shared with terrestrial plants
polysaccharides like polyanionic, low-methylated pectins and sulfated galactans, which
are absent in terrestrial and freshwater flowering plants, being more characteristic in
macroalgae, whose function is to facilitate gas exchange through the leaf epidermis and
also allowing nutrient uptake (Aquino, 2004).

This step is of particular importance because the evolutionary scheme required a radical
simplification, losing the ability to build and use stomata, fundamental structures of
terrestrial plants, but unnecessary or even detrimental for fully submerged plants (Olsen
et al., 2016). Without stomata, CO; acquisition takes place directly through the leaf
epidermis. Since CO: diffuses approximately 10,000 times more slowly in water than in
air, and most dissolved inorganic carbon in seawater occurs as HCO3 , which cannot
passively cross membranes, seagrasses evolved mechanisms to access this important
carbon source. With enzymes on the leaf surface (external carbonic anhydrase, outside
the outer plasmalemma), HCO; is converted into CO». Simultaneously, proton pumps
(H'-ATPases) expel hydrogen ions, creating localized acidic microenvironments that
further shift the equilibrium toward CO; concentrating it near the membrane surface to
promote passive diffusion into cells. Internal carbonic anhydrase in the cytoplasm then
reconverts CO, to HCOs , trapping it inside the cell as it cannot cross lipid membranes,
while stromal carbonic anhydrase in the chloroplast reconverts HCO3;  back to CO;
precisely where Rubisco requires it for photosynthesis. It should be remembered that in
seagrasses photosynthesis takes place in the epidermis. This carbon-concentrating
mechanism ensures adequate carbon supply even in CO,-limited underwater
environments though it imposes metabolic costs associated with ATP consumption for
proton pumping and enzyme synthesis (Larkum et al., 2017; Touchette & Burkholder,
2000). There are several hypotheses about possible mechanisms of membrane
transporters, cotransporters or symporters, that would directly import HCO3™ inside the
leaves. For example, anion exchangers have been characterized in kelp (macroalgae), but
these proteins have not been identified or characterized for seagrasses (Beer &
Rehnberg, 1997; Fernandez et al., 2014; Rubio et al., 2017).

Endless studies could be conducted on each of these evolutionary acquisitions and losses
to describe them in greater detail, and to understand how these adaptations have allowed
seagrasses to persist across geological eras of millions of years. Many other fundamental
aspects remain active areas of research, including structural hypolignification (Ma et al.,
2024), light-harvesting systems optimized for the underwater spectrum (high PSI/PSII
ratios, enhanced LHCII) and the dual reproductive strategy. It is very interesting that all
seagrasses retain the common characteristic of reproducing both sexually — through
underwater pollination, and the production of fruits and seeds that enable genetic
recombination and dispersal — and asexually — through clonal growth of orthotropic
genetically identical ramets via plagiotropic rhizomes (Kuo & Hartog, 2006). Both
strategies respond to the limitations or the opportunities posed by environmental biotic
and abiotic constraints: sexual reproduction promotes genetic diversity and colonization,
while clonal growth ensures persistence in stable habitats. This flexibility has sustained
seagrasses through past climate shifts, now it may represent sufficient evolutionary
advantage to face the present era, where rapid changing conditions pose unprecedented
challenges. Ocean warming, acidification, and intensifying coastal development
occurring within decades rather than millennia are posing pressing questions for the
future of these ancient and irreplaceable ecosystems. Recent discoveries reveal a more
nuanced range of possibilities. The same ancient strategy of the whole genome
triplication that enabled marine colonization may provide ongoing genetic redundancy
that buffers populations and facilitates innovation (Ma et al., 2024). Moreover,
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seagrasses employ rapid, non-genetic adaptive mechanisms: epigenetic modifications
enable stress memory, allowing plants to “remember” and respond more effectively to
repeated thermal challenges (Nguyen et al., 2020); phenotypic plasticity permits
adjustments to photosynthetic machinery and morphology within individual lifetimes
(Edgeloe et al.,, 2022); and crucially, environmental stress itself triggers sexual
reproduction, as witnessed in mass flowering events generating genetic diversity
precisely when populations need it most (Marin-Guirao et al., 2019; Tomas et al., 2024).

In the complex evolutionary context of seagrasses, briefly described so far, it’s time to
focus on Posidonia oceanica, an endemic species of the Mediterranean, to understand
where and when “she” comes from, and what the present looks like.

P, oceanica inflorescence
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2.

From the
Cretaceous to Us:
One Species, One
Sea

Let's start again with fossils. Of the scarce finds associated with Posidonia, recorded
from the Cretaceous to the Miocene (Gessner, 1971), some have been associated with
three extinct species of the Tethys Sea: Posidonia cretacea Hosius & Von der Marck
(1880), P. perforata e P. parisiensis. Some of these attributed to Posidonia parisiensis
are currently preserved at the Muséum National d'Histoire Naturelle in Paris and relate to
marine deposits from mid-Eocene — end of Oligocene (48-23 Ma).

What factors have favored the long process of evolution and then persistence through the
ages, and which have prevented their territorial expansion? Posidonia oceanica is in fact
a unique species endemic to the Mediterranean Sea, confined within its shores for tens of
millions of years, at least since the Sea became how we know it now, with its present
configuration. It has been a process which unfolded in many phases, starting back to the
Miocene (23-5.3 Ma), when a series of major geological transformations reshaped the
basin through very different scenarios. It took millions of years for the Tethys Sea to
close and almost another one million to endure and survive the Messinian Salinity Crisis.
The dramatic lowering of the sea level fragmented the basin into lagoons and isolated
brackish water bodies, environments that probably hosted and, in some way, selected the
ancestors of Posidonia oceanica, capable of withstanding fluctuations in salinity, light
availability, and temperature. The Messinian crisis ended approximately 5.3 Ma when
the connection with the Atlantic Ocean was restored. Since then, one should recall the
subsequent repetition of countless glaciations and deglaciations, culminating in the Last
Glacial Maximum approximately 20,000 years ago, when sea levels dropped by over 120
meters. That affected the Mediterranean area, along with the interaction between
tectonics and climate-induced sea-level oscillations and modified the environment as a
result of temperature fluctuations and repeated sea level variations (Anzidei et al., 2014;
Charles-Frangois Boudouresque, et al., 2025). It is highly probable that the severity of
these conditions left a lasting imprint on the genetic variations observed by
contemporary analysis, between the populations of the eastern regions, compared to
those located in the western Mediterranean (Arnaud-Haond, Duarte, et al., 2007; Serra et
al., 2010).

These transformations were complete long before the first humans walked the Earth.
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Posidonia oceanica is a witness to a Mediterranean that no human eye has ever seen.
While Posidonia oceanica remains the sole representative of its genus in the
Mediterranean, the family Posidoniaceae has its other living members in the southern
waters of Australia, where eight species are distributed along the temperate coasts from
P. australis, the most studied, to smaller and less known species grouped in two distinct
complexes (Aires et al., 2011; Gobert et al., 2006).

The split between the Mediterranean lineage and the Australian ones is ancient, dating
back, once again, to the Tethys Ocean, this time more than 60 million years ago, as
estimated through molecular clock analyses calibrated on the fossil record of the genus
(Aires et al., 2011). Yet, they are not genetically close but genetic divergence between
them remains surprisingly low, a reflection of the extraordinarily slow evolutionary rates
that characterize the entire genus, shaped by long generation times and the dominance of
clonal reproduction (Larkum et al., 2006).

Today, these distant relatives share not only their ancestry but also a striking functional
similarity: Posidonia oceanica so closely mirrors the Australian species that the two
communities, geographically separated by 17,000 km (Celdran et al., 2015; Larkum et
al., 2006), occupy remarkably similar ecological niches and moderately similar
functional compositions despite complete species and lineage replacement (Bosch et al.,
2025; Waycott et al., 2006). A living echo of the shared Tethyan origin.

Unlike the other seagrass species sharing its habitat, whose wider ecological tolerances
and dispersal capacities allow them to extend beyond the Mediterranean basin (Kuo &
Hartog, 2006), Posidonia oceanica lacks both the biological tools and the evolutionary
flexibility to cross its boundaries: a prisoner, in the end, of its own specialization.
However, this does not mean that the tools available offer no prospect for the future. The
very specialization that confines this single species to a single sea has also shaped a
remarkable set of survival strategies, and that may yet be enough, but the challenge,
however, is far from simple in the face of a rapidly changing Mediterranean.

The historical ability to adapt has attracted growing scientific attention for at least half a
century. One of the most important strategies, of course, is the dual possibility of
reproduction through both the clonal growth system and seed production and dispersal
system. The benefits of these strategies are revealed by the age of existing meadows:
clonal groups ranging from 1 to 15 km in size, whose age have been dated between
80,000 and 200,000 years (Arnaud-Haond et al., 2012).

Before analyzing the two reproductive strategies in detail, it is appropriate to fully
describe the morphology, structural complexity, and rhythms of Posidonia oceanica, to
understand its strength and vulnerability.

The plant is a true flowering one, monocot angiosperm, with hermaphrodite flowers. In
early autumn the inflorescence emerges and arises from the base of the leaf bundle, the
long peduncle supports 3—5 spikes, which can bear from 3 to 6 flowers each. The flowers
are devoid of perianth, sepals and petals. Self-pollination is minimized through
protogyny, with initial maturation of the carpel — female phase — with one ovule
contained into the ovary, and the three stamens in the bisexual flower — arranged in a
single whorl, one median-abaxial and two inserted transversely — only two lateral
stamens if the flower is male (Remizowa et al., 2012). When the stamens mature, they
release thread-like pollen. From late spring through early summer, fruits progressively
mature and detach. They are olive shaped, soft and float on the sea surface for a variable
period, from a few days up to several weeks depending on currents and winds, then settle
on the ocean bed, where fruit dehiscence occurs, through splitting longitudinally and
releases one green seed. It has a membranous coat, a primary embryonic root and two
adventitious root primordia, which germinates soon after released and immediately
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produces real roots (Kuo & Hartog, 2006). The seed epidermis contains chloroplasts, so
good light conditions promote photosynthetic activity. The seed is fully able to survive
thanks to the abundant reserve of starches and an efficient vascular system that allows
the mobilization of what is necessary for growth (Belzunce et al., 2005, 2008a; Celdran
& Marin, 2011).

The 6 or 7 leaves sprout from the seed or from a vertical rhizome. In the first case, the
seedling needs a few months (6-8) to be photosynthetically autonomous (Balestri et al.,
2009; Sutera et al., 2024). The leaves are ribbon-shaped, a long lamina with rounded or
truncated apex, crossed by 8—11 longitudinal veins parallel to each other, i.e. the vascular
bundles. Leaves can be bright green from juveniles — smaller than 5 cm — to intermediate
— longer than 5 cm. When a petiole (ligula) is formed between sheath and lamina, finally
the leaf is adult, it may reach 80—100 cm in height, often darker green and colonized by
various epiphytes (Boudouresque et al., 2012). So, leaves of different ages can grow in
the same node and are formed throughout the year but at different speeds during spring/
summer or autumn/winter (Celdran et al., 2015). In addition, leaf fall is a senescence
process that allows the recovery of useful nutrients (resorption) (Hemminga et al., 1999).
The leaf grows from the basal part — sheath — surrounding the orthotropic rhizome that
originates from the main stem, a creeping rhizome, usually horizontal — plagiotropic —
with an apical meristem, which develops nodes at regular intervals for the emission of
vertical rhizomes, also with their own apical meristem.

This distinction, however, is not rigidly determined: according to available space and
local conditions, an orthotropic rhizome may assume a plagiotropic orientation and vice
versa (Caye, 1980). Their directional flexibility may be itself an expression of the
remarkable phenotypic plasticity of the species, a theme that will be explored further in
relation to clonal growth and reproductive strategies. The plagiotropic rhizome remains
anchored to the substrate thanks to the roots and the node can also have branched or
unbranched roots.

Given their composition, mainly phenolic constituents based on p-hydroxybenzoic acid
(p-HBA) — atypical for vascular plants — sheaths, rhizomes and roots are not easy to
degrade (Kaal et al., 2016). Notable factors are both the rich presence of lignin-like
phenolic compounds and the conspicuous presence of cellulose and hemicellulose, both
in relation to a substrate that tends to be anoxic (Rencoret et al., 2020). The layered
overlapping of alternate rhizomes creates an interlacing structure that favors the
accumulation of organic material and traps sediment, thus constituting a dense biogenic
structure, called “matte” with many consequences. The architectural structure takes on a
complex shape over time, a bioconstruction that grows rather slowly, but its development
gradually modifies its own aspect: the more crowded areas prefer to grow orthotropic
rhizomes, while the borders of the colony create the plagiotropic form (Vacchi et al.,
2017). Once established, the matte modified also the environment acting like a barrier
against currents, protecting beaches and coastlines from wave erosion. At the same time
the matte functions as the major natural sink of organic carbon (Kaal et al., 2018).
However, if the sediment supply is too abundant, such as near the mouths of rivers with
large transport, the meadow can disappear (Boudouresque et al., 2012). In addition, if
meadows are located where there are intense wave motion and/or strong currents, the
matte can be eroded and fragmented by internal channels, originated from that erosion.

There are many factors that govern the complex chemistry of Posidonia oceanica, only
partially described so far. Dissolved nutrients are absorbed through the epidermis of the
leaf blade, where the process of photosynthesis takes place too. Photo assimilates are
then translocated through the phloem reaching the active rhizomes and the meristematic
tissues, while nutrients absorbed by both leaves and roots, depending on their availability
in the water column and in the sediment respectively, are transported via the xylem to the
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rhizome and meristematic tissues, where they can be stored during winter, as
documented for inorganic nitrogen, for subsequent utilization during spring, for the
seasonal growth (Alcoverro et al., 2000; Invers et al., 2002).

The different growth rates of the modular plant are evident by comparing existing data
about the seasonal growth of the leaves, the slow plagiotropic growth, the even slower
orthotropic growth and that linked to the episodic phenomenon of flowering. It is
precisely these differentiations that make it necessary to investigate more deeply the
question of dual reproductive strategies.

Most of the Posidonia oceanica meadows scattered in the Mediterranean Sea have
existed for millennia. Clonal colonies already witness a genetic procedure capable of
resisting both general and local environmental changes, implementing complementary
mechanisms of development and persistence. The clonal plant is so defined when the
various modules are functionally independent, even if connected. The physiological
interaction is determined by the rhizome advancing horizontally in the substrate and
producing, at regular intervals, ramets formed by a piece of rhizome, a bundle from
which new leaves will emerge, and a root system (Borum et al., 2004; Marba & Duarte,
1998). The clonal offspring is called "ramets", the plant that includes a variable number
of clonal ramets is called "genet". Thus, the same genet contains ramets that share the
same genotype and with the possibility of acting as an independent individual (Ruocco et
al., 2021). They can share resources and risks (Dodd & Douhovnikoff, 2016), studies
demonstrated functional integration between neighboring ramets through translocation,
reallocation of nitrogen, carbon, nutrients, and photosynthates to organs of increased
metabolic activity to promote clonal growth and colony spread (Marba et al., 2006).

Recently, the important genetic question has been better investigated. Classical
evolutionary theory predicts that clonal lineages should accumulate deleterious
mutations over time, a process known as Muller's ratchet, eventually leading to
extinction. Yet the ancient clones of Posidonia oceanica appear to contradict this
prediction. Several theories propose alternative perspectives to explain this resilience.
The General-Purpose Genotype model suggests that clonal reproduction allows for the
preservation of exceptionally well-adapted genetic complexes that are advantageous to
preserve. The Frozen Niche Variation model offers a complementary vision, proposing
that different clonal genotypes co-exist by occupying narrow, non-overlapping
ecological niches, each specialized in local microhabitat conditions (Arnaud-Haond et
al., 2012; Ruocco et al., 2021).

In the absence of frequent genetic recombination, adaptation to environmental change
relies heavily on phenotypic plasticity, the capacity of a single genotype to express
different morphological, physiological and behavioral responses to varying conditions
(Pazzaglia et al., 2021). In Posidonia oceanica this plasticity is expressed at multiple
levels: in the flexible orientation of rhizomes in response to available space, in the
seasonal storage and remobilization of nutrients, and in the capacity to modulate growth
rates according to light and temperature regimes.

The legacy left by ancient episodes of polyploidy is a genetic redundancy that can
compensate for what was predicted by the Muller's ratchet theory. Evidence of this rapid
adaptation mechanism during intense environmental stress comes from research in
Australia's Shark Bay, where a single polyploid clone spanning nearly 180 km, the
largest known clone on Earth, appears to have expanded into increasingly stressful
habitats precisely through the combination of genome duplication and clonal growth
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(Edgeloe et al., 2022). A clone that has survived thousands of years has done so not by
changing its genome, but by remaining flexible in its expression.

Yet clonal growth is not, however successful, without its limits. The stability and
persistence resulting from asexual reproduction constrain the development of
evolutionary potential. Without genetic recombination adaptive variation cannot be
generated and the clonal genotype may not be adequate when environmental change
exceeds the boundaries of phenotypic plasticity (Arnaud-Haond et al., 2012; Pazzaglia et
al., 2021). The very nature of clonal expansion makes it difficult to bridge geographical
barriers, or colonize disconnected or distant habitats, or ensure recovery and
recolonization following meadows loss, or serious disturbance (Ries et al., 2023).
Moreover, any damage caused by pathogens or by some long-lasting stress factor
(eutrophication, heatwaves), can compromise individual genets or the entire clone. The
genetic uniformity renders the seagrass meadow or parts of it particularly vulnerable to
disease and stress events (Hughes & Stachowicz, 2004; Reusch et al., 2005).

In response to these limits, sexual reproduction emerged as a complementary strategy
available for Posidonia oceanica’s survival, even if it is a rather rare, episodic event.
Previously, some of the principal phases were mentioned: the seasonal emergence of the
hermaphroditic inflorescence, protogynous flowering strategy to avoid self-pollination,
the winter to spring slow fruit formation, their detachment and dispersal, and the
eventual seed settlement and germination. Each of these phases presents possible critical
issues, beginning with the energetic investment required of each ramet to produce
flowers and fruit. This investment is preceded by a prolonged accumulation of
carbohydrate reserves in the rhizomes, a pattern that has led some authors to draw
parallels with the mast seeding strategy described in terrestrial plants, characterized by
infrequent reproduction and elevated shoot mortality in flowering years (Jahnke et al.,
2015). The physiological cost is visible at the shoot level: flowering bundles carry an
extra leaf, likely to meet the carbon demand of inflorescence production, while rhizome
elongation slows markedly over an extended period (Calvo et al., 2006). Yet the
probability of success at each stage is remarkably low. Only one mature and viable fruit
results from 12 or 13 inflorescences; approximately 87% of the attempts are
spontaneously aborted and about 10% is consumed by herbivores. The high abortion rate
may be related to limited cross-pollination opportunities or to the occurrence of self-
pollination (Balestri & Cinelli, 2003). In fact, protogyny prevents self-pollination within
the same flower, but the problem arises equally in the context of pollination between
flowers from genetically identical ramets (geitonogamy). Studies on Posidonia australis
have revealed that hydrophilous pollen travels beyond the clone boundaries, so despite
the clonal structure the meadow effective outcrossing prevails (Sinclair et al., 2014).
This discovery is not yet demonstrated valid for Posidonia oceanica.

DOI.ORG/10.82010/JECO.BSRC.2025.19

19

BSRC.IT/JECO



JECO 2026, 03, 4(1)

P. oceanica fruits and seeds, various phases

However, this is an energetically expensive process, and it may appear as a wasted
investment, but other strategies intervene. The frequency and intensity of episodic
flowering are very variable in space and in time, and there is seasonality, related to
cooling water and shortening day length. In fact, some factors that favor flowering have
been recognized: the age of the ramet, sufficient nutrients, and solar activity (Balestri &
Vallerini, 2003; Gobert et al., 2005; Montefalcone et al., 2013). There is also the
possibility of sexual reproduction as the most useful mechanism when climatic
uncertainty alters stability. Intense heatwave-stimulated flowering events in the
laboratory showed correlation with allelic richness and heterozygosity and this may be a
capacity to respond in an adaptive way to temperature rises (Ruiz et al., 2018). The mass
flowering also seems to follow far-reaching temperature rises, as in the heatwaves
recorded in several recent years (1982, 1994, 1998, 2003, 2012, 2015, 2022, 2023 and
2024) across the Mediterranean Sea. After the unprecedented sea warming of 2022, mass
flowering was extensively recorded across several sites (Stipcich et al., 2024). From
January 2023 in the Balearic Islands, for the first time pseudovivipary was reported for
Posidonia oceanica: the forming flower does not produce stamens or pistils but
produces, with asexual behavior, a plantlet genetically identical to the maternal plant,
which remains attached while developing its own leaves and roots before detachment
and dispersal (Tomas et al., 2024). Only one previous observation of a comparable
phenomenon had been reported, following a heatwave, in Posidonia australis, at Shark
Bay, Western Australia (Sinclair et al., 2015).

At this point, having overcome the challenges of flowering, both fruits and seeds — and

pseudoviviparous plantlets — face their own challenges before a new plant can establish.
Their biology shows remarkable adaptations to making the effort more successful. The
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fruit is not only a transporter and a reservoir: its pericarp, a compact outer hypodermis
bearing chloroplasts, underlain by a thick spongy mesophyll traversed by air lacunae, is
made

for buoyancy and, more than that, to allow light to reach the seed within, because the
seed itself is already photosynthetically active before germination. This function persists
and intensifies for a couple of months following seedling establishment, sustaining
growth of roots and leaves of the developing plantlet (Celdran & Marin, 2013). Even the
seeds of Posidonia australis and Posidonia sinuosa have been confirmed as
photosynthetically active, and this shared trait across genus suggests an adaptive
mechanism inherited from a common ancestor during the Late Eocene (37.2-33.9 Ma).
The larger seed size of the Posidonia oceanica compared to its Australian congeners
may be a consequence of the Tethys basin closure with severe conditions of oligotrophic
sea (Celdran et al., 2015).

The last step is a very crucial one. The result of this complex process depends entirely on
the substrate where seeds come to rest. Various studies confirm that seed rooting
succeeds in approximately 89% of cases on rocky substrates, while on sandy bottoms
success drops to zero (Alagna et al., 2015). This seems counterintuitive but roots have
adhesive capacity through root hairs that cling to hard, consolidated and immobile
surfaces. Sand, by contrast, offers no resistance to displacement, being itself subject to
movement by currents, and therefore it provides no stable anchorage for the developing
seedling (Badalamenti et al., 2015). Of course, the site with greater hydrodynamics
exacerbates the difficulty of anchoring the plantlet while a rock is a solid base to create,
over time, a matte. In addition, plasticity was found in root hair response to substrate
contact: tips of the root hairs acquire different morphologies (branched, digitiform) in
relation to the type of substrate and exploiting its micro-roughness. Settlement occurs
through adhesion and increasing mechanical interlocking, which provides anchorage
strength of up to 2.4N (Zenone et al., 2020).

Prolonged research has shown that seedling establishments occurs in sites with a mixed
substrate of sand and rocks or sand and dead matte, where attachment is also successful,
but the high germinability demonstrated experimentally is rarely expressed in nature as
additional favorable conditions must simultaneously occur and are strictly necessary,
such as water movement, and availability of light and nutrients (Belzunce et al., 2008a;
Piazzi et al., 1999). The spatial expansion proceeds slowly: about 10 cm in about 10
years has been observed in a location in Corsica. This growth rate agrees with study
models where an 8 m diameter patch is expected to develop over 100 years (Balestri et
al., 2017; Kendrick et al., 2012).

So, finally the new sprout is settled. What about its future?
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P. oceanica seedling

3.
What on Earth i1s

Going on Now?

The current knowledge of physiology, life cycle and specific characteristics of
Posidonia oceanica has advanced considerably, compared to the first taxonomic and
botanical descriptions of the late 19th century. Technological development now enables
genomic studies, remote sensing and climate modelling. Ecological importance has
progressively emerged from the underwater surveys of the 1960s through the
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proliferation of studies in the 1980s. From the discoveries on clonality to the possibility
of dating the matte of the 1990s and 2000s, the broadening of research fields and the
advancement of investigative approaches have placed even more emphasis on the
environmental role played by this ancient and still astonishing plant.

From the successfully rooted seed, the environmental importance of Posidonia oceanica
meadows includes a long list of ecological services that have been recognized and
increasingly defined over time:

* Carbon sequestration and long-term storage in the matte (Blue Carbon)
(Fourqurean et al., 2012; Mateo et al., 2006; Pergent-Martini et al., 2021);

* High primary production, including contributions from the epiphytic community
(Alcoverro et al., 2001; Pergent-Martini et al., 1994);

*  Oxygen production supporting local aerobic communities (Pergent-Martini et al.,
1994);

* Nursery habitat and biodiversity support for fish, invertebrates and epiphytes
(Guidetti, 2000; Boudouresque, 2006);

* Coastal protection through wave energy attenuation and sediment stabilization
(Infantes et al., 2012; Vacchi et al., 2017);

* Nutrient cycling and water quality improvement (Alcoverro et al., 2000);

* Food web support through exported leaf litter (Mateo et al., 1997);

* Bioindicator of environmental quality and ecosystem health (Gobert et al., 2009;
Romero et al., 2007).

Beyond these well-recognized ecological roles, that make it fit perfectly into the
definition of ecosystem engineer (Jones et al., 1994), recent research has begun to
explore a more specific dimension of value. The sophisticated biotechnological
techniques applied to chemical and molecular research have opened new perspectives for
applications in the medical, cosmetic, agricultural and industrial fields, with consequent
benefits for human beings. These potential advantages make the exploitation of
Posidonia oceanica biomass even more appealing, also increasing its economic value.

* Biomedical and pharmaceutical applications: polyphenols, peptides and
polysaccharides with demonstrated antioxidant, anti-inflammatory, anticancer
and antimicrobial activity in preclinical studies (Abruscato et al., 2025; Leri et
al., 2018; Messina et al., 2021; Punginelli et al., 2023; Vasarri et al., 2020);

* Cosmeceutical applications: photoprotective and skin anti-aging properties from
leaf extracts (Barletta et al., 2015; Cornara et al., 2018);

* Neuroprotective potential: extracts showing protective effects on blood-brain
barrier integrity under inflammatory conditions, suggesting applications against
neuroinflammatory disorders (Abruscato et al., 2025);

* Valorization of beach-cast waste biomass (banquettes and egagropili): source of
high-quality cellulose, lignocellulosic fibers for bio-based packaging, composite
building materials and sound insulation, sustainable bioeconomy (Restaino et al.,
2023; Benito-Gonzalez et al., 2018; Khiari et al., 2010; Souii et al., 2023);

* Agricultural use: composting of banquette biomass as organic fertilizer (Castaldi
& Melis, 2002);

* Heavy metal and pollutant adsorption: banquette waste as low-cost biosorbent
for wastewater decontamination (Ferchichi et al., 2022);

* Bioethanol and synthesis of Cellulose Acetate production from lignocellulosic
biomass as part of circular bioeconomy strategies (Coletti et al., 2013).
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Most of these applications remain in experimental or laboratory stage. Although the
research has noble and useful purposes, it is very likely that these innovative fields could
add a further layer of pressure to the top of the many that already are acting on the
Posidonia oceanica meadows, whose decline has been ongoing for decades and is, in
large part, already attributed to multiple anthropogenic factors. The concern for the
maintenance and preservation of Posidonia oceanica meadows, developed thanks to the
multiplication of studies, began as early as the mid-70s.

The first legal regulations were issued to increase protection mechanisms. The
international level starts indirectly with the Ramsar Convention (1975) for the protection
of coastal wetlands, followed by the Barcelona Convention (1976), which flagged the
threatened species. A little later, the Bern Convention (1979) declared the species as
protected.

The European level provides for regulations and measures with different objectives:

1. The Habitats Directive 92/43/EEC (1992) classifies Posidonia beds (code 1120%)
as a priority habitat in Annex I, forming the basis of Natura 2000;

2. It is listed in Annex II (endangered or threatened species) of the Barcelona
Convention (1976, entered into force in 1978; updated in 1995) (SPA/BD
Protocol). In 1999, the first action plan for the protection of the Marine
Environment and the sustainable development of the coastal areas has been
adopted;

3. Posidonia oceanica is listed (strictly protected flora) in Annex I of the Bern
Convention (1979, updated 1996);

4. Under the Water Framework Directive (2000), Posidonia is used as a biological
indicator to assess ecological status;

5. The Marine Strategy Framework Directive (2008/56/EC), establishes Good
Environmental Status (GES) at marine scale, including seagrass habitats;

6. The Common Fisheries Policy (EC Reg. 1967/2006) explicitly prohibits the use
of bottom trawls on Posidonia meadows.

Unfortunately, despite the attempts to protect them so far with legislative interventions,
the decline of Posidonia oceanica meadows dramatically continues and its origins —
direct and indirect — have a lot to do with the anthropogenic impact. However, various
projects are trying to carry out mapping, measurements, monitoring and management
plans at the local level. For example, the various EU-LIFE projects:

1. Posidonia Andalucia (LIFE09 NAT/ES/000534, 2011-2016), Spain, meadows in
nine Natura 2000 sites in Andalusia;

2. LIFE SEPOSSO (LIFE16 GIE/IT/000761), Italy. First national-scale monitoring
of Posidonia transplants in the last 20 years. It produced guidelines, technical
manuals and the Posidonia Transplanting Web Platform;

3. LIFE SeaForest (2018-2023), Italy (ISPRA). Meadows as Blue Carbon reserves.
It has installed sustainable mooring systems in three National Parks, restored
over 100 small meadows areas and developed a protocol for quantifying

sequestered CO,, with prospects for a carbon market to finance conservation.
Moreover, at the Interreg level:

1. POSBEMED (2016-2018) and POSBEMED2 - Interreg MED Program,
coordinated by [UCN. Focus on the management of banquettes on Mediterranean
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beaches. The data collected revealed that 83% of local authorities remove
Posidonia deposits every year, including protected areas;

2. ARTEMIS - Interreg Euro-MED is ongoing. Focused on meadows restoration
using innovative techniques based on ecosystem services;

3. SASPAS - Interreg Italy-Croatia. Protection of meadows from anchoring in the
Adriatic Sea.

There is also a coordination network: Mediterranean Posidonia Network (MPN) founded
in 2019; it brings together about 60 members including scientists, authorities, NGOs and
operators in the nautical sector. The declared goal: to protect 100% of the Mediterranean
meadows by 2030.

As much as what has been done so far is appreciable and important, the existing rules
and the projects in progress are not sufficient to solve a wide-ranging issue, which often
manifests itself in inappropriate behavior at the local level. The enormous environmental
danger represented by the reduced presence or absence of Posidonia oceanica for its
dynamics, as we know them, is strictly related to its life cycle, slow growth and low
recovery rate, as shown by conservation and replanting attempts. On a human timescale,
the complete recovery of meadows is considered irreversible. In the last 50 years,
regression has been estimated at 34% (Telesca et al., 2015).

What, and how many factors, such as the global changes already experienced by
Posidonia oceanica, survived over millions of years, part of Earth’s life, and what
human intervention, actions, behaviors have been causing, and still are causing, this
irreversible disaster? Can humans understand and correct this declining trajectory? Will
it be possible to contain its dramatic consequences?

For Posidonia oceanica the Mediterranean is the only sea available.

C AR N

Mediterranean Sea. Green line: Posidonia oceanica presence. Red line: absent or
missing
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A semi-closed basin, of almost 46,0000 km of coastline, islands included. Between
12,247 km? and 19,021 km? are colonized by Posidonia oceanica (Telesca et al., 2015;
Traganos et al., 2022). The sea is surrounded by mainly narrow coasts and by rather high
mountains, with many regional and local specific winds and microclimates. It is divided
into eight sub-basins (Alboran, Algerian/Balearic, Ligurian, Tyrrhenian, Adriatic, Ionian,
Aegean, Levantine) while an underwater ridge at a depth of about 360 m, between Sicily
and Africa, "divides" the eastern basin from the western one. They are quite different
because of the thermohaline circulation. Superficial, colder and less dense waters of the
Atlantic enter through the Strait of Gibraltar, which is only 14 km wide, and
progressively they move towards east, along the North African coasts until they reach the
Levantine area.

Physical drivers (density variations, Coriolis effect, local winds) contribute to form
stratification layers (superficial, intermediate, deep). The intermediate one moves back to
west direction, along the Greek islands. This main current is the most constant factor of
the Mediterranean circulation, warming, evaporating and increasing in salinity during its
journey, with many local influences and variations. It is strictly connected with depth
and marine topography, and, consequently, salinity differs significantly between the
Eastern and the Western basins (Millot & Taupier-Letage, 2005). Furthermore, between
the two basins, the eastern and western marine populations, including those of Posidonia
oceanica, are significantly diversified at the genetic level (Arnaud-Haond, Migliaccio, et
al., 2007).

Mediterranean Sea is a mosaic of ecosystems, hosting a high proportion of endemic
species, consequences of its complex geological, geographic and civilizational history,
whose human component has influenced the marine environment since antiquity. At first
glance it might seem that in the last two centuries the appearance of the coast has been
scarcely changed, but the reality is quite different. Mediterranean ecosystems have been
profoundly modified by human activities (Boudouresque et al., 2009; Coll et al., 2010).
At the present time, the anthropogenic impact of the 21 countries bordering this sea
consists of about 130 million coastal inhabitants, almost doubled with the tourist influx
during the extended summer season (United Nations Environment Program, 2020). This
population is expected to grow some 30% by 2050 (Aurelle et al., 2022). In the
Mediterranean region the human presence also appears as a mosaic of very different
social, political, and economic conditions. The existence of profound imbalances and
inequalities makes the search for solutions even more complex. Accessing and using
environmental resources equitably is a challenge for future generations, as is managing
the impacts of climate change (Dos-Santos et al., 2020).

Of course, the growing number of inhabitants increases many different pressures on the
environment: from a large to small, individual scale (Neeman et al., 2015). The creation
of larger and busier ports or marinas, the creation of artificial seaside resorts and
dredging provokes extra movements of sediment and seawater turbidity (Erftemeijer &
Robin Lewis, 2006), in addition to altering shoreline profiles and modifying
hydrodynamics, with growth or erosion phenomena of the coast itself (Biondo et al.,
2020).

The fragile dune or sandy beaches are poorly considered as ecosystems. They are
perceived as mere recreational surfaces while the secret life inside and outside sandy
grains is often correlated with the Posidonia leaf litter accumulated on the beaches, the
banquettes. Their systematic removal almost everywhere, driven by aesthetic and
touristic demand, but now even for sustainable usage of what is generally considered
“municipal waste” (Dentamare et al., 2025; Souii et al., 2023), deprive the coastline of a
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very important natural protection against erosion, nutrient release and shelter for coastal
flora and fauna (Rotini et al., 2020; Terracciano et al., 2026). Beyond the removal of
banquettes, beaches are increasingly used as multi-purpose venues for tourism,
entertainment and events, with compaction, artificial lighting and noise representing
additional and largely unregulated disturbance factors for coastal wildlife. Moreover,
mass tourism is tied up to high presence of UV filter cream chemical compounds widely
used and released on every access into the seawater. Their accumulation in Posidonia
oceanica tissues and in epiphytes too has been confirmed, both in laboratory and field
tests (Agawin et al., 2022, 2024; Garcia-Marquez et al., 2023).

The increase in fishing — literally overfishing — due to the food demands to be met, may
be destructive and trawling is particularly harmful to the Posidonia oceanica meadows
(Gonzalez-Correa et al., 2005). The development of fish farms throughout the Basin, has
negative effects on the quality of the seawater: wide installations with large discharge of
organic matter, unused feed and chemicals into the surrounding waters, promoting
eutrophication, reducing light availability and altering sediment conditions and each of
these factors is directly harmful to Posidonia oceanica meadows (Delgado et al., 1999;
Pergent et al., 1999). However, studies and monitoring reaffirm that sedimentation of
organic material appears to be the fundamental negative factor for declining meadows
(Holmer et al., 2008). A growing number of recreational boats moored at anchor can
devastate many types of seabed. Crushing, tearing and abrasion produced by anchors or
by their chains represent the major physical disturbance in Posidonia oceanica
meadows, followed by the effects of fine particles resuspension, with localized siltation
during re-deposition (Montefalcone et al., 2006, 2008; Pergent-Martini et al., 2022).
Among the many difficulties that human activities impose on the marine environment,
the unmanaged or inadequately treated discharges contribute significant quantities of
pollutants, which now also reach even offshore and deep-water meadows, from the
growing number of urbanized areas as well as from industrial sites (Jiménez-Casero et
al., 2023).

The exponential increase in trade routes has also posed the problem of alien species
released into the environment through their transport in ballast water and the washing of
ships' holds, now better regulated but not applied with the same accuracy everywhere.
The widening of the Suez Canal, which doubled in width in 2015, and the work on the
southern sector completed in 2022-2023, has offered even more opportunities for the
Lessepsian migration of non-native organisms. Among them the Halophila stipulacea, a
tropical and subtropical seagrass species, arrived ~120 years ago (Winters et al., 2020) in
the Mediterranean Sea, initially only in the eastern side. In 1995, it was recorded for the
first time in the western Mediterraneo, close to Vulcano island (Aeolian Archipelago),
representing the northernmost limit of its range at the time. In 2006 it was encountered
further north in the harbor of Palinuro, Italy (Di Genio et al., 2021), and in 2021 it
invaded a large area at Cannes, France (Thibaut et al., 2022). During time, its expansion
can be considered slow, over 120 years its rate has been estimated in 12 km yr!
(Georgiou et al., 2016). Halophila stipulacea mostly grows into the dead matte of native
Posidonia oceanica, and alone on vacant sand or mixed with other native seagrasses
(Winters et al., 2025), such as Posidonia oceanica and Cymodocea nodosa, or the green
alga Caulerpa cylindracea. The recent warming of the Mediterranean water has a major
role in Halophila stipulacea diffusion (Di Genio et al., 2021).

This warming trend introduces the most pervasive and far-reaching of all pressures:

climate change. In the last two centuries, the Earth's climate has undergone increasingly
faster changes. Natural processes, such as volcanic activities and solar shifts, have been
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overwhelmed by human activities. The temperature of the atmosphere and oceans has
risen, sea levels have risen as well, while the size of glaciers and polar ice caps have
contracted. The causes of this change mainly depend on the exponential increase of
greenhouse gas emissions produced by the use of fossil fuels in most, if not all, human
activities (IPCC, 2021).

The Mediterranean Basin, with its unique geography, is recognized as one of the most
important hotspots in the world for marine biodiversity: almost 18% of all known
species, temperate and subtropical, are found there (Balzan et al., 2020; IPCC, 2021). Of
these, about 20-30% are endemic, as is Posidonia oceanica (Coll et al., 2010), while
~666 are the reported as non-indigenous species by December 2019 (excluding
Foraminifera) as is Halophila stipulacea (Zenetos & Galanidi, 2020). The same
Geography also makes it a hotspot for climate change, according to the definition that a
climate region is particularly sensitive to global change (Giorgi, 2006). According to
climate models, a warming rate of ~20% higher than the global annual average is likely
to happen in the region, with particularly hot summers, and a significant reduction in
rainfall in all seasons, especially in southern areas (Lionello & Scarascia, 2018). The
modifications of ecological responses in marine ecosystems due to climate change are
provoked by variations — in average and/or in extremes — on the main drivers
(temperature, salinity, pH, sea level). The increasing risks for marine and specifically for
coastal environments is extremely high, especially for seagrasses (Hassoun et al., 2025;
Henson et al., 2017). Biodiversity responds to changes across multiple timescales (from
daily fluctuations to evolutionary transitions), but the current rate of change, a
consequence of previously mentioned interacting pressure described above, is already
causing documented species extinctions recorded, including the projected loss of
Mediterranean seagrass habitat (Chefaoui et al., 2018; Templado, 2014).

At this point, it is worth considering in detail how climate drivers act and what are the
effects on Posidonia oceanica, keeping in mind its distribution in the Mediterranean and
its preferred habitat depth, from 0 to -40 m.

Rising water temperature represents the most identified and documented problem for
Posidonia oceanica, whose thermal tolerance is quite narrow. Photosynthesis peaks
between 28-30 °C and declines at higher temperatures until complete inhibition at 36
°C, while seeds show metabolic dysfunction from 26-28 °C onwards; a negative whole-
plant carbon balance occurs above 32 °C in seedlings and plantlets (Marba & Duarte,
2010; Rinaldi et al., 2023). So, while studies affirm that a consistent warming trend has
been present in the Mediterranean SST for almost 40 years (Pastor et al., 2020),
exceedance of these thresholds have been observed during the major marine heatwaves
occurred since the early 2000s. A marine heatwave is defined as a prolonged period
during which Sea Surface Temperature (SST) exceeds the local 90t percentile of long
term climatology for at least five consecutive days (Hobday et al., 2016). Events can be
classified as moderate, strong, severe or extreme based on multiples of the local
difference between the climatological mean and the 90t percentile threshold (Hobday et
al., 2018). Mediterranean heatwaves repeatedly happened in 2003, 2006, and most
severely in 2022, when mass mortality events were recorded across multiple sites
(Garrabou et al., 2022). At the meadow scale, the effects are measurable over decades.
Rhizome production and leaf growth decline has been documented in western
Mediterranean, while a two-decade record from the eastern basin, where warming is
faster and baseline temperatures already higher, shows a progressive reduction in overall
meadow productivity (Litsi-Mizan et al., 2023; Stipcich et al., 2022). Eastern
Mediterranean populations of Posidonia oceanica, despite inhabiting warmer waters,
show no greater thermal resilience than their western counterparts. Their upper thermal
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limits are similar across the basin, but population near Cyprus, for example, persist
where summer temperatures frequently approach or exceed those limits. This apparent
paradox reflects a glacial legacy rather than recent acclimatization. Eastern and western
population were isolated in separate refugia during the Pleistocene glaciations,
accumulating genetic drift without developing local thermal adaptation (Bennett et al.,
2022; Haverbeck et al., 2025). Since Posidonia oceanica occupies the water column
from the surface to 40 m depth, understanding the full thermal threat to Posidonia
oceanica requires looking beyond surface temperatures. It should be considered that the
surface layer of the sea, between 0 and 10 m, is the most studied also through remote
sensing. A temporal analysis between 1982 and 2019 showed a constant warming trend,
about 0.035 °C-yr! (Pastor et al., 2020). Surface and intermediate layers combined (5—
700 m) have been investigated with Argo floats, from 2005 to 2020. The western
Mediterranean is warming faster than the eastern one (0.070 £ 0.015 °C-yr-!). Significant
warming trends are evident in the deeper layers (700-2000 m) of the two deep
convection sites, the Gulf of Lione and the South Adriatic (Kubin et al., 2023). This cited
study notes that an exceptional warming in the period 2013-2020 occurred in the
southern Adriatic area.

The increase in atmospheric CO; intensifies greenhouse effects, more CO- is absorbed
by seawater where the carbonate chemistry lowers pH through the formation of carbonic
acid (H2COs), with different consequences for many organisms, as happens for
Posidonia oceanica. The plant itself appears relatively tolerant to reduced pH: shoot
density and photosynthetic rates are largely maintained under moderate acidification,
and in some experimental conditions the increased availability of CO, may even
stimulate carbon assimilation (Cox et al., 2016). The more significant consequences
concern the rich epiphytic community that colonizes Posidonia leaves (foraminifera,
coralline algae, bryozoans, spirorbid polychaetas) most of which are calcifying
organisms vulnerable to carbonate undersaturation. Studies conducted at natural CO,
vents off the Italian coast, where pH is chronically reduced, consistently show that all
calcareous epiphytes disappear or are strongly reduced, replaced by non-calcifying
filamentous algae and hydrozoans (Mecca et al., 2020; Nogueira et al., 2017). This shift
in epiphytic composition may generate cascading effects on the trophic network that
depends on the meadow, and responses are not uniform across meadows: the degree of
impact depends on local conditions and the health status of the plant community Under
healthy conditions, Posidonia oceanica itself provides a partial refuge: its photosynthetic
activity raises pH at the leaf surface, by up to 0.5 units during daylight hours,
temporarily buffering the calcareous epiphytes against acidification (Hendriks et al.,
2014). This protective capacity, however, is contingent on the plant's own health. A
meadow already weakened by thermal stress loses its buffering function, exposing its
associated community to the full impact of reduced pH (Apostolaki et al., 2014). The
interaction between warming and acidification is therefore not additive but potentially
multiplicative. However, before the overall assessment, further potential stresses induced
by climate change remain to be considered.

A less visible but equally consequential dimension of climate change in the
Mediterranean is represented by changes in salinity and water column structure.
Although Posidonia oceanica has always been defined a stenohaline species, confined to
a salinity range of approximately 36.5-39.5%0 (Boudouresque et al., 2012), but there are
already different ranges of tolerated salinity in the east and west basins: 36.5-38 PSU in
the western basin and 38-39.5 PSU in the eastern basin (Mancuso et al., 2023).
Enhanced evaporation and reduced precipitation are expected, and with greater severity
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in the eastern and southern areas of the region, pushing conditions towards the upper
tolerance limits of the species. Posidonia oceanica can cope with a variety of salinity
concentrations, including hypersaline conditions found in coastal lagoon environments
(Marin-Guirao et al., 2017). It has evolved osmotic regulatory strategies and
considerable photosynthetic plasticity but is highly probable that the simultaneous
presence of several stressors may complicate the functionality of any protective response
in an era of rapid environmental change (Mancuso et al., 2023).

In nature nothing can really be isolated, and this is also true for salinity, which is linked
to rising temperatures that reduce surface water density, thereby reinforcing thermal
stratification and reducing vertical mixing between the upper and deeper layers of the
water column (Kubin et al., 2023). The physical structure of the water column is another
pathway for climate change to influence coastal ecosystems. Stratification is strongly
seasonal: during spring and summer, intense surface heating produces a warm and
relatively buoyant upper layer. A pronounced thermocline separates water masses based
on temperature-driven density gradient (D’Ortenzio et al., 2005). Mediterranean surface
waters are primarily oligotrophic because the thermocline restricts vertical mixing, and
the colder, nutrient-rich waters remain isolated, below. In autumn and especially in
winter, surface cooling and especially stronger winds contribute to eroding this
stratification, allowing partial vertical mixing. Upwelling and mixing layers are
particularly pronounced in some areas of the basin, such as the Gulf of Lyon and the
North Adriatic Sea, where deep marine convection produces dense water masses
contributing to the basin’s thermohaline circulation (Durrieu De Madron et al., 2013).
These seasonal processes play a crucial role in replenishing nutrients in surface layers
and sustaining coastal productivity.

In fact, this timing perfectly aligns with the life cycle of Posidonia oceanica, which
benefits from the increased availability of nitrate and ammonium during winter and early
spring, when nutrient concentrations in the water column are highest (Lepoint et al.,
2002). Climate change can easily alter this equilibrium. Milder winters may weaken the
intensity of vertical mixing intensity and reduce the frequency or depth of convection
events. The resulting decrease in vertical nutrient transport may further intensify the
oligotrophic character of Mediterranean surface waters (Marty & Chiavérini, 2010). For
shallow coastal ecosystems such as meadows of Posidonia oceanica, which typically
occupy depths between the surface and approximately 40 m, these physical changes may
have important ecological consequences. Rising sea surface temperatures reduce the
density of surface waters, stabilizing the seasonal thermocline and extending its duration
throughout the year (Kubin et al., 2023; Pastor et al., 2020). The Mediterranean
thermohaline circulation, with a deep-water residence time of approximately 100 years
(Malanotte-Rizzoli et al., 2014), has already undergone structural modification: since
2005, the so-called Western Mediterranean Transition has produced deep water masses
warmer, saltier and denser than any previously recorded, with consequences that will
propagate through the basin for decades (Schroeder et al., 2016).

The thermocline is only another one of the many physical boundaries being altered that
are constantly investigated. Sea level rises because warming expands the volume of
ocean water and accelerates the melting of glaciers and ice sheets. In the Mediterranean,
these processes (today driven primarily by the thermal expansion of the waters, while in
the future the predominant contribution will shift toward the melting of terrestrial ice)
carry consequences that extend well beyond the shoreline (Galassi & Spada, 2014).

Sea level rises add a spatial dimension to the thermal and chemical stresses already
described and the average level of the Mediterranean increased at a rate of 3.6 = 0.8 mm/
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year? during the period 1999-2024, an acceleration of 0.15 + 0.06 mm/year? (Copernicus
Marine Services, 2024).

Posidonia oceanica meadows occupy a well-defined bathymetric band, typically from
the surface to 25-40 m depth depending on water clarity, with their lower limit set by
light availability and their upper limit by wave action and substrate conditions. Both
boundaries are now under pressure. At the lower limit, rising temperatures reduce water
transparency through increased stratification and altered phytoplankton dynamics,
pushing the light threshold shallower (Mateo et al., 2006; Pergent et al., 2015) At the
upper limit, the combination of sea level rises and the progressive artificialization of
Mediterranean coastlines, where natural sandy beaches and dune systems have been
often replaced by seawalls, breakwaters and urban infrastructure, prevents landward
migration (Pontee, 2013). In coastal sectors with gentle slopes, even the current modest
rate of sea level rises has already been associated with regression of the lower meadow
limit (Pergent et al., 2015). Moreover, projections suggest that by mid-century the
terrestrial ice melt component will exceed the steric contribution to the rising of the
Mediterranean Sea level, substantially increasing the rate of change (Galassi & Spada,
2014). Sea level rises thus add a further layer of pressure to an already stressed
ecosystem, to a species whose slow growth and limited recovery capacity leave little
margin for adaptation to compounding stressors acting simultaneously. Unlike terrestrial
vegetation, which can migrate upslope, Posidonia oceanica meadows compressed
between a rising sea and a fixed coastline, have nowhere to go. The result is a net
reduction of available habitat, occurring on timescales far shorter than the species’
capacity for recovery (Telesca et al., 2015).

P. oceanica ripening fruits
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4.

The Long Way
Towards the
Future

So, trying to find an answer to the “What’s going on?” question, does not bring either
easy answers nor relaxing scenarios. First, the Mediterranean Sea, connecting 3
continents, is a mosaic of countries, with different socioeconomic status, governance,
culture and languages. Sometime that situation constituted an obstacle to a cooperative
management of shared sea (Katsanevakis et al., 2015). Nevertheless, more than 50 years
of studies have taught us a lot about physiology, biology and fundamental ecosystem
importance of this marine angiosperm, which has survived epochal changes.
Understanding its role and characteristics has contributed greatly to the various
operations put in place to contain the damage, conserve the species, and restore the
meadows where possible. For a long time, the results were rather discouraging, and this
was largely due to incomplete information on fundamental aspects of the life cycle of
Posidonia oceanica and also to very wide practices and methodologies applied during
time (Pansini et al., 2022). Essential data such as seasonal nutrient and flowering cycles,
carbohydrate dynamics in rhizomes, photobiological response at different depths and
much more, have progressively emerged.

Nowadays, biochemical and physiological parameters are more sensitive and more
reliable indicators of transplant success than simple morphological data. The attempt
made with a sod transplant placed in 2017 (Monaco, France) was followed with
monitoring for 8 years, evaluating both the structure and physiology of the meadow, as
well as the chemistry of the surrounding sediments. After three years, flowering took
place in synchrony with the natural meadow and, after eight years, an areal expansion of
25.8% beyond the initial expansion of the transplant area was documented (Descamp et
al., 2025). A more recent research area follows the concept of Posidonia oceanica not as
a “simple” clonal organism but as a true holobiont, i.e. an integrated system between
roots, rhizomes and its own bacterial community. After two years from a transplant of
cuttings from different donor population located in Calvi (Western Corsica, France), onto
various biodegradable materials as anchoring structures, the bacterial communities
associated with roots and rhizomes were characterized. The transplantation method must
necessarily consider this factor because the lack of or limited contact with the sediment
prevents the establishment of functional bacteria. This finding may explain many of the
past failures while a substrate optimization intervention could significantly improve the
resilience and long-term success of the restoration (Boulenger et al., 2025). Other studies
have revealed the possibility for Posidonia oceanica to establish a specific fungal
symbiosis, after years in which seagrasses were considered to be mycorrhizae-free. After
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sampling in 32 localities in 7 countries (Spain, France, Italy, Croatia, Montenegro,
Albania, Greece) a fungus that does not exist elsewhere, Posidoniomyces atricolor gen.
et. sp. nov., has been discovered, which evolved only in association with this plant
(Vohnik et al., 2015, 2017, 2019).

Many aspects remain poorly understood, that need further study, while awareness has
been gained about the preciousness of the ecosystem based on Posidonia oceanica, and
of how technically demanding and costly restoration remains. Protecting existing
meadows could be a more effective strategy, but at the same time, mitigating the
multiple and concurrent stressors appears to be a difficult goal to achieve. Over time,
monitoring instruments are increasingly advanced and calibrated for multiple
measurements of chemical-physical parameters to assess water quality. Meanwhile, it
also happens that a passive restoration, i.e. long-term monitoring, assesses potential
natural recovery of two meadows. In 1986 at Prado Bay (Marseille, France), wastewater
treatment was implemented and the construction of artificial beaches ended. Forty years
of monitoring confirmed near-complete restoration of both meadows. So, if the drivers
of decline are removed, Posidonia oceanica can recover well (Astruch et al., 2026).

The health and well-being of Posidonia oceanica meadows naturally depend on the
health and quality of the water in which they are located. Today, new and more
sophisticated control tools can effectively monitor the situation of the parameters
hitherto indicated as essential.

As the knowledge on Posidonia oceanica has been progressively amplified thanks to
synergies in the world of research, it would be appropriate to create greater institutional
connection between all Mediterranean countries. It would be desirable in order to better
defend the global ecosystem, starting from local realities, encouraging the adoption of
shared protocols, just like the document “Guideline for the active restoration of
Posidonia oceanica”, the result of a large collaborative working group, involving
scientists, managers and conservation practitioners from multiple Mediterranean
countries (Pergent-Martini et al., 2024). It is worth remembering that monitoring,
sampling in the fields, such as laboratory technical extraction and analysis, at the various
stages of research, are often carried out with considerable differences. Also in this case,
the adoption of shared protocols would constitute a source of more reliable and better-
quality data, in order to improve a comprehensive and necessary interpretation of the
results (Renzi, 2025). New alternatives are being tested, such as restorations that start
with recovery of stranded seeds along the coasts, often in large quantities after storms
(Sutera et al., 2024) , with the advantage of not having to intervene on the donor
meadow, and using genetically diversified material (Belzunce et al., 2008b) In this
regard, a study has recently been published proposing a protocol to obtain the best shelf
life and viability of the seed for always efficient restorations (Sutera et al., 2025).
Working on a shared basis may be very helpful. So, the chances of success could really
increase.

A further area of study that has been little mentioned so far, but is always of great
importance, is linked to the presence of the microplastic pollution of the Mediterranean
Sea. It has emerged that Posidonia oceanica meadows can act as sinks for microplastic
particles, retaining pollutants in sediment, and in plant biomass. This absorption can both
damage the plant, the sediments of the meadows, and even enter the food web with
detrimental consequences for the entire ecosystem (Martinez et al., 2024). All
components of the plant system, including detached leaves and egagropiles, have been
investigated. The fibrous balls formed by dead, rolled-up leaves trap and accumulate
microplastics, and have been proposed as biological indicators providing valuable
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information on the presence and distribution of microplastics in coastal ecosystems
(Alomar et al., 2024; Rigatou et al., 2025). Further investigations are needed to assess

the intensity and severity of this recognized multi-lever absorption (Martinez et al.,
2024).

So, how to evaluate the hypothesis of the future?

What are the risks that can be added to the existing problems? Studies in this regard are
quite serious, mostly always related to temperature, acidification, eutrophication,
possible sediment anoxia, increased water turbidity (Hassoun et al., 2025). But perhaps
there are further ones, such as the increase in pressure that could derive from scientific
research in the pharmaceutical, cosmetic or industrial fields, motivated by valid
principles in theory but which, applied to a species in decline, could aggravate such a
difficult situation as that of Posidonia oceanica. The species seems destined for an
irreversible fate, unless effective reversals are implemented globally. We know with
certainty that Posidonia oceanica has gone through many phases in very ancient times,
almost unknown to us, overcoming incredible challenges with only its own tools, and
slowly.

Perhaps this is what we still really must learn.

e & ke ]
10s1dpnia ocednica (L) Dalie
A

i
&)

P, oceanica with inflorescence and rhizomes

DOI.ORG/10.82010/JECO.BSRC.2025.19

34

BSRC.IT/JECO



JECO 2026, 03, 4(1)

FUNDING: THIS RESEARCH DID NOT RECEIVE ANY EXTERNAL FUNDING.

DATA AVAILABILITY STATEMENT: DATA IS INCLUDED WITHIN THE MANUSCRIPT.

ILLUSTRATIONS: ORIGINAL WATERCOLORS BY THE AUTHOR, FREELY INSPIRED BY SCIENTIFIC LITERATURE
IMAGERY.

Al USAGE STATEMENT: ANTHROPIC-CLAUDE SONNET 4.6PRO 2026, OPENAI. (2026)-CHATGPT MODEL GPT-5.3, TO
CROSS-CHECK LEGISLATION, LANGUAGE, WEB RESEARCH.

CONFLICTS OF INTEREST: THE AUTHORS DECLARE NO CONFLICTS OF INTEREST.

DOI.ORG/10.82010/JECO.BSRC.2025.19

35

BSRC.IT/JECO



JECO 2026, 03, 4(1)

REFERENCES

Abruscato, G., Mauro, M., Boucau, M.-C., Arizza, V., Vazzana, M., Dehouck, L., Gosselet,
F., Luparello, C., & Candela, P. (2025). Protective Effects of Extracts from Green
Leaves and Rhizomes of Posidonia oceanica (L.) Delile on an In Vitro Model of the
Human Blood-Brain Barrier. Biology, 14(6), 699. https://doi.org/10.3390/
biology 14060699

Agawin, N. S. R., Garcia-Marquez, M. G., Espada, D. R., Freemantle, L., Pintado Herrera,
M. G., & Tovar-Sanchez, A. (2024). Distribution and accumulation of UV filters
(UVFs) and conservation status of Posidonia oceanica seagrass meadows in a
prominent Mediterranean coastal tourist hub. Science of The Total Environment, 948,
174784. https://doi.org/10.1016/].scitotenv.2024.174784

Agawin, N. S. R., Sunyer-Caldu, A., Diaz-Cruz, M. S., Frank-Comas, A., Garcia-Marquez,
M. G., & Tovar-Sanchez, A. (2022). Mediterranean seagrass Posidonia oceanica
accumulates sunscreen UV filters. Marine Pollution Bulletin, 176, 113417. https://
doi.org/10.1016/j.marpolbul.2022.113417

Aires, T., Marba, N., Cunha, R., Kendrick, G., Walker, D., Serrdo, E., Duarte, C., & Arnaud-
Haond, S. (2011). Evolutionary history of the seagrass genus Posidonia. Marine
Ecology Progress Series, 421, 117-130. https://doi.org/10.3354/meps08879

Alagna, A., Fernandez, T. V., Anna, G. D., Magliola, C., Mazzola, S., & Badalamenti, F.
(2015). Assessing Posidonia oceanica Seedling Substrate Preference: An
Experimental Determination of Seedling Anchorage Success in Rocky vs. Sandy
Substrates. PLOS ONE, 10(4), e¢0125321. https://doi.org/10.1371/
journal.pone.0125321

Alcoverro, T., Cerbian, E., & Ballesteros, E. (2001). The photosynthetic capacity of the
seagrass Posidonia oceanica: Influence of nitrogen and light. Journal of Experimental
Marine Biology and Ecology, 261(1), 107-120. https://doi.org/10.1016/
S0022-0981(01)00267-2

Alcoverro, T., Manzanera, M., & Romero, J. (2000). Nutrient mass balance of the seagrass
Posidonia oceanica: the importance of nutrient retranslocation. Marine Ecology
Progress Series, 194, 13-21. https://doi.org/10.3354/meps194013

Alomar, C., Compa, M., Fagiano, V., Concato, M., & Deudero, S. (2024). Posidonia
oceanica egagropiles: Good indicators for plastic pollution in coastal areas? Regional
Studies in Marine Science, 77, 103653, https://doi.org/10.1016/j.rsma.2024.103653

Anzidei, M., Lambeck, K., Antonioli, F., Furlani, S., Mastronuzzi, G., Serpelloni, E., &
Vannucci, G. (2014). Coastal structure, sea-level changes and vertical motion of the
land in the Mediterranean. Geological Society, London, Special Publications, 388(1),
453-479. https://doi.org/10.1144/SP388.20

Apostolaki, E. T., Vizzini, S., Hendriks, I. E., & Olsen, Y. S. (2014). Seagrass ecosystem
response to long-term high CO:; in a Mediterranean volcanic vent. Marine
Environmental Research, 99, 9—15. https://doi.org/10.1016/j.marenvres.2014.05.008

DOI.ORG/10.82010/JECO.BSRC.2025.19

36

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Aquino, R. S. (2004). Occurrence of sulfated galactans in marine angiosperms: Evolutionary
implications. Glycobiology, 15(1), 11-20. https://doi.org/10.1093/glycob/cwh138

Arnaud-Haond, S., Duarte, C. M., Alberto, F., & Serrdo, E. A. (2007). Standardizing methods
to address clonality in population studies. Molecular Ecology, 16(24), 5115-5139.
https://doi.org/10.1111/j.1365-294X.2007.03535.x

Arnaud-Haond, S., Duarte, C. M., Diaz-Almela, E., Marba, N., Sintes, T., & Serrdo, E. A.
(2012). Implications of Extreme Life Span in Clonal Organisms: Millenary Clones in
Meadows of the Threatened Seagrass Posidonia oceanica. PLoS ONE, 7(2), €30454.
https://doi.org/10.1371/journal.pone.0030454

Arnaud-Haond, S., Migliaccio, M., Diaz-Almela, E., Teixeira, S., Van De Vliet, M. S.,
Alberto, F., Procaccini, G., Duarte, C. M., & Serrao, E. A. (2007). Vicariance patterns
in the Mediterranean Sea: East—west cleavage and low dispersal in the endemic
seagrass Posidonia oceanica. Journal of Biogeography, 34(6), 963-976. https://
doi.org/10.1111/j.1365-2699.2006.01671.x

Astruch, P., Boudouresque, C.-F., Ferrando-Demange, J., Belloni, B., Charbonnel, E.
Gravez, V., & Schohn, T. (2026). Passive restoration of a Mediterranean Posidonia
oceanica seagrass meadow: A 40-year survey. Marine Environmental Research, 217,
107965. https://doi.org/10.1016/j.marenvres.2026.107965

Aurelle, D., Thomas, S., Albert, C., Bally, M., Bondeau, A., Boudouresque, C., Cahill, A. E.,
Carlotti, F., Chenuil, A., Cramer, W., Davi, H., De Jode, A., Ereskovsky, A., Farnet, A.,
Fernandez, C., Gauquelin, T., Mirleau, P., Monnet, A., Prévosto, B., ... Fady, B.
(2022). Biodiversity, climate change, and adaptation in the Mediterranean. Ecosphere,
13(4), e3915. https://doi.org/10.1002/ecs2.3915

Badalamenti, F., Alagna, A., & Fici, S. (2015). Evidences of adaptive traits to rocky
substrates undermine paradigm of habitat preference of the Mediterranean seagrass
Posidonia oceanica. Scientific Reports, 5(1), 8804. https://doi.org/10.1038/srep08804

Balestri, E., & Cinelli, F. (2003). Sexual reproductive success in Posidonia oceanica.
Agquatic Botany, 75(1), 21-32. https://doi.org/10.1016/S0304-3770(02)00151-1

Balestri, E., Gobert, S., Lepoint, G., & Lardicci, C. (2009). Seed nutrient content and
nutritional status of Posidonia oceanica seedlings in the northwestern Mediterranean
Sea. Marine Ecology Progress Series, 388, 99-109. https://doi.org/10.3354/
meps08104

Balestri, E., & Vallerini, F. (2003). Interannual Variability in Flowering of Posidonia
oceanica in the North-Western Mediterranean Sea, and Relationships among Shoot
Age and Flowering. Botanica Marina, 46(6). https://doi.org/10.1515/BOT.2003.054

Balestri, E., Vallerini, F., & Lardicci, C. (2017). Recruitment and Patch Establishment by
Seed in the Seagrass Posidonia oceanica: Importance and Conservation Implications.
Frontiers in Plant Science, 8, 1067. https://doi.org/10.3389/fpls.2017.01067

Balzan et al. (with MedECC). (2020). Climate and Environmental Change in the
Mediterranean Basin — Current Situation and Risks for the Future. First
Mediterranean Assessment Report (W. Cramer, J. Guiot, & K. Marini, Eds; Version 1).
Zenodo. https://doi.org/10.5281/ZENODO.4768833

Barletta, E., Ramazzotti, M., Fratianni, F., Pessani, D., & Degl’Innocenti, D. (2015).
Hydrophilic extract from Posidonia oceanica inhibits activity and expression of
gelatinases and prevents HT1080 human fibrosarcoma cell line invasion. Cel/
Adhesion & Migration, 9(6), 422—-431. https://doi.org/
10.1080/19336918.2015.1008330

DOI.ORG/10.82010/JECO.BSRC.2025.19

37

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Beer, S., & Rehnberg, J. (1997). The acquisition of inorganic carbon by the seagrass Zostera
marina. Aquatic Botany, 56(3-4), 277-283. https://doi.org/10.1016/
S0304-3770(96)01109-6

Belzunce, M., Navarro, R. M., & Rapoport, H. F. (2005). Seed and early plantlet structure of
the Mediterranean seagrass Posidonia oceanica. Aquatic Botany, 82(4), 269-283.
https://doi.org/10.1016/j.aquabot.2005.04.006

Belzunce, M., Navarro, R. M., & Rapoport, H. F. (2008a). Posidonia oceanica seedling root
structure and development. Aquatic Botany, 88(3), 203-210. https://doi.org/10.1016/
j-aquabot.2007.10.008

Belzunce, M., Navarro, R. M., & Rapoport, H. F. (2008b). Posidonia oceanica seeds from
drift origin: Viability, germination and early plantlet development. Botm, 51(1), 1-9.
https://doi.org/10.1515/BOT.2008.005

Benito-Gonzalez, 1., Loépez-Rubio, A., & Martinez-Sanz, M. (2018). Potential of
lignocellulosic fractions from Posidonia oceanica to improve barrier and mechanical
properties of bio-based packaging materials. International Journal of Biological
Macromolecules, 118, 542-551. https://doi.org/10.1016/].ijbiomac.2018.06.052

Bennett, S., Alcoverro, T., Kletou, D., Antoniou, C., Boada, J., Buiiuel, X., Cucala, L., Jorda,
G., Kleitou, P, Roca, G., Santana-Garcon, J., Savva, I., Vergés, A., & Marba, N.
(2022). Resilience of seagrass populations to thermal stress does not reflect regional
differences in ocean climate. New Phytologist, 233(4), 1657-1666. https://doi.org/
10.1111/nph.17885

Biondo, M., Buosi, C., Trogu, D., Mansfield, H., Vacchi, M., Ibba, A., Porta, M., Ruju, A., &
De Muro, S. (2020). Natural vs. Anthropic Influence on the Multidecadal Shoreline
Changes of Mediterranean Urban Beaches: Lessons from the Gulf of Cagliari
(Sardinia). Water, 12(12), 3578. https://doi.org/10.3390/w12123578

Borum, J., Duarte, C. M., Krause-Jensen, D., & Greve, T. M. (Eds). (2004). European
seagrasses: An introduction to monitoring and management. The M&MS project.

Bosch, N. E., McLean, M., & Tuya, F. (2025). Evolutionary legacies structure the geography
of seagrass traits across the world’s oceans. New Phytologist, nph.70769. https://
doi.org/10.1111/nph.70769

Boudouresque, C.-F. (20006). Préservation et conservation des herbiers a Posidonia
oceanica. GIS Posidonie.

Boudouresque, C. F., Bernard, G., Pergent, G., Shili, A., & Verlaque, M. (2009). Regression
of Mediterranean seagrasses caused by natural processes and anthropogenic
disturbances and stress: A critical review. Botm, 52(5), 395-418. https://doi.org/
10.1515/BOT.2009.057

Boudouresque et al. (2012). Protection and conservation of Posidonia oceanica meadows.
GIS Posidonie.

Boudouresque, C.F., Astruch, P., Changeux, T., Perret-Boudouresque M., & Ruitton, S..
(2025). Seagrasses: Biology, Ecology and Conservation, pp. 387—408. Journal of the
Black Sea/Mediterranean Environment, Vol. 31, No. 3: 273-308. https://
blackmeditjournal.org/volumes-archive/vol-31-2025/vol-31-2025-n0-3/the-
functioning-of-an-iconic-mediterranean-ecosystem-the-posidonia-oceanica-meadow-
the-keys-to-a-success-story/

Boulenger, A., Aires, T., Engelen, A. H., Muyzer, G., Marengo, M., & Gobert, S. (2025).
Microbiome matters: How transplantation methods and donor origins shape the

DOI.ORG/10.82010/JECO.BSRC.2025.19

38

BSRC.IT/JECO



JECO 2026, 03, 4(1)

successful restoration of the seagrass Posidonia oceanica. Environmental Microbiome,
20(1), 99. https://doi.org/10.1186/s40793-025-00764-9

Calvo, S., Lovison, G., Pirrotta, M., Di Maida, G., Tomasello, A., & Sciandra, M. (2006).
Modelling the relationship between sexual reproduction and rhizome growth in
Posidonia oceanica (L.) Delile. Marine Ecology, 27(4), 361-371. https://doi.org/
10.1111/5.1439-0485.2006.00132.x

Castaldi, P, & Melis, P. (2002). Composting of Posidonia oceanica and Its Use in
Agriculture. In H. Insam, N. Riddech, & S. Klammer (Eds), Microbiology of
Composting (pp. 425-434). Springer Berlin Heidelberg. https://doi.org/
10.1007/978-3-662-08724-4 35

Caye, G. (1980). Analyse du polymorphisme caulinaire chez Posidonia oceanica (L.) Del.
Bulletin de la Société Botanique de France. Lettres Botaniques, 127(3), 257-262.
https://doi.org/10.1080/01811797.1980.10824453

Celdran, D., Lloret, J., Verduin, J., Van Keulen, M., & Marin, A. (2015). Linking Seed
Photosynthesis and Evolution of the Australian and Mediterranean Seagrass Genus
Posidonia. PLOS ONE, 10(6), ¢0130015. https://doi.org/10.1371/
journal.pone.0130015

Celdran, D., & Marin, A. (2011). Photosynthetic activity of the non-dormant Posidonia
oceanica seed. Marine Biology, 158(4), 853-858. https://doi.org/10.1007/
s00227-010-1612-4

Celdran, D., & Marin, A. (2013). Seed photosynthesis enhances Posidonia oceanica seedling
growth. Ecosphere, 4(12), 1-11. https://doi.org/10.1890/ES13-00104.1

Chefaoui, R. M., Duarte, C. M., & Serrdo, E. A. (2018). Dramatic loss of seagrass habitat
under projected climate change in the Mediterranean Sea. Global Change Biology,
24(10), 4919-4928. https://doi.org/10.1111/gcb.14401

IPCC (2021). Climate change 2021: The physical science basis: summary for policymakers:
working group I contribution to the sixth Assessment report of the Intergovernmental
Panel on Climate Change (AR6 WGI). https://www.ipcc.ch/report/ar6/wgl/

Coletti, A., Valerio, A., & Vismara, E. (2013). Posidonia oceanica as a Renewable
Lignocellulosic Biomass for the Synthesis of Cellulose Acetate and Glycidyl
Methacrylate Grafted Cellulose. Materials, 6(5), 2043—-2058. https://doi.org/10.3390/
ma6052043

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Ben Rais Lasram, F., Aguzzi, J.,
Ballesteros, E., Bianchi, C. N., Corbera, J., Dailianis, T., Danovaro, R., Estrada, M.,
Froglia, C., Galil, B. S., Gasol, J. M., Gertwagen, R., Gil, J., Guilhaumon, F., Kesner-
Reyes, K., ... Voultsiadou, E. (2010). The Biodiversity of the Mediterranean Sea:
Estimates, Patterns, and Threats. PLoS ONE, 5(8), e11842. https://doi.org/10.1371/
journal.pone.0011842

Cook, C. D. K. (1999). The number and kinds of embryo-bearing plants which have become
aquatic: A survey. Perspectives in Plant Ecology, Evolution and Systematics, 2(1), 79—
102. https://doi.org/10.1078/1433-8319-00066

Copernicus Marine Services. (2024). Mediterranean Sea Mean Sea Level time series and
trend from Observations Reprocessing. https://doi.org/doi.org/10.48670/moi-00264

Cornara, L., Pastorino, G., Borghesi, B., Salis, A., Clericuzio, M., Marchetti, C., Damonte,
G., & Burlando, B. (2018). Posidonia oceanica (L.) Delile Ethanolic Extract

DOI.ORG/10.82010/JECO.BSRC.2025.19

39

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Modulates Cell Activities with Skin Health Applications. Marine Drugs, 16(1), 21.
https://doi.org/10.3390/md16010021

Cox, T. E., Gazeau, F., Alliouane, S., Hendriks, 1. E., Mahacek, P., Le Fur, A., & Gattuso, J.-
P. (2016). Effects of in situ CO: enrichment on structural characteristics,
photosynthesis, and growth of the Mediterranean seagrass Posidonia oceanica.
Biogeosciences, 13(7), 2179-2194. https://doi.org/10.5194/bg-13-2179-2016

Delgado, O., Ruiz, J., Pérez, M., Romero, J., & Ballesteros, E. (1999). Effects of fish
farming on seagrass (Posidonia oceanica) in a Mediterranean bay: Seagrass decline
after organic loading cessation. Oceanologica Acta, 22(1), 109-117. https://doi.org/
10.1016/S0399-1784(99)80037-1

Dentamare, 1., Capasso, L., Chianese, E., Calicchio, R., Franzese, P. P., Grande, U., Russo,
G. F., & Buonocore, E. (2025). Ecological Implications of Posidonia oceanica
Banquette Removal: Potential Loss of Natural Capital and Ecosystem Services. Water,
17(9), 1362. https://doi.org/10.3390/w17091362

Descamp, P., Personnic, S., Gobert, S., Boulenger, A., Leduc, M., Delaruelle, G., Barroil, A.,
Marre, G., Holon, F., & Deter, J. (2025). Seagrass sod transplantation: A relevant tool
for preventing the destruction of meadows in coastal construction projects.
Environmental Challenges, 18, 101087. https://doi.org/10.1016/j.envc.2025.101087

Di Genio, S., Gaglioti, M., Meneghesso, C., Barbieri, F., Cerrano, C., & Gambi, M. C.
(2021). Phenology and ecology of the alien seagrass Halophila stipulacea in its
northern range limit in the Mediterranean Sea. Aquatic Botany, 168, 103304. https://
doi.org/10.1016/j.aquabot.2020.103304

Dodd, R. S., & Douhovnikoff, V. (2016). Adjusting to Global Change through Clonal
Growth and Epigenetic Variation. Frontiers in Ecology and Evolution, 4. https://
doi.org/10.3389/fev0.2016.00086

D’Ortenzio, F., Iudicone, D., De Boyer Montegut, C., Testor, P., Antoine, D., Marullo, S.,
Santoleri, R., & Madec, G. (2005). Seasonal variability of the mixed layer depth in the
Mediterranean Sea as derived from in situ profiles. Geophysical Research Letters,
32(12), 2005GL022463. https://doi.org/10.1029/2005G1L.022463

Dos-Santos, M. J. P. L., Moncada, S., Elia, A., Grillakis, M., & Hilmi, N. (with Farahmand,
S., Marrouch, W., Safa, A., & Teisserenc, B.). (2020). Chapter 5.1: Society —
Development (W. Cramer, J. Guiot, & K. Marini, Eds). MedECC Reports. MedECC
Secretariat, Marseille, France. https://doi.org/10.5281/ZENODO.7101111

Durrieu De Madron, X., Houpert, L., Puig, P., Sanchez-Vidal, A., Testor, P., Bosse, A.,
Estournel, C., Somot, S., Bourrin, F., Bouin, M. N., Beauverger, M., Beguery, L.,
Calafat, A., Canals, M., Cassou, C., Coppola, L., Dausse, D., D’Ortenzio, F., Font, J.,
... Raimbault, P. (2013). Interaction of dense shelf water cascading and open-sea
convection in the northwestern Mediterranean during winter 2012. Geophysical
Research Letters, 40(7), 1379—1385. https://doi.org/10.1002/grl.50331

Edgeloe, J. M., Severn-Ellis, A. A., Bayer, P. E., Mehravi, S., Breed, M. F., Krauss, S. L.,
Batley, J., Kendrick, G. A., & Sinclair, E. A. (2022). Extensive polyploid clonality was
a successful strategy for seagrass to expand into a newly submerged environment.
Proceedings of the Royal Society B: Biological Sciences, 289(1976), 20220538.
https://doi.org/10.1098/rspb.2022.0538

Erftemeijer, P. L. A., & Robin Lewis, R. R. (2006). Environmental impacts of dredging on
seagrasses: A review. Marine Pollution Bulletin, 52(12), 1553-1572. https://doi.org/
10.1016/j.marpolbul.2006.09.006

DOI.ORG/10.82010/JECO.BSRC.2025.19

40

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Ferchichi, K., Amdouni, N., Chevalier, Y., & Hbaieb, S. (2022). Low-cost Posidonia
oceanica bio-adsorbent for efficient removal of antibiotic oxytetracycline from water.
Environmental Science and Pollution Research, 29(55), 83112—83125. https://doi.org/
10.1007/s11356-022-21647-3

Fernandez, P. A., Hurd, C. L., & Roleda, M. Y. (2014). Bicarbonate uptake via an anion
exchange protein is the main mechanism of inorganic carbon acquisition by the giant
kelp Macrocystis pyrifera (Laminariales, Phaecophyceae) under variable pH (p. 465
data points) [Text/tab-separated-values]. PANGAEA. https://doi.org/10.1594/
PANGAEA.839919

Fourqurean, J. W., Duarte, C. M., Kennedy, H., Marba, N., Holmer, M., Mateo, M. A.,
Apostolaki, E. T., Kendrick, G. A., Krause-Jensen, D., McGlathery, K. J., & Serrano,
0. (2012). Seagrass ecosystems as a globally significant carbon stock. Nature
Geoscience, 5(7), 505-509. https://doi.org/10.1038/ngeo1477

Galassi, G., & Spada, G. (2014). Sea-level rise in the Mediterranean Sea by 2050: Roles of
terrestrial ice melt, steric effects and glacial isostatic adjustment. Global and
Planetary Change, 123, 55-66. https://doi.org/10.1016/j.gloplacha.2014.10.007

Garcia-Marquez, M. G., Rodriguez-Castafieda, J. C., & Agawin, N. S. R. (2023). Sunscreen
exposure interferes with physiological processes while inducing oxidative stress in
seagrass Posidonia oceanica (L.) Delile. Marine Pollution Bulletin, 187, 114507.
https://doi.org/10.1016/j.marpolbul.2022.114507

Garrabou, J., Gomez-Gras, D., Medrano, A., Cerrano, C., Ponti, M., Schlegel, R.,
Bensoussan, N., Turicchia, E., Sini, M., Gerovasileiou, V., Teixido, N., Mirasole, A.,
Tamburello, L., Cebrian, E., Rilov, G., Ledoux, J., Souissi, J. B., Khamassi, F.,
Ghanem, R., ... Harmelin, J. (2022). Marine heatwaves drive recurrent mass
mortalities in the Mediterranean Sea. Global Change Biology, 28(19), 5708-5725.
https://doi.org/10.1111/gcb.16301

Georgiou, D., Alexandre, A., Luis, J., & Santos, R. (2016). Temperature is not a limiting
factor for the expansion of Halophila stipulacea throughout the Mediterranean Sea.
Marine Ecology Progress Series, 544, 159—167. https://doi.org/10.3354/meps11582

Gessner, F. (1971). C. den Hartog: The seagrasses of the world. Amsterdam, London: North-
Holland Publishing Company 1970. 275 pp. Hfl. 55. Internationale Revue Der
Gesamten Hydrobiologie Und Hydrographie, 56(1), 141-141. https://doi.org/10.1002/
iroh.19710560139

Giorgi, F. (2006). Climate change hot-spots. Geophysical Research Letters, 33(8),
2006GL025734. https://doi.org/10.1029/2006GL025734

Gobert, S., Cambridge, M., Velimirov, B. et al. (2006). Biology of Posidonia. In Seagrasses:
Biology, Ecology and Conservation (pp. 387-408). Springer.

Gobert, S., Lejeune, P., Lepoint, G., & Bouquegneau, J.-M. (2005). C, N, P concentrations
and requirements of flowering Posidonia oceanica. Hydrobiologia, 533(1-3), 253—
259. https://doi.org/10.1007/s10750-004-2487-5

Gobert, S., Sartoretto, S., Rico-Raimondino, V., Andral, B., Chery, A., Lejeune, P., &
Boissery, P. (2009). Assessment of the ecological status of Mediterranean French
coastal waters as required by the Water Framework Directive using the Posidonia
oceanica Rapid Easy Index: PREIL. Marine Pollution Bulletin, 58(11), 1727-1733.
https://doi.org/10.1016/j.marpolbul.2009.06.012

Gonzalez-Correa, J. M., Bayle, J. T., Sanchez-Lizaso, J. L., Valle, C., Sanchez-Jerez, P., &
Ruiz, J. M. (2005). Recovery of deep Posidonia oceanica meadows degraded by

DOI.ORG/10.82010/JECO.BSRC.2025.19

41

BSRC.IT/JECO



JECO 2026, 03, 4(1)

trawling. Journal of Experimental Marine Biology and Ecology, 320(1), 65-76.
https://doi.org/10.1016/j.jembe.2004.12.032

Guidetti, P. (2000). Differences Among Fish Assemblages Associated with Nearshore
Posidonia oceanica Seagrass Beds, Rocky-—algal Reefs and Unvegetated Sand
Habitats in the Adriatic Sea. Estuarine, Coastal and Shelf Science, 50(4), 515-529.
https://doi.org/10.1006/ecss.1999.0584

Guilini, K., Weber, M., Beer, D. de, Schneider, M., Molari, M., Lott, C., Bodnar, W.,
Mascart, T., Troch, M. D., & Vanreusel, A. (2017). Response of Posidonia oceanica
seagrass and its epibiont communities to ocean acidification. PLOS ONE, 12(8),
e0181531. https://doi.org/10.1371/journal.pone.0181531

Hassoun, A. E. R., Mojtahid, M., Merheb, M., Lionello, P., Gattuso, J.-P., & Cramer, W.
(2025). Climate change risks on key open marine and coastal mediterranean
ecosystems. Scientific Reports, 15(1), 24907. https://doi.org/10.1038/
s41598-025-07858-x

Haverbeck, D., Olivé, 1., Dattolo, E., Huseyinoglu, M. F., Albano, P. G., & Procaccini, G.
(2025). Contrasting Genetic Diversity and Connectivity at the Eastern Range Edge of
the Mediterranean Seagrass Posidonia oceanica. Preprints. https://doi.org/10.22541/
au.175335124.46001210/v1

Hemminga, M. A., Marba, N., & Stapel, J. (1999). Leaf nutrient resorption, leaf lifespan and
the retention of nutrients in seagrass systems. Aquatic Botany, 65(1-4), 141-158.
https://doi.org/10.1016/S0304-3770(99)00037-6

Hendriks, L. E., Olsen, Y. S., Ramajo, L., Basso, L., Steckbauer, A., Moore, T. S., Howard, J.,
& Duarte, C. M. (2014). Photosynthetic activity buffers ocean acidification in seagrass
meadows. Biogeosciences, 11(2), 333-346. https://doi.org/10.5194/bg-11-333-2014

Henson, S. A., Beaulieu, C., llyina, T., John, J. G., Long, M., Séférian, R., Tjiputra, J., &
Sarmiento, J. L. (2017). Rapid emergence of climate change in environmental drivers
of marine ecosystems. Nature Communications, 8(1), 14682. https://doi.org/10.1038/
ncomms 14682

Hobday, A. J., Alexander, L. V., Perkins, S. E., Smale, D. A., Straub, S. C., Oliver, E. C. J.,
Benthuysen, J. A., Burrows, M. T., Donat, M. G., Feng, M., Holbrook, N. J., Moore, P.
J., Scannell, H. A., Sen Gupta, A., & Wernberg, T. (2016). A hierarchical approach to
defining marine heatwaves. Progress in Oceanography, 141, 227-238. https://doi.org/
10.1016/j.pocean.2015.12.014

Hobday, Sen Gupta, A., Benthuysen, J., Burrows, M., Donat, M., Holbrook, N., Moore, P.,
Thomsen, M., Wernberg, T., & Smale, D. (2018). Categorizing and Naming Marine
Heatwaves. Oceanography, 31(2). https://doi.org/10.5670/oceanog.2018.205

Holmer, M., Argyrou, M., Dalsgaard, T., Danovaro, R., Diaz-Almela, E., Duarte, C. M.,
Frederiksen, M., Grau, A., Karakassis, 1., Marba, N., Mirto, S., Pérez, M., Pusceddu,
A., & Tsapakis, M. (2008). Effects of fish farm waste on Posidonia oceanica
meadows: Synthesis and provision of monitoring and management tools. Marine
Pollution Bulletin, 56(9), 1618—1629. https://doi.org/10.1016/j.marpolbul.2008.05.020

Hughes, A. R., & Stachowicz, J. J. (2004). Genetic diversity enhances the resistance of a

seagrass ecosystem to disturbance. Proceedings of the National Academy of Sciences,
101(24), 8998-9002. https://doi.org/10.1073/pnas.0402642101

Infantes, E., Orfila, A., Simarro, G., Terrados, J., Luhar, M., & Nepf, H. (2012). Effect of a
seagrass (Posidonia oceanica) meadow on wave propagation. Marine Ecology
Progress Series, 456, 63—72. https://doi.org/10.3354/meps09754

DOI.ORG/10.82010/JECO.BSRC.2025.19

42

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Invers, O., Pérez, M., & Romero, J. (2002). Seasonal nitrogen speciation in temperate
seagrass Posidonia oceanica (L.) Delile. Journal of Experimental Marine Biology and
Ecology, 273(2), 219-240. https://doi.org/10.1016/S0022-0981(02)00167-3

IPCC. (2021). Summary for Policymakers. In: Climate Change 2021: The Physical Science
Basis. Contribution of Working Group [ to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change. https://www.ipcc.ch/report/ar6/wgl/

Jahnke, M., Pages, J. F., Alcoverro, T., Lavery, P. S., McMahon, K. M., & Procaccini, G.
(2015). Should we sync? Seascape-level genetic and ecological factors determine

seagrass flowering patterns. Journal of Ecology, 103(6), 1464—1474. https://doi.org/
10.1111/1365-2745.12470

Jiménez-Casero, J., Belando, M. D., Bernardeau-Esteller, J., Marin-Guirao, L., Garcia-
Muiioz, R., Sanchez-Lizaso, J. L., & Ruiz, J. M. (2023). A Critical Gap in Seagrass
Protection: Impact of Anthropogenic Off-Shore Nutrient Discharges on Deep
Posidonia oceanica Meadows. Plants, 12(3), 457. https://doi.org/10.3390/
plants12030457

Jones, C. G., Lawton, J. H., & Shachak, M. (1994). Organisms as Ecosystem Engineers.
Oikos, 69(3), 373. https://doi.org/10.2307/3545850

Kaal, J., Serrano, O., Del Rio, J. C., & Rencoret, J. (2018). Radically different lignin
composition in Posidonia species may link to differences in organic carbon
sequestration capacity. Organic Geochemistry, 124, 247-256. https://doi.org/10.1016/
j.orggeochem.2018.07.017

Kaal, J., Serrano, O., Nierop, K. G. J., Schellekens, J., Martinez Cortizas, A., & Mateo, M.-
A. (2016). Molecular composition of plant parts and sediment organic matter in a
Mediterranean seagrass (Posidonia oceanica) mat. Aquatic Botany, 133, 50-61.
https://doi.org/10.1016/j.aquabot.2016.05.009

Katsanevakis, S., Levin, N., Coll, M., Giakoumi, S., Shkedi, D., Mackelworth, P., Levy, R.,
Velegrakis, A., Koutsoubas, D., Caric, H., Brokovich, E., Oztiirk, B., & Kark, S.
(2015). Marine conservation challenges in an era of economic crisis and geopolitical
instability: The case of the Mediterranean Sea. Marine Policy, 51, 31-39. https://
doi.org/10.1016/j.marpol.2014.07.013

Kendrick, G. A., Waycott, M., Carruthers, T. J. B., Cambridge, M. L., Hovey, R., Krauss, S.
L., Lavery, P. S, Les, D. H., Lowe, R. J., Vidal, O. M. L., Ooi, J. L. S., Orth, R. J.,
Rivers, D. O., Ruiz-Montoya, L., Sinclair, E. A., Statton, J., Van Dijk, J. K., &
Verduin, J. J. (2012). The Central Role of Dispersal in the Maintenance and
Persistence of Seagrass Populations. BioScience, 62(1), 56—65. https://doi.org/
10.1525/b10.2012.62.1.10

Khiari, R., Mhenni, M. F., Belgacem, M. N., & Mauret, E. (2010). Chemical composition
and pulping of date palm rachis and Posidonia oceanica — A comparison with other
wood and non-wood fibre sources. Bioresource Technology, 101(2), 775-780. https://
doi.org/10.1016/j.biortech.2009.08.079

Kubin, E., Menna, M., Mauri, E., Notarstefano, G., Mieruch, S., & Poulain, P.-M. (2023).
Heat content and temperature trends in the Mediterranean Sea as derived from Argo
float data. Frontiers in Marine Science, 10, 1271638. https://doi.org/10.3389/
fmars.2023.1271638

Kuo, J., & Hartog, C. D. (2006). Seagrass Morphology, Anatomy, and Ultrastructure. In
SEAGRASSES: BIOLOGY, ECOLOGYAND CONSERVATION (pp. 51-87). Springer
Netherlands. https://doi.org/10.1007/978-1-4020-2983-7 3

DOI.ORG/10.82010/JECO.BSRC.2025.19

43

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Larkum, A. W. D., Davey, P. A., Kuo, J., Ralph, P. J.,, & Raven, J. A. (2017). Carbon-
concentrating mechanisms in seagrasses. Journal of Experimental Botany, 68(14),
3773-3784. https://doi.org/10.1093/jxb/erx206

Larkum et al. (2006). Seagrasses: Biology, Ecology and Conservation. Springer.

Lepoint, G., Millet, S., Dauby, P., Gobert, S., & Bouquegneau, J. (2002). Annual nitrogen
budget of the seagrass Posidonia oceanica as determined by in situ uptake
experiments. Marine Ecology Progress Series, 237, 87-96. https://doi.org/10.3354/
meps237087

Leri, M., Ramazzotti, M., Vasarri, M., Peri, S., Barletta, E., Pretti, C., & Degl’Innocenti, D.
(2018). Bioactive Compounds from Posidonia oceanica (L.) Delile Impair Malignant
Cell Migration through Autophagy Modulation. Marine Drugs, 16(4), 137. https://
doi.org/10.3390/md16040137

Les, D. H., Cleland, M. A., & Waycott, M. (1997). Phylogenetic Studies in Alismatidae, II:
Evolution of Marine Angiosperms (Seagrasses) and Hydrophily. Systematic Botany,
22(3), 443. https://doi.org/10.2307/2419820

Les, D. H., & Tippery, N. P. (2013). In time and with water. . . The systematics of alismatid
monocotyledons. In P. Wilkin & S. J. Mayo (Eds), Early Events in Monocot Evolution
(Ist edn). Cambridge University Press. https://doi.org/10.1017/
CB09781139002950.007

Lionello, P., & Scarascia, L. (2018). The relation between climate change in the
Mediterranean region and global warming. Regional Environmental Change, 18(5),
1481-1493. https://doi.org/10.1007/s10113-018-1290-1

Litsi-Mizan, V., Efthymiadis, P. T., Gerakaris, V., Serrano, O., Tsapakis, M., & Apostolaki, E.
T. (2023). Decline of seagrass (Posidonia oceanica) production over two decades in
the face of warming of the Eastern Mediterranecan Sea. New Phytologist, 239(6),
2126-2137. https://doi.org/10.1111/nph.19084

Ma, X., Vanneste, S., Chang, J., Ambrosino, L., Barry, K., Bayer, T., Bobrov, A. A., Boston,
L., Campbell, J. E., Chen, H., Chiusano, M. L., Dattolo, E., Grimwood, J., He, G.,
Jenkins, J., Khachaturyan, M., Marin-Guirao, L., Mesterhazy, A., Muhd, D.-D., ...
Van De Peer, Y. (2024). Seagrass genomes reveal ancient polyploidy and adaptations
to the marine environment. Nature Plants, 10(2), 240-255. https://doi.org/10.1038/
s41477-023-01608-5

Malanotte-Rizzoli, P., Artale, V., Borzelli-Eusebi, G. L., Brenner, S., Crise, A., Gacic, M.,
Kress, N., Marullo, S., Ribera d’Alcala, M., Sofianos, S., Tanhua, T., Theocharis, A.,
Alvarez, M., Ashkenazy, Y., Bergamasco, A., Cardin, V., Carniel, S., Civitarese, G.,
D’Ortenzio, F., ... Triantafyllou, G. (2014). Physical forcing and physical/biochemical
variability of the Mediterranean Sea: A review of unresolved issues and directions for
future research. Ocean Science, 10(3), 281-322. https://doi.org/10.5194/
0s-10-281-2014

Mancuso, F. P., Bernardeau-Esteller, J., Spinelli, M., Sara, G., Ruiz, J. M., Calvo, S., &
Tomasello, A. (2023). Life on the edge: Adaptations of Posidonia oceanica to
hypersaline conditions in a Mediterranean lagoon system. FEnvironmental and
Experimental Botany, 210, 105320. https://doi.org/10.1016/j.envexpbot.2023.105320

Marba, N., & Duarte, C. (1998). Rhizome elongation and seagrass clonal growth. Marine
Ecology Progress Series, 174, 269-280. https://doi.org/10.3354/meps174269

DOI.ORG/10.82010/JECO.BSRC.2025.19

44

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Marba, N., & Duarte, C. M. (2010). Mediterranean warming triggers seagrass (Posidonia
oceanica) shoot mortality. Global Change Biology, 16(8), 2366-2375. https://doi.org/
10.1111/j.1365-2486.2009.02130.x

Marba, N., Hemminga, M. A., & Duarte, C. M. (2006). Resource translocation within
seagrass clones: Allometric scaling to plant size and productivity. Oecologia, 150(3),
362-372. https://doi.org/10.1007/s00442-006-0524-y

Marin-Guirao, L., Entrambasaguas, L., Ruiz, J. M., & Procaccini, G. (2019). Heat-stress
induced flowering can be a potential adaptive response to ocean warming for the
iconic seagrass Posidonia oceanica. Molecular Ecology, 28(10), 2486-2501. https://
doi.org/10.1111/mec.15089

Marin-Guirao, L., Sandoval-Gil, J. M., Garcia-Mufioz, R., & Ruiz, J. M. (2017). The
Stenohaline Seagrass Posidonia oceanica Can Persist in Natural Environments Under
Fluctuating Hypersaline Conditions. Estuaries and Coasts, 40(6), 1688—1704. https://
doi.org/10.1007/s12237-017-0242-1

Martinez, M., Minetti, R., La Marca, E. C., Montalto, V., Rinaldi, A., Costa, E., Badalamenti,
F., Garaventa, F., Mirto, S., & Ape, F. (2024). The power of Posidonia oceanica
meadows to retain microplastics and the consequences on associated macrofaunal
benthic communities. Environmental Pollution, 348, 123814. https://doi.org/10.1016/
j-envpol.2024.123814

Marty, J. C., & Chiavérini, J. (2010). Hydrological changes in the Ligurian Sea (NW
Mediterranecan, DYFAMED site) during 1995-2007 and biogeochemical
consequences. Biogeosciences, 7(7), 2117-2128. https://doi.org/10.5194/
bg-7-2117-2010

Mateo, M. A., Cebrian, J., Dunton, K., & Mutchler, T. (2006). Carbon Flux in Seagrass
Ecosystems. In Seagrasses: Biology, Ecology and Conservation (pp. 159—-192).
Springer-Verlag. https://doi.org/10.1007/1-4020-2983-7 7

Mateo, M. A., Romero, J., Pérez, M., Littler, M. M., & Littler, D. S. (1997). Dynamics of
Millenary Organic Deposits Resulting from the Growth of the Mediterranean
Seagrass. Estuarine, Coastal and Shelf Science, 44(1), 103-110. https://doi.org/
10.1006/ecss.1996.0116

Mecca, S., Casoli, E., Ardizzone, G., & Gambi, M. C. (2020). Effects of ocean acidification
on phenology and epiphytes of the seagrass Posidonia oceanica at two CO> vent
systems of Ischia (Italy). Mediterranean Marine Science, 21(1), 70-83. https://doi.org/
10.12681/mms.20795

Messina, C. M., Arena, R., Manuguerra, S., Pericot, Y., Curcuraci, E., Kerninon, F., Renda,
G., Hellio, C., & Santulli, A. (2021). Antioxidant Bioactivity of Extracts from Beach
Cast Leaves of Posidonia oceanica (L.) Delile. Marine Drugs, 19(10), 560. https://
doi.org/10.3390/md19100560

Millot, C., & Taupier-Letage, 1. (2005). Circulation in the Mediterranean Sea. In A. Saliot
(Ed.), The Mediterranean Sea (Vol. 5K, pp. 29—66). Springer Berlin Heidelberg.
https://doi.org/10.1007/b107143

Montefalcone, M., Chiantore, M., Lanzone, A., Morri, C., Albertelli, G., & Bianchi, C. N.
(2008). BACI design reveals the decline of the seagrass Posidonia oceanica induced
by anchoring. Marine Pollution Bulletin, 56(9), 1637—1645. https://doi.org/10.1016/
j.marpolbul.2008.05.013

Montefalcone, M., Giovannetti, E., Morri, C., Peirano, A., & Bianchi, C. N. (2013).
Flowering of the seagrass Posidonia oceanica in NW Mediterranean: Is there a link

DOI.ORG/10.82010/JECO.BSRC.2025.19

45

BSRC.IT/JECO



JECO 2026, 03, 4(1)

with solar activity? Mediterranean Marine Science, 14(2), 416. https://doi.org/
10.12681/mms.529

Montefalcone, M., Lasagna, R., Bianchi, C. N., Morri, C., & Albertelli, G. (2006).
Anchoring damage on Posidonia oceanica meadow cover: A case study in Prelo cove
(Ligurian Sea, NW Mediterranean). Chemistry and Ecology, 22(supl), S207-S217.
https://doi.org/10.1080/02757540600571976

Neeman, N., Servis, J. A., & Naro-Maciel, E. (2015). Conservation Issues: Oceanic
Ecosystems. Reference Module in Earth Systems and Environmental Sciences,
Elsevier. https://doi.org/10.1016/B978-0-12-409548-9.09198-3

Nguyen, H. M., Kim, M., Ralph, P. J., Marin-Guirao, L., Pernice, M., & Procaccini, G.
(2020). Stress Memory in Seagrasses: First Insight Into the Effects of Thermal
Priming and the Role of Epigenetic Modifications. Frontiers in Plant Science, 11, 494.
https://doi.org/10.3389/1pls.2020.00494

Nogueira, P., Gambi, M. C., Vizzini, S., Califano, G., Tavares, A. M., Santos, R., &
Martinez-Crego, B. (2017). Altered epiphyte community and sea urchin diet in
Posidonia oceanica meadows in the vicinity of volcanic CO> vents. Marine
Environmental Research, 127, 102-111. https://doi.org/10.1016/
j.marenvres.2017.04.002

Olsen, J. L., Rouzé, P., Verhelst, B., Lin, Y.-C., Bayer, T., Collen, J., Dattolo, E., De Paoli, E.,
Dittami, S., Maumus, F., Michel, G., Kersting, A., Lauritano, C., Lohaus, R., Topel,
M., Tonon, T., Vanneste, K., Amirebrahimi, M., Brakel, J., ... Van De Peer, Y. (2016).
The genome of the seagrass Zostera marina reveals angiosperm adaptation to the sea.
Nature, 530(7590), 331-335. https://doi.org/10.1038/nature 16548

Pansini, A., Bosch-Belmar, M., Berlino, M., Sara, G., & Ceccherelli, G. (2022). Collating
evidence on the restoration efforts of the seagrass Posidonia oceanica: Current
knowledge and gaps. Science of The Total Environment, 851, 158320. https://doi.org/
10.1016/j.scitotenv.2022.158320

Panti, C., Cuitifio, J. L., Noetinger, S., Perez, D., Tapia, M. J., Allende Mosquera, A.,
Gutiérrez, D. G., Barreda, V. D., & Palazzesi, L. (2025). Tropical seagrasses reached
Patagonia during Miocene times. Communications Earth & Environment, 6(1), 564.
https://doi.org/10.1038/s43247-025-02540-6

Pastor, F., Valiente, J. A., & Khodayar, S. (2020). A Warming Mediterranean: 38 Years of
Increasing Sea Surface Temperature. Remote Sensing, 12(17), 2687. https://doi.org/
10.3390/rs12172687

Pazzaglia, J., Reusch, T. B. H., Terlizzi, A., Marin-Guirao, L., & Procaccini, G. (2021).
Phenotypic plasticity under rapid global changes: The intrinsic force for future
seagrasses survival. Evolutionary Applications, 14(5), 1181-1201. https://doi.org/
10.1111/eva.13212

Pergent, G., Mendez, S., Pergent-Martini, C., & Pasqualini, V. (1999). Preliminary data on
the impact of fish farming facilities on Posidonia oceanica meadows in the
Mediterranean. Oceanologica Acta, 22(1), 95-107. https://doi.org/10.1016/
S0399-1784(99)80036-X

Pergent, G., Pergent-Martini, C., Bein, A., Dedeken, M., Oberti, P., Orsini, A., Santucci, J.-
F., & Short, F. (2015). Dynamic of Posidonia oceanica seagrass meadows in the

northwestern Mediterranean: Could climate change be to blame? Comptes Rendus.
Biologies, 338(7), 484—493. https://doi.org/10.1016/j.crvi.2015.04.011

DOI.ORG/10.82010/JECO.BSRC.2025.19

46

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Pergent-Martini, C., Monnier, B., Lehmann, L., Barralon, E., & Pergent, G. (2022). Major
regression of Posidonia oceanica meadows in relation with recreational boat

anchoring: A case study from Sant’Amanza bay. Journal of Sea Research, 188,
102258. https://doi.org/10.1016/j.seares.2022.102258

Pergent-Martini, C., Pergent, G., Monnier, B., Boudouresque, C.-F., Mori, C., & Valette-
Sansevin, A. (2021). Contribution of Posidonia oceanica meadows in the context of
climate change mitigation in the Mediterranean Sea. Marine Environmental Research,

165, 105236. https://doi.org/10.1016/j.marenvres.2020.105236

Pergent-Martini, C., Rico-Raimondino, V., & Pergent, G. (1994). Primary production of
Posidonia oceanica in the Mediterranean Basin. Marine Biology, 120(1), 9-15.
https://doi.org/10.1007/BF00381936

Pergent-Martini, C., S André, I Castejon, Deter, J., F Frau, V Gerakaris, Mancini, G., H
Molenaar, Montefalcone, M., A Oprendi, Pergent, G., Poursanidis, D., L Royo, J.
Terrados, A Tomasello, Ventura, D., & Villers, F. (2024). GUIDELINES FOR THE
ACTIVE RESTORATION OF POSIDONIA OCEANICA. https://doi.org/10.13140/
RG.2.2.26679.84644

Piazzi, L., Acunto, S., & Cinelli, F. (1999). In situ survival and development of Posidonia
oceanica (L.) Delile seedlings. Aquatic Botany, 63(2), 103—112. https://doi.org/
10.1016/S0304-3770(98)00115-6

Pontee, N. (2013). Defining coastal squeeze: A discussion. Ocean & Coastal Management,
84, 204-207. https://doi.org/10.1016/j.ocecoaman.2013.07.010

Punginelli, D., Catania, V., Abruscato, G., Luparello, C., Vazzana, M., Mauro, M., Cunsolo,
V., Saletti, R., Di Francesco, A., Arizza, V., & Schillaci, D. (2023). New Bioactive
Peptides from the Mediterranean Seagrass Posidonia oceanica (L.) Delile and Their
Impact on Antimicrobial Activity and Apoptosis of Human Cancer Cells. International
Journal of Molecular Sciences, 24(6), 5650. https://doi.org/10.3390/ijms24065650

Remizowa, M. V., Sokoloff, D. D., Calvo, S., Tomasello, A., & Rudall, P. J. (2012). Flowers
and inflorescences of the seagrass Posidonia (Posidoniaceae, Alismatales). American
Journal of Botany, 99(10), 1592—-1608. https://doi.org/10.3732/ajb.1200227

Rencoret, J., Marques, G., Serrano, O., Kaal, J., Martinez, A. T., del Rio, J. C., & Gutiérrez,
A. (2020). Deciphering the Unique Structure and Acylation Pattern of Posidonia
oceanica Lignin. ACS Sustainable Chemistry & Engineering, 8(33), 12521-12533.
https://doi.org/10.1021/acssuschemeng.0c03502

Renzi, M. (2025). POSITION PAPER MICROPLASTICS RESEARCH AT A
CROSSROADS: FROM UBIQUITY TO UNDERSTANDING. Journal of
Environmental Comments and Observations, 3(1), 37-38. https://doi.org/10.82010/
jeco.bsrc.2025.16

Reusch, T. B. H., Ehlers, A., Himmerli, A., & Worm, B. (2005). Ecosystem recovery after
climatic extremes enhanced by genotypic diversity. Proceedings of the National
Academy of Sciences, 102(8), 2826283 1. https://doi.org/10.1073/pnas.0500008102

Ries, S. R., Faust, E., Johannesson, K., Jonsson, P. R., Moksnes, P.-O., Pereyra, R. T., &
Jahnke, M. (2023). Genetic structure and diversity of the seagrass Zostera marina
along a steep environmental gradient, with implications for genetic monitoring.
Frontiers in Climate, 5, 1303337. https://doi.org/10.3389/fclim.2023.1303337

Rigatou, D., Gerakaris, V., Digka, N., Adamopoulou, A., Patsiou, D., Hatzonikolakis, Y.,
Tsiaras, K., Tsangaris, C., Zeri, C., Kaberi, H., & Raitsos, D. E. (2025). The role of
seagrass meadows (Posidonia oceanica) as microplastics sink and vector to benthic

DOI.ORG/10.82010/JECO.BSRC.2025.19

47

BSRC.IT/JECO



JECO 2026, 03, 4(1)

food webs. Marine Pollution Bulletin, 211, 117420. https://doi.org/10.1016/
j.marpolbul.2024.117420

Rinaldi, A., Martinez, M., Badalamenti, F., D’Anna, G., Mirto, S., Marin-Guirao, L.,
Procaccini, G., & Montalto, V. (2023). The ontogeny-specific thermal sensitivity of

the seagrass Posidonia oceanica. Frontiers in Marine Science, 10, 1183728. https://
doi.org/10.3389/fmars.2023.1183728

Romero, J., Martinez-Crego, B., Alcoverro, T., & Pérez, M. (2007). A multivariate index
based on the seagrass Posidonia oceanica (POMI) to assess ecological status of

coastal waters under the water framework directive (WFD). Marine Pollution Bulletin,
55(1-6), 196-204. https://doi.org/10.1016/j.marpolbul.2006.08.032

Rotini, A., Chiesa, S., Manfra, L., Borrello, P., Piermarini, R., Silvestri, C., Cappucci, S.,
Parlagreco, L., Devoti, S., Pisapia, M., Creo, C., Mezzetti, T., Scarpato, A., &
Migliore, L. (2020). Effectiveness of the “Ecological Beach” Model: Beneficial
Management of Posidonia Beach Casts and Banquette. Water, 12(11), 3238. https://
doi.org/10.3390/w12113238

Rubio, L., Garcia, D., Garcia-Sanchez, M. J., Niell, F. X., Felle, H. H., & Fernandez, J. A.
(2017). Direct uptake of HCOs3~ in the marine angiosperm Posidonia oceanica (L.)
Delile driven by a plasma membrane H* economy. Plant, Cell & Environment, 40(11),
2820-2830. https://doi.org/10.1111/pce. 13057

Ruiz, J. M., Marin-Guirao, L., Garcia-Mufioz, R., Ramos-Segura, A., Bernardeau-Esteller, J.,
Pérez, M., Sanmarti, N., Ontoria, Y., Romero, J., Arthur, R., Alcoverro, T., &
Procaccini, G. (2018). Experimental evidence of warming-induced flowering in the
Mediterranean seagrass Posidonia oceanica. Marine Pollution Bulletin, 134, 49-54.
https://doi.org/10.1016/j.marpolbul.2017.10.037

Ruocco, M., Entrambasaguas, L., Dattolo, E., Milito, A., Marin-Guirao, L., & Procaccini, G.
(2021). A king and vassals’ tale: Molecular signatures of clonal integration in
Posidonia oceanica under chronic light shortage. Journal of Ecology, 109(1), 294—
312. https://doi.org/10.1111/1365-2745.13479

Schroeder, K., Chiggiato, J., Bryden, H. L., Borghini, M., & Ben Ismail, S. (2016). Abrupt
climate shift in the Western Mediterranean Sea. Scientific Reports, 6(1), 23009. https://
doi.org/10.1038/srep23009

Serra, 1. A., Innocenti, A. M., Di Maida, G., Calvo, S., Migliaccio, M., Zambianchi, E.,
Pizzigalli, C., Arnaud-Haond, S., Duarte, C. M., Serrao, E. A., & Procaccini, G.
(2010). Genetic structure in the Mediterranean seagrass Posidonia oceanica:
Disentangling past vicariance events from contemporary patterns of gene flow.
Molecular Ecology, 19(3), 557-568. https://doi.org/10.1111/
j-1365-294X.2009.04462.x

Short, F., Carruthers, T., Dennison, W., & Waycott, M. (2007). Global seagrass distribution
and diversity: A bioregional model. Journal of Experimental Marine Biology and
Ecology, 350(1-2), 3-20. https://doi.org/10.1016/j.jembe.2007.06.012

Sinclair, E. A., Gecan, 1., Krauss, S. L., & Kendrick, G. A. (2014). Against the odds:
Complete outcrossing in a monoecious clonal seagrass Posidonia australis
(Posidoniaceae). Annals of Botany, 113(7), 1185-1196. https://doi.org/10.1093/aob/
mcu048

Sinclair, E. A., Statton, J., Hovey, R., Anthony, J. M., Dixon, K. W., & Kendrick, G. A.
(2015). Reproduction at the extremes: Pseudovivipary, hybridization and genetic

DOI.ORG/10.82010/JECO.BSRC.2025.19

48

BSRC.IT/JECO



JECO 2026, 03, 4(1)

mosaicism in Posidonia australis (Posidoniaceae). Annals of Botany, mcv162. https://
doi.org/10.1093/aob/mcv162

Souii, A., Cherif, A., & Neifar, M. (2023). Biovalorization of Posidonia oceanica waste
biomass as a green approach toward a sustainable bioeconomy. Biometrics &
Biostatistics International Journal, 12(5), 127-134. https://doi.org/10.15406/
bbij.2023.12.00396

Stipcich, P., Apostolaki, E. T., Chartosia, N., Efthymiadis, P. T., Jimenez, C. E., La Manna,
G., Pansini, A., Principato, E., Resaikos, V., & Ceccherelli, G. (2022). Assessment of
Posidonia oceanica traits along a temperature gradient in the Mediterranean Sea
shows impacts of marine warming and heat waves. Frontiers in Marine Science, 9,

895354. https://doi.org/10.3389/fmars.2022.895354

Stipcich, P., Guala, I., La Manna, G., Merella, M. M., Pansini, A., Vargiu, R., Fraschetti, S.,
& Ceccherelli, G. (2024). How the seagrass Posidonia oceanica flowering will benefit
from climate change. Marine Pollution Bulletin, 206, 116721. https://doi.org/10.1016/
j-marpolbul.2024.116721

Sutera, A., Bonaviri, C., Spinelli, P., Carimi, F., & De Michele, R. (2024). Fruit encasing
preserves the dispersal potential and viability of stranded Posidonia oceanica seeds.
Scientific Reports, 14(1), 6218. https://doi.org/10.1038/s41598-024-56536-x

Sutera, A., Spinelli, P., Pacifico, D., Carimi, F., & De Michele, R. (2025). Extended storage
of Posidonia oceanica seeds and seedlings: A breakthrough for year-round seagrass
restoration. Biological Conservation, 310, 111385. https://doi.org/10.1016/
j.biocon.2025.111385

Telesca, L., Belluscio, A., Criscoli, A., Ardizzone, G., Apostolaki, E. T., Fraschetti, S.,
Gristina, M., Knittweis, L., Martin, C. S., Pergent, G., Alagna, A., Badalamenti, F.,
Garofalo, G., Gerakaris, V., Louise Pace, M., Pergent-Martini, C., & Salomidi, M.
(2015). Seagrass meadows (Posidonia oceanica) distribution and trajectories of
change. Scientific Reports, 5(1), 12505. https://doi.org/10.1038/srep12505

Templado, J. (2014). Future Trends of Mediterranean Biodiversity. In S. Goffredo & Z.
Dubinsky (Eds), The Mediterranean Sea (pp. 479-498). Springer Netherlands. https://
doi.org/10.1007/978-94-007-6704-1 28

Terracciano, S., Montes, J., Brunetta, R., Cabrita, P., Ciavola, P., & Armaroli, C. (2026).
Influence of Posidonia oceanica accumulation on beach morphodynamics: A remote
sensing study. Coastal Engineering, 205, 104933. https://doi.org/10.1016/
j-.coastaleng.2025.104933

Thibaut, T., Blanfuné, A., Boudouresque, C. F., Holon, F., Agel, N., Descamps, P., Deter, J.,
Pavy, T., Delaruelle, G., & Verlaque, M. (2022). Distribution of the seagrass Halophila
stipulacea: A big jump to the northwestern Mediterranean Sea. Aquatic Botany, 176,
103465. https://doi.org/10.1016/j.aquabot.2021.103465

Tippery, N. P. (2026). Using molecular phylogenetic analyses to assess the timing and
biogeography of aquatic plant origins. Aquatic Botany, 202, 103928. https://doi.org/
10.1016/j.aquabot.2025.103928

Tomas, F., Hernan, G., Mafiez-Crespo, J., Arona, A., Meléndez, D. H., Reynés, X., Delgado,
J., Procaccini, G., & Ballesteros, E. (2024). Mass flowering and unprecedented
extended pseudovivipary in seagrass (Posidonia oceanica) after a Marine Heat Wave.
Marine Pollution Bulletin, 203, 116394. https://doi.org/10.1016/
j.marpolbul.2024.116394

DOI.ORG/10.82010/JECO.BSRC.2025.19

49

BSRC.IT/JECO



JECO 2026, 03, 4(1)

Touchette, B. W. (2007). Seagrass-salinity interactions: Physiological mechanisms used by
submersed marine angiosperms for a life at sea. Journal of Experimental Marine
Biology and Ecology, 350(1-2), 194-215. https://doi.org/10.1016/j.jembe.2007.05.037

Touchette, B. W., & Burkholder, J. M. (2000). Overview of the physiological ecology of
carbon metabolism in seagrasses. Journal of Experimental Marine Biology and
Ecology, 250(1-2), 169-205. https://doi.org/10.1016/S0022-0981(00)00196-9

Traganos, D., Lee, C. B., Blume, A., Poursanidis, D., Cizmek, H., Deter, J., Magi¢, V.,
Montefalcone, M., Pergent, G., Pergent-Martini, C., Ricart, A. M., & Reinartz, P.
(2022). Spatially Explicit Seagrass Extent Mapping Across the Entire Mediterranean.
Frontiers in Marine Science, 9, 871799. https://doi.org/10.3389/fmars.2022.871799

United Nations Environment Programme. (2020). State of the Environment and Development
in the Mediterranean (SoED) 2020. United Nations.

Vacchi, M., De Falco, G., Simeone, S., Montefalcone, M., Morri, C., Ferrari, M., & Bianchi,
C. N. (2017). Biogeomorphology of the Mediterranean Posidonia oceanica seagrass
meadows. Earth Surface Processes and Landforms, 42(1), 42-54. https://doi.org/
10.1002/esp.3932

Vasarri, M., Leri, M., Barletta, E., Ramazzotti, M., Marzocchini, R., & Degl’Innocenti, D.
(2020). Anti-inflammatory properties of the marine plant Posidonia oceanica (L.)
Delile. Journal of Ethnopharmacology, 247, 112252. https://doi.org/10.1016/
j.Jjep.2019.112252

Vohnik, M., Borovec, O., Kolaiikova, Z., Sudova, R., & Réblova, M. (2019). Extensive
sampling and high-throughput sequencing reveal Posidoniomyces atricolor gen. Et sp.
Nov. (Aigialaceae, Pleosporales) as the dominant root mycobiont of the dominant
Mediterranean seagrass Posidonia oceanica. MycoKeys, 55, 59—86. https://doi.org/
10.3897/mycokeys.55.35682

Vohnik, M., Borovec, O., Zupan, I., Kolar'ik, M., & Sudova, R. (2017). Fungal root
symbionts of the seagrass Posidonia oceanica in the central Adriatic Sea revealed by
microscopy, culturing and 454-pyrosequencing. Marine Ecology Progress Series, 583,
107-120. https://doi.org/10.3354/meps12337

Vohnik, M., Borovec, O., Zupan, L., Vondrasek, D., Petrtyl, M., & Sudova, R. (2015).
Anatomically and morphologically unique dark septate endophytic association in the
roots of the Mediterranean endemic seagrass Posidonia oceanica. Mycorrhiza, 25(8),
663—672. https://doi.org/10.1007/s00572-015-0642-7

Waycott, M., Procaccini, G., Les, D. H., & Reusch, T. B. H. (2006). Seagrass Evolution,
Ecology and Conservation: A Genetic Perspective. In Seagrasses.: Biology, Ecology
and Conservation (pp. 25-50). Springer-Verlag. https://doi.org/
10.1007/1-4020-2983-7 2

Winters, G., Beer, S., Willette, D. A., Viana, 1. G., Chiquillo, K. L., Beca-Carretero, P.,
Villamayor, B., Azcarate-Garcia, T., Shem-Tov, R., Mwabvu, B., Migliore, L., Rotini,
A., Oscar, M. A., Belmaker, J., Gamliel, 1., Alexandre, A., Engelen, A. H., Procaccini,
G., & Rilov, G. (2020). The Tropical Seagrass Halophila stipulacea: Reviewing What
We Know From Its Native and Invasive Habitats, Alongside Identifying Knowledge
Gaps. Frontiers in Marine Science, 7, 300. https://doi.org/10.3389/fmars.2020.00300

Winters, G., Nguyen, H. M., & Kaminer, M. (2025). Expansion of Halophila stipulacea in
parallel with declines of native seagrasses in the eastern Mediterranean Sea. Aquatic
Botany, 196, 103829. https://doi.org/10.1016/j.aquabot.2024.103829

DOI.ORG/10.82010/JECO.BSRC.2025.19

50

BSRC.IT/JECO



JECO 2026, 03, 4(1) 51

Zenetos, A., & Galanidi, M. (2020). Mediterranean non indigenous species at the start of the
2020s: Recent changes. Marine Biodiversity Records, 13(1), 10. https://doi.org/
10.1186/s41200-020-00191-4

Zenone, A., Alagna, A., D’Anna, G., Kovalev, A., Kreitschitz, A., Badalamenti, F., & Gorb,
S. N. (2020). Biological adhesion in seagrasses: The role of substrate roughness in
Posidonia oceanica (L.) Delile seedling anchorage via adhesive root hairs. Marine
Environmental Research, 160, 105012. https://doi.org/10.1016/
j.marenvres.2020.105012

THE AUTHOR CONSULTED THE FOLLOWING WEBSITES ON THE MATTER OF LEGISLATION:

* https://eur-lex.europa.eu/eli/dir/1992/43/oj/eng

* https://www.coe.int/en/web/bern-convention

* https://www.unep.org/unepmap/who-we-are/barcelona-convention-and-protocols

* https://spa-rac.org/en/the-center/spa-bd-protocol/

* https://eur-lex.europa.eu/eli/dir/2000/60/0j/eng

* https://research-and-innovation.ec.europa.cu/research-area/environment/oceans-and-seas/
eu-marine-strategy-framework-directive en

* https://oceans-and-fisheries.ec.europa.ecu/policy/common-fisheries-policy-cfp en

* https://webgate.ec.europa.eu/life/publicWebsite/project/LIFE09-NAT-ES-000534/
conservation-of-posidonia-oceanica-meadows-in-andalusian-mediterranean-sea

* https://lifeseposso.eu/

* https://www.seaforestlife.cu/it/

* https://iucn.org/news/mediterranean/202103/posbemed-2-governance-and-management-
posidonia-beach-dune-systems-across-mediterranean

* https://artemis.interreg-euro-med.eu/

* https://saspas.eu/

* https://medposidonianetwork.com/

* https://data.marine.copernicus.eu/product/
OMI CLIMATE SL MEDSEA area averaged anomalies/description

DOI.ORG/10.82010/JECO.BSRC.2025.19 BSRC.IT/JECO


https://eur-lex.europa.eu/eli/dir/1992/43/oj/eng
https://www.coe.int/en/web/bern-convention
https://www.unep.org/unepmap/who-we-are/barcelona-convention-and-protocols
https://spa-rac.org/en/the-center/spa-bd-protocol/
https://eur-lex.europa.eu/eli/dir/2000/60/oj/eng
https://research-and-innovation.ec.europa.eu/research-area/environment/oceans-and-seas/eu-marine-strategy-framework-directive_en
https://research-and-innovation.ec.europa.eu/research-area/environment/oceans-and-seas/eu-marine-strategy-framework-directive_en
https://oceans-and-fisheries.ec.europa.eu/policy/common-fisheries-policy-cfp_en
https://webgate.ec.europa.eu/life/publicWebsite/project/LIFE09-NAT-ES-000534/conservation-of-posidonia-oceanica-meadows-in-andalusian-mediterranean-sea
https://webgate.ec.europa.eu/life/publicWebsite/project/LIFE09-NAT-ES-000534/conservation-of-posidonia-oceanica-meadows-in-andalusian-mediterranean-sea
https://lifeseposso.eu/
https://www.seaforestlife.eu/it/
https://iucn.org/news/mediterranean/202103/posbemed-2-governance-and-management-posidonia-beach-dune-systems-across-mediterranean
https://iucn.org/news/mediterranean/202103/posbemed-2-governance-and-management-posidonia-beach-dune-systems-across-mediterranean
https://artemis.interreg-euro-med.eu/
https://saspas.eu/
https://medposidonianetwork.com/
https://data.marine.copernicus.eu/product/OMI_CLIMATE_SL_MEDSEA_area_averaged_anomalies/description
https://data.marine.copernicus.eu/product/OMI_CLIMATE_SL_MEDSEA_area_averaged_anomalies/description

